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DEDICATION
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This book is dedicated to all the children with attention deficit hyperactivity disorder
and their parents who look to us to provide a better tomorrow.
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PREFACE

Attention deficit hyperactivity disorder (ADHD) is a common neurobehavioral
disorder affecting 5–10% of children and adolescents and 3% of adults. Attention
Deficit Hyperactivity Disorder: From Genes to Patients aims to provide a compre-
hensive, state-of-the-art overview of the critical aspects of ADHD, and hopefully
will serve as a quick and up-to-date reference source for professionals with an inter-
est in ADHD.

The book is divided into three major areas that follow an historical survey.  The
first group of chapters deals with current theories on the pathophysiology of ADHD,
and focuses on neurotransmitters and the contributions and validity of animal mod-
els. The second section emphasizes the evaluation and treatment of patients with
ADHD, from the day-to-day approach by the clinical psychologist to the more
sophisticated anatomical and functional imaging strategies that have emerged in
the last decade. In addition, chapters dealing with specific impairments, such as
those pertaining to reading, social interaction, and working memory, are also
included for more detailed analysis of these important aspects and their respective
contributions to global functioning. The third and final section provides an
expanded review on the pharmacotherapy of ADHD and the appropriate methods
for selection of specific drugs for individual patients based on drug kinetics and
gene expression.

David Gozal, MD

Dennis L. Molfese, PhD
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1
Historical Aspects of Attention Deficit 

Hyperactivity Disorder

Roscoe A. Dykman*

1. INTRODUCTION

It would be impossible to cover in this book the thousands of articles that have been written
on the subject of hyperactivity and related disorders over the last 50 to 60 yr. This chapter
focuses on the early history, giving enough recent history to track major ideas and relations
as the author sees them. But even here, there are problems. If one looks at the reference lists
in books on this subject, it becomes immediately obvious that the lists are quite different,
with each writer paying attention to his or her particular interests. Current research reports
and hundreds of reviews of attention deficit hyperactivity disorder (ADHD) suffer from an
immense historical amnesia. Concepts change, and many of the historical ideas are revisited
and passed on cloaked in new terminology. The criteria now used to identify these children
compared with those used some 50 yr ago, although more refined and less inclusive, are not all
that different. You see a child in the cafeteria who is overly active, impulsive, and inattentive
(three items); he will likely satisfy the current ADHD criteria. However, what was once
largely speculation regarding a neurological basis and related genetic basis for ADHD is now
supported by a large number of very good studies, which will be discussed in the subsequent
chapters of this book. Much has happened in the last 10 yr. And yet, there remains much to
do for those of us who love unresolved issues.

1.1. What Is in a Name?

One of the earliest descriptions of what we now recognize as ADHD appeared in a nursery
rhyme written by Heinrich Hoffman in 1863 (1).

“Phil, stop acting like a worm,
The table is no place to squirm.”
Thus speaks the father to his son,
severely says it, not in fun.
Mother frowns and looks around
although she doesn’t make a sound.
But Phillip will not take advise,
he’ll have his way at any price.

1

From: Attention Deficit Hyperactivity Disorder: From Genes to Patients
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*Dr. Dykman is a Professor Emeritus in the Department of Psychiatry, University of Arkansas for Medical
Sciences and a Professor of Research in the Arkansas Children’s Nutrition Center, 1212 Marshall Street, Little
Rock, Arkansas, 72202. 



He turns,
and churns,
he wiggles
and jiggles
Here and there on the chair;
Phil, these twists I cannot bear.

There have been many other names in addition to Fidgety Phil, including brain damage
syndrome (2), organic driveness (3), organic behavior syndrome (4), minimal brain damage
syndrome (5), hyperkinetic impulse disorder (6), cerebro-asthenic syndrome (7,8), minimal
brain dysfunction (MBD) (9), hyperactivity (10), hyperkinetic syndrome (11), attention
deficit syndrome (12), hyperactive child syndrome (13), intention disorder (14,15), attention
deficit disorder (ADD) (American Psychiatric Association [APA] [14]), and ADHD (15).

We were the first (12) to suggest that the term MBD be replaced by an attentional definition.
The cerebro-asthenic term of Luria (7,8) described two types of children—an excitatory dis-
tractible type, and an inhibitory–inattentive type with a low threshold for fatigue. Luria was
greatly influenced by Pavlov (18,19), who put the concept of behavioral inhibition on the map;
Pavlov, in turn, was affected by Sherrington (20,21), who described both inhibitory and exci-
tatory reflex pathways. Pavlov was the first to study behavioral inhibition in a systematic way,
a concept now referred to by Barkley (22) as response inhibition. The concept of inhibition is
pervasive in the classical conditioning literature, affording an explanation for the differentiation
of conditional stimuli, the restriction of generalization gradients so that stimuli can be more
specific in generating responses, the extinction of responses by withdrawal of reinforcement,
and the spontaneous restoration (disinhibition) of once-extinguished responses.

As is evident, a large number of writers have cast their nets into the field of diagnosis with
no substantial agreement even to this day. Ross and Ross (23) traced the concept of minimal
brain damage back to neurological papers by Still (2) and Tredgold (24). Still (2) described
children who exhibited violent outbursts, wanton mischievousness, destructiveness, a lack of
responsiveness to punishment, and an abnormal incapacity for sustained attention. These
severe symptoms are more like those of children we now recognize under the terms conduct
disorder (CD) and oppositional/defiant disorder (ODD). It is important to note that Still and
Tredgold wrote about minimal brain damage, which is related to minimal brain dysfunction
but is not the same construct. MBD as conceived in the 1960s had more to do with subtle
nonorganic differences in the “wiring” of neuronal connections and associated neurotrans-
mitter deficiencies than with structural damage to the brain.

To answer the question raised by heading of this section, one could say that children identi-
fied as having this heterogenous disorder may differ depending on the diagnostic name used.
The name MBD included children that were both hyperactive (HY) and learning disabled (LD)
or both. LD is completely ignored in the definition of ADHD, but ADHD children can be clas-
sified as LD by another diagnostic definition (25). However, the net effect is that much of the
published literature ignores the comorbid nature of ADHD and LD. It is also obvious that some
of the other definitions—indeed, the meaning of the term “hyperkinesis” as originally used—
referred to children with a more severe pathology than our garden-variety ADHD child.

2. THE MBD AND EARLY ADD PERIOD

The MBD label became popular with the publication of a paper by Clements and Peters
(9) and even more so via a book written by Paul Wender (26). Clements and Peters were
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greatly influenced by a number of writers: the pioneering work of Strauss and Lehtinen (27),
who enumerated the characteristics of children with known brain damage; the study of
Bradley (28) showing that Benzedrine reduced hyperactivity; the published work on perina-
tal risk factors (e.g., bleeding in pregnancy, low birth weight) in causing behavior and learn-
ing problems; and a variety of other papers suggesting that neurological impairment results
in behavioral and emotional symptomatology (6,29–34). The MBD term as used by
Clements and Peters designated children who were HY, LD, or both. It included one or more
of the following signs: specific learning deficits, perceptual-motor deficits, general coordina-
tion deficits, hyperkinesis (extreme overactivity), impulsivity, emotional lability, short atten-
tion span and/or distractibility, “equivocal” neurological signs, and borderline abnormal or
abnormal electroencephalogram (EEG). Clements and Peters gave a description of MBD that
could be used to describe ADD/ADHD today:

It is important to emphasize that a given child may not have symptoms in all or even many of
these areas; each child has his own particular cluster of symptoms. The level of his intelligence
and the nature of his underlying temperament determine the form and the excellence of his
maneuvers to compensate for the deficits or deviations.

It is probable that certain general principles underlie the above symptoms. For example, most
may be due to perceptual defects having to do with the capacity to receive, hold, scan, and selec-
tively screen out stimuli in a sequential order; to sustain a repertoire of background gestalten as
compared to foreground gestalten; to perceive the subtle and often abstract behavior gestalten,
which allow proper socialization to take place. Proprioception may be one of the perceptual
areas at fault in some of these children, i.e., manifesting as a deficiency in the ability to perceive,
discriminate between, and retain images of sequential body movements in space. It may be that
there is a deficiency in inhibitory functions having to do with checking and suspending verbal or
motor activity until the incoming sensory stimuli are compared with stored information. When the
fantastic complexity of the brain is considered, with its myriad interlocking circuits and group-
ings of circuits, it is not surprising that in the presence of any disordering of stimuli-monitoring
that each child should manifest a unique cluster of symptoms, and that he should be handicapped
in learning and adaptive behavior if the environment is sufficiently trying relative to the magni-
tude of the defect.

This paper received some 20,000 requests for reprints, but is seldom mentioned in current
texts. It is clear, as suggested above, that Clements and Peters were writing about issues that
later became translated into ADD or ADHD, namely problems of attention, impulsivity,
hyperactivity, and working memory (incoming stimuli compared with stored information).

A study by Peters et al. (35) indicated that MBD children have many “suspect” soft and
hard neurological signs and that many of these tend to disappear as these children age.
Peters had developed a neurological examination that he used routinely in testing all chil-
dren he saw in his clinic long before the paper just cited was written. The consistency of
findings of suspect signs is what led him to conclude that there must be a neurological basis
for the disorder.

The MBD label excluded children with other serious psychiatric problems—autism,
schizophrenia, and mental retardation. It was argued that for a child to receive the MBD
label, he or she must be near average, average, or above average in intelligence. It was gener-
ally felt that the IQ cutoff should be 85 to 90.

Dykman and colleagues published a number of studies bearing on the issue of the valida-
tion of the MBD diagnosis. In one early laboratory study (36), it was found that MBD children
do not get as aroused to respond as easily as controls judging by their heart rate and skin
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conductance responses in a learning situation in which money was earned for correct
responses and lost for incorrect responses. The MBD children (most both LD and HY) made
many more mistakes than controls both in failing to respond to the appropriate cues or
responding to cues inappropriately. This was the first study to show the autonomic under-
arousal of MBD children, and it was something not expected from what we knew about the
restlessness of most of them. This was strictly tied to performance; baseline levels did not
differ in controls and MBD subjects.

These studies were followed by others examining conditioning and reaction times (RTs) in
a variety of go/no-go tasks (37–39). In one of these go/no-go paradigms (38), we used a
reversal task and tested readiness to respond over a period of 5 s. After subjects had been
trained to respond to a red light and not to a green light, the conditions were reversed, and
they were told now to respond to the green light and not the red light. They were instructed to
watch the lights and press a reaction time key as soon as a white light followed the green
light in the reversal task (red light was not reinforced). The mean log latency of foreperiod
RTs differed with hypoactive subjects least able to maintain a readiness to respond (see Fig. 1).
Of course, there is no way to know whether the decrement seen in maintaining a readiness to
respond is attributable to reduced inhibition, increased excitation, or both in some way. All
we know from these results for sure is that in maintaining a readiness to press an RT key,
groups from worst to best were; hypoactive, HY, normoactive, and control.

In thinking about hypothesized states of nervous system, we thought of reciprocal rela-
tions; i.e., if attention is directed to one place or topic then attention to other places or topics
are automatically partially inhibited. This does not mean that background stimuli are
ignored by the nervous system. Indeed, we know from event-related potential studies that
these stimuli do register, but normally not with sufficient strength to enter our awareness or
as something to which we should or must attend (40,41). We know from the classic work of
Darrow (42) and Lacey et al. (43,44) that when attention turns in—as when solving a prob-
lem in mental arithmetic—heart rate (HR) increases, but if attention turns to the outer
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environment, such as occurs when one gets ready to respond to a forthcoming event, and
hence must pay close attention, HR decreases. This turning of attention in or out may occur
very rapidly, and the speed of switching is important. We have speculated that this depends
on some kind of switch, possibly in the diencephalon (45), which is quickly and automati-
cally activated by connections from the frontal lobes (12). But the point here is that the
focus of attention taking place in a few milliseconds can change the occurrence of the next
beat of the heart.

It should be obvious from what was said above that the MBD term had been dropped by us
by this time in favor of terms, such as LD subtyped into three categories (hyper-, hypo-, and
normoactive), and, in some cases, looking at children in these same categories who were not LD.
In our 1971 paper (12), we suggested that MBD be replaced by what these children, whatever
subtype, have in common: namely, problems of inattention. Attention was treated as a unitary
trait consisting of four interrelated components: alertness, stimulus selection, focusing, and
vigilance.

During this same period we became involved in medication studies, thinking that these
might provide clues as to subtypes as well as improved treatments. In the first study, we con-
trasted a new drug (at the time), pemoline (Cylert®), with methylphenidate (46). The study
was double-blind (n = 99 MBD children ages 6–12). Dosages of pemoline and methylphenidate,
assumed a priori to be equally effective, were compared over a period of 8 wk with each other
and with a placebo. Ratings of symptoms (Conners scales, which can now be found in almost
any book marketing psychological tests and software) were available from four sources—
physician, parent, teacher, and child—and obtained at 4 and 8 wk. The percentages of cases
improved on methylphenidate at wk 8 relative to placebo were 73.3 for physician ratings and
78.6% (p < 0.05) for teacher ratings (p < 0.01). The corresponding physician and teacher rat-
ings for pemoline were 66.7 and 53.1 (not significant). However, the same ratings by psy-
chologist favored pemoline (81.8% vs 73.7%), with both gains significant (p < 0.01). The
average nonresponder varied with the type of rating scale and was in excess of 19% on all
ratings (about one-fifth of all subjects). This suggested the existence of subtypes not identi-
fied by the MBD label, and this issue remains unresolved today for children with the newer
label of ADHD as well.

We also had available continuous performance data (AX paradigm). It was found that
methylphenidate speeded RT to target stimuli (child pressed a RT key whenever an X occurred
but only if the preceding letter was an A). However, performance on pemoline was no better
than that on placebo.

The teacher rating scale (Conners’ 33-item teacher rating scale) was subdivided into
five factors (aggressive–antisocial, restless–hyperactivity, emotionalism, distractibility, and
immaturity). Methylphenidate significantly improved scores on all factors except immaturity. In
contrast, pemoline improved scores on only three factors (restless–hyperactivity, emotionalism,
and distractibility).

A second study (the company funding pemoline research lost interest in the contrast of
the competing drug) looked at only pemoline vs placebo at 3, 6, and 9 wk, but it had only
18 subjects. Pemoline was found to improve scores on factors of emotionalism, aggressive-
antisocial behavior, and restlessness. Pemoline is an effective treatment, and is one worth trying
in cases that fail on methylphenidate (47). Its side effects may be a bit more dangerous: two
of our subjects showed elevated liver enzymes. However, there are many choices of drugs
now that were not available at this earlier time. One of the more interesting findings never
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further researched was that pemoline had a staggering effect in improving scores on the non-
verbal part of the Wechsler Intelligence Scale for Children (WISC).

2.1. Our Early Neurological Speculation

On the basis of this research cited above, we engaged in a bit of neurologizing, which in
retrospect seemed reasonably decent and anticipated much of what came later. The following
comes from the Dykman et al. 1971 paper (12):

Organically based deficiencies in attention explain, we believe, the poorer performance, the
slower reaction times, the lower amplitude contingent negative variation wave (expectancy
wave) and the decreased physiological reactivity of learning disabled in learning situations.

The following structures were identified as playing an important role in the regulation of
attention:

1. The descending fibers from the cortex to the reticular formation, as well as ascending fibers from
the reticular formation to the cortex (feedback loop), with the former system being most important.

2. A forebrain inhibitory system described by Clemente (48) capable of inhibiting both somatic and
visceral responses.

Electrical stimulation of the Clemente system had been shown in animals to suppress
movement, synchronize electrical cortical activity, and produce sleep. This inhibitory effect
is proportional to the degree of stimulation: a weak stimulus slows but does not halt ongoing
behavior. It is not difficult to imagine a child whose inhibitory system, via conditioning, is
turned on to some degree every time he enters the classroom.

A third mechanism was postulated, namely one located in the diencephalon that controls
the switching of attention in or out or from one stimulus to another (45). We followed
William James in saying that it is necessary to reciprocally inhibit one activity when focus is
turned to another activity. Russian investigators have talked about this same concept in a
more behavioral way under the construct of mobility of nervous processes. Most important,
we postulated that HY children are weak in inhibitory control (cortex to downstream arousal
centers) because they habituate slowly to novel stimuli and they manifest considerable recovery
or restoration of extinguished responses. Hypoactive children were assumed to be opposite in
these characteristics. We also assumed, following Luria (7,8), that either deficit, too much or too
little inhibition, produced failure in the classroom—one from not being able to pay attention
in, for example, solving a problem in mental arithmetic, and the other from not attending suf-
ficiently to understand the problem.

Ackerman et al. (49) did a follow-up study on 23 HY, LD boys, first studied in grade
school and reevaluated at age 14. These boys were contrasted with two other LD groups,
25 normoactives and 14 hypoactives, including 31 controls. Controls had no problems when
first seen in grade school, but the LD children had either failed a grade or were near failure
despite average or better intellectual endowment and normal advantage. At follow-up, all
three groups remained significantly disadvantaged in relation to controls in academic and
cognitive measures and in complex RT (the conditioning task described above). Half the
hyperactives had experienced major conflicts with authority, and more than one third of
hypoactives exhibited psychologically disturbing behaviors (Minnesota Counseling Inventory).
Not surprisingly, HY subjects were found to be most open and hypoactive subjects most closed.
Mental health of normoactives appeared comparable to controls. In studying heart rate
changes, it was found that the heart rates of hypoactive children did not decelerate immedi-
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ately on tone onset (a get-ready-to-respond signal). This slowness differentiated hypoactive
children from other groups. In any case, none of this early research had much of an impact in
sustaining the life of MBD.

By 1976 we felt that the attentional approach did not provide a sufficient causal explanation
(14,15) for MBD, and proposed an information-processing model. At this time, we became
concerned with the role of intention as the mechanism controlling attention and other impor-
tant mediating processes. We wrote as follows (12):

Occam’s Razor says that we should move from the simple to the complex in experimentation
and interpretation. We should not look for a higher level of explanation when a lower level
explanation suffices. From this standpoint the most parsimonious approach is to consider arousal
as the basic defect for MBD. We have been down this road before, and for various reasons,
which will become clear as we go along, it has not proved satisfactory. In 1971, we turned to
attention as the next elementary phenomenon. Still dissatisfied, we now move to a considerable
elaboration, adding intention and other psychological processes (50). There are significant dif-
ferences between the concepts of attention and intention, at least as we define them. Attention
relates to the adequacy of one’s informational gathering ability, focusing and stimulus selection
(sampling environment). Intention has more do with the utilization of information, its implica-
tions and consequences. In a broader philosophical sense, intention connotes attitudes, values,
will power, or sustained attention (51). The philosophical and neurophysiological question is the
same: Is it that the MBD child cannot sustain his attention or will not?

… Two kinds of behavioral/deficiencies produced by injuries of the frontolimbic areas and associ-
ated cortex (52) are very similar to those seen in MBD children—hyperactivity, impulsiveness, per-
severation or inability to switch from one action to another, dissociation of action and verbalization,
and disregard for rules and consequences. Clearly these behaviors tend to be associated more with
intention than attention, if there is a difference. Perhaps, we are talking about two aspects of faulty
attention—one a defect in the primary sensory pathways having to do with the reception and storage
of information and the other with inattentiveness (intention) as a personality trait.

In commenting on the MBD concept some 30 yr later, Barkley (53) stated:

The concept of MBD died a slow death as it became recognized as vague, overinclusive, with little
or no prescriptive value, and without much neurological evidence (54). Its value remained in its
emphasis on neurological mechanisms over the often excessive, pedantic, and convoluted envi-
ronmental ones proposed at that time. This was particularly true of those etiological hypotheses
stemming from psychoanalytic theory, which blamed parental and family factors entirely for
these problems.

It is interesting that so much of what goes around comes around again and again.
Barkley now has his own neurological theory, although he might protest labeling it as such.
His latest theory of response inhibition is based on much of what we have learned about
the frontal lobes in the last 50 yr and to its credit it is carefully formulated in terms of
testable hypotheses.

Taylor (55) described MBD as an unsavory neurological construct. He cites Bax and
MacKeith (56) who say that the vagaries of MBD are not only a barrier to communication
but can also do harm by making physicians think they have done something useful in apply-
ing the label MBD. Yet Taylor states that it may be useful for clinicians to use the term MBD
in advising parents or teachers, when the intent is to explain that an individual child’s prob-
lems might be caused by cerebral pathology. So whereas Taylor does not like the term as a
diagnostic label, he is apparently not opposed to its use in communicating to parents the
causes of a child’s problems. Taylor is wrong, however, when he says that MBD implies a
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single cause for many forms of LD. As may be seen by the aforementioned quote from
Clements and Peters, MBD refers to a variety of different cerebral dysfunctions, but one can
only guess which ones from knowing the symptoms of a given child.

Although we played a role in the demise of the MBD concept by suggesting the substitute
term attentional deficit syndrome (12), we have never understood the harsh criticisms MBD
received. A neurological colleague once said MBD is a term developed by persons with min-
imal brains. But there are many good and logical reasons to believe that LD and ADD
involve deficits of the central nervous system (see Chapters 2,3,5,8,9 and 17). The operant
zeitgeist that pervaded both psychology and psychiatry during the “MBD era” attributed too
much to environment and too little to genetics, and was strongly opposed to the biological
causality explicit in the term MBD.

Is the MBD concept dead? Not quite; at least for learning disabilities it is alive in some cir-
cles. The National Joint Committee on Learning Disabilities (NJCLD) (57) defined learning
disabilities in terms of MBD. This definition has gained wide acceptance according to Bigler
(58); it states that learning disabilities are “intrinsic to the individual, presumed to be a result
of CNS [central nervous system] dysfunction, and may occur across the life span” (57). This
assumes that learning disabilities have neurological causes and may be permanent.

It is perhaps important to note that a number of pediatricians still use the MBD conceptu-
alization in describing children. One of our clinician physicians at Arkansas Children’s Hospital,
Dr. Mark Swanson outlined eight ways in which LD and ADHD are similar and, by inference,
belong under one diagnostic label (personal communication).

1. Both have a presumed, if not precisely identified, underlying abnormal anatomic or physiologic
brain process.

2. Both are disorders on a continuum, from mild to severe, leading to a certain arbitrariness about
who “has” the condition.

3. Both have been functionally, or operationally, defined as a series of clinical behaviors.
4. Both are clinically diagnosed, with no unequivocal physiological tests available to the physician

to aid in diagnosis.
5. Both are likely present but unexpressed at birth (i.e., often children with these conditions are not

identified until school age and only retrospectively are some subtle indicators apparent in the
preschool years).

6. Both have clinical manifestations that vary greatly with environmental factors, especially those at
home and in school.

7. Both require input and assessment from nonmedical professionals.
8. Both have interventions that are largely derived from collective wisdom and experience, rather

than from unequivocal scientific studies.

3. IMPORTANT EARLY WORK OF OTHERS

Virginia Douglas, writing in this same period, did much to change the MBD concept to ADD
with her presidential address to the Canadian Psychological Association in 1972. The subse-
quent paper, entitled “Stop, Look, and Listen,” has been cited more often than any other early
paper. She presented evidence suggesting that the problems of inattention and impulsivity were
more important defining characteristics than hyperactivity (59). The research of Douglas and
collaborators indicated that sustained attention was a major problem for HY children and that
these children’s problems of sustaining attention could occur in situations in which there were
no significant distractions (60–64). This research pointed to the following four major deficits:
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1. Inability to inhibit impulsive responses.
2. Inability to modulate arousal levels.
3. An inordinate need to seek immediate reinforcement.
4. Most importantly, deficits in the regulation of attention and effort (our intention notion).

Colleagues of Douglas at McGill University have contributed much to our understanding of
ADD. Particularly important has been the research of Weiss and associates, who followed the
development of HY children into adolescence and adulthood (65–68). Weiss et al. (68) note that
although the excessive motor activity of these children is often diminished by adolescence,
their problems with sustained attention and impulsivity persist. There are many additional stud-
ies indicating that hyperactivity may result in appreciable problems in later life (49,53,69–71).

In terms of the evolution of diagnostic criteria, Keith Conners was by far the most impor-
tant contributor. He developed the first rating forms useful in assessing hyperactivity, impul-
sivity, and inattention (72). He was the first to recognize the need to quantify measures of
inattention and impulsivity as the major problems of these children. Conners’ impact on the
field of disruptive behavior disorders continues to this day. He has done as much to stimulate
the development of rating scales assessing child psychopathology than any other person, and
his well-known scales have been, and are currently, among the rating scales of choice.

In 1981, Barkley and others began to question the concept of attention deficit as the defining
characteristic for ADD/ADHD (73–75). It was recognized that children in many psychiatric
diagnostic categories were overactive and inattentive, and it was noted that the excessive
activity and inattention of the children who were labeled ADD tended to be situational in
nature and did not occur in all conditions (11,76). This, of course, was what we were struggling
with in our paper on intention.

There were other changes occurring in this period that brought about needs for a greater
clarity in diagnosis and treatment. There was a tremendous outcry about the number of these
children who were placed on drugs—stimulant medication in particular. It was claimed that
the medications prescribed for these children would stunt their growth, and respectable inves-
tigators were accused of being paid off by the drug companies. It was so bad that the Food and
Drug Administration began an investigation of some of the researchers who were involved in
drug studies. It was stated that hyperactivity results from such factors as poor nutrition (54),
rapid cultural changes (78), or food allergies (79), or that hyperactivity is a “myth” created by
poor teachers and parents (80,81). But none of these claims were supported by any reasonable
scientific evidence (53,82,83).

In his generally excellent book, Barkley (53) states that one of the most exciting develop-
ments of the 1980s was the notion that ADD is a motivational disorder and not an attention
disorder, which goes back to the inclusion of intention in the MBD era. In discussing this
“newer” movement, Barkley writes:

As more rigorous and technical studies of attention in ADHD children appeared in the 1980s, an
increasing number failed to find evidence of problems with sustained attention under some exper-
imental conditions while observing them under others (62,74,75,84–87). These findings, coupled
with the realization that both instructional and motivational factors played a strong role in deter-
mining the presence of ADHD symptoms, led some investigators to hypothesize that motivation
may be a better model for explaining the deficits seen in ADHD children (88,89). Following this
line of reasoning, others pursued a functional analysis of these symptoms; they hypothesized
deficits in the stimulus control over behavior, particularly by rules and instructions (73,90).
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Barkley later added to a rule-based deficit the notion that responses to behavioral conse-
quence might also be impaired (53,74). This same idea or notion was advocated by other writ-
ers (75,91–93). The basic notion is that ADHD arises out of insensitivity to consequences—i.e.,
reinforcement or punishment. This same idea had been put forth earlier by Wender (26) in his
classic book on MBD and in our papers on intention. Lou et al. (94,95) suggest that ADHD
children exhibit deficits in brain-reward centers and their cortical regulating limbic circuits. In
several papers, we described these same circuits as accounting for the difficulty of MBD chil-
dren (12,14,38).

Studies using both school-based and clinic-referred samples have consistently shown
HY/ADD children to be rated more adversely on impulsivity and aggressive/defiant symp-
tomatology than nonhyperactive ADD children, whereas nonhyperactive ADD children are
rated more adversely on internalizing symptomatology, such as anxiety and withdrawal or
shyness (53,96–100).

Both types of ADD children exhibit more difficulties in academic areas than controls,
but neither group has been consistently found to have greater problems than the other
(101,102). Studies contrasting HY and nonhyperactive ADD children on cognitive neuropsy-
chological measures have provided mixed results. Of those reviewed by Lahey and Carlson
(102), half found few or no differences. Sergeant and Scholten (103,104) studied two small
(n = 8) groups of ADD children with hyperactivity and ADD children without hyperactivity
in a visual search task where speed and accuracy were compared. Compared with controls,
both groups were significantly slower but only the ADHD children were less accurate.
Sergeant and Scholten (104) also concluded that hyperactive children with attention prob-
lems show deficits in resource allocation, as they are less able than the solely inattentive type
to meet task demands. The HY group’s latencies were inconsistently related to accuracy,
whereas the other groups exhibited the oft-reported speed–accuracy trade-off. Frank and
Ben-Nun (105) found HY-inattentive children (n = 21) to show significantly greater abnor-
malities than non-HY inattentive ADD children (n = 11) in visual perception, visual sequen-
tial memory, and writing performance. The HY group also showed significantly greater
abnormality on “soft” neurological signs.

Larger samples of HY (n = 42) and non-HY (n = 48) ADD children were contrasted by
Barkley et al. (53). In addition to comprehensive ratings obtained from parents and teachers,
the investigators analyzed performance on the WISC-R and Wide Range Achievement Test-
R (WRAT-R) and on several laboratory tasks. They also made behavioral observations as the
children performed on selected tasks. The HY/ADD but not the non-HY ADD group had sig-
nificantly poorer scores than controls on the arithmetic subtest of the WISC-R. The nonhy-
peractive group was significantly poorer on the coding subtest than both the HY group and
controls. These two ADD groups did not differ, however, on any of the WRAT-R subtests or
in the percentage identified as having specific learning disabilities. On a continuous perfor-
mance task (CPT), the HY/ADD group made more errors of omission than the control group
but the two ADD subgroups did not differ. Neither did they differ in errors of commission
even though the mean of the HY/ADD group was double that of the nonhyperactive ADD
group (scores were highly variable, however).

Jensen et al. (106) related the severity of ADHD to the presence of co-occurring disorders.
It is suggested that a child with ADHD plus an anxiety disorder might do equally well with
medication, behavioral therapy, or both. On the other hand, he states that a child with only
ADHD or ADHD plus ODD and/or CD is likely to do best with medication. The combination
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of both behavioral therapy and medication is likely to be best if anxiety is added to the
mixture of ADHD and other disruptive behavior symptoms. Unlike the majority of ADHD
children, there are many who do not respond to medication. Also, ADHD children who
fail to respond to one medication often respond well to another (107). This suggests addi-
tional subtypes based on neuropharmacological differences. We really need more treat-
ment studies that will provide clues as to the causes of these differences in subtypes. In a
preliminary pilot study (108), we found that a nutritional supplement containing certain
saccharides known to be important in cell communication were about as good as
methylphenidate in improving behavior at home. ADHD children are known to be fussy
eaters, and there have been no rigorous studies of the influences of different nutrients in
these children.

A number of authors have questioned the notion that the central problem of HY children
is a defect in sustained attention (87,109–111). Douglas (84) used a large battery of tests
designed to measure attention, and concluded that the basic information processing capabil-
ities of ADHD children are intact. She attributed their defects to faulty self-regulation.
Sergeant (75) concluded that ADHD children do not have problems of either selective or
sustained attention. His basic conclusion was much the same as that of Douglas, namely that
the problems of ADHD children are more in the area of modulating attention or in the allo-
cation of resources. Swanson et al. (112) reported that there is, in fact, a subgroup of
ADD/ADHD children who do have attentional problems. This subgroup satisfied rigorous
diagnostic criteria, which excludes many children currently labeled as ADD/ADHD in
research studies. It may be circular to say that self-regulation explains the attentional
defects seen in ADHD children, inasmuch as inattention to environmental cues could
explain deficiencies in self-regulation.

Van der Meere et al. (113) used a self-paced paper-and-pencil cancellation test to study
sustained attention in HY children. This was a follow-up on the earlier work of Sykes et al.
(111) showing that the sustained attention deficit of HY children occurs in experimenter-
paced but not in self-paced tasks. Van der Meere et al. argued that if a self-paced task were
divided into blocks, attention would have to wane as a function of the number of blocks. It
was argued that the slope for HY children over time would have to exhibit a significantly
steeper descent than that of controls to prove that HY children have a sustained attention
deficit. They found that although HY subjects perform more poorly than controls over all
time periods, the slopes for the two groups were equal, leading to a conclusion that the deficit
was not in sustained attention.

4. ADDITIONAL STUDIES FROM OUR LABORATORY

4.1. Pribram Task

We proposed, on the basis of our earlier work and that of others (72,114,115 ), that attention
deficits characterize LD, as well as HY, children. Like Douglas in her classic 1972 (50) paper
“Stop, Look and Listen,” we argued that attentional deficits rather than motoric restlessness
should be of central research interest. Even though the majority of LD children exhibit ADD
symptoms, ADD cannot be said to be the sole or major cause of a learning disability, because
many ADD children, even HY ones, learn to read and spell at an age-appropriate rate. This
observation led us to believe that the major problem for LD children might be in the area of
selective attention and for HY children in the area of sustained attention. Moreover, we
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theorized, as stated above, that the failure of HY children to sustain attention was the result
of a lack of will to do so (15). Here we moved toward what William James (51) termed inten-
tion. We further speculated that intention reflects frontal lobe action whereas selective atten-
tion, especially as used in reading, reflects temporal lobe involvement.

To test this theory, we modified a paradigm that Karl Pribram (116) had used to assess
frontal and temporal lobe functioning in monkeys (117,118). The child was asked to scan
a visual field, discover the target symbol, learn to stay with the target for five trials, search for
a new target, and so on. He began with a visual field size of only two symbols, but the field
size was increased by steps up to 12 symbols. Symbol presentation was under computer con-
trol, and any given symbol could occur in any one of 12 windows on a given trial. There were
two kinds of trials: search trials, which involved finding the to-be-rewarded stimulus, and
after-search reward trials, which involved staying with the correct object until it was no
longer rewarded (five trials). The child received one penny for each correct response. Total
earnings were continually updated by a computer and displayed on a screen. Failures to
choose the target consistently after discovery were not rewarded and were considered after-
search lapses. In Pribram’s monkeys, after-search lapses were increased by frontal lobe dam-
age and search trials by temporal lobe damage.

Subjects consisted of 20 HY boys, each with scores of 15 or higher on the 10 items of the
Conners, hyperkinesis index, and scores above 90 on both the WRAT-R and the Gray Oral
Test; 20 LD boys with average reading scores on both reading tests below 90, and the hyper-
kinesis index under 15; and 20 adequate students with reading scores above 90 on both reading
tests, and hyperkinesis scores below 15.

Unfortunately for the specifics of the theory, the reading-disabled (RD) group did not differ
from HY children in the number of search trials, after-search lapses, or RT. Both clinical
groups were, however, inferior to controls. When we later studied mixed HY–RD subjects,
they, too, were inferior to controls but not distinguishable from the “pure” clinical groups on
Pribram performance measures. This research suggests that both HY and RD children have
deficiencies in behaviors mediated by the frontal and temporal lobes.

Half the HY children told us they had become tired and wanted to quit the Pribram task.
The RD children, though tired, did not want to quit, yet they became inattentive as the diffi-
culty of the task increased. The HY boys were more attracted to novelty than were the RD
children. In the early trials of one procedural condition where the new symbol added to the
visual field was always the one to be chosen for reward, HY children tended to choose the
novel stimulus immediately, whereas RD children did not (117). This attractiveness to nov-
elty points to deficiencies in behavioral inhibition that are insufficient to counteract the exci-
tatory tendencies to respond. It may not be just too little inhibition or too much excitation,
but the absence of a balance between the reciprocal neural connections between these two
processes.

In another sample of ADD (inattentive type), HY, and RD boys, the majority, when
unmedicated, exhibited lapses of attention and extraneous responding (key play) in the inter-
trial intervals of the Pribram task (118). As with the first sample, the HY boys were far more
deviant in extraneous responding than were the RD subjects. Methylphenidate dramatically
decreased extraneous responding, particularly in HY subjects, and also improved about
equally the accuracy of all clinical groups (118). Interestingly, the drug had a greater effect in
decreasing after-search errors than in decreasing search trials; i.e., it improved sustained,
more than selective, attention (or memory).
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Electrocortical data, obtained from 1 s before and 1 s after each display of stimuli at
electrode sites C3, C4, P3, and P4 (areas we thought were most important at that time)
were Fourier-transformed and subjected to a principal components analysis. Four compo-
nents were extracted, accounting for 87% of the variance. The first component had strong
loadings between 16 and 20 Hz and weaker loadings between 8 and 10 Hz. The RD chil-
dren had significantly lower scores on this component than the controls, with the HY boys
intermediate; however, the mixed HY–RD group, which was expected to be the most
impaired, was, in fact, the least impaired of the clinical groups by this measure. We have
no good explanation of this finding. It may be that the combination HY–RD is compensat-
ing in some degree as regards arousal, e.g., RD children try harder whereas HY children
are more easily aroused than pure RD children. These electrocortical results show that con-
trols exhibited superior task specific arousal (i.e., more β and α activity) to the clinical
groups.

In sum, the RD children did not differ from HY children as predicted on the Pribram task,
but the study did yield evidence to suggest their deficits in certain regions of the frontal, central,
and parietal lobes contribute to difficulties in learning and behavioral control: the assertive-
ness of HY and the passivity of RD children, the excessive key play of the HY boys and their
attraction to novelty; and the inferior search-and-hold performance of all clinical groups.
However, the fact that there were no differences in search and perseverance errors and reac-
tion times suggests that the major problems of these clinical groups are in the domain of
attention and in the regulation of motor responses.

4.2. Nervous System Sensitivity

A new variable related to attention was added to our studies, which we termed sensitivity
of the CNS. Russian investigators place this presumably innate response bent along a weak-
strong continuum, and Western biologically oriented psychologists such as Buchsbaum
(119–121), Eysenck (122), Fowles (123), Gray (124,125), and Zuckerman et al. (126,127)
believe this response propensity to be an important dimension of personality or cognitive
style. As RD and HY children differ along a dimension of passivity and assertiveness, it was
hypothesized that these traits might have an underlying physiological basis in CNS sensitivity.
According to the Russian literature (128,129), a person with a strong nervous system
responds to increases in stimulus intensity with an orderly increase in physiological activity and
an orderly decrease in reaction times (RTs). In contrast, the sensitive type shows an orderly
increase up to a point and then responds less vigorously (i.e., exhibits protective inhibition).
Buchsbaum (119) used the terms “augmentation” and “reduction” to describe such gradients
obtained from electrocortical evoked potentials. He reasoned, vis-à-vis the Russian experiments,
that strong types augment and weak types reduce.

Four subtypes of children were studied: HY, LD, HY + LD, and inattentive but not HY.
Vasilev (129) had subtyped subjects on the basis of differences in press-and-release RTs with
tones ranging in intensity from soft to very loud. With some subjects both RTs were linear,
with the difference between press and release more or less constant across intensities, and
with others the lines crossed at the higher levels of intensity. Vasilev described the type with
parallel slopes as strong (insensitive) and those with nonparallel slopes as weak (sensitive), and
following Buchsbaum, strong was equated with augmenting and weak with reducing. Each
child heard a tone at four intensities (55, 70, 85, and 100 dB), and was told after a warning
light to press a reaction-time key when a 250-ms tone occurred (4 s interval from warning
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lights to tones), and release the key as quickly as possible when the tone ended. A strength of
nervous system ratio was computed for each child by first determining the line of best fit
across the four tones (130–132). The fitted press latency to the 100-dB tone was divided by
the fitted release latency to that tone (release times were faster than press times).

There were three conditions: baseline in which subjects received no reward; high-
gain–low-frustration, in which subjects received four pennies for each correct response and lost
two pennies for a slow response with a payoff ratio of 4:1; and a low-gain–high-frustration
condition with a payoff ratio of 1:2. In the latter subjects lost as much as they gained. The
presentation of stimuli was controlled by computer; with thresholds for payoff continuously
upgraded every 12 trials, keeping the payoff ratios close to the values just described. The
strong types maintained a more or less parallel separation of the two reaction times at all
conditions whereas the weak types showed a convergence of the two latencies at the higher
intensity levels in all conditions. The high-gain–low-frustration condition yielded the
fastest RTs.

Contrary to expectation, girls did not have weaker or more sensitive nervous systems than
boys, although girls rated themselves as less tolerant of intense stimuli. The boys (because there
were more of them) were enrolled in a blinded crossover study contrasting methylphenidate
and placebo. The prescribing physician, who was not informed of the subtype of the child,
adjusted dosage levels. It was found out when the code was broken that children typed as
weak (predominantly HY) received higher doses of methylphenidate than those typed strong.
Gray’s (133) theory suggests an explanation of this paradox; namely, a weak nervous system
requires more intense stimuli than a strong to reach the threshold of concentration (or focused
attention). Also, following Gray, one could reason that children with attention disorders who
have strong nervous systems would be able to concentrate attention and effort better with low
to moderate doses of stimulant medications. These predictions fit the facts, as we know them
today, reasonably well.

Using the Buchsbaum measure (N1–P2 wave of the event-related potential [ERP]), Dykman
et al. (134) found, as Buchsbaum did, that children diagnosed as HY had more augmenting
ERP slopes to tones ranging from soft to loud than did non-HY ADD or RD children (134)
but there was considerable overlap. More HY subjects than those in other groups were classi-
fied as weak or sensitive on the RT measure (135,136). Non-HY ADD children typed strongest
on the RT measure. There was little relation, however, between the ERP measure of augmen-
tation and the RT measure of CNS strength. On theoretical grounds, the ERP measure should
be a better measure of strength than RT, because it represents CNS activity in the first 200 to
300 ms of information processing.

HR generally decelerates as a person prepares to respond and then accelerates with the
response (see Fig. 2). As may be seen, whereas ADD and RD groups exhibited less marked
anticipatory response than controls, no systematic differences were found among the clinical
groups (137). But with clinical diagnosis ignored, HR levels were consistently higher in ERP
reducers than augmenters, and reducers switched more quickly from HR deceleration to
acceleration.

Dykman et al. (134) suggested that the higher tonic levels of the HY boys could reflect
their irritation with this rather boring task, whereas their less marked phasic reactivity to the
warning and imperative stimuli could mirror inattentiveness and/or lack of involvement.
This interpretation is compatible with the findings of Zahn et al. (138), who reported
higher HR levels in externalizing boys (HY, aggressive, or both) than controls as the subjects
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participated in orienting and reaction time RT tasks. However, the Dykman et al. experiment
featured reward and the Zahn et al. study did not. These results can also be interpreted as
supporting the Gray–Fowles–Quay model of activation, which predicts greater HR
increases to reward in antisocial than in prosocial persons. This research also showed a
strong relationship between augmentation–reduction and drug–dose and drug–response (132).
Relative to reducers, augmenters received smaller doses and had a superior drug response as
judged by teacher ratings (p < 0.02).

Figure 3 shows the major relations between experimental variables in the pretreatment
session of the sensitivity study and the subsequent clinically titrated methylphenidate doses.
Our intent was to determine whether we could predict these carefully titrated dose levels
from the pretreatment data. This analysis showed that many of the predictor variables were
related at a low level, and that their conjoint effect was highly significant (multiple R = 0.892,
p < 0.001). In this figure, type refers to the RT measure of weak-strong and slope to the ERP
measure of augmentation–reduction. In general, we found a highly significant relation
between augmentation–reduction and drug–dose and drug–response (132). Relative to reducers,
augmenters received smaller doses and had a superior drug response as judged by teacher rat-
ings (p < 0.01).

In sum, the most significant findings were the relation of drug titration and response to
sensitivity variables as assessed from RT and ERP slopes to tones ranging from soft to very loud.
Augmenters were blindly clinically titrated at significantly lower doses of methylphenidate
than reducers and they had a much better medication response than reducers. This could
mean that ADD reducers (more HY children in this category) need medication other than
methylphenidate, need no medication at all, or that increasing doses of drug are really not
beneficial. Nearly all children, regardless of diagnostic label, improved in their classroom
ratings with the clinically titrated drug dose, and all became more rapid in RT. Most important,
the CNS dimension of sensitivity was a better predictor of drug efficacy than the diagnostic
label given a child: HY, LD, etc.
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4.3. Sternberg Task

In this experiment, subjects were shown a set of one to three letters on a screen for a brief
time followed by the removal of the letters (blank screen). A probe (letter in or not in the set)
was given and subjects indicated whether the probe was or was not in the set by pressing
either a “yes” RT key or a “no” RT key. In different experiments the size of the memory set is
varied, generally from one to five stimuli. Sternberg (139) had found that the searching task
was serial; i.e., searching continued one stimulus at a time until the whole set was searched
even though the matching object had already been found. Obviously, this rarely happens in
real-life situations. Most importantly, Sternberg adduced evidence showing that the zero inter-
cept estimated by the slope of RT on the Y-axis plotted against the memory set size on the
X-axis represented the accumulated time for encoding (storing in memory), decision to
respond, and response execution time. The slope of the function was assumed to assess the
scanning operation (retrieval time and comparison process).

Sergeant (140) used two versions of this task, hoping to show that attention deficits in HY
children show up in the scanning operation (the slope of the memory set function). Although
HY subjects had slower RTs, the difference in RTs did not interact with set size (zero inter-
cept difference in controls and clinical subjects). This indicated that the differences were in
the earlier stages of processing (encoding and response organization). In a second experi-
ment, Sergeant (103,104,140) found that the severity of hyperactivity was not indexed by any
of the Sternberg variables.

Holcomb et al. (141) studied reading-disabled subjects and controls (24 in each group).
The subjects had no co-occurring diagnoses except for inattention without hyperactivity. In
this experiment, set sizes of 1, 3, and 5 consonants in the English language were varied from
trial to trial. This was an ERP study focusing on the relation of RT to P3 amplitude and
latency (time for P3 to attain peak maximum). P3 amplitudes had been shown to be inversely
related to the amount of information to be processed, and P3 latency to the timing of pro-
cesses related to stimulus evaluation or decision time (142). It was also known at this time
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Fig. 3. Multiple regression analysis predicting methylphenidate dosage levels from five sets of vari-
ables. Z1 = age + weight, Z2 = ERP type-reaction time (RT) slope, Z3 = press RT low reward-press RT no
reward, Z4 = 3 × heart rate (HR) high reward + HR low reward-2 × HR no reward, Z5 = skin conductance
counts low reward-2 × SC counts high reward. See text for discussion.



that P3 latency decreases as children age (143,144). Certain age differences arose in the anal-
yses of the data, so subjects were divided into two age groups (8–9 vs 10–11 yr of age).

The RT slopes (RT on set size) was quadratic with a bigger timing loss from set size 1 to
set size 3 than from set size 3 to set size 5. This indicated that serial search was not used by
many subjects. P3 latencies showed no significant age effect; but the age separation was not
as great as in the studies reported by Courchesne (143), who had shown that P3 latency
decreases from childhood to adolescence. Unlike RT, P3 latencies (at Cz and Oz) signifi-
cantly separated the two groups, but only in the interaction with response type (yes or no). P3
latencies increased significantly with increases in set size for both “no” and “yes” responses.
However, for “no” responses the P3 latency of RDs decreased from set size 3 to set size 5,
suggesting a breakdown in the timing of decisional processes with increasing cognitive load.

There was a huge gap between the peak P3 response and RT: P3 was 672 ms earlier than
RT at set size 1, 1918 ms at set size 2, and 1039 ms at set size 5. The reported findings for
adult studies are about half of these values (145). McCarthy and Donchin (146) theorized
that the response/selection processes are manifest in RT but not in P3 latency. If the present
data have any validity, it is very unlikely that response variables could account for as much
of the time as all the preceding stages together. Holcomb et al. (141) suggested that P3
latency might index an early decisional process on which subjects are unwilling to base a
response.

The task proved too difficult for the younger RD subjects, and an analysis of errors sug-
gested a good deal of impulsive responding in this group, which was most evident at set size 5.
The two groups did not differ in scanning rate, possibly because of the large number errors
made in deciding whether the probe was in or not in the set. The Sternberg task is thought not
to be reliable when error rates exceed 10%, and in this study the error rate for younger subjects
was 16.6%. Controls had significantly earlier P3 peaks than the RD subjects; this suggests dif-
ferences in encoding, although the possibility of differences in mechanisms controlling
response cannot be ruled out since they also influence the zero intercept. P3 amplitudes at the
larger memory loads required by the larger sets was more of a problem for RDs than for con-
trols. RD subjects made more errors at all set sizes than did controls, and the percentage of
correct responses was greater in controls than in RDs for both “no” and “yes” responses.

4.4. Dykman et al. Three-Subtype Theory

This research (147–150) was based on the work of Loney and Milich (151), and was pub-
lished three years before the Diagnostic and Statistical Manual of Mental Disorders, 4th edition
(DSM-IV) was published. For a relatively large ADD sample (159 boys meeting DSM-III cri-
teria for ADD with and without hyperactivity disorder), we performed a K-means cluster anal-
ysis of the scores from the two Iowa factors and from our own ADD index (composed of 10
attention items from DSM-III). We closely adhered to the recommendations of Skinner (152),
who said that (1) cluster analysis should be based on a theory of the nature of the disorder,
which implied that the theory specify the number of groups to be derived in advance, and
(2) the clusters should be subjected to close scrutiny for internal consistency and validity and
external validity. External validity has to do with whether the groups differ significantly on out-
come measures not used in the original cluster analysis. Internal validity refers to the internal
consistency of the clusters and to whether the clusters can also be derived by different cluster
methods. We derived three subtypes: pure ADD, not hyperactive (n = 49), ADDH (n = 63
boys, ADD and hyperactive), and ADDHA (n = 47 boys, ADDH and aggressive). About half
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of the subjects in each subtype were LD. This cluster analysis was based entirely on white
males; there were insufficient subjects to look at sex and race differences. We further divided
the subjects into those who did and did not satisfy criteria for LD and found that the percent-
age of LD children in each of the three groups was similar (about half in each group by our
criteria). It is important for the reader to bear in mind that our study was based on children
referred to our clinics for evaluation and treatment; it was not an epidemiological sample
where the overlap with LD and other psychiatric disorders is less than in referred groups.

We had a variety of measures supporting the external validity of the three groups. The three
groups were significantly separated by teacher ratings other than those used to perform the
cluster analysis. The ADDHA group differed from the ADD only (without hyperactivity and
aggression) in socialization skills, impulsivity, and the impatient/aggressive traits associated
with the type A personality (153). Parents rated the ADDHA group higher on the externalizing
scale of the Child Behavior Checklist (154), but the groups did not differ on the internalizing
scale. Nor did the groups differ on self-ratings on the Junior Personality Inventory (155).
However, physiological data supports the existence of the three subtypes (see Section 6).

There are studies other than those of Loney and associates that suggest the validity of an
aggressive subtype of ADHD (156–160). Pelham and Bender (161) noted that more than
half of ADHD children have significant problems in relating to peers, which may be owing,
in part, to aggressiveness. Also, aggression is more often a characteristic of male than
female hyperactive subjects, and ADHD symptoms are relatively common in mentally
retarded children (161,162).

4.5. Categorical vs Dimensional Classification

Dykman and Ackerman (149) attempted to tackle the problem of dimensional vs categorical
analysis in the diagnosis of ADHD. We adhered to a schema that Fletcher and colleagues
(163–166) had used in some of their studies of LD (167). These authors closely followed the
recommendations of Skinner (153,168) described in the report above.

The analyses in our paper were based on 182 children evaluated in our clinic for school-
related problems. All children were administered the Diagnostic Interview for Children and
Adolescents (DICA), developed by Herjanic and Reich (169). Those admitted to the study
met the criteria for ADD based on the DICA attention items endorsed by the child’s care-
taker. As the child rated himself or herself, parents were asked to agree of disagree with each
answer. All subjects were between 7 and 11 years old with a full-scale IQ greater than 85,
were of good health, and had a normal educational experience. Controls were 33 males and
19 females, all Caucasian except for one African American male. In addition to the WISC-R,
children were administered the WRAT-R and several rating scales. Teachers were paid $10 to
fill out three forms: our expanded Conners questionnaire (which includes 10 items assessing
the ADD symptoms listed in DSM-III); the Mathews Youth Test for Health (MYTH) (153),
which assesses two components of type A behavior (competitiveness and aggressiveness-irri-
tability); and the Yale Psychoeducational Questionnaire (170), which was factor-analyzed for
research purposes. This analysis yielded five factors: sustained attention (SATT); academic
aptitude (ACAP); hyperactivity (HYP); impulsivity (IMP); and socialization (SOC). Care-
givers filled out the Achenbach and Edelbrock (154) Child Behavior Checklist (CBCL), an
instrument often used to assess childhood psychopathology.

On the day of the laboratory visit the child was administered two self-rating scales, the
Junior Personality Inventory (155) and the Arkansas Thrill Seeking Scale, modified after

18 Dykman



the Sensation Seeking Scale developed by Zuckerman (171,172) to make the items easier for
children to understand. Subjects were also given Gordon’s (173) test of Differential Rein-
forcement of Low Response Rates (DRL), a task that purports to measure IMP (inability to
inhibit responses); the Trail Making Test (parts A and B), presumably sensitive to brain
dysfunction (174); a 10-min coding task; an expanded symbol inverted version of the WISC-
R subtest, believed by us to be a very good measure of sustained attention; and a timed arith-
metic task (20 simple addition and subtraction problems).

The project psychiatrist decided whether a given diagnosis was possible on the basis of
scores for each diagnostic category on the DICA. Following Skinner (152), three major sub-
types of ADHD were hypothesized: ADD only (inattentive), ADDH (inattentive and HY),
and ADDHA (inattentive, HY, and aggressive). The DICA simply classifies children as
ADHD and groups together symptoms of HYP, inattention, and impulsiveness.

To test the theory, a K-means cluster analysis was computed using three teacher-rated
behavior scales: the Loney and Milich (151) Iowa hyperactivity (IHY), the Iowa aggression
(IAGG) factors (derived from the Conners rating scale), and the Arkansas ADD index, which
incorporated the DSM-III ADD items. The three-factor cluster solution supported our a priori
hypothesis by correctly assigning the majority of subjects to one of three groups, but many
subjects were placed in two classes. The Iowa scale was used to establish cut points, and the
scores replicated with few exceptions the results of the cluster analysis. Subjects were classi-
fied as ADD if IHY scores of 8 or less and IAGG scores of 6 or less, as ADDH if IHY scores
greater than 8 and IAGG scores of 6 or less, and ADDHA if IHY scores greater than 8 and
IAGG scores greater than 6.

LD—in this case reading disability—was determined by the method of discrepancy
scores, i.e., standardized achievement scores in reading and spelling at least 10 points lower
than the WISC-R full-scale IQ. Eighty-two (74 boys and 8 girls) met criteria for dyslexia; no
subgroup of ADHD had a significantly higher number of RD subjects than any other. The
ADD-not-RD group did not differ from controls in IQ or achievement measures, with the
exception of lower spelling scores, as expected. Both the control and the ADD-not-RD group
scored higher on cognitive measures than did the RD groups.

As for other DICA diagnoses, the ADDHA group had the highest rate of diagnoses per
child (0.94), with ADD next (0.90) and ADDH last (0.75). There was significant tendency
for more ADDHA boys to have a diagnosis of CD, but no other differences in rates of disor-
der were found. It was found that the solely RD children had a significantly higher rate of
separation anxiety than other groups.

The paper presents external validation data supporting the three basic ADHD subtypes for
teacher data, parent data, child self-report data, and performance data (all tests and rating
scales listed above that were not used in assigning subjects to groups). By univariate analy-
sis, the following variables were significant in discriminating the three groups: MYTH
aggression (MYA), Yale sustained attention, and Yale SOC. A discriminant analysis yielded
three Yale factors in the following order of importance: Yale HYP, Yale SOC, and Yale IMP.
MYA dropped out because it correlated substantially with all three Yale factors.

Like others, we found that behavior ratings from different sources do not always agree
(151). Different groups make different interpretations of the same items, which is a bit sur-
prising when the items are so simply stated. In a univariate test, two scales of the parent rat-
ings were significant in discriminating groups: parent HYP ratings and externalizing score on
the CBCL. A stepwise discriminant analysis of all parent ratings (Conners HYP and attention
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scores, internalizing and externalizing scores from the CBCL) used only the Conners mea-
sures of inattention and hyperactivity. Parent ratings were not as good as the teacher ratings
in demarcating groups.

The second part of this paper, the dimensional part, performed analyses in two different
ways, first by canonical correlations and then by path analysis (the LISREL program). These
analyses used teacher ratings first and parent ratings second as the basic data. The LISREL
SIMPLIS results (175) and the canonical analyses were concordant overall, and the path anal-
ysis of the teacher ratings are shown in Fig. 4. These are ratings by teachers, and Yale factors
on the left are used to predict the Iowa factors on the right. The exogenous variables on the
right are academic achievement (ACAP), Yale SATT scores, Yale HYP scores, MYA scores,
Yale IMP scores, and Yale SOC scores. The significant paths are darker lines (p < 0.05);
lighter lines are not significant. The proportion of variance explained by all the variables,
which include minimal contributions from paths not shown, was 0.64 (64%). The corre-
sponding percentages for IHY and IAGG were 67% and 60%, respectively. It will be noted
that IHY is related to only two variables: SATT and HYP on the Yale. ADD is also related to
only two variables, but IAGG is related to four variables.

This model shows that the ADD factor (inattentiveness) increases with increases of HYP
as assessed by the Iowa rating scale, i.e., HYP is more likely to elevate inattention symptoms
than the reverse (the path with the darker line is significant at p < 0.01). An increase in IAGG
elevates IHY (p < 0.01 for the path with the darker line) but the reverse path; HYP to aggres-
sion is not significant. The two paths leading from ADD to other variables are not significant.
It can also be seen that IHYP is related to only two Yale variables, HYP and SATT; ADD is
also related to only two Yale variables, academic achievement and SATT; but aggression is
related to four variables, Yale hyperkinesis, IMP, and SOC, and MYA.

Figure 5 shows the LISREL model relating parent data to teacher data. Parent HY and
ADD ratings come from the Conners scales, and externalizing and internalizing from the
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CBCL (154). The scores on the right are the ratings from the three Iowa scales (ADD, HY,
and Aggression). The dominant pathways from IAGG to HY (0.42) and from ADD to IHY
are logical. Note that ADD has little effect on IAGG but that IAGG has a sizable effect on
ADD, again a logical connection. We conclude from the path coefficients that parents do not
discriminate the behavioral groups as well as teachers do.

These models are entirely different types than those obtained by categorical analyses.
There are no discrete subtypes, just the interplay of continuous variables, and no rules for
assigning ADHD children to subtypes, but they could be derived. It was clear that the clusters
derived from even our best rating scales, i.e., teacher ratings, were not homogenous. Any one
of the three groups had individuals located in the space of the other groups. The dimensional
analysis is superior to the categorical results in showing the structural relations of variables.

5. ASCENDING DSMS AND RELATED RESEARCH ON DIAGNOSIS

ADD in various versions of the American Psychiatric Association diagnostic manuals
(16,17,25,176) has gradually changed. In DSM-II, the “hyperkinetic” definition was
restricted to youths with maladaptive levels of inattention, impulsiveness (IMP), and motor
restlessness. DSM-III took a categorical approach with diagnosis based on the number of items
entered on three separate lists of items, measuring inattention, IMP, and motoric activity. DSM-
III was much more specific than DSM-II in definitions of ADD, and placed a greater emphasis
on inattention and IMP than on HYP. It also described a subtype referred to as ADD/WO (inat-
tention without hyperactivity). DSM-III-R took a dimensional approach in which 8 of 14 symp-
toms had to be present (some of the items were composites of inattention and hyperactivity).
DSM-III-R did not include items enabling one to make a reliable diagnosis of the inattentive,
non-HY child, and this manual substituted ADHD for the ADD of earlier versions.

Although the dimensional approach of DSM-III-R resulted in considerable criticism, it stim-
ulated a large amount of research, which for the most part favored categorical classification
(102,177). The most significant advances in diagnosis have been attributed by many to Lahey
and associates. Lahey and Carlson (as cited in ref. 170) write as follows in describing subtypes:
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To date, the experimental literature on ADD/WO [what is now called the inattention type of
ADHD, author’s insert] strongly suggests three conclusions. First, factor analytic studies consis-
tently indicate that covariation among the symptoms of ADD [another term used frequently then
and to some extent even now for ADHD and/or just the inattentive type, author’s insert] reflect two
largely independent dimensions. One dimension consists of symptoms descriptive of motor hyper-
activity and impulsive behavior, whereas the second dimension consists of symptoms describing
inattention, disorganization, and difficulty in completing tasks. Second, it no longer seems doubtful
that ADD/WO exists as a clinical entity. As in the case of ADD/H [the HY-impulsive subtype,
author’s insert] approximately half of the clinic referred children with ADD/WO also qualify for
other DSM-III diagnoses. Third, the description of children with ADD/WO yielded by these
studies differs from ADD/H in important ways—ADD/WO are characterized by fewer serious
conduct problems, less impulsivity, greater sluggishness, greater anxiety, and greater depressed
mood. Children with ADD/WO tend to be unpopular with their peers, are often perceived as
socially withdrawn, but are less likely to be actively rejected than children with ADD/H.

The definition of ADHD in DSM-IV was formulated through extensive field trials
(178,179). The field trials were based on 380 children identified by parents and teachers as
HY and/or inattentive. It was somewhat disturbing that a study of this magnitude could not
have obtained teacher ratings on more subjects because they seem to a better indicator of
problems than parent ratings. The Diagnostic Interview Schedules for children (180–183),
parents, and teachers were used, but as indicated the three ratings were not available for all
youths. The net effect of all this elaborate research was to come up with three subtypes of
ADHD: an inattentive type not HY, a HY–impulsive type, and a combined type possessing
symptoms of both types.

Subsequently, Barkley (184), although admitting improvement in the diagnosis of ADHD in
the new manual, came down almost as hard on the revised criteria as he had done earlier in dis-
cussing the death of MBD. He states that the empirically based ADHD diagnosis in DSM-IV is
the most advanced of all the DSMs. He gives Lahey credit for his role as head of the field trial
data analyses. But this is the end of the praise. First, he recognizes, as have others, the problems
with the inattentive type of ADHD, suggesting that it may not be a subtype of ADHD. These
children differ from the HY–impulsive type being less attentive and having more school prob-
lems. Second, he is also concerned that the combined type may not be different form the
HY–impulsive type, just a later stage of development of the same condition. He says if the
HY–impulsive type eventually moves into the combined type there is no need for a separate
category for the latter. Judging by the literature, the combined type would in fact appear to cap-
ture the greatest number of children. Third, he notes that the field trial was based on children
aged 4–16, and that the diagnostic items may be inappropriate for children out of this age range.
It is suggested that this might result in the over inclusion of children below the age of 4 and the
under inclusion of late adolescents and adults. Fourth, he mentions possible gender bias, i.e.,
whether the symptom lists are equally appropriate for boys and girls and whether the cut scores
for diagnosis should be the same in the two groups. Fifth, he thinks the pervasive criteria create
a problem (must be observable at home and school and for adults at home and at work). He
cites research showing low levels of agreement between ratings of teachers and parents. The
insistence on the double criteria reduces the number of youth who will receive a diagnosis of
ADHD, and he argues that the disorder may be more evident in one situation than another. He
says that parents are more likely to see their children as ODD rather than ADHD, whereas
teachers are likely to see them as ADHD rather than ODD. It would seem obvious, as is stated
in the article, that the combined type may have a more severe form of ADHD than the other

22 Dykman



types. These seem to be the main points, but he is also concerned with other problems, such as
the criteria for onset and persistence, (7 yr of age and 6 mo persistence) in DSM-IV. It is clear
that these are issues that will have to be revisited in any revision of DSM-IV.

6. RESEARCH DIAGNOSTIC CRITERIA

One of the most important relatively recent innovations is the development of strict
research diagnostic criteria (RDC). These were proposed by Bloomingdale and Sergeant
(185), because DSM-III-R definitions resulted in an inordinately high prevalence rate. The
RDC criteria included suggestions made by Taylor and colleagues (55,186,187) and are in
line with the criteria of the International Classification of Diseases (ICD), Version 9
(188,189) or Version 10 (190). The specific recommendations follow:

1) A stringent severity criterion is recommended. The cutoff value (expressed in terms of symp-
toms required) is higher than the cutoff value specified in DSM-III or DSM-III-R; the percent-
age required for a RDC diagnosis is 75% (6 out of 8), compared to 50% for DSM-III (8 out of
16) and 57% for DSM-III-R (8 out of 14).

2) Concurrent validation by standardized parent and teacher rating scales is required. The
requirement of a “statistically abnormal” score on a standardized rating scale should exclude all
but a specified small percentage (e.g., 3% to 5%) of the children in the population defined by age
and sex norms.

3) The temporal course of symptoms is specified. Early onset (before age 7 years) and duration
(at least 2 years) are required to ensure that fluctuations in attention due to stress would not lead
to a diagnosis.

4) The presence of symptoms in at least two of three settings (home, school, and clinic) are
required. Due to the low correlation between sources, this should reduce the prevalence of the
disorder for any given level of severity.

Swanson et al. (112) add further restrictions to the definition, increasing the homogeneity
of children satisfying the aforementioned restrictive criteria. It is important to remember that
this is for the stated purpose of obtaining a homogenous group of ADD/ADHD subjects.
These are as follows:

1) If the ADD/ADHD symptoms have an early onset and are expressed (perhaps in different but
age expected forms) across developmental periods before another disorder is manifested, we
recommend that the ADHD symptoms be considered primary.

2) If the symptoms of the other disorder appear first, or if the presence of ADD/ADHD symp-
toms varies with the waxing and waning of the other disorder or specified environmental condi-
tions, we recommend that the ADD/ADHD symptoms be considered secondary.

3) We propose that a diagnosis of ADD/ADHD be made only on the basis of primary symptoms.

Swanson et al. were concerned, as we have been, with the overlap of ADHD and LD. The
California studies (191) indicate very little overlap when a 1.5-standard-deviation discrep-
ancy score between performance on standardized achievement and intelligence tests is
used to define LD. Surprising, not a single one of their ADD/ADHD children qualified for
LD when this discrepancy score was used. About 10% qualify for LD when a 1-standard-
deviation discrepancy score is used, and this agrees with results reported in the Connecticut
longitudinal study (192) and the findings of a study in the Netherlands (86). Swanson et al.
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believe that the overlap with other disorders, including LD, is minimal when the criteria
outlined above are imposed. However, they recognize that these children may have various
degrees of activity including passivity and aggressiveness. Using their more restricted
definition, Swanson et al. were able to say that the term “attention deficit” is warranted. A
possible limitation of the Swanson data is that they may not be representative of sex, age,
race, and social class, factors that would markedly affect the LD and ADD/ADHD overlap.
It would appear that the children Swanson recruits were mainly from mid- to upper social
stratification levels.

7. EPIDEMIOLOGY

In the introduction to their book, Shaywitz and Shaywitz (193) say that ADD is now rec-
ognized as the most common neurobehavioral disorder of children. It affects children from
earliest infancy through school and into adult life. According to this article, estimates for
ADD with or without HYP range from 10 to 20% (194). DSM-IV estimates the prevalence of
ADHD to be much lower (3–5% in school-age children). Shekim et al. (195) report that
symptoms of ADD/ADHD persist into adulthood in one-third to one half of subjects who
receive this diagnosis in childhood, and that the overwhelming majority of adult subjects
have other co-occurring diagnoses.

A problem that Barkley (184) pointed out in discussing the limitations of DSM-IV was that
of diagnosing ADD/ADHD reliably in the preschool years. However, Palfrey et al. (196) had
earlier evaluated children at eight checkpoints between birth and age four, and the writers
report that 13% of the children met criteria for possible ADD/ADHD at one or more check-
points. However, only 5% of the group evidenced definite symptoms that persisted into
kindergarten. The peak age for the identification of symptoms was 3.5 yr. It is obviously dan-
gerous to make a diagnosis of ADD/ADHD in the preschool years, because many young chil-
dren demonstrate behaviors associated with this condition, which is in fact normal for their
age. We simply do not have reliable information on the prevalence of ADD/ADHD in
preschool children.

It is clear that prevalence can be made very low by imposing restrictive criteria, but if this
were done it might exclude many children who need help. There is an inverse relation between
prevalence and the severity of restrictive diagnostic criteria. Moreover, the identification of
ADHD or LD in families living in poverty or near poverty is problematic. Symptoms of rest-
lessness and inattentiveness could occur in children who are not adequately prepared for
school, particularly if they have been reared in an environment in which the importance of
learning has not been emphasized.

8. ETIOLOGY: POSSIBLE CAUSES AND MODIFIERS

Some of the presumed causes of ADHD are no longer discussed, and the remaining chapters
of the book will bring the readers up to date on important new developments. Conclusions
from myriad studies suggest the following:

1. Lead and related issues are rarely a cause (197).
2. Food additives (salicylates, food dyes, and preservatives), have a trivial effect at best

(82,198,199).
3. Sugars desserts, and candy bars appear to have little or no effect in exaggerating ADHD symp-

toms (177,200,201).
4. Alcohol can be a cause but certainly but explains only a minority of cases (202,203).
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5. Parental conflict, common in families with ADHD children does not cause ADHD but can cer-
tainly exaggerate the severity of symptoms (204–213).

6. Genetic factors appear to be more important than all others as a cause of both ADHD and LD.

8.1. Genetic Research

Of the many studies in this area, among the best are those by John DeFries, Bruce Penning-
ton, and colleagues at the University of Colorado and those of Jim Stevenson and associates
in England. Gillis et al. (214) used a sophisticated regression model developed by DeFries
and Fulker (215,216) to estimate the heritability of ADHD. Subjects were 37 pairs of
monozygotic (MZ) and 37 pairs of dizygotic (DZ) twins. At least one member of each pair of
twins had a reading disability and at least one member of each pair, not necessarily the one
with a reading disability, satisfied criteria for ADD as diagnosed by the parent form of the
DICA-P developed by Herjanic and Reich (169). Proband-wise concordance rates for ADHD
were 79% for MZ and 32% for DZ twins. Age was not a significant predictor of DICA-P
scores; i.e., the heritability (h2) of ADD as diagnosed by the DICA did not vary with age. The
h2 coefficient was very high (0.98); i.e., nearly all the variance in DICA-P scores was
attributed to heredity (coefficient varies from 0 to 1). It was concluded that HYP symptoms
as expressed by the DICA are highly heritable.

Stevenson et al. (217) reported results from two twin samples, one from London (n = 190
pairs) and one from Colorado (n = 260 pairs). The proportion of ADHD probands that also
had a spelling disability was 24% and the proportion of spelling probands that were ADHD
was 30%. It was estimated that about 75% of the co-occurrence of these two conditions was
a result of shared genetic influences. The differences between these two estimates were not
statistically significant, which lends credence to the supposition of a subgroup of children in
which both spelling and ADHD are influenced by a common gene or genes. The almost equal
two-way percentages in this study are contradictory to the general impression that while
ADHD can “cause” LD, the reverse is less likely (218).

There are a number of other studies pointing to the importance of heredity. Familial risk
for ADD/ADHD and antisocial behaviors is higher among the relatives of children who have
a conjoint diagnosis of both ADD/ADHD and CD than among the relatives of children who
are only ADD/ADHD (219–225). Faraone et al. (222) found that the family members of
probands with ADHD and ODD had a higher risk for ADHD and CD than the family mem-
bers of probands with ADHD alone. However, the risk was lower for “familial spread” than
in a group who were comorbid for both ADD/ADHD and CD. Biederman et al. (226) report
significant prevalence of mood, anxiety, and antisocial disorders in the first-degree relatives
of ADHD children. Elsewhere, Biederman et al. (227) report an association between anxiety
disorders and ADD/ADHD, with the risk of anxiety disorders among the relatives of
ADD/ADHD children higher than that for the relatives of normal children (220,227).

9. BIOLOGICAL STUDIES AND THEORIES OF ADD/ADHD

9.1. Quay and Gray

Quay (92) speculates that ADHD, CD, and anxiety/withdrawal (AW) disorder can be dif-
ferentiated in terms of Gray’s (124) theory of two important control systems: a behavioral
inhibition system (BIS) and a behavioral reward system (REW). In Gray’s theory, increases
in responding brought about by positive reinforcement (“hope”) and by both active avoid-
ance and escape paradigms (reward is escape from punishment, or “relief”) are under the control
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of REW. Reductions in responding that occur in extinction procedures and passive avoidance
are under the control of BIS. Anxiety is activity in the BIS that is cued by conditioned stimuli
that signal fear or frustration. Predatory aggression, on the other hand, is under the control of
REW. Gray has postulated anatomic loci for these two systems: the reward system corre-
sponds to the catecholaminergic structures mediating the rewarding effects of self-stimulation
of the brain (228). The BIS, a supposed noradrenergic system, is localized in the lateral and
medial septal areas and in the connections of these to the hippocampus.

Stimulant drugs enhance the activity of both REW and BIS. Quay speculates that there is
a relatively greater enhancement of BIS than of REW in ADHD children given stimulant
medication, thus bringing the two systems into balance. He concludes that ADHD children
have a deficiency in the BIS system, noting that antianxiety medications tend to affect them
adversely. Again and again, deficiencies in inhibition are emphasized, beginning with the
early papers of Luria (7). Because amphetamine improves passive avoidance but does not
improve CD, and because catecholamine antagonists (haloperidol and propranolol) appear
to decrease CD, Quay suggests that CD seems most related to oversensitivity to reward. He
attributes anxiety/withdrawal disorders to an overactive BIS. Gray’s two systems are sup-
ported by a considerable amount of experimental evidence and the extrapolations of Quay
appear to be very reasonable. In particular, autonomic studies of heart rate and skin conduc-
tance reactivity suggest that HY children are more difficult to arouse than normal children,
which supports Quay’s notion of an underactive BIS.

9.2. Barkley’s Theory of Response Inhibition

Judging by recent reports on ADHD children it appears that Barkley’s theory is slowly but
surely becoming the preferred theory for most writers. He is concerned only with the
HY–impulsive type and mainly with the explanation of IMP. Barkley (22) defines response
or behavioral inhibition as consisting of three interrelated components:

1. Inhibiting the initial prepotent response to an event.
2. Stopping an ongoing response or response pattern, thereby permitting a delay in the decision to

respond or continue responding.
3. Protecting this period of delay and the self-directed responses that occur within in it from disrup-

tion by competing responses (interference control).

Barkley ties self-regulation to response inhibition and interference control, saying that
“there can be no actions taken toward the self aimed at modifying a future consequence
related to an event if the individual has already responded to that event.” This appears to mean
that any opportunities to modify an outcome must occur in the period of inhibition (delay) of
the prepotent response, including the timing of when it is to be executed. Inhibition protects
the self-directed and often covert actions to the self that occur in the delay period, protects the
prepotent responses that are about to be executed, and protects against extraneous sources on
interference.

According to Barkley, executive function (EF) and self-regulation depend on response
inhibition, and the problems of ADHD children, particularly their impulsiveness, result in
deficiencies in EF and the psychosocial processes they control, e.g., time estimation and
inner speech. In an article in which Barkley (229) responds to criticism of his theory, he says,
“Nevertheless, unlike other views of EF and ADHD, the model I have set forth though cer-
tainly imperfect, is far more specific about the origins and nature of EF and more closely
aligned with an evolutionary perspective than any view yet proposed of either of these
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domains.” He claims that the deficits in EF are devastating and that they are far more impor-
tant in understanding the problems of ADHD children than their trivial impairment in capac-
ity to pay attention. I would not disagree with the impairment in EF as being important, but
would only add that perhaps the most important EF is the capacity to focus attention and
ignore distracting thoughts and stimuli. It is also obvious that there are many different EFs
and control mechanisms involving relations of frontal lobes with other structures in the brain,
and even variations in control of different types of attention (sustained, selective). So it is
somewhat of a misnomer to speak as though there is only one EF. Barkley, however, is appar-
ently talking about only those EF functions that are affected by or related to ADHD, but it is
difficult to know where these leave off and others begin.

9.3. Pavlov’s Ignored Contributions

Many of these concepts discussed above have a counterpart in the writings of Pavlov (18,19)
in providing insights into the nature of inhibition that are not generally known. A prepotent
response for Barkley is a conditional response (CR) for Pavlov, and it can be negative
(inhibitory) or positive (excitatory). This definition could be expanded a bit to include any
kind of instrumental learning, including operant responses. Most psychologists have finally
discovered that you cannot teach a rabbit to swim like a duck (230). So all learning depends
on some inherent biological structure, whether a fear of snakes or the learning of a language.
In simple differential conditioning there are two stimuli, one that is reinforced (more accu-
rately paired in the case of Pavlovian conditioning) and one that is not reinforced (231). The
negative conditional stimulus (CS) never reinforced produces responses of some kind (no
zero level attained) in the conditioning of heart rate, blood pressure, or urinary retention. How-
ever, more precise and less generalized systems, such as salivation in anticipation of food and
motor actions to avoid noxious stimuli, do attain a no-appearance (zero) level with repeated
nonreinforcements. However, in neither case does the level of response measure the depth of
inhibition. Pavlov showed in a variety of experiments that the inhibitory state deepens with
additional pairings and this does not show up in the negative CR being partial or completely
absent. The number of trials it takes to convert a negative CS to a positive CS increases as a
function of the number of presentations of the negative CS.

Pavlov also showed that the elaboration of a trace CR (CS terminates before unconditioned
stimulus [US] onset) or delayed CR (US overlaps the CS but there is a delay of 5–60 s or more
between the onset of CS and US) is associated with a period of inhibition known as the
“inhibition of delay”. The period of inhibition, which can be interrupted by distracting stimuli
(disinhibition) but less so the better established the response (the greater the number of rein-
forcements). This would seem to be akin to the protective delay of Barkley. Pavlov was insis-
tent that inhibition of the type described here was mediated by the cortex; he referred to it as
internal inhibition, in contrast to the type of direct inhibition seen in antagonistic muscular
responses or reflexes. I would argue that dogs must also be capable of self-regulation to some
extent if they can refrain from making premature responses and resist the onslaughts of distract-
ing stimuli. However, Pavlov recognized an excitable type of dog, not unlike ADHD children
in temperament, that had great difficulty in developing delayed or trace CRs. In one series of
very interesting experiments, Pavlov’s group found that if a delay interval—say, of 15–20 s—
is firmly established, it is very difficult and some instances impossible to change to a shorter
interval. Even if the CS–US interval is shortened, the CR may continue to occur at the previ-
ously established delay interval.
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These early findings seem to us to support many of the conjectures of Barkley, including
those mentioned by the prominent writers he references (232–234). Pavlov and his associates
studied individual animals intensively over long periods of time. His null or no hypothesis
was not a statistic but an experimental manipulation to prove a point. It is a shame that the
books that do mention his work do so in such a cavalier and superficial manner.

10. CONCLUSION

The reader can judge for himself or herself whether the label ADHD is better than MBD in
terms of the accuracy of diagnosis in terms of characterizing the problems of these children.
The former is descriptive, whereas the latter implies a neurological etiology. The symptoms
now used to identify ADHD children are the same as in the days of MBD, with changes in
wording and in the groupings of symptoms. The gain, not to be overlooked, is that the defini-
tion of ADHD is less inclusive than the definition of MBD. To make a statement that will
appear even more ludicrous to those working on classification, I believe that one might do
almost as well in categorizing ADHD by using only one or two items in each category of
DSM-IV (inattention, HYP, and IMP). Each item selected would be rated for severity on some
4–5-point Likert scale, e.g., “often fails to give close attention to details” or “makes careless
mistakes in schoolwork or other activities,” is often “on the go” or “often acts as if driven by a
motor, often has difficulty awaiting turn.” The first mentioned item may not be a pure item in
that it appears to also involve impulsive behavior. Nonetheless, a limited set of items might do
the job about as well as all items now used, as none of these requires a severity rating.

Whether the basic deficits in ADHD children are in the areas of attention, self-regulation,
EF, or some other process continue to be hotly debated issues. The boundaries among inat-
tention/ attention, working memory, arousal, EF, and effort are more than just somewhat
obscure. One could, for example, substitute terms like the following for ADHD: intention
disorder (14,15), inhibition disorder (12,22,50,234), motivation disorder (53,62,75,88,235),
short-term memory disorder (140,141), rule-based disorder (74,84,93), or even MBD if we
remove LD from the definition. Almost any label would be acceptable, if truly descriptive or
better explanatory of the symptoms of these children.

The problem with MBD is that it is an onerous term that is less attractive to parents and
teachers than ADHD. In any case, the label ADHD should be replaced if a better descriptor
can be found. ADHD children differ from normal controls in having deficits in functioning or
structure of many parts of the brain and not just the frontal lobes (see ref. 236 for latest ERP
studies; 237 for neural substrates involved; 238 and 239 for gene research; 240 for corpus cal-
losum; 241 for temporal and parietal lobes; and 242 for caudate nucleus; See also Chapter 6).
In addition to involvement of cortical areas, there is also evidence for differences in ADHD
children and controls at the level of the control centers regulating spinal reflexes (243–246).

Is inattention a trivial problem, as Barkley (229) suggests? I think not. It is one of the most
important executive functions. Research on this measure should go beyond the usual topics of
sustained and selected attention. Most important is the quick shifting of attention between within
and without. This occurs within a few milliseconds and has an immediate effect on directional
changes in heart rate (43,44,247). The approach by Posner et al. (248,249) is basic to this issue,
although I found in unpublished work that Posner’s paradigms are often too difficult for children.

We now know with reasonable certainty that the most important factor predisposing to
ADHD is inheritance from a long line of ancestors (see Subheading 8.1, genetic causes and
later chapters in this book). The environmental influences most important in accounting for
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some ADHD cases, probably not the common variety seen every day in clinics, would
include such factors as inadequate nutrition, intrauterine growth problems, developmental
deficits leading to brain injury, accidents injuring the brain, lead poisoning, and fetal alcohol
syndrome (see Section 8.). Also, it is clear from our work and others (15,22,93) that rewards,
as well as stimulant medication, have the effect of normalizing the performance of ADHD or
MBD children in situations demanding close attention and effort.

Another issue of importance is that of categorical vs dimensional analysis. Research is
scant in this area and more is needed. Our research reported above (149) favors dimensional
analysis. New research should utilize ratings that are comprehensive enough to cover the
major dimensions of ADHD including aggression, modeled after the research that has been
done on the mmpi to identify important combinations of disorders. Some combination of the
Achenbach CBCL, the long-form Conners Rating Scales, and other relevant items from
structured interviews should be used. Separate scales should be constructed for parents and
teachers. Teacher ratings are better than parent ratings for purposes of identifying children
deviant from their normal age-matched controls. Teacher and parent ratings are poorly corre-
lated even when the same items are being rated, and factor analyses of ratings that include
both teachers and parents segregate more by who does the rating than by the nature of the
item (149).

Turning to the merits of categorical analysis, DSM-IV provides the possibility of classify-
ing subjects in any one category into a large number of other co-occurring categories. The
problem is that most research, which targets any one diagnostic category, tends to ignore the
co-occurring disorders, and in ADHD the most frequent ones are learning disabilities and
ODDs. The latter identifies the type of HY child that Dykman et al. (147) referred to as the
ADDHA. Of course, it would not be necessary in future modifications of DSM-IV to include
LD or aggression as a part of the definition of ADHD, if investigators were more rigorous in
defining co-occurring disorders and not treating LD or ADHD as pure categories unless chil-
dren with only one disorder were recruited. Pure types, however, are difficult to find.

Finally, would it be possible, with some combination of tests or rating forms now on the
market plus laboratory tests, to develop a classification system that is realistic both in sub-
typing and in identifying the underlying problems of ADHD and LD children? For LD, pho-
netic abilities should be assessed because this is the problem for many of them (250). This
assessment should include standardized tests of reading, spelling, and arithmetic, including
verbal and performance IQ. Laboratory tests that would seem to be of value in pinpointing
the underlying defects are the go/no-go tests, readiness to respond tests with different
delays, the continuous performance task, and the distraction tasks used in our early MBD
studies (see Section 2.), the stop task (234), and conditioning tests involving frustrative
reward and relatively long delay intervals before reinforcement. The behavioral part of the
test battery should assess HYP, impulsiveness, inattention, learning problems, and aggres-
sion (e.g., frustrative nonreward). Paradigms should be designed to allow for autonomic and
brain function measures to be taken in the laboratory while subjects are performing the
behavioral tests. Once worked out, software could be developed and marketed for use by
clinicians with perhaps just behavioral measures and reaction times. This suggested
approach calls for some consideration of reversing the usual course of external validation,
going from tests to diagnosis rather than from diagnosis to tests, and a greater inclusion of
what we have learned about the relationships between behavior and brain function in the
diagnosis and treatment of the disorder.
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2
Scanning the Genome for Attention Deficit 

Hyperactivity Disorder

Aiveen Kirley

1. INTRODUCTION

In the past decade, there have been exciting developments in the understanding of the
genetic basis of susceptibility to attention deficit hyperactivity disorder (ADHD). This chapter
reviews the genetic epidemiology (family, twin, and adoption studies) of ADHD and summa-
rizes the neurobiological evidence (pharmacology, animal models, and neuroimaging studies)
that points to particular candidate genes. Relevant findings from genetic studies of dopaminer-
gic, serotonergic, and noradrenergic candidate genes are provided. New directions in the field
are discussed briefly, such as the move to characterize endophenotypes, meta-analyses of asso-
ciation studies, and emerging genetic linkage studies.

2. GENETIC EPIDEMIOLOGY OF ADHD

Evidence reviewed in the preceeding chapter suggests that ADHD is a heterogeneous con-
dition that has many causes, and is considered as a final common pathway for a variety of
complex brain developmental processes (1). The exact etiology of ADHD is unknown, but a
substantial genetic element has been implicated from family, twin, and adoption studies.

2.1. Family Studies in ADHD

Family studies investigate the degree of familial clustering of a disorder. Thapar and
Scourfield (2) summarize family, twin, and adoption studies in ADHD. Family studies have
shown an increased risk of ADHD in the families of children with ADHD (whether defined
using the Diagnostic and Statistical Manual of Mental Disorders, 3rd edition (DSM-III) or
DSM-III-R diagnostic criteria) with reported relative risks (λ) of between 4 and 5.4 for
first-degree relatives (3,4).

2.2. Twin Studies in ADHD

A drawback of family studies is that they cannot disentangle genetic from environmental
sources of transmission. Twin and adoption studies assist in doing so. The occurrence of
twinning creates a natural experiment in psychiatric genetics (5). If a disorder is strongly
influenced by genetic factors then the risk to co-twins of ill probands should be greatest when
the twins are monozygotic. The risk to dizygotic twins should exceed the risk to controls but

41

From: Attention Deficit Hyperactivity Disorder: From Genes to Patients
Edited by: D. Gozal and D. L. Molfese © Humana Press Inc., Totowa, NJ



should not be greater than the risk to siblings. Twin data are used to estimate heritability (h2),
which measures the degree to which a disorder is influenced by genetic factors. Twin studies
(2) have consistently shown the importance of genetic influences on ADHD, whether defined
as a categorical diagnosis (i.e., as defined by DSM) or as a quantitative measure of symp-
tomatology, with reported h2 estimates of between 0.39 and 0.91.

2.3. Adoption Studies in ADHD

As with twinning, the occurrence of adoption provides another useful experiment for
psychiatric genetics (5). Whereas parents can confer a disease risk to their biological children
via both biological and environmental pathways, they can confer risk to adoptive children
only via an environmental pathway. Thus by examining both the adoptive and the biological
relatives of ill probands, genetic and environmental sources of familial transmission can be dis-
entangled. Thapar and Scourfield (2) provide an overview of adoption studies in ADHD.
Although published adoption studies of ADHD are much less recent than the twin studies and
have some methodological drawbacks, such as small sample size, nonsystematic ascertain-
ment, or the failure to use standardized measures or diagnostic criteria, overall the findings
have been consistent in showing the importance of genetic factors. Biological parents of
hyperactive children appear to show higher rates of hyperactivity and ADHD (4,6,7), and
poorer performance on cognitive measures of attention (8) than adoptive relatives. Similarly
in a study of separately fostered siblings, in accordance with expectations of a genetic etiol-
ogy, hyperactive children showed greater concordance with their biological siblings than their
half-siblings (9).

2.4. Mode of Genetic Transmission of ADHD

The exact mode of transmission for genes underlying ADHD remains unknown. Segrega-
tion analyses (6,10–12) have proposed models of inheritance from major gene effects
through oligogenic to polygenic and multifactorial models, but the differences in statistical
“fit” between multifactorial genetic models and single-gene inheritance is modest. It
appears more likely that several interacting genes of modest effect cause ADHD. This mul-
tifactorial concept is consistent with ADHD’s high population prevalence (2–7%) and high
concordance in monozygotic twins (68–81%), but modest recurrence risks to first-degree
relatives.

3. NEUROBIOLOGICAL THEORIES OF ADHD

The overall pattern of neuropsychological, neuroimaging, and neurotransmitter-related
findings in ADHD is consistent with the hypothesis that ADHD is associated with dysfunc-
tion in the frontosubcortical pathways mediated by catecholamine neurotransmission, which
control attention and motor behavior. Dopaminergic, serotonergic, and noradrenergic sys-
tems have come under close scrutiny and each has contributed candidate genes for genetic
analysis.

3.1. Dopaminergic Theories of ADHD

Evidence to support dopaminergic dysfunction in ADHD derives from the neuropharma-
cology of stimulant medication, the behavior and biochemistry of animal models, and neu-
roimaging studies.
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3.1.1. Neuropharmacological Evidence

The mainstay of treatment for ADHD is methylphenidate and other psychostimulant
medications (dextroamphetamine, pemoline), which are known to inhibit the dopamine
transporter (13), thus increasing the availability of dopamine in the synaptic cleft. Knowl-
edge of the mechanism of action for methylphenidate and its possible inhibitory cortical
effects via dopaminergic and/or noradrenergic pathways (14) strongly support a theory of
dopaminergic dysfunction in ADHD.

3.1.2. Animal Studies

Animal models also support a dopaminergic hypothesis in ADHD. Mice without a func-
tioning dopamine transporter (DAT1 knockout [KO] mice) have high extracellular striatal
dopamine levels, a doubling of the rate of dopamine synthesis (15), decreased dopamine and
tyrosine hydroxylase in striatum (16), and a nearly complete loss of functioning of dopamine
autoreceptors (17). They display markedly increased locomotor and stereotypic activity
compared to normal (wild-type) mice (15,18). The reduced striatal dopamine may be most
relevant to a hypodopaminergic theory of ADHD. Also, selective destruction of dopamine
neurons by 6-hydroxydopamine results in hyperactivity and learning difficulties in mice (19).
The spontaneously hypertensive rat (SHR) has also been used as an animal model of ADHD
because of the SHR’s locomotor hyperactivity and impaired discriminative performance. Russell
(20) showed that the altered presynaptic regulation of dopamine in SHR led to the downreg-
ulation of the dopamine system. The authors hypothesized that this may have occurred early
in development as a compensatory response to abnormally high dopamine concentrations. The
coloboma mouse mutant exhibits a behavioral phenotype similar to that of ADHD. It is
characterized by spontaneous motor hyperactivity, head-bobbing, and ocular dystrophy. The
phenotype of this model has been shown to be the result of a deletion of the Synaptosomal-
associated protein 25 (SNAP-25) gene (located in mouse chromosome 2) (21). SNAP-25 is a
presynaptic plasma membrane protein that is expressed highly and specifically in the nerve
cells. The gene encodes a protein essential for synaptic vesicle fusion and neurotransmitter
release. Interestingly, it is possible to treat the hyperactivity of this mouse with D-amphetamine
and it can be genetically “rescued” by a transgene-encoding SNAP-25 inserted within the Cm
deletion.

3.1.3. Neuroimaging Studies

Structural brain imaging studies (22) have shown abnormalities in the frontal lobe and
subcortical structures (globus pallidus, caudate, corpus callosum), regions known to be rich in
dopamine neurotransmission and important in the control of attention and response to
organization (23–25). The most consistent findings are hypoactivity of frontal cortex and sub-
cortical structures, usually on the right side. Functional imaging has shown that dopamine
transporter density is increased in ADHD patients compared with controls (26–29), and that
administration of methylphenidate reduces transporter density to near-normal levels in ADHD
patients (27,28). These findings lend further support to dopaminergic dysfunction in ADHD.

3.2. Serotonergic Theories of ADHD

As reviewed by Manor et al. (30) and Quist et al. (31), evidence from human and animal
studies suggests that serotonergic system genes should also be considered as likely candidates
genes in ADHD. For example, whole blood, serum, and platelet serotonin concentrations
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have been noted as decreased in children with ADHD (32–34). Selective serotonin reuptake
inhibitors are moderately efficacious in the treatment of ADHD (35). Animal studies indicate
that both frontal cortex dopamine and serotonin play important roles in the modulation of
attention and response control (36,37). Disruption of the dopamine transporter in mice
(DAT-KO mice) results in a phenotype that resembles human ADHD, a marked hyperactivity
apparently resulting from high extracellular dopamine levels in the absence of the dopamine
transporter (18). Treatment of these mice with both psychostimulants and serotonergic drugs
produced a paradoxical calming effect that was independent of any changes of extracellular
levels of dopamine in the striatum. These results suggested that a different mechanism must
be involved in DAT-KO mice. The hypothesis was that serotonin neurotransmission medi-
ated motor activity alterations in the mice, whereas extracellular dopamine concentrations
remained unchanged (15).

3.3. Noradrenergic Theories of ADHD

Recent work in human and animal studies also suggests the involvement of the adrenergic
system in ADHD. In rodents, norepinephrine (NE) depletion results in increased distractibility
and motor hyperactivity (38), and in nonhuman primates, stimulation of the noradrenergic
system has been shown to improve cognitive function and distractibility (39). Noradrenergic
projections are particularly dense in the frontal cortex and cingulate gyrus. These regions are
involved in mood stabilization and sleep regulation, as well as attention and alertness
(40,41). Animals and humans with lesions in the prefrontal cortex show poor attention regu-
lation and disorganized, impulsive, and hyperactive behaviors, similar to those observed in
ADHD. Pharmacological studies have demonstrated the clinical usefulness of NE inhibitors
(such as desipramine, nortriptyline, and atomoxetine) in the treatment of ADHD (42,43). The
mode of action of these antidepressants is to block the reuptake of dopamine and nore-
pinephrine and consequently increase the release of the monoamines into the extraneuronal
space. The improvement in ADHD symptoms with tricyclic antidepressants has been
attributed to the actions of these drugs in the reuptake of NE (44).

4. FINDINGS FROM GENETIC STUDIES IN ADHD

Having reviewed the evidence for involvement of catecholamine dysregulation in ADHD,
molecular genetic studies of candidate genes from these systems are summarized. To date,
most reported findings relate to dopaminergic system genes, but emerging evidence also
implicates serotonergic and noradrenergic system genes.

4.1. Dopaminergic System Genes

Molecular genetic studies have produced strong evidence for dopaminergic involvement
in ADHD. The gene encoding the dopamine transporter, DAT1, was the initial candidate gene
studied. This gene is of particular interest as the transporter is the principal target for
methylphenidate and other psychostimulant medication used to treat patients with ADHD
(45,46). The polymorphism of interest is a 40-bp sequence of a variable number tandem repeat
(VNTR) located in the 3′ untranslated region of the DAT1 gene, which maps to chromosome
5p15.3 (47,48). Ten different alleles can be found, according to the presence of 3 to 13 copies
of this 40-bp repeat, the most prevalent allele being the 10-repeat (or 480-bp) allele (49).
Cook et al. (50) first reported association between the 480-bp DAT1 allele and ADHD. Since
then, this finding has been replicated by some groups (51–56), but not by others (57–64).
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The reported odds ratios for the DAT1 480-bp allele from the above studies range from 1.38
to 2.67 and suggest that DAT1 is a gene of small effect in ADHD. Conflicting results may be
owing to many factors, such as the lack of statistical power, in individual samples, to find
genes of small effect, differences in the diagnostic definition of ADHD, hidden population
stratification, genetic heterogeneity, and a variation between samples of linkage disequilibrium
with a nearby “causal” variant. A meta-analysis by Maher et al. (65), in which eleven studies
were included, yielded a marginally nonsignificant pooled odds ratio estimate of 1.27 (95%
CI 0.99–1.63, p = 0.06).

DRD4, the gene encoding the dopamine D4 receptor, has also attracted interest as a candidate
gene. The dopamine D4 receptor mediates the postsynaptic action of dopamine. There have been
several studies examining for association between the 7 repeat (148-bp) allele of the 40-bp
VNTR in exon 3 of the DRD4 gene and ADHD with positive results in many (66–76) but not all
(77–82) studies. A recent meta-analysis of DRD4 by Faraone et al. (83) supported an overall
association with a small odds ratio between DRD4 and ADHD. Case-control studies were more
strongly significant (OR = 1.9, p = 0.00000008) than family-based studies (OR = 1.4, p = 0.02).

Other dopamine receptor genes have also been investigated as candidate genes in ADHD.
There have been published reports of association between the 148-bp DRD5 allele and
ADHD (52,53,75,84,85). Moreover, a recent joint and meta-analysis by Lowe et al. (86) con-
firms that DRD5 is a susceptibility gene (of minor effect) for ADHD (OR = 1.25, p = 0.00005).
Further analysis of the data suggested that DRD5 contributes risk for the inattentive but not
the hyperactive symptoms.

Other studies have focused on genes involved in regulation of dopamine synthesis and
metabolism. Eisenberg et al. (87) reported association between a high-activity related catechol-
O-methyltransferase (COMT) allele and ADHD. Other groups refuted this finding
(53,88–91). A number of groups (52,53,92,93) have reported association at the A2 allele of the
TaqI polymorphism of the gene (DBH) encoding the enzyme dopamine β-hydroxylase.

Another candidate gene potentially related to dopamine transmission is the gene for the
synaptic vesicle docking fusion protein, SNAP-25. As described previously, this gene has
also been implicated in the etiology of ADHD based on the mouse mutant strain coloboma
(94). Recent studies by Barr et al. (95), Brophy et al. (96), and Kustanovich et al. (97)
reported evidence for association with polymorphisms in the 3′ untranslated region of this gene.
However, another study by Mill et al. (98) found association with variants at the opposite end
of the SNAP-25 gene (near the 5′-untranslated region).

4.2. Serotonergic System Genes

The efficiency of serotonergic signaling is controlled by the serotonin transporter 5-
hydroxytryptamine transporter (5-HTT), which removes serotonin from the synaptic cleft. A
polymorphism (44-bp insertion/deletion) located upstream of the transcriptional site of the
transporter was found to influence the expression of the gene, consequently altering the lev-
els of reuptake of dopamine. The homozygous insertion (L/L) yields a higher level of 5-HTT
expression than the heterozygous (L/S) or the homozygous deletion (S/S). An association
between the L/L 5-HTTLPR (5-HTT promoter region) genotype and ADHD has been
reported (99–101). Zoroglu et al. (102) observed that the 5-HTTLPR S/S genotype was signif-
icantly lower in ADHD patients than in the controls. Pharmacological studies using the 5-
hydroxytryptamine 1B receptor (5-HT1B) agonist RU24969 suggest that the activation of the
5-HT1B receptor in mice leads to increased anxiety and locomotion in these animals. In addition,
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5-HT1B knockout mice display an increased locomotor response to cocaine acquisition and
alcohol intake, along with hyperactivity and aggressive behavior (103). The hyperloco-
motion effect of this agonist is absent in the mouse lacking 5-HT1B, indicating that the
agonist effect is mediated by this receptor. Hawi et al. (104) and Quist et al. (105)
reported association between a 5-HT1B polymorphism (861G-C) and ADHD. The sero-
tonin HTR2A is a G protein-coupled receptor functioning in signal transduction. Antago-
nism of 5HT2A has been shown to reduce dopamine-induced hyperactivity in mice
(106,107). Hyperlocomotion induced by the noncompetitive N-methyl-D-aspartate antagonist
(MK-801) in mice is attenuated by the nonselective 5-HT2A antagonist ritanserine and by the
5-HT2A selective antagonist MDL100907 (107). Several recent studies have investigated 5-
HT2A markers for possible association with ADHD, with association reported by Quist et al.
(106) and Levitan et al. (108) but not by Hawi et al. (104) and Zoroglu et al. (109).

4.3. Noradrenergic System Genes

Molecular genetic analysis of ADHD and noradrenergic system genes is an emerging area
but there have been few findings of association to date. Barr et al. (110) and McEvoy et al.
(111) found no association between polymorphisms at the norepinephrine transporter protein
and ADHD. Similarly, negative findings of association have reported for the adrenergic α2A
(ADRA2A) (112) and α2C (ADRA1C and ADRA2C) receptors (113).

5. CONFLICTING FINDINGS IN GENETIC STUDIES OF ADHD

Despite compelling evidence for a genetic basis to ADHD and findings of association
replicated across several studies, the findings in ADHD are, to date, not definitive. If, as
hypothesized, ADHD is a complex genetic disorder, with many susceptibility genes each of
small effect (114–116), the pattern of results seen to date is to be expected. Other factors that
might account for conflicting results include power limitations secondary to small sample
size, differences between the populations of origin of the samples, differences in measuring
and defining the phenotype, and clinical heterogeneity with different distributions of the
subtypes between samples.

6. FUTURE DIRECTIONS IN GENETIC STUDIES OF ADHD

6.1. Endophenotypes for ADHD

Evidence is emerging in support of endophenotypes or ADHD subtypes in which genes may
exert a larger effect than in the categorical diagnosis. Recent studies have examined whether
specific genetic risk factors for ADHD correlate with measures of hyperactivity in population
samples. Their hypothesis is that if ADHD were a continuous trait, investigation of association
between genes (quantitative trait loci [QTL]) and continuous measures of the phenotype
would be a more appropriate strategy in the identification of susceptibility variants. To date,
there have been few QTL association studies in ADHD and findings have been mixed. In an
epidemiological sample, Curran et al. (117) selected children on the basis of high and low
scores on the five ADHD items of the Strengths and Difficulties Questionnaire and found a
significant relationship between the DRD4 7-repeat allele and high-scoring children. However,
Mill et al. (118) did not replicate this finding. Similarly, Todd et al. (119) failed to demon-
strate any significant association between the DRD4 7-repeat allele and DSM-IV ADHD sub-
types or ADHD subtypes derived by latent class analysis in an epidemiological twin sample.
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Several family studies have investigated the effect of comorbid disorders on the familial-
ity of ADHD. These studies (4,120–130) suggest that relatives of probands with ADHD and
comorbid conduct disorder (CD) are at greater risk for ADHD than relatives of probands with
ADHD alone and that ADHD and comorbid CD may represent a separate familial subtype.
Data from Faraone (129) calculated the risk ratios (λs) of ADHD in relatives when different
subtypes of ADHD are used to select families. Relative risk ratios varied from 4 to 5.4 among
relatives of probands with ADHD alone but rose from 5 to 8.9 in relatives of probands with
ADHD and CD or bipolar disorder. Twin studies also suggest that the genes that influence
conduct disorder symptoms are the same as those that contribute to trait measures of ADHD
(125,131,132). Overall the evidence reviewed suggests that ADHD and certain comorbid dis-
orders represent groups in which genes exert a greater effect and may prove useful for the iden-
tification of genetic risk factors. To date, there have been a limited number of studies
investigating genetic association with clinical measures of the ADHD phenotype. Holmes
et al. (133) reported significant association between the DRD4 7-repeat allele and children
with ADHD and comorbid “conduct problems” in a clinical sample. Rowe et al. (134)
examined retrospectively reported conduct disorder symptoms in parents of ADHD chil-
dren and found that parents with the DRD4 7-repeat allele had more conduct disorder
symptoms than parents possessing other genotypes. However, Tahir et al. (75) reported
significant nontransmission of this allele to children with comorbid oppositional/defiant
disorder or CD.

There has been increasing interest in investigating genes associated with neuropsychological
endophenotypes of ADHD. Given the difficulty in defining the diagnostic phenotype, more
objective measures of behavior are attractive. Owing to the extensive literature on neuropsy-
chological abnormalities in ADHD, such markers may prove useful for further genetic study.
This is an emerging research area, and to date, there are few consistent findings. A twin study
by Goodman and Stevenson (135) found that measures of inattentiveness (freedom from dis-
tractibility and “E” scan attentiveness) were moderately influenced by genetic factors
(32–42%). More recent twin studies found a significant genetic contribution to hyperactivity
and variability of reaction times on the “stop” task (131) and genetic influences on Matching
Familiar Figures Test-derived measures of impulsiveness (133). To date, there have been few
findings of association between specific candidate genes and neuropsychological measures of
ADHD. Langley et al. (136) found that possession of the DRD4 7 repeat allele was associ-
ated with an inaccurate, impulsive response style on neuropsychological tasks that was not
explained by ADHD symptom severity.

6.2. Alternative Strategies to Association Mapping and Meta-Analysis

The candidate gene approach has been reasonably successful because of the presence of a
priori hypotheses based on animal and pharmacological studies. However, because of the
increased availability of markers for study and advances in gene mapping technology, systematic
genome scans will be required for the identification of further risk alleles for ADHD. Such
studies are under way (137,138). These might identify new genes and new neurobiological
hypotheses. Future directions for studies in ADHD genetics include the use of collaboration
to increase sample size and consequently power to detect association with genes of small
effect. Meta-analysis of individual studies is becoming more common and will assist confir-
mation of candidate genes. This approach has been successful in the cases of the DRD4 (83)
and DRD5 genes (86). Functional analysis of associated gene variants will be necessary to

Scanning the Genome for ADHD 47



assist evaluation of neurobiology. For example, recent studies (139,140) have shown that the
10-repeat allele of the DAT1 VNTR polymorphism increases dopamine transporter expression
and work by Miller and Madras (141) suggests that single nucleotide polymorphisms within
the DAT1 480-bp VNTR differentially affect dopamine transporter expression.

Finally, the importance of environmental etiological factors in ADHD should not be
overlooked. Future work in ADHD would benefit from incorporating environmental measures
into the study design to examine gene–environment interactions.
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3
Dopamine Knockouts and Behavior

Davide Viggiano, Daniela Vallone, Lucia A. Ruocco, 
and Adolfo G. Sadile

1. INTRODUCTION

The expression of behavior is regulated by complex cortical neural networks. These
interact with several telencephalic structures, such as the basal ganglia, amygdala complex,
and hippocampal cortex. All these systems are modulated by subcortical influences (see
ref. 1), represented by cholinergic neurons of Meynert’s basal nucleus, dopamine (DA)
neurons in the ventral tegmental area (VTA), serotonergic neurons in the raphe nuclei,
norepinephrine neurons in the locus coeruleus, and histamine neurons in the posterior
hypothalamus.

Each subsystem is involved in different aspects of behavioral performance—e.g., accu-
racy for acetylcholine (Ach), latency for DA, impulsivity for serotonin, and distractability
for norepinephrine (2, see also Chapter 5).

Moreover, the involvement of DA in behavior is also supported by neuropsychiatric disor-
ders, such as schizophrenia, manic-depressive psychosis, and attention deficit hyperactivity
disorder (ADHD).

2. DOPAMINE FUNCTIONS

DA is a slow-acting neurotransmitter utilized in the mammalian central nervous system. DA
functions include regulation of blood pressure, movements, goal-directed behavior, cognition,
attention, and reward. Dysregulation of DA systems has been associated to several neuropsy-
chiatric disorders such as Parkinson’s disease (PD), which is caused by a selective degeneration
of mesostriatal (MS) DA neurons, and schizophrenia and ADHD, which are both associated
with a dysfunction of mesocorticolimbic (MCL) neurons. In fact, most antipsychotic drugs
used in schizophrenia act as DA receptor (DAR) antagonists, whereas ADHD symptoms are
generally alleviated by drugs that regulate Dopaminergic (DAergic) transmission.

Moreover, drugs of abuse, such as cocaine, amphetamine, opiates, nicotine, and alcohol,
show addictive action by modifying DA neurotransmission (3–5).

Finally, DA projections to the nucleus accumbens and frontal cortex have been shown by
many studies to be involved in the mediation of reward, motivation, consummatory behavior,
and learning (3,6–10).
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3. BRAIN DA SYSTEMS

The majority of the cell bodies of DA neurons are grouped in two nuclei, named substantia
nigra and VTA, or numbered from A8 to A10 in the caudolateral to rostromedial direction, all of
which are located in the ventroanterior midbrain (11). Their axons topographically project to the
caudate nucleus and putamen (dorsal striatum, CPu), to the ventral striatum including nucleus
accumbens, and to most areas of the neocortex, especially the prefrontal cortex (PFC) (12).

The classical description of the MS system consisted of a projection originating in the pars
compacta of the substantia nigra (A9 cell group) and the retrorubral field (A8 cell group) and
terminating in the CPu.

DA terminals in the CPu synapse mainly on γ-aminobutyric acid (GABA) medium spiny
neurons (11,13,14), which represent the major output of this system.

In this region, DA D2 receptors (D2Rs) are expressed both postsynaptically, on striatal
medium spiny neurons, as well as presynaptically, on DAergic nerve terminals originating in
the substantia nigra pars compacta.

Two different pathways have been described, originating from striatal neurons expressing
D1 (named direct pathway) or D2 (indirect pathway) receptors. They are anatomically and
functionally independent, though substantial revisions to this model have been proposed, as
well as the anatomical strict segregation of the DARs.

Another level of CPu organization consists of a patch- or striosome-like nonhomogeneous
DA innervation that is surrounded by a later-developing, diffuse matrix innervation.

On the other hand, DA neurons in the VTA project mainly to the ventral striatum (nucleus
accumbens and olfactory tubercle complex) and to the PFC, giving rise to the mesolimbic
(ML) and mesocortical branches of the MCL system.

In fact, the medial ML system is primarily derived from the A10 neurons situated in the VTA
from where axons arrive to the ventral striatum and PFC (12,15). However, a strict anatomical
separation between ML and MS systems does not exist because DA efferents from both the
substantia nigra and VTA overlap in a large ventral and medial segment of the CPu (15).

The ML DA system synapses on the shafts of the dendritic spines of medium spiny GABA
neurons of nucleus accumbens (16), whereas glutamate inputs from a variety of cortical
sources synapse on the heads of the same spines (17).

An increased DA release has been shown in the nucleus accumbens during behavioral
activation (18); previous studies investigated the involvement of the MCL and MS DA sys-
tems in the control of activity, orienting, scanning times toward environmental stimuli, and
emotional reactivity in mouse model systems.

Anatomical, functional, and neurochemical evidence all justify the division of the nucleus
accumbens in a rostral area, termed pole, a dorsocaudal area (accumbens core) and a ventro-
caudal component (accumbens shell).

No anatomical separation exists between the accumbens core and the CPu; they are
anatomically continuous, and both show a patch–matrix organization. Conversely, the border
between core and shell can be rapidly recognized using immunohistochemical markers, such
as substance P (SP), calbindin, neurotensin, or enkephalin.

Moreover, the core and shell connections are very different. The core region is involved in
a corticostriatal circuitry to parts of the frontal lobe, and its enkephalin-ir cells have recipro-
cal connections with the VTA (see ref. 19).

The shell has a complex organization and could be included in a loop comprising the
dorsal PFC, the lateral ventral pallidum and substantia nigra.
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Mesencephalic (mes) VTA DA neurons receive glutamate inputs mainly from the frontal
cortex and lead to reward effects, as demonstrated by electrical and pharmacological stimula-
tion with phenciclidin of glutamate frontal neurons (17,20–22).

Other psychostimulants, such as amphetamine and cocaine, when injected into the nucleus
accumbens, are rewarding as they induce self-administration and place preference behavior
by interaction with presynaptic ML DA terminals (23–26). In addition, opiates are also self-
rewarding into the VTA by acting on μ and Δ receptors, probably through disinhibition of
GABAergic interneurons (27–31).

4. ONTOGENESIS

The mesDA system is specified in the embryonic ventral midbrain around embryonic day
12 (E12) in the mouse. The specification of neurotransmitter identity and appropriate integra-
tion in the developing brain depend on molecular differentiation cascades and on the com-
mitment of this region signals from organizers surrounding the ventral midbrain progenitor
neurons (32–34) (for a review, see ref. 35).

Early organizers of general patterning and development of the ventral midbrain require the
orchestration of a number of genes, such as Engrailed1 (36,37), Engrailed2 (38), Pax2 (39),
Pax5 (40), Wnt1 (36), Shh (41), and Fgf8 (33,34). Ptx3 and Nurr1, two transcription factors,
are implicated in specification of the mesDA system. The homeobox gene Ptx3, whose
expression in the brain is restricted to mesDA neurons (42), and the orphan nuclear hormone
receptor Nurr1, are in fact required for induction of the enzyme tyrosine hydroxylase, which
catalyzes the initial step in DA biosynthesis (43,44). Recently the LIM class homeobox gene
Lmx1b has been shown to take part in this phenomenon (45).

The projection of DA neurons to the target site and the induction of DARs on postsynaptic
sites are both complex events.

The specification of dopaminergic pathways is thought to require at least the action of a
class of genes, such as ephrins (46). It is interesting to note that the expression of such genes
continues throughout life and can change after cocaine treatment (46).

On the other side, the specification of DAR subclasses appears to be at least in part inde-
pendent of the synthesis of DA itself, as suggested by knockout (KO) studies (see Heading 7).

5. THYROSINE HYDROXYLASE

The modulating effects of DA on locomotor activity and cognitive performance have been
recently studied by knocking out the thyrosine hydroxylase (TH) gene, the rate-limiting
enzyme in catecholamine (DA and norepinephrine [NE]) synthesis, thus giving rise to DA
and NE KO mice (47,48). These mice survive embryogenesis, but die at 3 to 4 wk of age
because of the severe hypoactivity/hypophagic behavior. However, the synthesis of NE can
be normalized by transgenic expression of TH under the control of the DA-β-hydroxylase
promoter. This pure DA KO mouse survives, displays normal norepinephrine synthesis, but
makes no DA (49). Mice lacking DA are severely hypoactive. This supports the hypothesis
that activation of the DA systems influences locomotor activity (48).

The same DA KO mice displayed an enhanced behavioral response to D1-like or D2-like
receptor agonists owing to hypersensitive, long-loop feedback pathways. The expression of
D1-like and D2-like receptors, in fact, was normal in the DA KO striatum. The observations
suggest that DA is not required during embryonic and postnatal development for adequate
expression of D1-like and D2-like receptors (48).
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6. DOPAMINE TRANSPORTER

The dopamine transporter (DAT) is a membrane transporter that clears DA from the
synaptic cleft. This is also the main mechanism for clearance of released DA (50,51). DAT
represents the major target for amphetamine and methylphenidate, the main pharmacological
treatments for ADHD (52). DAT is expressed on presynaptic DA terminals, and can be used
as specific marker for DA fibers.

An association between ADHD and polymorphisms in the DAT gene has been reported
(53–55).

The DAT KO displays hyperactivity (56), which is likely to be owing to higher levels of brain
DA, because of the absence of the clearance of DA from the synaptic cleft. Moreover, DAT KO
mice reduce hyperactivity after treatment with psychostimulants, although they lack the DAergic
target of psychostimulants. This suggest that psychostimulants, such as methylphenidate, could
improve ADHD symptoms acting on non-DA sites, such as the serotonin (5 HT) system.

Behavioral analysis in the DAT KO is complicated by the growth-retardation phenotype
(57). In fact, these mice show anterior pituitary hypoplasia, dwarfism, lactation deficits, and
high mortality (57).

Therefore, a mutant mouse with a decreased DAT level (knockdown) has been developed
(58). These mice express 10% of wild-type DAT levels (DAT knockdown), and are in a chronic
state of hyper-DAergic activity. Moreover, they do not display the growth-retardation phenotype.

From the behavioral point of view, DAT knockdown mice have normal basal activity but
become hyperactive in novel environments. Therefore, hyperactivity may be related to
increased responses to novelty (59), decreased habituation (60–63), and higher motivational
state.

It is still highly controversial whether ADHD is characterized by a hyper-DAergic or hypo-
DAergic transmission (52). Consistent with the hyper-DA hypothesis, hyperactivity is usually
related to a hyper-DAergic state (64,65). Furthermore, recent studies in ADHD patients have
found a positive correlation between high DA metabolite homovanillic acid (HVA) levels and
hyperactivity (66,67). DAT knockdown and KO mice (56) support the hyper-DA hypothesis.

The hypo-DAergic hypothesis of ADHD derives mainly from beneficial effects of psy-
chostimulants (amphetamine and methylphenidate), which enhance DAergic transmission, in
improving ADHD symptoms (52). However, DAT KO mice provide potential explanations
for the calming effect of psychostimulants. In DAT KO mice, psychostimulant inhibition of
locomotor activity is, in fact, mediated by an increased release of serotonin (56).

Moreover, all drugs (amphetamine, apomorphine, and quinpirole) that can activate DA D2
autoreceptors have a pronounced inhibitory effect on locomotor activity in DAT knockdown
mice, whereas drugs that do not have an autoreceptor component (SKF-81297) have a less-
pronounced stimulatory effect on locomotor activity. This suggests that the inhibitory effect
of methylphenidate in ADHD may be the result of an altered balance between autoreceptor
and heteroreceptor functions.

7. DA RECEPTORS

DA exerts its action on pre-, post-, and extrasynaptic receptors. Several excellent papers in
the literature review the structure, function, and molecular biology of DARs (see ref. 68,69).
They can be subdivided into two subfamilies, the D1-like (D1 and D5 receptors [D1Rs and
D5Rs]) and D2-like (D2Rs, D3, and D4 receptors [D3Rs and D4Rs]), distinguished on the
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basis of their structure and pharmacology (70). The known DA receptors are members of the
G protein-receptor family with seven hydrophobic domains, an extracellular N-terminus, and
an intracellular C-terminus. In the second and third intracellular loops there are sequences for
phosphorylation (68).

D1-like receptors have been shown to couple the stimulation of adenylyl cyclase activity,
whereas the D2-like subfamily can reduce cyclic adenosine monophosphate (cAMP) produc-
tion as well as regulate the activity of various ion channels. Thus, the response to DA is
mediated by the accumulation of a second messenger molecule, such as cAMP for the D1
class, which amplifies the signal by several orders of magnitude. The accumulation of cAMP
regulates numerous enzymatic processes in neurons, e.g., activating protein kinase A, leading
to phosphorylation and activation of calcium channels. At the moment, much evidence shows
that D1Rs can also activate phospholipase C-phosphatidylinositol hydrolysis.

The D2-like class involves a different second messenger cascade. In particular, D2Rs medi-
ate a phosphatidylinositol-linked mobilization of intracellular calcium (though differences
exist between the isoforms L and S; see Subheading 7.2.); moreover, D2Rs are likely to regu-
late potassium currents by G protein mechanisms, and to increase the release of arachidonic
acid.

Systemic administration of D1 but not D2 agonists induces enhanced expression of the
immediate-early genes c-fos and zif268 in the cerebral cortex and striatum. Concomitant
D1Rs and D2Rs appear to produce a synergistic effect on c-fos expression. Further studies
have given some insights on the mechanism of D1–D2 synergism. In fact, the D1R and D2R
mRNAs have a wider distribution and are more expressed in the central nervous system
(CNS) as compared with their pharmacologically related counterparts. This reflects the
broader number of functions mediated by these receptors in the CNS, including the modula-
tion of cognitive, sensorimotor, and neuroendocrine effects, as compared with more limited
functions that may be mediated by the other DA receptor types.

The striatonigral GABA neurons preferentially express D1Rs, coexpress SP and dynor-
phin, and project to the entopeduncular nucleus and substantia nigra pars reticulata. D2Rs
are, instead, segregated on GABA neurons containing enkephalin and projecting to the
globus pallidus or function as autoreceptors on DA terminals (see Subheading 7.2. for a
description of D2 isoforms). Similarly, in the accumbens D1-expressing cells are SP-posi-
tive, whereas D2-expressing ones are enkephalin- and neurotensin-positive. Therefore, seg-
regation of D1 and D2 with different neuropeptides appears as good anatomical description,
with few cells coexpressing D1Rs and D2Rs. However, D1Rs and D2Rs have recently been
shown to colocalize in striatal medium spiny neurons (71,72). This is in agreement with the
evidence that rats do not self-administer either selective D1 or D2 agonists by themselves but
do self-administer a mixture of the two (73).

The DA release associated with behavioral activation (18) is regulated by presynaptic DA
acting at D2 and D3 autoreceptors and by blockade of the firing of DA neurons in the VTA by
DA D2 autoreceptors. This short-term regulation of DA release is also controlled by afferent
excitatory and inhibitory inputs from a variety of different neural systems.

The D3R appears to act as inhibitor of cAMP production using a putative Gi protein.
D3–D2 interactions are very complex (see Subheading 7.3.3. for a discussion from the
behavioral point of view). For example, D3Rs in the accumbens shell activate neurotensin
gene expression, whereas D2Rs in the accumbens pole inhibit neurotensin expression. Gen-
erally, D2Rs and D3Rs appear to be expressed in different locations.
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D4R distribution differs markedly from that of D2 and D3. It appears to have a high affinity
for clozapine, which has made its study exciting from the clinical point of view, because of
clinical applications of clozapine in schizophrenic patients. The D4R has polymorphic forms in
the human population, with certain polymorphisms being more represented in ADHD patients.

In the following sections, we analyze the distribution of DARs, along with functional
aspects. Moreover, the problem of defining the functional role of each receptor subtype has
been recently addressed using genetically altered animals lacking individual receptor subtypes.
So far, mice lacking D1R, D2R, D3R, D4R, and D5Rs or some of their combinations have
been produced (74,75). In addition, KOs for DA transporter, thyrosine hydroxylase, and DA
cyclic adenosine 3′, 5′-monophosphate–regulate phosphoprotein (DARPP32), all of which
intervene in DA functions, have been created.

7.1. D1 Receptors
7.1.1. Cerebral Distribution

Numerous regions of the CNS express the D1R mRNA, such as both neocortical and palleo-
cortical areas, with the highest levels of expression in the frontal, anterior cingulate, orbital,
insular, piriform, and entorhinal cortex. In neocortical areas the D1R is localized predominantly
in layers V and VI, which are known to be the receptive layers for DA projections. It is interest-
ing to note here that all DA receptors are present in the PFC (76,77), which receives DA projec-
tions. However, they are also expressed in other cortical areas that are apparently devoid of DA
terminals, thus suggesting that other sources of DA may exist, such as norepinephrine terminals.

The D1R is also localized in the anterior olfactory nuclei, where an independent DA system
has been largely described (78,79).

More caudally, D1R mRNA expression is high within the rat striatum, in a subpopulation of
medium spiny neurons expressing dynorphin and substance P and projecting to the substantia
nigra pars reticulata (72). A subpopulation of medium spiny neurons coexpresses SP, enkephalin,
and both D1-type and D2-type DARs (71,76); the projection of this subpopulation is not known.

Cellular expression of D1 mRNAs is also high in the accumbens shell and septal pole.
Therefore, D1Rs could modulate cortical activity, providing a functional interaction between
basal ganglia and the cerebral cortex (80).

Cells expressing D1R mRNA are also localized in the dorsal division of the lateral septum
and in the ventral hippocampus, mainly in the dentate gyrus.

D1 mRNA in the amygdaloid complex is expressed at high levels in the intercalated nuclei
and at lower levels in basolateral, medial, central, and cortical nuclei. This exclusive local-
ization might be important in alterations of motivational aspects of D1 KO mice, such as
rearing frequency.

D1 is expressed widely in various thalamic (anterior dorsal, anterior ventral, centromedial,
paracentral, ventromedial, ventrolateral, posterior nuclei, lateral habenula, and dorsolateral
geniculate body) and hypothalamic (supraoptic, suprachiasmatic, paraventricular, and rostral
arcuate) nuclei.

There are high levels of D1R binding in the substantia nigra pars reticulata, but not in the
substantia nigra pars compacta or VTA. This is in agreement with the primary postsynaptic
function of D1R.

In the hindbrain few nuclei express D1R, such as lateral parabrachial, facial nuclei, locus
coeruleus, and dorsal raphe. The last two nuclei would suggest an involvement of D1R in the
regulation of norepinephrine and serotonin systems.
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Interestingly, high levels of D1 mRNA expression are observed in the granular cells of the
cerebellum.

It is interesting to note that although D1Rs, D2Rs and D3Rs have been described in the rat
cerebellum, no DA fibers have been detected in the same region (although a DA projection to
the cerebellum has been suggested in humans). However, the cerebellum receives an impor-
tant norepinephrine innervation (similarly to the cerebral cortex, see Subheading 7.1.1.).
Moreover, alterations in cerebellar development have been suggested in ADHD children (65).

7.1.2. Target Mutations

Animals lacking the D1R show an approx 30% reduced body weight and a smaller brain
(81). They show normal or increased locomotor activity when tested in a standard rat cage
with photocells (82–85). However, the rearing rate in these animals is strongly decreased
(81,84–86), as well as grooming sequences. The decrease in rearing frequency could indicate
an alteration in motivational aspects of behavior.

Moreover, sniffing sequences did not differ from wild-type animals, in contrast with the
effects of D1 anatagonists, which reduce both rearing and sniffing behaviors. Moreover, D1
agonists are known to increase locomotor activity.

There is also evidence of retarded habituation in several tasks in the same KO mice with a
different genetic background, thus raising the problem of the interaction of phenotype with
background genes (84,86).

The effect of a different background on D1 KOs could be explained in terms of the basal
state of the DA system. In fact, recent evidences show that the modulation of D1Rs using
selective agonists or antagonists gives different results in normal rats and in hyper-DAergic,
hyperactive rats or mice, such as the Naples High-Excitability (NHE) rats (86a). It is also pos-
sible that the D1 KO leads to compensatory changes or that the effects of D1Rs in the wild-
type (WT) animal are interactive on a neural network basis. This issue remains to be resolved,
perhaps by development of conditional postnatal D1R KO mice.

7.2. D2 Receptor

The activity of DA neurons in the midbrain is modulated by the release or exogenous
DA, which interacts with a subclass of DA receptors that act as “autoreceptors” and belong
to the D2R family (87–99). They regulate the firing rate of DA neurons in the short term
(depolarization block [100]).

These receptors are involved in the synthesis and release of pituitary hormones
(92,93,101) and control of motor activity (87–89).

DA D2Rs represent the major target of antipsychotic drugs and are involved in various neu-
ropathological conditions, including PD, Tourette’s syndrome, and drug addiction (87,102,103).

By alternative splicing, the D2R gene encodes two molecularly distinct isoforms (102),
named long (D2L) and short (D2S) (104). These isoforms differ by an insertion of 29 amino
acids in the third intracellular loop of the D2L receptor, and are coexpressed in a ratio favoring
the long isoform. D2L acts mainly at postsynaptic sites and D2S serves presynaptic autore-
ceptor functions (29,98,105–107).

7.2.1. Cerebral Distribution

The limbic cortex (anterior cingulate, orbital, and insular) expresses high levels of D2R
mRNA. Scattered positive cells are also present in layers IV–VI of the frontal, parietal, temporal,
and occipital cortex.
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D2 is present in the large cells of the globus pallidus and CPu. In fact, the D2-type receptors
are largely restricted to a subpopulation of medium spiny neurons expressing enkephalin and
projecting primarily to the pallidum (108).

D2R is present from the dorsal lateral to the intermediate lateral septum, into the diagonal
band of Broca, the dorsal and ventral hippocampus, lateral division of the central nucleus,
and basomedial amygdala (78).

Similarly, in the bed nucleus of the stria terminalis, zona incerta, the lateral preoptic area,
anterior hypothalamic area, and lateral hypothalamus there is expression of D2R.

More caudally, D2R is detectable in the posterior division of the arcuate nucleus and
lateral mammillary nuclei.

D2R in the midbrain and hindbrain is likely to be involved in autonomic functions and in
the regulation of DA release. Here cells expressing D2R mRNA are detectable in the DAer-
gic cells of the substantia nigra pars compacta, the VTA, and in the magnocellular cells of the
red nucleus that are part of the rubrospinal pathway.

More dorsally, cells expressing D2R mRNA are localized in the intermediate and deep
layers of the superior colliculus and in the periaqueductal gray, where they may be important
in modulating analgesic responses. Morphine-induced analgesia could be related to D2R
expressed in midbrain and pontine nuclei. In raphe nuclei D2R may serve to regulate sero-
tonin release.

D2R mRNA is present in a number of brainstem nuclei (including the dorsal tegmental,
lateral lemniscus, locus coeruleus, parabrachial, and trigeminal).

7.2.2. Target Mutations

D2L R KO (93,98) and the combined D2 L + S R (88) KO mice have been generated.
D2R-null mice (−/−) (88,90) have been studied in our laboratory, in collaboration with H.

Westphal and E. Borrelli, in different behavioral paradigms. In particular, we have studied
behavioral activation in novelty situations (109).

The experimental system was a scaled-down Làt-maze (for a detailed protocol see ref.
109). The dependent variables were the frequency of corner crossings (indexing traveled dis-
tance or locomotor activity) and the frequency and duration of rearings on hindlimbs and
leanings against the walls (orienting frequency and nonselective attention).

D2R KO demonstrated fewer corner crossings than WT littermates (Fig. 1). In fact, when
traveled distance was taken as the activity index, D2R mutants were less active than WT
controls, in agreement with other experiences (110,111).

D2R KO mice also showed a significant reduction in rearing frequency relative to the WT
group.

Finally, D2R mutants increased scanning durations over time of testing, in comparison to WT
controls, as assessed by regression analysis (Fig. 1). However, the heterozygotic D2R KO mice
showed the highest score, and the homozygotes an intermediate score (Fig. 1), thus revealing a
nonlinear relation between the number of normal alleles and the duration of rearings. Therefore,
the D2R appears to be important in the modulation of the scanning phase of attention.

These data, in agreement with other findings (88), suggest that D2Rs control activity, as
D2R KO mice could represent an animal model of PD. The absence of depolarization block
owing to the lack of mesencephalic autoreceptors in DA neurons is likely to increase DA
release and subsensitivity of D1Rs. This leads to reduced firing of thalamocortical neurons. It
is interesting to note that the lack of D2L as R subtype is able to reduce locomotor activity and
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rearings as well (111). Moreover, the interaction of D2L with D1R might be selectively
involved in rearing behavior, whereas D2S with D1 in stereotypic behavior (112).

The interpretation of this KO mouse is complicated by a large reshaping of the DA network,
as suggested by hyperDA innervation and increased DAT expression (113).
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Fig. 1. Behavioral profile of D2, D3, and D2/D3 knockout (KO) mice derived from exposure to a
spatial novelty. (A) Horizontal activity expressed as frequency of corner crossings indicating traveled
distance. (B) Vertical activity expressed as frequency of rearing on hindlimbs, indicating orienting
behavior toward environmental stimuli. (C) Nonselective attention indexed by the duration of individ-
ual rearing episodes that indicates scanning duration. Data are expressed as mean ± standard error of the
mechanic and pertain to the first and second parts of a 30-min exposure to a Làt maze. Subjects were
adult male (n = 6/group) wild-type controls, heterozygous D2± and homozygous D2−/−, heterozygous
D3± and homozygous D3−/−, double heterozygous D2D3±, and double homozygous D2D3 −/− KO
mice. WT, wild-type. For further details see ref. (109), from which this figure has been elaborated.



7.3. D3 Receptor
7.3.1. Cerebral Distribution

Examination of the D3 receptor in the rat brain indicates that the distribution is distinct
from the D2R, more localized and less expressed. It is expressed on post- and presynaptic
sites, where it can function as autoreceptor, though studies on KO mice suggest that D2R is
the only release-regulating autoreceptor (94).

Cells expressing D3R mRNAs are not detected in either neocortical or palleocortical
areas, but are predominantly in the ventral striatum, in particular in the nucleus accumbens
shell and septal pole. The expression of D3R mRNA in the islands of Calleja is the highest
observed in the CNS and appears to be selective for D3 (the same region displays no expres-
sion of D1Rs and D2Rs).

The localization of D3R in these regions might be responsible for the hyperactive behav-
ior of D3 KO mice.

The medial portion of the lateral septum, the dentate gyrus of the hippocampus, and a few
scattered areas in the medial amygdala also express D3R.

Geniculate bodies and various hypothalamic regions (paraventricular nucleus, centro-
medial, gelatinosus, ventromedial, ventrolateral nuclei, zona incerta) are positive for D3R,
suggesting a role in hypothalamic regulation.

The localization of D3R mRNA in the cells of the substantia nigra is controversial
(114,115). Low levels of D2R mRNA expression are also seen in the inferior olive, in cere-
bellar lobules 9 and 10, and in the parafluculus, where it is localized in large Purkinje cells.

7.3.2. Target Mutations

D3R-null mice (−/−) (116,117) have been studied in different behavioral paradigms. Here
we review their response to behavioral activation in novelty situations using the same exper-
imental paradigm already described (see Subheading 7.2.).

The heterozygous D3 +/− demonstrated a biphasic time-dependent effect, as there was an
increase in the first 15 min followed by a steep decrease in the second 15 min of the test. This
contrasts with a monotonic decline in the WT group and the absence of significant habitua-
tion for the D3 −/− mutant mice, as assessed by regression analysis.

The frequency of rearings of the heterozygous and homozygous D3R groups was higher
and lower respectively, as compared to WT littermate control group, during the first and the
second part of the testing period. In fact, D3R +/− were more active than controls, in agree-
ment with previous observations (116). However, nonselective attention, indexed by the
duration of rearing episodes, was not changed.

Post hoc, the composition of variance revealed that the D3R KO heterozygous mice had a
significantly different emotionality from the control group. In fact, when the defecation score
was taken to index the emotional response of the animal in Broadhurst’s terms (118) the het-
erozygous D3R phenotype displayed a reduced neurovegetative response.

In summary, D3R KO heterozygous mice were more active than D3R KO homozygous
and WT animals, which contrasts with previous observations (116) showing both mutants
more active than controls. This discrepancy is likely to be of methodological origin, as activ-
ity of different nature are being monitored. In fact, Accili et al. (116) monitored the crossing
of a square divided floor, i.e., a spontaneous activity of tonic nature. In contrast, in the Làt
maze, i.e., a squared corridor, a low activity indexes a high spatial orientation, and a high
exploration a low spatial orientation. In other words, D3R heterozygous mice apparently
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show a cognitive defect, whereas the homozygous mice are slightly better in comparison to
heterozygous and control mice (see also ref. 117).

The nonselective attention of D3R mutants, as assessed by rearing duration, was not different
from WT controls, but D3 −/− showed a slightly higher duration in the second part of the test.
Therefore, the D3R appears not to be involved in the modulation of scanning phase of attention.

Finally, D3Rs expressed in a single allele (KO heterozygous mice) appear to be involved
in the control of emotional reactivity. Recent evidence (119) suggests that D3R contributes to
postsynaptic negative modulation of the ML DA pathway.

7.3.3. D2/D3 and D2/D1 Interactions

The study of D1, D2, and D3 KO raise the question of the possible interaction of these
receptors in modulating complex behavioral phenomena. Therefore, in our lab we have pre-
viously characterized double homozygous D2/D3 −/− (D2−/−; D3−/−) or double heterozy-
gous D2/D3 +/− (D2+/−; D3+/−) mutants and WT (D2+/+; D3 +/+). The double-mutant mice
were then tested in the Làt maze as reported in Subheading 7.2.2.

The D2/D3 −/− double mutants were less active than the WT littermate group. In particular,
the activity decline was significant only between WT and double homozygous mutants
D2/D3 −/− as assessed by regression analysis.

As shown in Fig. 1, only the homozygous double D2/D3 −/− mutant groups were signifi-
cantly less active than WT in the first part, as well as in the second part of the testing period.

The double homozygote D2/D3 −/− mice presented a lower rearing frequency than wild-
type controls over the entire testing period. Only the homozygous D2/D3 KO mice displayed
significantly lower scanning times as compared with control mice in the first part of the test.
In addition, the homozygous mice and the controls prolonged rearing duration in the second
part as compared with the first part of the testing period.

Therefore, for the double-mutant D2R/D3R phenotype, the D2/D3 −/− were less active
than WT mice. Thus, in the interaction between D2R and D3R subtypes the D2R phenotype
seems predominant.

Further, the D2R/D3R −/− double-mutants demonstrated shorter scanning times compared
to WT controls, but only in the first part of the test.

Third, the double D2R/D3R mutants indicate an interaction between these two receptor
subtypes and a prevalence D2R on D3R gene expression.

A double KO D1/D3R has been also characterized. These mice display a summation of the
behavioral profiles of D1 and D3 KO mice, e.g., increased locomotor activity (see D3 KO)
and reduced rearing frequency (see D1 KO) (120).

7.4. D4 Receptor

The DA D4R has recently received much attention because of reports that specific tandem
repeat polymorphisms of the human D4R gene correlate with higher than average novelty-seek-
ing scores on questionnaires (121,122), although others have been unable to replicate these find-
ings (123–125). Moreover, specific polymorphisms of the D4 allele have been linked to ADHD
(see Chapter 2).

7.4.1. Cerebral Distribution

D4R plays a role in modulating approach–avoidance responses in general and novelty-
related exploration in particular (126), as suggested in KO mice studies, and by the distribution
in brain areas that could mediate the observed reductions in behavioral responses to novelty.
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Glutamatergic pyramidal neurons of the frontal cortex (76,127,128) that project to the
CPu and the substantia nigra (129) display high expression of D4R. This receptor in the
frontal cortex is likely to be under the influence of both noradrenergic inputs and DAergic
inputs. In fact, norepinephrine is only fivefold less potent at this receptor than DA (130). This
circuit plays an important role in regulating cognitive processes and emotional status and is
in fact one of the main targets of antipsychotic drugs.

The DA D4R is not expressed on DA neurons of the substantia nigra.

7.4.2. Target Mutations

D4R KO mice (81,126) show reduced behavioral responses to novelty (126). This is
consistent with the hypothesis that a lack of D4R function may lead to decreased novelty-
seeking in humans (121,122). D4 KO mice show also increased locomotor response to
ethanol, cocaine, and methamphetamine (128). These mice also have increased DA synthesis
and its conversion to DOPAC in the CPu (128).

This phenotype can be explained observing that the stimulation of the MS pathway (131)
by glutamate induces DA release (132). Thus, frontal cortical D4Rs may alter the activity of
MS DA neurons by modulating the release of glutamate onto these neurons.

An association between polymorphisms of the D4R gene and personality profile of the
novelty-seeking trait (121,122) is in agreement with D4R role in modulating behavioral
responses to novelty. Moreover, behavioral disorders, such as drug abuse (133,134), patho-
logical gambling (135), and ADHD (136,137), have recently been correlated to the same
D4R alleles that are associated with novelty-seeking.

The behavioral effects of the full D4R KO in mice cannot be predicted in humans, wherein
multiple alleles are reported (138). Nevertheless, in humans 2% of the population has a null
allele for the D4R (139), but no behavioral reports are available.

7.5. D5 Receptor

The D5 DAR has a high affinity for DA, compared with other DARs, and has constitutive
activity (140,141), suggesting that the D5 DAR may be activated in the absence or presence of
low concentrations of endogenous agonist. The D5 DAR is functionally coupled to the acti-
vation of adenylate cyclase, and GABA-A receptor-mediated activity through both second
messenger cascades (142), as well as through direct receptor–receptor interactions (143).
Interestingly, recent reports have suggested a possible association of the D5 DAR gene with
schizophrenia (144) or substance abuse (145).

The physiological and behavioral roles of the D5R have been difficult to characterize
because of overlapping pharmacological properties of the D1Rs and D5Rs. There are few lig-
ands selective for either subtype (70), and DA is one, demonstrating approx 10-fold higher
affinity at the D5 DAR compared with the D1. To further elucidate the physiological roles of
the D5 DAR, mice lacking functional D5 DARs have been generated (146).

7.5.1. Cerebral Distribution

The D5 receptor mRNA is very restricted, with the highest expression in the hippocampus
and basal ganglia (76,77), and to specific thalamic and hypothalamic nuclei.

In the hypothalamus, D5R may regulate circadian rhythms (147) and female sexual behav-
iors (148,149).

Cells expressing D5R mRNAs are not detected in either neocortical or palleocortical
areas, though immunoreactivity has been shown in various cortical regions.
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There are suggestions that cells expressing D5R mRNA are also localized in the lateral
mammillary nuclei (141). Within the periphery, D5 DARs have been found in adrenal tissue
(150), kidney, and also the gastrointestinal tract, where they may exert a protective effect on
the intestinal mucosa (151).

7.5.2. Target Mutations

Approaches to the problem of D5R roles include the use of antisense technologies to
downregulate D1 or D5 DAR expression, as well as the creation of D1 DAR-deficient mice
(74,75,146).

The antisense knockdown of D5R expression has suggested a role for the D5 DAR in regu-
lating female sexual behaviors (148,149) and locomotor responses to DAergic agonists (152).

The D5 DAR-KO mice are viable, have normal development, and are fertile (146). This
contrasts with antisense studies (148,149) that described suppression of lordosis behavior in
D5 DAR knockdown-receptive females.

D5 mutant animals were hypertensive, exhibiting significantly elevated blood pressures
(146). This can be attributable to increased sympathetic tone, possibly of central origin. In
fact, D5R deletion results in an oxytocin-dependent sensitization of V1 vasopressin and non-
NMDA glutamatergic receptor-mediated pathways, potentially within the medulla, leading to
increased sympathetic outflow (146).

7.6. DA and Cyclic Adenosine 3′, 5′-Monophosphate-Regulated Phosphoprotein

The DARPP-32 is a phosphoprotein that plays a central role in the biology of dopaminocep-
tive neurons. DA and numerous other neurotransmitters may alter the phosphorylation and/or
dephosphorylation of DARPP-32. In its phosphorylated state DARPP-32 is an extremely
potent inhibitor of protein phosphatase-1 (PP-1), a major multifunctional serine/threonine
protein phosphatase in the brain. PP-1, in turn, regulates phosphorylation and activity of
many physiological effectors, such as voltage-gated ion channels and neurotransmitters.
Studies of mice lacking the DARPP-32 gene have provided convincing evidence that this
protein plays an essential role in mediating the actions and interactions of DA and other neu-
rotransmitters that act on dopaminoceptive neurons. These studies have also shown that the
DARPP-32/PP-1 cascade is a major target for psychostimulants and antipsychotic drugs (for
a review see ref. 153).

8. BEHAVIOR AND DARs

When an animal is introduced in a nonfamiliar environment, novelty triggers an array of
behavioral traits leading eventually to the mapping of the spatial context. In particular,
rodents display behaviors such as walking about, rearing on the hindlimbs, leaning against
walls, and sniffing (see ref. 154). They are all associated to hippocampal electrical activity of
low frequency in the range of 3.5 to 8 Hz (RSA or “theta”; see ref. 155). Walking and rearing
have both spatial and non-spatial components, which are intimately interconnected. There-
fore, the compound novelty-related set of stimuli activates the parallel processing of infor-
mation in attentional, motivational, and emotional networks. The expression of vertical
activity in the Làt maze is thought to share cognitive (spatial) and noncognitive (nonspatial)
components. The latter prevails in the first part, whereas the former prevails in the second
part of testing (156). Moreover, walking and rearing have been genetically dissociated in
mice (157) and rats (158), suggesting that different genes control these behavioral traits.
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Recently, a series of studies has demonstrated that the duration of rearing episodes in a
novelty situation index the level of nonselective attention toward environmental stimuli
(159–161).

Several studies have shown an increased DA release in the nucleus accumbens associated
with behavioral activation (19). This DA release can be controlled by the activation of presy-
naptic DA D2 autoreceptors and by the blockade of the firing of DA neurons in the VTA,
wherein DA is also released at somatodendritic level, activating D2 autoreceptors, which
hyperpolarize membrane potential. In addition, this short-term regulation of DA release is
controlled by afferent excitatory and inhibitory inputs from raphe 5HT, locus coeruleus NE
neurons, GABA VTA interneurons, medium spiny accumbal GABA projecting neurons, and
glutamate frontal neurons in a complex network-based operational manner (162).

The participation of each DAR in such processes is of interest because their selective reg-
ulation could be useful in the treatment of several psychiatric disorders. In particular, ADHD
has been hypothesized to be underlined by a DA dysfunction on the bases of theoretical con-
siderations, and experimental and clinical observations (for a review, see ref. 65).

Therefore, the exact knowledge of each DAR subtype is of great clinical importance for
the treatment of ADHD.

The KO technology has been useful in this direction (see Table 1 for a summary of KO
studies). The wealth of studies reviewed here suggest that D1Rs and D4Rs could be directly
involved in the pathogenesis of ADHD (see also Chapter 2) and that D2Rs might be impor-
tant for the action of some therapeutic drugs, such as methylphenidate (see Chapter 22).

However, the results deriving from KO mice studies is hampered by the fact that this tech-
nique blocks the expression of a given receptor at early stages of development. In fact, DA
systems that develop in absence of the deleted receptor might undergo compensatory
changes, if the deletion is not lethal. An alternative strategy to overcome this problem is rep-
resented by inducible mutagenesis that allows blockage of the expression of a given protein
in the adult organism. The main disadvantage of the latter is represented by tissue respon-
siveness as, for instance, skin responds in 100% of the cases, whereas the brain responds in
only 10–15% of cases.

Recently, it has been shown that inhibitory small RNAs, conveyed to the target by viral
vectors, may block the expression of specific proteins (152,163–165).
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Table 1
Summary of Behavioral Data on Dopamine Knockouts

Target Rearing frequency Locomotor activity Notes

TH L L
DAT N N H in novel situations
D1 L (81,84,85) N (84,85); H (83)
D2 L + S L (109,111) L (88,109,111)
D3 H (109,116,117) H (109,116,117)
D4 N L (81,126)
D5 N (146) N (146)
D1 + D3 L (120) H (120)
D2 + D3 L (109) L (109)

N, normal; H, high; L, low; TH, thyrosine hydroxylase; DAT, dopamine transporter.



Otherwise, the use of animal lines selected for specific behavioral traits might shed light
on ADHD-DA-behavior relationship. In fact, a few rat lines feature the main aspects of
ADHD (166), i.e., the juvenile spontaneously hypertensive rat (SHR) (167; see also Chap-
ter 4), the Wistar–Kyoto hyperactive (168), and the NHE (169). The juvenile SHR is used
most often, because it is hyperactive and inattentive but not yet hypertensive, and it
responds to psychostimulants with a paradoxical sedative effect similarly to ADHD chil-
dren (170). Moreover, these models are complementary as they mimic different variants of
ADHD (52).

Studies in genetic models of ADHD, such as the juvenile SHR and NHE rats, have shown a
hyperfunctioning MCL system. This inference is based in the SHR on defective D2 autorecep-
tors (171), an impaired inhibition of VTA neurons by accumbal neurons in the anterior portions
of this structure (172), and by the paradoxical reduction of DA neurons firing by low doses of
psychostimulants (methylphenidate and amphetamines [170,173]). Reduced hyperactivity and
increased attention are induced by endogenous cannabinoids (174,175).

ADHD has a substantial genetic component, with a heritability of 0.75–0.91 (58), and
recent studies have indicated an association between a polymorphism in the human DAT
gene and ADHD (54,55; see also ref. 65). Taken together, results from both DA KO, DA
receptor KO and the DAT KO and knockdown mice support the hyper-DAergic hypothesis
for ADHD. In fact, DAT KO and knockdown mice are hyper-DAergic and hyperactive,
whereas DA KO mice are severely hypoactive. Moreover, all DA receptor KO mice are
hypoactive in different tasks, with the exclusion of DA D3 mice.

As previously reported, the main reason for hypothesizing a hyper-DA state in ADHD
derive from the beneficial effects of psychostimulants in ADHD, which are known to
increase dopamine tone.

However, DAT KO mice suggest two potential mechanisms by which psychostimulants
may inhibit hyperactivity: increased serotonergic activity and/or a shift in the balance
between DA autoreceptor and heteroreceptor function.

In conclusion, our working hypothesis focusing on a hyperfunctioning MCL system
implies a developmental restricted period of vulnerability to DA-induced neurotoxicity.
Therefore the therapeutical strategy should block the firing of DA neurons by low doses of
psychostimulants acting at mesD2 autoreceptors.
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4
The Spontaneously Hypertensive Rat as a Model 

of Attention Deficit Hyperactivity Disorder

Vivienne Ann Russell

1. INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is a heterogeneous disorder with multiple
contributing factors, both genetic and environmental, as evidenced by the multiple susceptibil-
ity genes that have been identified and the inconsistencies in different family studies (1). Diag-
nosis of ADHD is based on behavioral symptoms because there is, as yet, no biological marker.
Animal models of ADHD are useful because they mimic various aspects of the disorder and
have the advantage of genetic homogeneity, environmental control, and the possibility of early
intervention (2). Animal models include exposure to neurotoxins and genetic variants. The
spontaneously hypertensive rat (SHR) is the most extensively investigated genetic model and
the only animal model that has been shown to demonstrate all the behavioral characteristics of
ADHD, namely, hyperactivity, impulsivity, and problems with sustained attention (2–5).

SHRs and their progenitors’ Wistar–Kyoto (WKY) control rats, look identical and have
similar body weights (6). SHRs were originally bred from WKY for their hypertension (7).
Major differences between SHRs and WKYs are summarized in Table 1. The difference in
blood pressure between SHRs and WKYs is not apparent at 2 wk of age but is seen to
increase with age from 4 to 10 wk (6,8). SHRs are hyperactive at 3–4 wk of age (6), so for
SHRs to serve as a model for ADHD, it is best to compare prehypertensive, 3- to 4-wk-old
SHRs with age-matched WKYs. Unfortunately, most of the information that is available has
been gathered from adult SHRs, but in many cases these findings have been replicated in
juvenile, prehypertensive rats. Sagvolden and colleagues showed that SHRs are not only
hyperactive in several different situations but are also impulsive and unable to sustain atten-
tion (2–5,9,10). Multiple fixed-interval delay of reinforcement schedules were used to
determine reactivity to reinforcers, activity, and impulsivity, while measurement of extinc-
tion of reinforced behavior provided information about sensitivity to stimulus change and
sustained attention (2). When their behavior was controlled by a fixed-interval operant rein-
forcement schedule, SHR activity was initially similar to WKY but was found to increase
progressively toward the end of the session (2). This was interpreted to suggest that SHRs
had similar reactivity to reinforcers compared to WKYs but SHRs became overactive in the
absence of novel stimuli (2). Toward the end of testing, SHRs displayed bursts of responses
with short interresponse intervals, which was interpreted as impulsivity (2). In fact, SHRs
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frequently displayed short sequences of activity on tasks and rapid changes between activities,
consistent with impulsivity (2,10,11). During the extinction phase, SHRs did not differ from
WKYs in terms of sensitivity to stimulus change; SHRs noticed when the light signaled that
the schedule had changed and they ceased to respond, suggesting no obvious sensory prob-
lems (2). Unlike WKYs, however, SHRs resumed lever pressing after a short while, just like
ADHD children in similar signaled extinction trials, suggesting that SHRs have deficient sus-
tained attention (2). Similar to ADHD, SHR behavior was suggested to be more variable than
that of controls (2,12). SHRs were also suggested to display cognitive impulsivity, in that
SHRs, but not WKYs, had great difficulty pressing one lever more than seven times before
changing to a second lever in a task that required a certain number of presses on the first lever
before switching to the second lever in order to obtain a reinforcer (2).

Differences in the behavior of SHR and control WKY rats were suggested to be a result of
altered reinforcement of appropriate behavior (2,4,5). Reinforcers act retroactively to
increase the probability of repeating a behavior that led to the reward (2). The reinforcing
effect is greatest when the reinforcer is delivered immediately after the appropriate behavior
and becomes less effective as the delay between the behavioral response and the reinforcer
increases (2). SHRs have been suggested to have a steeper and shorter delay-of-reinforcement
gradient than WKYs, which allows them to respond more rapidly to immediate reinforcers
causing hyperactivity, and to respond less effectively to reinforcers that occur after a delay,
resulting in poor stimulus control of behavior (2–5). When reinforcers are infrequent, the
lack of stimulus control due to the short delay-of-reinforcement gradient causes SHRs to lose
their focus on the task and behave inappropriately, which is interpreted as impaired sustained
attention (2). The variability of behavior seen in both SHRs and ADHD children has been
attributed to the fact that the behavior that is reinforced is the behavior that occurs immedi-
ately before a reinforcer is delivered (2,4,5). Impulsivity, defined as responses emitted with
short interresponse intervals, is observed in SHRs when reinforcers are infrequent in a
familiar environment; SHRs are not hyperactive or impulsive in a novel situation where rein-
forcers are frequent (2,4,5).

2. DOPAMINE HYPOFUNCTION HYPOTHESIS

Because the most effective treatment of ADHD involves the use of psychostimulant
drugs, such as methylphenidate and D-amphetamine, which inhibit the dopamine trans-
porter (DAT) and thereby increase the extracellular concentration of dopamine, ADHD
symptoms have been suggested to result from hypoactivity of dopamine systems in the
brain (13). Results obtained with SHRs support this hypothesis. Low doses of D-
amphetamine and methylphenidate reduced the hyperactivity of SHR and a stroke-prone
substrain of SHRs (14,15). In fixed-interval schedules of reinforcement of bar-presses by
water, the psychomotor stimulants were shown to weaken control by immediate rein-
forcers and strengthen control by delayed reinforcers, thereby improving sustained atten-
tion (4). Impaired function of the mesolimbic dopamine system was suggested to produce
a shorter and steeper delay gradient in both SHRs and children with ADHD, giving rise to
hyperactivity, motor impulsivity, and impaired sustained attention (2,4,5,13). Impaired
function of the mesocortical dopamine system was suggested to produce cognitive
impulsiveness and impaired nigrostriatal dopamine function was suggested to cause
“extrapyramidal” symptoms of ADHD (2,4,5,13).
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3. DOPAMINERGIC SYSTEMS

Changes that have been identified in the central nervous system of SHRs have provided
insight into possible neural disturbances of ADHD. In vitro stimulation-evoked release (elec-
trical and/or exposure to high K+ concentration) of dopamine from terminals of mesocortical,
mesolimbic, and nigrostriatal dopamine neurons of SHR is significantly less than WKY
(16–22). Dopamine D2 receptor-mediated inhibition of dopamine release was greater in SHR
caudate-putamen and nucleus accumbens than WKY, whereas dopamine D2 receptor func-
tion was unchanged in the prefrontal cortex of SHR (19,20). Increased efficacy of endoge-
nous dopamine activation of D2 autoreceptors was suggested to account for the decreased
release of dopamine in SHR striatum (19,20). This downregulation of dopamine transmission
was suggested to have occurred as a compensatory reaction to abnormally elevated dopamine
levels at an early stage of development, perhaps as a result of exposure to stress or a genetic
defect (19). Consistent with decreased stimulus-evoked release of dopamine, postsynaptic
D1 receptors are increased in the caudate putamen and nucleus accumbens of SHR (23–25).
The increase in D1 receptors is reversed by methylphenidate treatment, suggesting that psy-
chostimulants increase dopamine activation of D1 receptors (23–25). Indicative of decreased
function, SHR have reduced expression of calcium/calmodulin-dependent protein kinase II
and c-fos gene in the anterior striatum (26–28). Consistent with increased DAT expression in
SHR striatum, extracellular dopamine levels are decreased and D-amphetamine-stimulated
release of dopamine from SHR striatal slices is greater than WKY (16,17,22,25,29). D-
amphetamine causes dopamine release by reversal of DAT, so increased DAT would increase
dopamine release in response to D-amphetamine (30). Although SHRs have increased num-
bers of DAT, the dopamine uptake carrier appears to function normally in the nucleus accum-
bens and caudate putamen of SHRs. Inhibition of uptake by low concentrations of
methylphenidate or nomifensine increased the electrically stimulated release of dopamine to the
same extent in SHRs and WKYs (18,22). Vesicle storage of dopamine was suggested to be
impaired in SHRs, as SHRs released less dopamine from vesicle stores in response to membrane
depolarization and more dopamine from cytoplasmic stores in response to D-amphetamine
when compared with WKYs (19). Although SHR dopamine concentrations have been
reported to be similar to WKY, dopamine turnover appeared to be lower and the dopamine
metabolite, homovanillic acid, and the homovanillic acid/dopamine ratio were found to be
much lower in several brain areas of SHRs compared to WKYs, including the ventral tegmen-
tal area, substantia nigra, striatum, and frontal cortex (31,32). These results suggested that
dopamine uptake, storage, and/or metabolism was disturbed in SHRs. Recent evidence sug-
gests that ADHD patients may also have disturbances in dopamine uptake, storage, and/or
metabolism (33,34). Using positron emission tomography, Ernst et al. (34) showed that [18F]
3,4-dihydroxy-phenylalanine (DOPA) accumulation was increased in midbrain dopamine
neurons of ADHD children. However, adults with ADHD were found to have abnormally low
[18F](DOPA accumulation in the prefrontal cortex, where DOPA decarboxylase occurs pre-
dominantly in noradrenergic terminals (33), possibly suggesting developmental changes or,
alternatively, opposite changes in dopaminergic and noradrenergic systems.

4. NORADRENERGIC SYSTEMS

Stimulus-evoked (electrically stimulated or K+ evoked) release of norepinephrine from pre-
frontal cortex slices of SHR was similar to that of WKY (35). However, autoreceptor-mediated
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inhibition of norepinephrine release was less efficient in SHR than in WKY prefrontal cortex
and medulla oblongata (35,36). α2-adrenoceptors appear to have been downregulated in SHRs.
α2A-adrenoceptor mRNA levels were lower in the central nervous system of SHRs compared
to WKYs (37). α2A-adrenoceptor mRNA levels were negatively correlated with systolic blood
pressure, whereas mRNA levels of the α1A-adrenoceptor and noradrenaline transporter were
positively correlated with systolic blood pressure, suggesting that increased activity of the sym-
pathetic nervous system may contribute to the elevated blood pressure of SHRs (37). Consis-
tent with increased synthesis of norepinephrine, tyrosine hydroxylase gene expression was
higher in the ventrolateral medulla oblongata of SHRs than that of WKYs (38). The concentra-
tion of norepinephrine was elevated in several brain areas of SHRs compared with WKYs,
including locus ceruleus, substantia nigra, and prefrontal cortex (31), suggesting that the distur-
bance in noradrenergic function is widespread and not restricted to a particular part of the ner-
vous system. Increased norepinephrine is consistent with downregulation of β-adrenoceptors in
the frontal cortex of SHRs (39). Increased uptake by synaptosomal preparations of cerebral cor-
tex of SHRs may represent compensatory upregulation of the norepinephrine transporter in an
attempt to decrease the extracellular concentration of norepinephrine (39). An increase in nore-
pinephrine transporters would increase uptake of dopamine into noradrenergic terminals and
varicosities, which could deplete extracellular dopamine in the prefrontal cortex (40,41). The
results suggest that there is an imbalance between dopaminergic and noradrenergic neurotrans-
mission in the prefrontal cortex of SHR (42). Whereas dopamine release is decreased in the
SHR prefrontal cortex, norepinephrine concentrations are elevated, and the noradrenergic sys-
tem appears to be hyperactive (42).

5. GLUTAMATERGIC SYSTEMS

In addition to decreased autoreceptor-mediated inhibition of norepinephrine release from
SHR prefrontal cortex slices, glutamate activation of α-amino-3-hydroxy-5-methyl-4-
isoxazole propionate (AMPA) receptors caused greater release of norepinephrine from SHR
prefrontal cortex slices than WKY (43,44). Neural circuits that use glutamate as a neurotrans-
mitter were suggested to exert greater stimulatory control of norepinephrine function in the
prefrontal cortex of SHR (43,44). It is possible that, like dopamine, impulse-stimulated
release of norepinephrine is decreased in SHR, but this is compensated by reduced α2-
adrenoceptor-mediated feedback inhibition of norepinephrine release and increased glutamate-
mediated stimulation of release (43–45). This may increase the spatial and temporal
availability of released norepinephrine at postsynaptic and extrasynaptic receptors and thereby
return noradrenergic function to normal, but the same does not seem to apply to dopamine
(43–45).

The tonic dopamine concentration in the extracellular fluid appears to be regulated by glu-
tamate, which is present in micromolar concentrations in the extracellular space outside the
synaptic cleft (46–50). Glutamate inhibits dopamine release by activation of group II
metabotropic receptors (mGluR2/3) and stimulates dopamine release by activation of group I
receptors (mGluR5) on dopamine terminals in rat striatum (46,51). Dopamine release is also
increased by activation of AMPA receptors in rat striatum and stimulation of ventral tegmental
dopamine neurons (52–56). As suggested by Seeman and Madras (57), the common defect in
ADHD could be decreased extracellular dopamine levels. This deficiency could result from
increased expression of DAT, impaired dopamine synthesis or release, or any other cause,
including the possibility that regulation of extracellular dopamine by glutamate afferents
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from the prefrontal cortex, hippocampus, or amygdala is impaired. In vitro activation of
AMPA receptors caused similar release of dopamine from SHR and WKY nucleus accum-
bens core (54). However, glutamate-stimulated release of dopamine from the shell subdivi-
sion of SHR nucleus accumbens was significantly lower than from the core subdivision of
SHR (54). It is possible that, in addition to reduced stimulus-evoked release of dopamine,
low extracellular dopamine concentrations observed in SHR striatum (16) may result from
reduced glutamate-stimulated release of dopamine in the shell subdivision of the nucleus
accumbens.

6. SECOND MESSENGER SYSTEMS

The disturbances in SHR do not appear to be restricted to a single neurotransmitter system.
Differences between SHR and WKY suggest that the fundamental defect in SHR affects several,
functionally distinct, neurotransmitter pathways. The disturbances of SHR can possibly be
attributed to defects in two major second messenger systems, namely, impaired cyclic adeno-
sine monophosphate (cAMP) formation (8) and impaired calcium influx into cells (58).

Horn et al. (59) showed that synaptic plasma membranes prepared from SHR cerebrum
have lower Ca2+ adenosine triphosphatase activity than WKY. This implies that Ca2+ is
removed at a slower rate from SHR cytoplasm than WKY; hence the concentration gradient
that drives Ca2+ into the cell is not as steep in SHR as in WKY. A lower Ca2+ concentration
gradient may account for the decreased Ca2+ uptake observed in cerebral cortex slices of
SHR compared to WKY (58). Decreased Ca2+ influx could impair N-methyl-D-aspaitate
receptor function (58). Because neurotransmitter release is dependent on the influx of Ca2+

into presynaptic terminals and varicosities, an underlying disturbance in calcium metabolism
could cause compensatory alterations in the regulation of neurotransmitter release.

The hyperactivity observed in ADHD children has been suggested to be because of
increased cAMP levels in the prefrontal cortex and striatum (60). Increased expression of
Giα genes has been demonstrated in very young SHRs at 2 wk of age (8). Inactivation of Giα
proteins by intraperitoneal injection of pertussis toxin into 2-wk-old SHRs delayed the devel-
opment of hypertension (61). These results suggest that the increased expression of genes for
Gi proteins, with a consequent decrease in cAMP levels and impaired regulation of cellular
function, precedes the elevation of blood pressure and may contribute to the development of
hypertension and ADHD symptoms in SHRs. If striatal Giα proteins are also increased, then
activation of D2 receptors may give rise to enhanced D2 receptor-mediated inhibition of
dopamine release from SHR nucleus accumbens and caudate-putamen slices (20–22).

Downregulation of α2-adrenoceptors observed in the SHR central nervous system may
have been a compensatory response to increased Giα-mediated inhibition of adenylyl cyclase
in an attempt to increase stimulus-evoked release of norepinephrine (37).

7. NUCLEUS ACCUMBENS SHELL

In support of a deficit in the nucleus accumbens shell, giving rise to ADHD behavior in
SHRs, Papa et al. (26,27) found decreased calcium/calmodulin-dependent protein kinase II
and reduced c-Fos expression only in the nucleus accumbens shell of SHRs and not the core
subdivision when compared to WKYs. The mesolimbic dopamine projection to the shell sub-
division of the nucleus accumbens is responsible for motivation; it determines the amount of
effort an animal is prepared to exert in order to achieve a reward. Hypofunction of the
mesolimbic dopamine system will impair the function of the mesocortical and nigrostriatal
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dopamine systems, by influencing dopamine release and the cortico-striato-thalamo-cortical
circuits that dopamine modulates. This could impair learning and expression of goal-directed
behavior, thereby contributing to the ADHD symptoms displayed by SHRs.

A deficiency in the mesolimbic dopamine projection to the nucleus accumbens shell will
impair dopamine release in the shell and thereby impair dopamine release in the nucleus
accumbens core and dorsal striatum, as these areas are controlled by an ascending spiral that
connects the striatum to the midbrain dopamine neurons (62). The ascending spiral circuit
regulates dopamine release and integrates information across functionally different parallel
cortico-striato-thalamo-cortical circuits (62). The nucleus accumbens is the interface
between the limbic system and the motor system (62,63). Limbic structures, such as the
orbital and medial prefrontal cortex, hippocampus, amygdala, entorhinal, perirhinal, and
anterior cingulate cortex, project to the nucleus accumbens and rostral medial caudate
nucleus (62,64,65). The nucleus accumbens projects via the ventral pallidum and substantia
nigra to the dorsomedial thalamus, which projects to the dorsolateral prefrontal cortex in an
ascending spiral (62,64). The dorsolateral prefrontal cortex, together with the posterior pari-
etal cortex, projects to the head of the caudate nucleus and rostral putamen, which, in turn,
project via the globus pallidus/substantia nigra to the ventral anterior nucleus of the thalamus
and from there to the supplementary motor, premotor, and motor cortex (62,64). The latter,
together with the somatosensory cortex, project to the rostral dorsolateral striatum and puta-
men, which project via the globus pallidus/substantia nigra to the ventrolateral nucleus of the
thalamus and back to the supplementary motor cortex, completing the ascending spiral
through which the nucleus accumbens shell influences behavioral expression (62,64).

8. VENTRAL TEGMENTAL AREA DOPAMINE NEURONS

Glutamate plays an important role in stimulating catecholamine release at the somatic
level. Disturbances at the level of the dopamine cell body may occur at a very early stage of
development, giving rise to subsequent impaired dopamine neuron function in terminal areas
such as the nucleus accumbens. The development of ADHD symptoms could be analogous to
the process of drug addiction. Children who have been exposed prenatally to drugs of abuse
exhibit ADHD-like behavior (66). Exposure to drugs of abuse increases the extracellular
dopamine concentration, which activates D1- and D2-like receptors in the ventral tegmental
area of the midbrain, which in turn increases glutamate-driven activity in dopamine-containing
neurons (67). The mechanism is suggested to involve increased AMPA receptor-mediated
excitatory transmission in ventral tegmental area dopamine neurons (67,68). Increased acti-
vation by glutamate initially causes sensitization of ventral tegmental dopamine neurons with
subsequent adaptations in the nucleus accumbens (68). The increased glutamate drive is sug-
gested ultimately to lead to pathophysiological conditions associated with high intracellular
concentrations of Ca2+, which gives rise to impaired function of ventral tegmental dopamine
neurons consistent with adaptation (68). Similarly, ADHD symptoms may result from adap-
tation to initially increased extracellular dopamine in the ventral tegmental area of the mid-
brain at a very early stage of development, giving rise to increased glutamate drive and
subsequent loss of function of dopamine neurons.

Inappropriate activation of ventral tegmental dopamine neurons by glutamate afferents
from the prefrontal cortex or other excitatory inputs could have increased dopamine release
from ventral tegmental dopamine neurons at an early stage of development, giving rise to
sensitization and subsequent impairment of ventral tegmental dopamine neuron function.
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Table 1
Summary of Major Differences Between SHR and WKY

Authors Differences between
names Date SHR age Test used SHR and WKY

Knardahl S, 1979 6 wk Open-field exploration SHRs gradually became more
Sagvolden T active than controls

Myers MM, 1981 6 and 10 wk Norepinephrine uptake SHRs have greater rates of 
Whittemore SR, and receptor binding norepinephrine uptake and 
Hendley ED studies decreased β-adrenergic

receptor density in the frontal 
cortex

Linthorst ACE, 1990 4, 8, and In vitro superfusion Decreased electrically stimulated 
Van Den 12 wk release of [3H]dopamine from
Buuse M, SHR caudate slices. 
De Jong W, Nomifensine did not influence
et al. the difference in release  

between SHR and WKY

Tsuda K, 1990 adult In vitro superfusion Inhibitory effect of 
Tsuda S, α2-adrenoceptor agonist on 
Masuyama Y, [3H]norepinephrine release 
et al. from the medulla oblongata 

slices of SHR significantly
less than WKY

Linthorst ACE, 1991 7–9 wk Trans-striatal brain Extracellular striatal dopamine 
De Lang H, dialysis concentration was lower in 
De Jong W, SHR. D2 receptor inhibition 
et al. of dopamine release was

greater in SHR

Sagvolden T, 1992 6–7 wk, Free- and forced- SHRs were more active than 
Hendley ED, adults exploration in open- controls in the open field.
Knardahl S field, plus multiple SHRs emitted more lever 

fixed-interval presses during the extinction 
schedules of component of the schedule 
reinforcement/ than controls. SHRs became
extinction more active toward the end of 

the session

Wultz B, 1992 adult Differentially SHRs received more reinforcers 
Sagvolden T reinforced than controls as long as the 

immobility requiring schedule did not require long 
the rat to remain periods of immobility. The 
immobile at a total number of movements on 
particular place in an target of SHRs increased as 
operant chamber in the schedule requirements 
order to obtain a increased.
reinforcer

(Continued)
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Table 1
(Continued)

Authors Differences between
names Date SHR age Test used SHR and WKY

Sagvolden T, 1992 adult Multiple fixed-interval Psychomotor stimulants 
Metzger MA, extinction schedules weakened control by
Schiørbeck HK, of reinforcement immediate reinforcers and 
et al. strengthened control by

delayed reinforcers

Mook DM, 1993 adult Rewarded 12-arm SHRs varied their choices more, 
Jeffrey J, radial maze making fewer repetition errors 
Neuringer A than WKYs. When rewards 

depended on variable 
sequences of responses on two 
levers in an operant chamber, 
SHRs’ sequences were more 
variable than those of WKYs. 
WKYs learned to repeat more 
readily than the SHRs

Sagvolden T, 1993 adult Free- and forced- SHRs were more active than 
Pettersen MB, exploration plus two- WKYs in free exploration and
Larsen MC component multiple forced exploration open field

schedules of tests. SHRs were not 
reinforcement with a overactive initially but activity 
fixed interval 2 min increased toward the end of 
signaled by the extinction period
houselight on and a 
5-min extinction 
signaled by
houselight off.

Kirouac G, 1993 5 and 15 D1 and D2 receptor Increased D1 receptor density at 
Ganguly P wk autoradiography 5 and 15 wk of age, increased 

D2 receptor density at 5 wk of
age

Linthorst AC, 1994 10 wk High-performance Homovanillic acid (HVA) and 
van liquid the ratios DOPAC/dopamine 
Giersbergen PL, chromatography and HVA/dopamine were 
Gras M, (HPLC) lower in sham-treated SHR 
et al. than in sham-treated WKY

De Jong W, 1995 4, 8, and In vitro and in vivo No difference in blood pressure 
Linthorst AC, 12 wk release of dopamine at 4 wk of age. Decreased 
Versteeg HG release of [3H]dopamine from 

SHR caudate slices of 4-wk-
old SHRs. Decreased 
extracellular concentration of 
dopamine in caudate of 
8-wk-old SHRs

(Continued)
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(Continued)

Authors Differences between
names Date SHR age Test used SHR and WKY

Russell VA, 1995 12–14 wk In vitro superfusion Electrically stimulated 
de Villiers A, [3H]dopamine release was
Sagvolden T, lower in caudate-putamen and 
et al. prefrontal cortex slices of

SHR. D2 receptor agonist
caused greater inhibition of
[3H]dopamine release from 
SHR caudate-putamen slices.
D2 antagonist caused greater
increase in [3H]dopamine
release from SHR nucleus 
accumbens slices

De Villiers A, 1995 12–14 wk HPLC Decreased homovanillic acid, 
Russell VA, decreased homovanillic acid/
Sagvolden T, dopamine ratio, and increased
et al. norepinephrine in brain of

SHR

Horn JL, 1995 adult 45Ca2+ uptake into Diminished 45Ca2+ uptake into 
Janicki PK, synaptic plasma synaptic plasma membrane 
Franks JJ membrane vesicles vesicles prepared from

cerebrum of SHR

Papa M, 1996 6 wk Immunocytochemistry Reduced Ca2+/calmodulin-
Sagvolden T, dependent protein kinase II
Sergeant JA, (CaMKII) in nucleus
et al., accumbens shell of SHR

Watanabe Y, 1997 2 and 15 Dopamine transporter, Increased dopamine transporter 
Fujita M, Ito Y, wk D1 and D2 at 2 and 15 wk, increased D1 
et al. autoradiography receptors at 15 wk in SHR 

caudate-putamen

Marcil J, 1997 3–5 d, Expression of Giα Increased expression of 
Thibault C, 2 wk, Gi-protein in SHR heart at 2 
Anand Srivastava MB 4 wk, wk and older

and
8 wk

Papa M, 1997 6 wk Immunohistochemistry Decreased c-fos and zif/268 in
Sergeant JA, nucleus accumbens core and 
Sadile AG shell of SHR

Papa M, 1998 6 wk Immunohistochemistry Reduced Ca2+/ CaMKII in 
Sergeant JA, nucleus accumbens shell of
Sadile AG SHR.Decreased c-fos and

zif/268 in nucleus accumbens
core and shell of SHR
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Authors Differences between
names Date SHR age Test used SHR and WKY

Russell VA, 1998 12–14 wk In vitro superfusion Methylphenidate released less 
de Villiers AS, [3H]dopamine from nucleus 
Sagvolden T accumbens slices of SHR. D-

Amphetamine released more 
[3H]dopamine from 
caudate-putamen, nucleus 
accumbens, and prefrontal
cortex slices of SHR. At low 
concentration, in vitro
methylphenidate increase in
electrically stimulated release
of [3H]dopamine from
caudate-putamen, nucleus
accumbens and prefrontal
cortex, similar for SHR and 
WKY

Berger DF, 1998 8–9 wk Operant discrimination Hyperactive and behavioral 
Sagvolden T task—two-component extinction deficit toward the 

multiple schedule end of the extinction 
reinforcement with component
2-min fixed interval 
5-min extinction 
schedule of water
reinforcement

Carey MP, 1998 4 wk D1 and D2 receptor SHRs have higher density of D1
Diewald LM, autoradiography receptors in caudate-putamen, 
Esposito FJ, nucleus accumbens, and 
et al. olfactory tubercle which was

reversed by methylphenidate 
treatment (3 mg/kg i.p., for 
2 wk). Methylphenidate 
treatment also downregulated 
D2 receptors in these areas

Russell VA, 2000 4–6 wk In vitro superfusion Depolarization-evoked release 
Allie S, (resulting from electrical 
Wiggins T stimulation or exposure to 

high concentration of K+) of 
[3H]norepinephrine from SHR 
prefrontal cortex was similar 
to WKY. α2-Adrenoceptor
mediated inhibition of
[3H]norepinephrine release is
decreased in SHR prefrontal 
cortex
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Authors Differences between
names Date SHR age Test used SHR and WKY

Russell VA 2000 4–6 wk In vitro superfusion Increased glutamate-stimulated 
release of [3H]norepinephrine
from SHR prefrontal cortex 
slices

Russell VA, 2000 12–14 wk In vitro superfusion Methylphenidate (3 mg/kg for 2 
de Villiers wk) did not normalise the 
AS, decreased electrically 
Sagvolden T stimulated release of 

[3H]dopamine from SHR 
caudate-putamen slices.
Methylphenidate increased 
endogenous dopamine 
activation of D2 receptors in 
WKY striatum but did not 
alter D2 receptor function in 
SHR

Sagvolden T 2000 Review Reanalysis of data Overactivity, motor
impulsiveness, and deficient
sustained attention in SHR

Russell VA 2001 4–6 wk In vitro superfusion Increased glutamate-stimulated 
release of [3H]norepinephrine
from SHR prefrontal cortex
slices is antagonized by 
CNQX, an AMPA receptor 
antagonist

Lehohla M, 2001 4–6 wk NMDA-stimulated Decreased 45Ca2+ uptake into 
Russell V, uptake of 45Ca2+ into barrel cortex slices of SHR
Kellaway L brain slices in vitro

Christiansen 2002 2, 4, 6, 8 Blood pressure SHR and WKY have similar 
RE, Roald and measurement body weight. Mean arterial 
AB, et al. 10 wk blood pressure was not 

different at the age of 2 wk
but increased from 4 to 10 
wk of age

Ueno KI, 2002 6 wk, Open-field exploration Methylphenidate (0.01–1 mg/kg, 
Togashi H, stroke-prone i.p.) significantly attenuated 
Mori K SHR locomotor hyperactivity at 

low doses

Reja V, 2002 adult Total RNA was Amount of α2A-R mRNA in 
Goodchild reverse-transcribed central nervous system lower 
AK, into cDNA followed in SHR and negatively 
Pilowsky by quantitative correlated with systolic blood 
PM fluorescence pressure.
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Authors Differences between
names Date SHR age Test used SHR and WKY

detection polymerase Phenylethanolamine-N-
chain reaction methyltransferase, 
for cDNA. noradrenaline transporter, and 

α1A-R mRNA levels 
positively correlated with 
systolic blood pressure in all 
central tissue investigated

Reja V, 2002 adult Total RNA reverse- Increased tyrosine hydroxylase 
Goodchild AK, transcribed into gene expression in the rostral 
Phillips JK cDNA followed by and caudal ventrolateral 

quantitative medulla oblongata of the 
fluorescence brainstem of SHR. There was 
detection polymerase a positive relationship 
chain reaction for between systolic blood 
cDNA pressure and tyrosine 

hydroxylase gene expression

Li Y, Anand- 2002 2 wk Blood pressure Inactivation of enhanced 
Srivastava MB measurement expression of G(i) proteins by 

pertussis toxin attenuates the 
development of high blood 
pressure in SHR

Russell VA 2003 4–6 wk In vitro superfusion Glutamate-stimulated release of
[3H]dopamine from SHR 
nucleus accumbens core is 
similar to WKY core while
release from SHR shell 
is lower than SHR core

Yang PB, 2003 8 wk Automated activity Repeated administration of 2.5 
Amini B, monitoring system mg/kg methylphenidate 
Swann AC recorded horizontal elicited locomotor 

activity, total distance sensitization in 
traveled, rearing, Sprague-Dawley and WKY
stereotypic rats but not in SHR. Repeated 
movements, administration of 10 mg/kg 
and number of methylphenidate induced 
discrete movements locomotor tolerance in 

Sprague-Dawley and WKY
rats but variable response in 
SHR

SHR, spontaneously hypertensive rat; WKY, Wistar–Kyoto rat; DOPAC, 3,4-dihydroxy-phenylacetic acid;
i. p., intraperitoneally; AMPA, α−amino-3-hydroxy-5-methyl-4-isoxazole propionate.
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In support of this hypothesis, SHRs appear to have a disturbance in the regulation of mid-
brain dopamine neurons. The effect of psychomotor stimulant drugs was less pronounced in
SHRs than in WKYs, whereas psychostimulants strengthened control by delayed reinforcers to



a greater extent in WKYs in fixed-interval schedules of reinforcement of bar-presses by water
(4). Furthermore, repeated administration of a dopamine uptake blocker, methylphenidate (2.5
mg/kg), elicited locomotor sensitization in Sprague-Dawley and WKY rats, whereas SHRs
were not affected by the drug (69). Similarly, a higher dose of methylphenidate (10 mg/kg) pro-
duced locomotor tolerance in Sprague-Dawley and WKY rats but not in SHRs (69). This is
consistent with in vitro findings where methylphenidate released significantly less dopamine
from SHR nucleus accumbens slices than WKY (22). Chronic methylphenidate treatment
(3 mg/kg for 2 wk) increased endogenous dopamine activation of D2 receptors in WKY stria-
tum but did not alter D2 receptor function in SHRs probably because regulation of the
dopamine pathway was already disturbed and D2 receptors were already upregulated (70).
These results suggest that the pathway that is affected by drugs of abuse is also the pathway that
is disturbed in SHR.

9. CONCLUSION

In conclusion, SHR provide a good model for ADHD symptoms. Disturbances that have
been identified in the central nervous system of SHR have provided insight into the possible
neurogenesis of the behavioral disturbances of ADHD. Evidence suggests that the most fre-
quently prescribed psychostimulants, D-amphetamine and methylphenidate, alleviate ADHD
symptoms by blocking dopamine reuptake, which increases dopamine availability at postsy-
naptic and extrasynaptic receptors not only following impulse-triggered release of dopamine
from mesolimbic, mesocortical, and nigrostriatal dopamine nerve terminals, but also following
glutamate-stimulated release of dopamine from mesolimbic terminals in the nucleus accum-
bens shell. The nucleus accumbens shell plays an important role in the integration of afferent
signals from limbic areas of the brain, particularly the amygdala, hippocampal formation,
prefrontal cortex, and cingulate cortex. Transmission of these signals to motor areas of the
brain is modulated by mesolimbic dopamine input, which gives rise to reinforcement of
appropriate behavior (71). The evidence is consistent with a deficiency in the dopaminergic
sytem contributing to the behavioral disturbances of SHR.
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5
The Roles of Norepinephrine and Serotonin 
in Attention Deficit Hyperactivity Disorder

Robert D. Oades

1. INTRODUCTION

Norepinephrine (NE) belongs to the chemical group of the catecholamines and is also known
outside the Americas as noradrenaline. Serotonin, an indoleamine, is better described chemically
as 5-hydroxytryptamine (5-HT). Together with the catecholamines dopamine (DA) and
epinephrine (adrenaline), they are known as the “monoamines.” These monoamines have an
agent role in transmission between neurons—often in the synapse between neurons and their ele-
ments in apposition, sometimes between release and receptor sites that are further apart. Then
the role is more reminiscent of hormonal communication. Both roles are subsumed as neuro-
transmission. These transmitters are located in well-characterized, similar neural pathways
throughout the vertebrates.

This chapter is essentially concerned with the roles of NE and 5-HT in the central nervous
system (CNS) and how characteristics of 5-HT and NE transmission could contribute to the
principal features of attention deficit hyperactivity disorder (ADHD). This review starts with
the basic aspects of monoamine biochemistry and neurochemical anatomy and proceeds over
mechanisms of function (animal research) to investigations of their role in the neuropsychol-
ogy and nosology thought to underlie ADHD. However, throughout these considerations it
should not be overlooked that both 5-HT and NE pathways are widely distributed peripher-
ally with functions additional to those considered here.* It is also important to bear in mind
in the ensuing discussion of NE and 5-HT function that many of the effects simply attributed
to the activity of one or the other monoamine are, through multiple interactions, additionally
dependent on another monoamine.

2. BIOCHEMISTRY

5-HT and NE synthesis depends on the availability of the amino acids tryptophan and phenylala-
nine, respectively. Tryptophan is hydroxylated in the rate-limiting step by tryptophan hydroxylase
to the precursor 5-hydroxytryptophan (5-HTP) prior to conversion to 5-HT by decarboxylation.
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*For example, 5-HT has a prominent role in pulmonary and renal blood flow, as well as the enteric autonomic
system (smooth muscle contraction): NE, released from postganglionic sympathetic neurons, also actively modu-
lates vasoconstriction/dilation, especially heart and smooth muscle function (also the uterus, intestine, bronchi,
and iris). In addition NE modulates insulin secretion and several metabolic activities (note also that NE is the pre-
cursor to epinephrine synthesis in the adrenal medulla).



For NE synthesis, phenylalanine is hydroxylated to tyrosine prior to the rate-limiting hydroxylation
to L-3, 4-dehydroxy-phenylalanine (Fig. 1). Decarboxylation then produces DA, which can be
dehydroxylated to NE. Many studies examining the effects of enhancing or depleting NE make use
of the crucial role of tyrosine hydroxylase (TOH) and dopamine β-hydroxylase (DBH). Studies of 5-
HT depletion often use diets free of tryptophan for examining the effect of reducing 5-HT activity.
Thus it is not surprising that dietary effects on the availablity of factors needed for transmitter syn-
thesis have been part of the agenda in some ADHD studies.

Breakdown (catabolism) occurs following postsynaptic uptake of the neurotransmitter,
when the transmitter remains unused in the synapse, or after presynaptic reuptake when not
stored in vesicles. In detail the NE and 5-HT catabolic pathways can differ. Several enzymes
are involved in both. But primary is the oxidation process (monoamine oxidase [MAO]). For
5-HT this leads to 5-hydroxy-indoleacetic acid (5-HIAA; Fig. 2); for NE there are many
intermediates resulting from the activities of several enzymes.

Three trends emerge from metabolic studies that help the interpretation of clinical results.
First, the primary products of stimulated central NE synthesis are mostly 3-methoxy- and
dihydroxy-phenyl-glycol (MHPG, DHPG), whereas extraneuronal products also include
metanephrine (MN) and normetanephrine (NMN) (1). As these latter metabolites, along with
vanillomandelic acid (VMA), do not cross the blood-brain barrier, peripheral measures of
these metabolites likely reflect peripheral sources. Second, these metabolites (e.g., NMN,
VMA), often measured peripherally, can be excreted partially, after further metabolism, as
homovanillic acid (HVA). This leads to some confusion over identifying the relative roles of
NE and DA activity. Third, NE and 5-HT are the preferred substrates for MAO type A,
whereas tyramine, tryptamine, and DA are the preferred substrates of MAO type B; however,
the separation of function between these two isoenzymes is not tight (e.g., selective inhibitors
of both MAO-A [clorgyline] and MAO-B [selegiline] can reduce 5-HT catabolism).

3. CNS PATHWAYS

3.1. Norepinephrine

In the 1950s, pioneer work demonstrated NE to be a chemical transmitter that has its cells
of origin in the brain stem (2,3). The locus ceruleus (LC; A6) is located in the dorsolateral
pontine tegmentum just lateral to the fourth ventricle (4,5; Fig. 3). It and the nearby A5, A7
nuclei (subceruleus) give rise to NE fibers innervating the forebrain (dorsal noradrenergic
bundle), diencephalon, cerebellum, and local brainstem nuclei. Some fibers also descend in
the spinal cord (6). A more ventral bundle with fibers from the nucleus tractus solitarius (A2)
also innervates the diencephalon and a number of subcortical limbic regions (7). The LC in
humans is about 15 mm long and in adults including some 40,000–60,000 NE-containing
cells. Of interest for animal models, there is much similarity between the LC in humans and
that of the rat—even if the latter contains only 3% of the number of neurons in the human
LC. Other transmitting agents, such as neuropeptide Y, galanin, and γ-aminobutyric acid
(GABA) may also be colocalized in these neurons.

To understand the function of the NE system it is important to appreciate that there is
much dendrite branching locally within the LC and axonal branching between widely sepa-
rate areas innervated by the same neuron (8). If one considers the vast areas of cortex
innervated it may be that as few as 5% of transmitter-containing varicosities are located in
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conventional synapses (9). Most of the transmitter released has its effect at a distance from
the end of the axon. The densest input is to the laminae III and IV (10). α-1 and α-2 receptor
types that can be pre- or postsynaptically located are distributed more across the superficial
laminae, whereas β sites may be found in most cortical laminae (α2a have a primarily
frontal, α2b a more thalamic, and α2c a brainstem distribution).

3.2. 5-HT

5-HT was first demonstrated in the CNS of cats and dogs about 50 yr ago (11,12). The devel-
opment of fluorescence histochemistry 10 yr later led to the description of the basic components
of the 5-HT projection system (13). In succeding decades the development of antibodies and of
immunohistochemical (13) and immunocytochemical methods led to the current understanding
of the cell body origins and their heterogeneous termination patterns (14). For 5-HT there are
nine cell groups (B1–B9). B1–B5 are small cell groups located in the midline from the mid-pons
to the caudal medulla (Fig. 4). They project locally and down the dorsal and ventral horns of
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Fig. 2. Serotonin (5-HT) metabolism: Biochemical pathways showing the synthesis and break-
down of 5-HT.
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the spinal cord. More significant for the current discussion are B6 and B7 (the dorsal raphe
nuclei) that lie along the floor of the fourth ventricle near the LC, and ventrally the B8 group (the
median raphe) on the borders of the pons and midbrain. The dorsal raphe is the larger group but
along with the median raphe, both contain neurons using other transmitters (e.g., DA; 15).

There is a fairly broad overlap for the forebrain innervation from these two nuclei. The
emphasis is on the neostriatum and frontal lobe for the dorsal raphe (with a decreasing gradi-
ent over the more caudal cortical regions), whereas the median raphe projects more to dien-
cephalic and limbic structures. Output from the median raphe relays not just to the
hippocampus, but extends to the cingulate and fairly evenly through the parietal and neighbor-
ing cortices. The sensory and motor cortices show a mixed pattern, some with much 5-HT
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Fig. 3. Anatomical location of the locus ceruleus (LC) and the ascending pathways: (A) bilateral
brain stem locations of the LC in a horizontal section of the human brain (with the cerebellum just
behind); (B) sagittal view from the side through a rat brain with arrow pointing to the norepinephrine
path deriving from the LC above; (C) diagram of the ascending and commissural pathways arising
from the LC in the rat brain. Innervation of the hippocampus proceeds via the fornix, whereas that of
the medial and dorsal cortex passes through the cingulum with anterior cortex innervated by the rostral
extension of the medial forebrain bundle. Adapted from refs. 4,5 with permission from Elsevier. 

Fig. 4. Representation of the serotonin (5-HT) projections ascending in the medial forebrain bun-
dle from the dorsal and median raphe nuclei in the brain stem. Branching occurs above the thalamus to
the limbic system, basal ganglia and cerebral cortices. 5-HT projections descend to the spinal cord
from the raphe magnus and obscurus in the ventrolateral medulla. (Taken from ref. 15 with permission
of the NY Academy of Sciences.)



innervation (e.g., auditory and somatosensory cortex) and some with less (e.g., motor cortex).
Some areas receive high and low patches of input (visual cortex). There are morphologically
two quite different forms of innervation, although their functional relevance remains obscure.
The one with fine axons and small varicosities (inclusions) is found throughout cortical termi-
nal regions, and is largely of dorsal raphe origin. The other is coarser with a large beaded
form, is more sparsely distributed (mostly frontoparietal and hippocampal regions) and mostly
of median raphe origin (15–17). 5-HT1a binding sites are found as autoreceptors, as well as
postsynaptically on cholinergic neurons, and those using amino acid transmission. It is note-
worhy that 5-HT2a sites are frequently found on DA and NE neurons (see refs. 18 and 19).

4. INTERACTIONS BETWEEN MONOAMINES

4.1. 5-HT–NE Interactions

Many central effects of monoamines are modified by activity in pathways releasing other
monoamines. Indeed, some of the autonomic effects of 5-HT of central origin are exerted via
5-HT2a receptors on processes of the NE networks arising in the N. tractus solitarius (20).
Interactions between the brainstem nuclei work both ways. NE can facilitate 5-HT release
(e.g., via α-1 binding sites; 21,22), although 5-HT can reduce NE activity (23,24). This latter
effect can occur in the brainstem via 5-HT1a sites potentiating local NE inhibitory feedback
(25). However, in the cortices, NE usually inhibits 5-HT release (via α-2 receptors; 26),
whereas 5-HT can facilitate or reduce NE release (5-HT2a [heteroceptor] or 5-HT2c binding
sites [autoreceptors] depending on their pre-/postsynaptic loci; 27,28).

4.2. 5-HT–DA Interactions

Many of the central effects of 5-HT arise via modulation of activity in DA paths. Often the
levels of DA and 5-HT metabolites in samples of cerebrospinal fluid (CSF) drawn from
healthy subjects are highly intercorrelated (29). Indeed, in ADHD children high levels of 5-
HIAA and HVA decreased together in those reponding to psychostimulant treatment (30).
Thus it is not surprising to learn that increases of amphetamine-induced locomotion (31) and
the associated induced release of DA (32) are modulated by 5-HT at 5-HT2a receptors: both
effects are suppressed by 5-HT2a antagonists. Other ADHD-like features modeled in animals
show DA/5-HT interactions. Shifts of attention and stimulus-reward learning, facilitated by
methylphenidate, are impaired by reduced 5-HT synthesis (33). A separate psychostimulant
action on reinforcement—the amphetamine-induced enhancement of response for condi-
tioned reward—is suppressed by 5-HT stimulation (at mesolimbic 5-HT1b sites; 34).

Reverse influences of DA on 5-HT activity should not be overlooked. Neonatal damage to
DA systems leads to large increases of 5-HT in the basal ganglia and cerebellum, though not
in the cortex (35). There are potential consequences of such interactions in terms of treatment.
Impulsivity in ADHD has a basis in the reponsiveness of 5-HT neurons (36; Subheading 8.1.)
and the stimulation by 5-HT2 agonists of premature responses in rats performing a choice
task can be brought under control with DA antagonists (37).

A number of receptor sites underlie these mechanisms. Currently the 5-HT2a/2c sites are
among those that are better understood. 5-HT2a sites are often located on neurons with pro-
jections ascending from the ventral tegmental area (38) and modulate active DA transmission,
whereas 5-HT2c sites affect tonic DA outflow (39). Agonism at these two sites suppresses,
whereas antagonism stimulates DA outflow. This action is better documented for mesocorti-
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cal sites with 5-HT2a, and for mesolimbic sites with 5-HT2c sites (40–42). Effects of the
5-HT1 receptor classes on DA release are less well-understood (26,43).*

4.3. NE–DA Interactions

NE activity modulates the stimulation by amphetamine of DA release (46). But the mech-
anisms seem to differ between subcortical and cortical areas. In mesolimbic regions NE α-1
sites are needed for amphetamine to raise DA levels and elicit locomotion (e.g., 1b-knockout
mice; 47). α-2 agonists decrease mesolimbic DA levels, whereas α-2 antagonists are without
effect (48). Mesolimbic DA release is also influenced by NE at β-sites (49). But, in cortical
regions α-1 sites can interfere with DA D1 function (50) and blocking α-2 sites can raise DA
levels like DA D2 antagonists (51; see Subheading 9.2.).

In cortical regions the interactions are complicated by an extra mechanism that has conse-
quences for understanding ADHD treatment. Considerable extrasynaptic levels of DA are
likely to interact with the numerous extrasynaptic DA receptors. But, this DA can also be taken
up and cleared by NE transporters (52). So it is not surprising that chronic imipramine blockade
of these sites leads to a downregulation of D1 sites (53). Clearance of DA by both DA and NE
transporters has been confirmed (54). But, further, a comparison of NE-innervated cortices with
those receiving more or less DA innervation has shown that in both cases NE and DA levels can
be reduced by α-2 agonists (e.g., clonidine) and increased by α-2 antagonists (e.g., idazoxan;
55). This demonstrates the corelease of DA from NE transporters. Thus, uptake and release of
DA was recorded at NE uptake sites in the cortices (but not the basal ganglia). Inhibition of NE
transporters influences both mesocortical NE- and DA-dependent functions.

5. DEVELOPMENT

5.1. Norepinephrine

Catecholamine synthesis in the brainstem is in place in the middle of the second month of
gestation. This matures up to around 13 wk in parallel with the development of the ascending
pathways (medial forebrain bundle) that penetrate the cortical plate at this time (56). Animal
studies suggest that development lags behind that for DA at first, but overtakes it later (57).

Rodent and primate studies suggest that basal and stress-induced NE activity soars prepu-
bertally, but falls back in adolescence, whereby changes in those reared away from their
mother are less marked (58–60). Cortical α-2 receptors are evident before α-1 sites, but the
latter expand postnatally while the α-2 concentration levels off. In puberty α-1 levels fall
more than α-2 concentrations (61). Efficient control of NE function is mirrored by transporter
mechanisms that also decline through puberty but rise again somewhat on attaining adulthood
(62,63). These developmental changes are reflected in 24-h urine collections in human sub-
jects (64). Compared with 8- to 12-yr-old children, in groups of younger and older teenagers
NE levels fell by approx 40% and its metabolite (MHPG) by two-thirds (implying a halving of
turnover activity). Yet by 20 yr of age levels of both substances had again increased by a third.

It is not clear whether there are gender differences in the development of the NE system.
In contrast in the DA system a more marked overproduction of D2- and D1-like receptors
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*Differences between reports likely reflect separate site-specific presynaptic roles on newly synthesized vs
basal DA levels, which in turn may vary between brain regions. For example, 5-HT1a sites are mostly presynaptic
in the brainstem, but postsynaptic in many projection areas. Thus, the presence of 5-HT1a sites on dendrites in the
VTA suggests a disinhibitory role (44), whereas 5-HT1b mesolimbic sites facilitate DA release (45).



between birth and puberty is reported for males. Indeed, in rodents mesolimbic D1 binding
appears to remain elevated in males (65).*

5.2. 5-HT

Reports on the 5-HT system in animals show that the fine-axon system develops steadily
from birth, with the fibers gradually concentrating in the first three layers of the cortex. The
larger, more beaded neurons develop later, but they also innervate the first three cortical lay-
ers and are forming pericellular innervation arrays by adolescence (66). 5-HT turnover
remains relatively steady early in development although DA activity is rapidly increasing.
However 5-HT activity, sensitive to stressors, may be depressed, for example, by rearing in
isolation (67,68). CSF measures taken from premature neonates to 6-mo-old infants broadly
confirm a large increase of DA metabolism although 5-HT turnover remains steady (69).
Across this age range the HVA/5-HIAA ratio doubled. This should not disguise, of course,
that there is a large continuing prepubertal development of the 5-HT innervation of limbic
and cortical areas in terms of binding sites and activity. However, the pace is moderate by
comparison with the DA system (60,70).

Human studies (platelet binding, postmortem reports) suggest that from the age of 10 yr,
and certainly from adolescence, 5-HT turnover and binding for 5-HT2a and transporter sites
decrease markedly (71–73). Indeed, an associated downregulation of 5-HT2a sites has been
monitored electrophysiologically (74). Concordant with this a drop of 50% or more was
noted for 5-HT and its metabolite in urinary measures between 8- and 12- and 14- and 17-yr-
olds (64). This resulted in a halving of turnover rates, which only partially recovered in
young adults. In summary, the cortical innervation by 5-HT neurons is basically in place by
birth, hyperinnervation is evident during childhood, and this is cut back over puberty and
adolescence. Details of the timing and localization of spurts and pauses are notable for
numerous examples that are not in phase with DA developments. This provides many sen-
sitve moments when environmental influences could disturb the balance of DA/5-HT
interactions with largely unknown consequences.

6. EVIDENCE FOR MONOAMINERGIC CONTRIBUTION 
TO ADHD—GENETIC STUDIES

6.1. Norepinephrine

Ten years after Hechtman’s review (76), studies are only starting to get under way to test her
argument that genetic influences on NE will inform on ADHD. Genetic studies of features
important to NE transmission and relevant to the ADHD condition have been few. They have
concentrated on the α-2a site for which NE has high affinity (where increased binding has been
related to stress and frontal lobe cognition [77,78]) and the reuptake site, which if blocked (like
the α-2a site) will lead to a decrease of neuronal firing (79). Metabolic enzymes (DBH, Catechol-
O-methyl transferase [COMT], and MAO; Fig. 1) have also received some attention. MAO
activity, relevant for the breakdown of all the monoamines, has been inversely related to the
expression of personality features thought to be relevant for groups or subgroups of ADHD
subjects (e.g., impulsiveness, aggression, and sensation-seeking; see discussion in 80).
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*This difference may be further exaggerated by a leftward bias in males compared to a rightward bias of D1
binding in females. However, with maturation there is a decrease in the asymmetry in terms of DA and its
metabolism (75).



A study using a so-called “line-item” approach to the α-2a receptor (approximately the
inverse of more conventional studies with single base-pair polymorphisms) found an allele
associated with clusters of symptoms relevant to ADHD along with oppositional and conduct
disorders (81). In contrast to this, another allele the study examined related to anxiety and
schizoid features. Studies focusing on this receptor seem promising. In contrast to the situa-
tion with DA, first reports on several polymorphisms relating to the NE transporter (NET1)
have drawn a blank (82,83). There is no evidence as yet that the NET is relevant to the heri-
tability of the ADHD phenotype.

COMT activity is relevant to both DA and NE metabolism (Fig. 1). There is a low activity
allele with methionine substitutions that is reported to be preferentialy transferred in male
Han Chinese with ADHD, whereas the high-activity form with valine substitutions was
more common in the females (84). Although there is support for the transmission of the
valine form in Israeli triads (85), in view of negative results from three other countries, the
situation remains controversial.

Several polymorphisms have figured in studies of the genetic transmission of DBH (also
for TOH), but there is little evidence for preferential transmission in ADHD (see ref. 86)
and none for linkage (87). Consideration of MAO heritability also seems irrelevant to
questions concerning the roles of NE and 5-HT in ADHD. Associations were reported from
a case-control study of ADHD with comorbid externalizing problems (88) but earlier
reports of relationships to novelty-seeking have not been replicated (89).

6.2. 5-HT

Little is known in relation to mental health about the genetic bases of the 22 or so subtypes
of 5-HT binding sites currently known. Most studies have concentrated on the following:

1. Variants of the 5-HT1 class of receptors (especially 5-HT1b).
2. The 5-HT2 class (because of an association with DA release and motor activity [45], and an asso-

ciation of 5-HT2a blockade with reduced impulsivity in animals [90] and “harm avoidance”* in
healthy adults [91]).

3. The transporter (5-HTT). For 5-HTT there are some features (alleles) that are transmitted and
associated with a risk for ADHD (92,93). Compared with a long form of the allele there is a
short form with less efficient transcription efficency and diminished 5-HT uptake.

Temperament contributes strongly to the normal response to novelty. The challenge of
novel stimuli, as in the form of a stranger, naturally can lead to anxiety in the very young. This
is important as temperamental or internalizing coping responses characterize ADHD children
with very different comorbid problems. It is therefore of some interest that more anxiety was
recorded to strangers in infants homozygous for the short form of the 5-HTT-linked promoter
region (LPR) length polymorphism, but less anxiety was observed in those with genotypes
including one or more copies of the long form (94). Auerbach et al. (95) also reported that
infants homozygous for the short form were less easily distressed and tended to be more with-
drawn, needing a longer latency to smile. Yet it may emerge that the absence of the short form
characterizes vulnerability for a heritable form of ADHD (96), for if it is associated with
higher thresholds for provoking anxiety, it may coincide with the ease of risk-taking evident in
many ADHD subjects. One awaits the results from prospective infant studies with interest.
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*Harm avoidance is one of three personality dimensions on the Cloninger scales. The other two dimensions,
novelty-seeking and reward-dependence, were not related to 5-HT2a binding in this study.



With respect to 5-HT1b receptors, a recent report on 115 ADHD families using the trans-
mission disequilibrium test for a particular polymorphism (G861C) showed a tendency for
parental transmission of this allele, and in particular for paternal transmission to the child that
was affected (97,98). Quist et al. (99) had already pointed out a linkage disequilibrium of the
5-HT2a receptor (polymorphism His 452Tyr allele) with ADHD in these families, indicating a
preferential transmission of the 452Tyr allele to the affected offspring. Although this was not
confirmed by Hawi et al. (97), data from a symptomatic adult group also suggest that the gene
for 5-HT2a sites played a role in the ADHD pathology recorded (100). Clearly one is still too
close to the onset of such studies to be able to draw firm conclusions.

7. METHODS

Invasive methods for measuring transmitter activity in the CNS in vivo are available in
animals (e.g., dialysis probes, electrochemistry) and adult humans (e.g., position emission
tomography studies of ligand binding) but are not justified from an ethical standpoint in children.
Measures must be conducted peripherally. There are three possible points of access along the
route of elimination of excess monoamines and their metabolic products. These are the CSF,
blood (including plasma and platelets), and urine. Opinions differ widely on the extent to
which these peripheral measures can reflect CNS function. Somatic sources of 5-HT are par-
ticularly high. As there is no reason to suspect that in otherwise somatically healthy ADHD
children central systems are differentially impaired with respect to peripheral systems, crude
indicators may be sought in the comparison of baseline measures between groups. The effects
of challenges with monoaminergic drugs or environmental conditions on biochemical mea-
sures represent a good method for testing the functionality of NE and 5-HT pathways.

The extracerebral release of transmitters does not interfere with CNS transmission, as
there is a blood–brain barrier with a powerful pump that transports them from brain to blood.
What can cross the blood–brain barrier out of the brain and influence concentrations mea-
sured peripherally? Basically all the monoamines can pass with varying degrees of ease pas-
sively or actively out of CNS tissue (review, ref. 101), although as acid metabolites do not
equilibrate across the blood–brain membranes, they are sensitive to active transport mecha-
nisms (101). These mechanisms of active clearance may contribute to differences reported
between blood or plasma and CSF measures. (Regions where the blood–brain barrier does
not so function include the circumventricular and subfornical organs, the choroid plexus, and
the area postrema of the medulla.) However, measures derived from venous blood and urine
often reflect challenges to the system, at least at a qualitative level. Peripheral and central
monoamine activities are often correlated: if the correlations are not good, they are still
strong enough to be relevant to the study of behavior (103).

Some limits and influences on the study of monoamine activity from peripheral sources
should also be recognized. In most cases changes in a peripheral catchment cannot not be
attributed to over-or underactivity in any particular part of the CNS.* Further, it should not
be overlooked that just as the processes of synthesis, release, and uptake of transmitters
change with age, so do the characteristics of the blood–brain barrier (104). These are poorly
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*Usually blood samples for plasma or platelet analyses are collected from the arm. However, a series of stud-
ies compared venoarterial gradients form the left/right jugular, hepatosplanchnic, forearm, and cardiac vessels
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documented. The integrity of the blood–brain membranes may receive insult from illness and
their properties may be influenced by drug treatment. For example, it has been suggested that
neuroleptic treatment can increase permeability (105).

An alternative approach is with the use of models that represent the specific feature of
interest rather than the whole system. Relevant choices here include selection of the platelet
fraction from blood to examine receptor function: thus, the binding characteristics of platelet
5-HT transporters model precisely those of the central transporter (106). A rather different
type of model involves study of a particular breed of animal whose CNS responsivity resem-
bles in certain ways that of children with ADHD.

8. ANIMAL MODELS

8.1. Rodent

Two widely cited models come to mind. One proposes to “model” hyperactivity with
chemical lesion of DA pathways with 6-hydroxydopamine (usually using desipramine to pro-
tect NE terminals). The other compares some symptom dimensions shown by spontaneous
hypertensive rats (SHR) in comparison to their genetic controls, the Wistar–Kyoto strain
(WKY). In this second example, although largely peripheral NE systems contribute to the
dominant feature of hypertension, the changes do not leave central NE systems unaffected.
Further, 5-HT systems are also partly involved in the control of blood pressure.*

The strength of the lesion model lies in the reliable stimulation of increased locomotion.
However there is an overriding weakness. Although the lesion renders the system hypofunc-
tional in one sense, DA receptors become supersensitive to DA stimulation to produce the activ-
ity. This form of DA hyperactivity is not the basis for motor hyperactivity in ADHD subjects
where there is much evidence for a (relatively) hypo-DA function. Nonetheless, as both psy-
chostimulants and agents acting on other monoaminergic systems can calm ADHD patients
(see Section 10), it is important that not only methylphenidate antagonizes hyperlocomotion in
lesioned rats, but antagonists of 5-HT and NETs also reduce the locomotion elicited from
lesioned rats (110). Indeed, the 5-HT modulation is not limited to the transporter and DA D2
mechanisms. 5-HT2 antagonists (e.g., ritanserin) also prevent D1 stimulation of hyperlocomo-
tion arising from a lesion-induced supersensitive neostriatum (111). Clearly this most dopamin-
ergic of symptoms, motor activity, can also be modulated by activity of the other monoamines,
one way in psychopathology and in another way perhaps with succesful treatment.

What features pertinent to ADHD does the SHR model, which may also be influenced by
NE and 5-HT? The SHR explores more (112), though activity can be context-dependent
(113), reminiscent of situational rather than pervasive hyperkinetic children. SHRs may learn
Hebb-mazes, active-avoidance tasks, and multiple reversals faster than controls (114,115), yet
this sometimes reflects poor WKY performance (113). Sometimes the SHR has difficulty with
passive avoidance, water-maze extinctions, longer-term working memory, and delayed
response learning (e.g., temporarily withholding response for gratification; 116,117). To a
degree these difficulties, especially the last one, do mirror some of the features of ADHD.

Unfortunately neither quantitative relationships of NE and 5-HT activity to SHR behav-
ioral function nor their responses to pharmacological challenge have been much studied. A
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few reports suggest that NE and 5-HT systems function differently, but even here the locus of
control is poorly understood. Basal release of NE in slices of prefrontal cortex does not differ
between SHR and WKY rats (121). The vesicular stores are not depleted. But brainstem, cor-
tical (122), and even CSF levels (123) of NE are higher than normal. These levels are man-
aged better after treatment with α-2 agonists that specifically reduce NE release (121; see
Subheading 9.1.). Thus, autoreceptor-mediated control of NE release seems to be poorly reg-
ulated in the prefrontal cortex of SHRs (124) even though synaptosomal NE uptake is also
reported to be higher in SHRs vs WKY controls (125).

What about the 5-HT system? An analysis of amines and metabolites in the prefrontal cortex
and parts of the brainstem containing the LC and raphe (122) showed a significant decrease of
5-HT turnover in the brainstem (and a nonsignificantly lower turnover in the cortex). Although
this may simply reflect the bases for hypertension, one should recognize the influence this
could have on mesocortical NE and DA activity (see Section 4). Further, considering the diffi-
culty that SHRs (and ADHD children) have in witholding response on interval schedules, data
consistent with the SHR neurochemistry just described comes from a study of blockade of NE
and 5-HT uptake on differential responding at low rates of response (a 72-s schedule; 126).
This study reported that a range of NE uptake inhibitors enhanced, whereas a range of 5-HT
uptake inhibitors impaired, the efficiency of witholding responses appropriate to the delays of
the schedule. One may conclude that the rodent model provides evidence for the “potential” for
NE and 5-HT control of higher (dys)functions relevant to ADHD.

In looking to the future, it is appropriate to introduce a potentially useful model based on a
new genetic variant of mouse, the Coloboma strain. Hyperactivity in this animal appears to
result from a reduction of SNAP-25, a protein that regulates presynaptic exocytotic cate-
cholamine release (127). Unexpectedly, whereas DA utilization is low, calcium-dependent
NE concentrations are high. Also unexpected is that use of a neurotoxin specific to NE termi-
nals (DSP-4) reduces not only NE but also hyperactivity. This suggests a link between NE
transmission and motor activity, and prompts the search for other potentially relevant mouse
models that are suitable to study with genetic knockout techniques. One concerns neurexin
proteins involved in exocytotic mechanisms and in the binding to postynaptic neuroligins
(128). This promotes the coupling of impulse-related transmitter release to efficient postsy-
naptic docking. Arguably this mechanism in its (in)efficiency could make an important con-
tribution to aspects of the ADHD condition.

Last, in the absence of an established model of developmental processes leading to ADHD, a
brief mention is made of the potential for further study of the role of perinatal anoxia/hypoxia.
The model involves placing rat pups in a nitrogen atmosphere for about 25 min. After 3–9 wk
DA and 5-HT metabolism is unusually high in the hippocampus and neostriatum (129), a fea-
ture that leads animals to make many errors on tests of sustained attention (130). The stages of
a rat’s development are difficult to equate with those of a child, but considering that major (dif-
ferential) changes of 5-HT activity were noted during development (See Section 5), closer
study could prove valuable. Another effect of anoxia is to alter CNS and peripheral levels of
neuropeptide Y (NPY) (131). NPY is commonly localized in NE neurons; raised NPY levels
have been reported in many ADHD children (132), as would be expected from raised NE lev-
els. Work with the SHR shows increased NPY binding, that NPY enhances the effects of α-2
receptor agonism (e.g., vasoconstriction) and that whereas NPY administration decreases motor
activity in normotensive animals, it increases it in the SHR (133,134). Clearly there are several
leads in the developmental hypoxia model and the SHR that should be followed up.
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8.2. Primate

Recent reviews on the contribution of transmitter systems to ADHD give prominence
to NE alongside DA, to the neglect of 5-HT and other candidates (135). These views are
predicated on the undisputed role of impaired frontal activity in ADHD performance
where delayed reinforcement (136), response inhibition, and error- (137) and change-detection
were studied (138). But the weight of the argument lies on a series of studies demonstrating
that stimulation of NE activity in monkeys, when catecholamines are depleted, enhances
working memory (WM) task performance: too little transmitter impairs, facilitated by α-2
stimulation; too much transmitter impairs, reflecting α-1 stimulation (where the low affinity
of α-1 sites for NE means that they are active at high NE concentrations; 77,139). Yet the
evidence for WM dysfunction rather than impairments of other executive functions in
ADHD remains equivocal. A few studies have reported impairments of digit/arithmetic
(140,141) and visuospatial span (142–144). But the impairments are often small (~1
standard deviation; 145), more of a problem for those with comorbid reading/learning
difficulties (146) or are found only where the task loads on attentional capacity (147).
Indeed, many of the differences disappear after covarying for IQ (148) and with
increasing age (149–151). It is doubtful if impaired WM performance is a salient part of
the neuropsychological profile of ADHD (152) or contributes significantly to other
executive functions, such as planning (153,154).

It is therefore important to define the role of NE in tasks pertinent to ADHD. NE activity
relates to vigilance, signal-detection abilities, and attention-related processes. NE activity
can alter (tune) the signal to noise ratio improving attention to relevant stimulation (For
review, see refs. 10,155). A series of studies has shown that fluctuations of neuronal dis-
charge in the LC of monkeys correlate with performance on a continuous performance test
(CPT) of sustained attention (156). These authors have shown that while phasic LC firing is
associated with good performance, elevated tonic discharge rates are associated with errors
of commission, decreased sensitivity (d′), and increased criterion levels for stimulus identifi-
cation (β decreased). The latter situation was improved by clonidine. Although clonidine
does not seem to help ADHD children on the CPT (the sedative action seems to dominate),
guanfacine can improve performance (157). Nonetheless, although the monkey model pro-
vides some insight as to what could be happening in ADHD, it is not surprising that this com-
plex relationship is not mirrored in a simple relationship between MHPG and CPT
performance. Neither urinary nor plasma nor CSF levels of MHPG were related to CPT
errors of omission or commission (158–160). However, the latter study (160) did mention a
trend for a negative relationship between the HVA/MHPG ratio with d′. This suggests there is
a potentially important imbalance between the two main catecholamine actors in ADHD in
the determination of “currently” relevant stimulation. The question remains open whether
action at the α-2 receptor is the best way to “tune” the NE role in tuning in ADHD cognition.

9. EVIDENCE FOR MONOAMINE CONTRIBUTIONS 
TO ADHD—NE AND 5-HT ACTIVITY

9.1. Evidence From Group Comparisons

Does the metabolism of NE and 5-HT differ between children with ADHD and those without
a psychiatric or medical diagnosis? The question is based on the following assumptions:
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1. Pathological–developmental factors affecting transmitters in the body will affect peripheral and
central metabolism similarly.

2. Transmitter metabolism underlies the expression of the behavioral and cognitive measures typical
of ADHD.

To a degree both assumptions are equivocal. The main limit to interpretation of the answer
(apart from the caveat over the sample’s source) lies with the knowledge that there are many
other factors involved in the efficient coupling of nervous activity to the appropriate postsy-
naptic response that have not been studied, and may not necessarily influence the metabolic
parameters as currently measured.

Analyses of CSF, blood compartments, and urine (Table 1) indicate that in the ADHD condi-
tion MHPG levels (NE metabolite) are usually lower than normal; less clearly, NE levels may
be increased. Overall this suggests a decreased turnover. There is a hint that other catabolic
pathways may be differentially affected (NMN levels). The severity of the core symptoms do
not influence the results (161,162). But, over the 4–5 yr from pre- to post-puberty when a num-
ber of symptoms regress, MHPG levels have been noted to increase or normalize (163). Fur-
ther, some studies that deliberately contrasted subgroups find that several comorbidities
(independent of their nature) appear to counteract the metabolic decrease: e.g., in those with a
reading disorder (159), and in 15 subjects with high levels of anxiety (not in table; 103).

The results for the 5-HT system are more limited, reflecting in part the methodological
issues (see Section 7). However, if one brings the separate findings together, there is an indi-
cation of an increase of 5-HT turnover, largely reflecting decreases in 5-HT levels (Table 1).
Nonetheless, as with NE, it must be recognized that there will be subgroups, however
defined, for which the effects associated with the core symptoms will be masked by other
features. One such example is shown by the contrast between ADHD boys brought up in
families with or without alcoholic fathers (164). Those with this experience showed a larger
cortisol response to a challenge dose of fenfluramine than those without an alcoholic father.
This was interpreted as reflecting increased 5-HT receptor sensitivity.

Another example of the influences of comorbidity on 5-HT activity concerns impulsiv-
ity. Impulsive aggression (oppositional behaviors; 30,165) has been associated with low
plasma and CSF 5-HIAA and synaptic availability of 5-HT. This contrasts with the gener-
alization noted in the preceding paragraph. Intriguingly, Oades et al. (36) compared the
binding characteristics of the platelet 5-HT T with clinical ratings (impulsivity/distractibil-
ity, externalizing/ aggression) and the (in)ability to withhold responses on the stop–signal
task (cognitive impulsivity). Decreased affinity correlated with poor response inhibition
(cognitive impulsiveness) but not clinical ratings, even though the cognitive and clinical
indices of impulsivity were related. In contrast, aggressive behavior related to increased 5-
HT T affinity (see Subheading 6.2.: genetic control of 5-HT availability by the transporter
[HTTLPR]).*

Cognitive impulsivity might be expected to reveal itself on the CPT test of sustained attention
in the form of an increased rate of false alarms. However, as yet, both high (blood; 166) and low
levels of 5-HT (tryptophan depletion; 167) have been related to more errors of commission. But
d′ reflecting target sensitivity, was reported to decrease as the excretion of the 5-HT metabolite
increased (160), which supports interpretations of the aforementioned platelet study.
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Table 1
Comparisons of Components of NE and 5-HT Metabolism in Urine, Blood, and CSF
Samples From ADHD and Controls.

Source Hyperactives Controls Metabolite Monoamine Change vs controls Reference

Urine 9 6 MHPG none 232
Urine 7 12 MHPG & decrease & 233

NMN increase
Urine 13 14 MHPG NE none & 234

increase
Urine 15 13 MHPG decrease 235
Urine 10 10 MHPG increase 236
Urine 9 9 MHPG decrease 237
Urine 73 51 MHPG decrease 238
Urine 28 23 MHPG decrease 239
Urine 20 22 MHPG NE none & none 103

(2 h) NMN, all increase 
MN, VMA,
NMN/NE

Urine 15 16 DOPEG NE decrease & none 240
(1 h)

Urine 13 13 MHPG/NE, NE decrease 241
MHPG, none & none
HVA/MHPG trend increase

Urine 14 9 MHPG/NE, NE trend decrease 132
MHPG, none & increase

Urine 15(37) 21 MHPG none 180
Urine 31 26 MN, NMN & none 186

NMN/NE
Urine x (severe) y (mild) VMA NE none & none 162
Serum 35 19 NE none 242
Serum 49 11 NE none 243
Plasma 12 11 NE trend increase 244
Plasma 8 (+RD) 14 (RD) MHPG decrease (if 159

no RD)
Plasma 14 9 NE trend increase 132
Plasma 35 (many NE none 161

vs few
symptoms)

CSF 29 (vs 20 MHPG trend increase 158
conduct
disorder)

Urine 13 13 5-HIAA/5-HT, 5-HT none, 241
5-HIAA, increase, &
HVA/5-HIAA decrease

decrease
Urine 14 9 5-HIAA/5-HT, 5-HT trend increase, 132

5-HIAA, increase, &
decrease

(Continued)



Finally, another indication that there may be 2 ADHD subgroups differing in the sensitiv-
ity of the 5-HT system comes from neurophysiological study of the augmenting-reducing
response using event-related potentials. The N1/P2 component may increase (augment) or
decrease (reduce) in response to increases of salience (loudness of sounds). An augmenting
response is a feature of sensation-seeking (168), and ADHD subjects who respond to
amphetamine (169). Increasing stimulus intensity-dependence relates to decreasing 5-HT
activity (and vice versa; cf. effects of alcohol and lithium; 170). Among ADHD subjects who
do not respond to amphetamine, a reducing response to auditory stimuli is typical (169). It
remains unclear how closely coupled 5-HT activity is with the augmenting-reducing phe-
nomenon. But, it would be worthwhile combining biochemical measures in ADHD subjects
with/without the conduct problems that are influenced by 5-HT activity with this paradigm.

9.2. Evidence From Pharmacological Treatments

The question addressed here is whether there is evidence that treatments that exert a
good effect on the ADHD condition also exert a minor or major effect by way of the NE
or 5-HT systems. “As noted 20 yr ago, the large number of efficacious drugs do not sup-
port any single neurotransmitter defect hypothesis” (171). Here, we ask if there is con-
vincing evidence that NE and 5-HT should be ruled in, rather than out of any potentially
explanatory model for ADHD. Let us first consider the agents that have proved most effi-
cacious in the treatment of ADHD, the psychostimulants methylphenidate and
amphetamine (and pemoline; Fig. 5). Below, evidence from other agents with significant
effects on the NE and 5-HT systems that result in more modest but significant clinical
effects in patients with ADHD are considered.

The dominant effect of methylphenidate is to block reuptake of impulse-released DA at
the DA transporter, resulting in increased extracellular availability of DA (the oral dose to
block 50% of sites is about 0.25 mg/kg: 172). But it also binds to the NE transporter
strongly and the 5-HT T very weakly. Amphetamine binds with each monoamine trans-
porter and can raise extracellular levels by stimulating the release of extravesicular newly
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Table 1
(Continued)

Source Hyperactives Controls Metabolite Monoamine Change vs controls Reference

Urine 15(37) 21 5-HIAA none 180
Blood 25 vs norm 5-HT decrease 245
Blood 49 11 5-HT none 243
Blood 70 vs norm 5-HT decrease 246
Serum 11 11 5-HT decrease 246
Platelet 17 75 5-HIAA none 241
Platelet 55 38 5-HT none 247
Plasma 35 (many 5-HT decrease 161

vs few
symptoms)

CSF 24 6 5-HIAA none 248
CSF 6 16 5-HIAA none 249
CSF 29 (vs 20 5-HIAA none 158

conduct
disorder)
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synthesized transmitter and blocking reuptake. The former mechanism is usually empha-
sized, as treatments that block catecholamine synthesis inhibit the effects of amphetamine
more than methylphenidate. (Caveat: the mechanism of stimulating the transporter to
release transmitter or block the reuptake varies with dose, and specific data vary with
measures made in vitro or in vivo; 173.) A modest degree of MAO inhibition has also
been reported. Pemoline (caveat: liver toxicity) will not be further discussed; its effects
are specific to the release and uptake of DA (174).

In preclinical studies in rodents, methylphenidate (0.75–3.0 mg/kg, intravenous) does
not increase motor activity or mesolimbic levels of DA, but it does increase extracellular
levels of NE (e.g., in the limbic system; 175). Similar doses of amphetamine (subcuta-
neous) increase limbic and frontal levels of NE to a greater extent (and release DA; 173).
Although higher doses (e.g., 20 mg/kg) of methylphenidate still release NE they do not
increase levels of 5-HT. Nonetheless, such pharmacological doses have been reported to
enhance 5-HT metabolite levels in frontostriatal regions (176). In contrast, 2.5–3.0 mg/kg
amphetamine can raise 5-HT levels threefold and increase its metabolism (e.g., neostria-
tum; 177). Subchronic amphetamine treatment has been reported to sensitize brainstem
5-HT1a, but not 5-HT2a sites (178).

Do the biochemical responses to the psychostimulants reflect expectations from the pre-
clinical results? First, care must be taken with the interpretation of results as the variability
between reports, whether from different or the same authors, can be marked for measures
taken from the CSF, plasma, or urine. Second, HVA levels, as noted above, can reflect

Fig. 5. The biochemical structure of five agents with therapeutic effects on attention deficit hyper-
activity disorder. Amphetamine, methylphenidate, and pemoline are psychostimulants that block the
presynaptic reuptake of monoamines, clonidine is an α-2 agonist at norepinephrine (NE) binding sites
(including somatic autoreceptors), atomoxetine relatively specifically blocks NE reuptake.



peripheral NE metabolism,* and also tend to decrease/normalize after methylphenidate treat-
ment, whether or not the patients responded clinically (urine, 180; CSF, 30). Both studies
noted that although 5-HT metabolism was not necessarily high, levels tended to decrease
with treatment following corrections of high levels of DA metabolism and symptom
improvement.

The only clear result for NE, 5-HT, and their metabolites is that urinary MHPG levels
decrease after amphetamine (seven of seven studies) but not after methylphenidate treat-
ment (three of three studies; Table 14.1 in 181). VMA levels were also reduced after
amphetamine in three of three studies. For other metabolites, increases and decreases have
been reported and no clear pattern emerges. It is surprising that unequivocal changes of NE
levels are not usually recorded after methylphenidate treatment. At first sight it is enig-
matic that the frequently reported low turnover for NE in ADHD patients should be further
lowered in those who respond to psychostimulant treatment (182). A possible explanation
derives from electrophysiological recordings in primates (183). A parallel is drawn
between an overly tonic firing mode for the LC during poor CPT performance and the sus-
tained attention problems in ADHD. Low activity facilitates interactions with many stimuli
rather than focused attention. Stimulants decrease the tonic activity and facilitate a transi-
tion to a phasic firing mode. This counteracts the ‘hypoarousal’ in the system. The cou-
pling of information transfer is improved, even though the overall NE turnover rate
decreases further.

Raising the issue of arousal encourages mention of the biochemical support for the
concept of hypoarousal in ADHD from measures of adrenaline and phenylethylamine
(PEA). Adrenaline levels tend to be low in urine samples from ADHD children and the
adrenergic (and cortisol) response to stress is reduced (184–186).† Adrenaline levels rise
with methylphenidate or amphetamine treatment (187–189). This is consistent with the
simple concept of low levels of arousal becoming partially normalized by stimulant treat-
ment. PEA is a naturally occurring amphetamine-like derivative that results from decar-
boxlation of phenylalanine, a precursor to normal catecholamine synthesis (Fig. 1).
Levels are frequently found to be raised in a range of psychiatric, excited conditions (e.g.,
acute schizophrenia, bipolar disorder, some obsessive-compulsive and psychopathic con-
ditions) but reduced in depression (190–193). They are lower in ADHD, even if PEA lev-
els are not significantly correlated with symptom severity itself (180,194).
Psychostimulant treatments raise PEA levels (195,196). PEA levels may reflect endogenous
homeostatic mechanisms for promoting catecholamine activity (e.g., like amphetamine,
PEA increases CSF levels of NE and DA in nonhuman primates [197]). In summary,
although both psychostimulants lead to an increase of extracellular catecholamines, they
differ in the following:

1. On the mechanism at the transporter.
2. On its relation to impulse flow.
3. At clinically relevant doses, only amphetamine significantly influences 5-HT activity; yet it is

clear that specific effects of methylphenidate (and atomoxetine) at the NE T can bring about
significant changes in the activity of both catecholamines, especially in mesocortical regions.
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ADHD children (132) may likewise have reflected the cognitive testing that occurred around the same time.



The relatively recent introduction of atomoxetine, a selective NE T inhibitor, as an efficacious
form of ADHD treatment merits attention; however, independent studies of the nature of the
improvement and biochemical effects remain sparse. In rodents it raises mesocortical NE and
DA levels threefold. Like methylphenidate it is without influence on the 5-HT system, but in
contrast it is without effect on nigrostriatal or mesolimbic catecholamines (198). (Note that
methylphenidate also raises mesocortical NE and DA levels to a similar degree.) The focus of
attention on the mechanisms underlying its efficacy return to the role of cortical NE transporters
on the availability of both catecholamines (see Subheading 4.3.). Atomoxetine improves each of
the diagnostically important symptom clusters (inattention, impulsivity, and activity; 199), but
results of more specific tests of attentional abilities or of cognitive impulsivity remain unclear.

A range of well-known antidepressants can also positively influence ADHD symptoms
(e.g., MAO inhibitors, desipramine; for review, see ref. 200). In seven trials desipramine
(DMI), known for its blockade of NE uptake, is reported to modestly improve hyperactivity,
impulsivity, distractibility, and some limited aspects of learning (paired associates) and recall
(match to familiar figures; 201,202). Yet it has no apparent effect on the CPT measure of sus-
tained attention (202,203). Cardiac side effects discourage the use of DMI, but, as with other
“helpful” treatments, DMI can decrease NE excretion, along with its central and peripheral
metabolites (204). DMI may not so much alter basal levels of NE but increase those arising
from stimulus-coupled release of NE, a parallel to methylphenidate’s action (10). Unfortu-
nately there is little information on dose-dependent biochemical effects or correlations with
the reported behavioral improvements.

Less well-documented are effects of DMI on the 5-HT system. This is surprising, as tertiary
antidepressants like imipramine, with an effect on the 5-HT transporter, exert modest
improvements like the secondary antidepressants (e.g., DMI; 205). Recently Overtoom and
colleagues (206) reported on a left-right discrimination test in ADHD children treated with
either DMI, methylphenidate, levo-3,4,-dihydroxy-phenylalanine (L-DOPA), or placebo. The
discrimination became a stop-signal test with a no-go tone rapidly following some of the dis-
criminanda. Methylphenidate treatment speeded reaction times and decreased omissions and
discrimination errors. That L-DOPA (promoting postsynaptic DA levels) had no effect does
not show that DA had no effect, as the synaptic mechanisms differ from the other agents
investigated. But it promotes speculation that methylphenidate was at least in part influencing
the NE system. More intriguing still is that inhibition on the stop-task improved only after
DMI treatment. Fortunately the authors recorded prolactin responses to treatment. These
decreased as expected after the two “DA” treatments, but increased after DMI. The supposition
that this was a 5-HT effect was confirmed by their finding that serum 5-HIAA levels decreased.
This seems to confirm the proposition (see Subheading 9.1.) that changes in the 5-HT system
may relate to cognitive impulsivity, whereas other attentional effects may reflect NE/cate-
cholaminergic activity.

Clonidine is not a treatment of first choice. This reflects its side effects (high blood pres-
sure, sedation, dizziness) and that its efficacy is largely restricted to oppositional problems
(e.g., aggression,* frustration tolerance, cooperation; 207). However, some improvements in
hyperactivity and impulsivity have been reported (meta-analysis, 208), especially when
coadministered with methylphenidate (209,210). Further, performance on some specific tests
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of frontal executive functions can be enhanced (211), and response speed and errors on tests
of sustained attention improved with clonidine treatment (212). Two reports (213,214) con-
firmed the inhibitory effects of clonidine expected from preclinical studies by showing that
MHPG levels decreased in ADHD children and young adults. (The literature on hypertension
also shows falling NE concentrations.) It is therefore of interest to look at clonidine’s agonist
activity at α-2 NE receptors.

A direct action at α sites was assumed to underlie the enhanced growth hormone response
to a pharmacological challenge with clonidine (214). Although an increased receptor sensi-
tivity may be consistent with simple interpretations of clonidine’s inhibitory influence, and
perhaps that of guanfacine, the implication from platelet α-2 receptor binding is different
(216). This group used the platelet model of binding to predict stimulant response. They
found a generally low level of binding: ADHD children with relatively normal binding
responded to treatment, and those with low levels were nonresponders. However, other inter-
pretations of clonidine’s action are possible, and some expectations can be generated from
animal studies. Using systemic doses in the range of 0.1–1 mg/kg (and local treatments),
clonidine not only reduces NE release (in the brainstem and cortices) but reduces brainstem
and cortical 5-HT release (21,217). These studies show that α-1 and α-2 sites exert opposite
facilitatory and inhibitory influences on 5-HT release. Further, of interest for the interpreta-
tion of the roles of mesocortical DA and NE (see Subheading 4.3.), the stimulation of
increases of cortical DA and NE (e.g., by clozapine treatment) can be prevented by quite
moderate doses of clonidine (0.015 mg/kg; 218).

In summary, clinical and preclinical work with clonidine show the following:

1. Limited but significant improvements in some areas of function relevant to ADHD.
2. Reduced 5-HT release could underlie the modulation by clonidine of aggressive and impulsive

behavior (15).
3. A mechanism for reduced NE release incurs reduced DA release, which could have both helpful

effects (e.g., on hyperactivity) and less helpful ones (e.g., on the appreciation of reinforcement).

In a similar vein, lowering NE release may enhance sustained attention performance
(212), and it may raise the degree to which α-2 rather than α-1 receptors (with a lower NE
affinity) might assist cortical function (e.g., working memory and related executive func-
tions; 219). Nonetheless, hard evidence for binding differences in ADHD children is lacking,
and treatments aimed at the α-2 receptor could be counter productive in the appropriate con-
trol of responses to stress.

Two of three open trials of guanfacine, an agonist at α-2 NE sites, found a modest
improvement of ratings of attention and impulsivity, with one demonstrating fewer errors on
the CPT (157,220,221). Controlled trials (vs amphetamine) in adult ADHD patients showed
comparable reductions of symptoms and even an improvement of the Stroop color-word
naming, so often impaired in childhood ADHD (222). In children with ADHD and comor-
bid tics teacher ratings improved in half the patients, who also performed a CPT more accu-
rately (223). Thus, a modest degree of success for Arnsten’s α-2 NE hypothesis (139)
appears to be realized, although with a certain risk of lethargy, bradycardia, and hypotension
the agent should perhaps be held in reserve for psychostimulant nonresponders.

Despite indications that some treatments may achieve therapeutic effects (e.g., impulsiv-
ity) by an action on 5-HT systems, direct attempts using agents with unequivocal effects on
5-HT metabolism have been largely without success (e.g., the precursor amino acid trypto-
phan [224], fenfluramine that facilitates 5-HT release [187]; an agonist at 5-HT1a sites,
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buspirone [review: ref. 225]). It is sobering and important to note that although a particular
agent may reduce symptoms and alter monoaminergic metabolism, it is not known that the
metabolic changes are related to the psychopathological changes. The report of Donnelly and
colleagues (187) is salutary. Fenfluramine treatment (0.6–2 mg/d) had no significant thera-
peutic effect on ADHD boys aged 6–12 yr. However, urinary NE, MHPG, VMA, and
epinephrine all decreased significantly, as did plasma MHPG and platelet 5-HT levels. Yet
for those with impulsive aggression and delinquency there is a clear relationship with low
5-HT activity, be it expressed as reduced platelet binding of imipramine (e.g., 226), plasma
5-HIAA (165), or prolactin response to fenfluramine challenge (227).

10. GENERAL ISSUES

Early proposals that NE could have a causal role in ADHD, and hyperkinetic behavior in
particular (228), were based on the effect of amphetamine to reduce NE activity during
arousal. Now there is a widespread belief that children with ADHD are under- rather than
overaroused, yet there is an increasing consensus that NE function has something to do with
the symptoms (205). Evidence in this chapter shows that NE activity undoubtedly modu-
lates attentional mechanisms both directly (tuning signal-to-noise ratios) and indirectly (via
the control of mesocorticolimbic DA release). NE may influence other relevant behaviors
depending on their dependence on cognitive mechanisms (e.g., environmental stimulation
facilitating hyperkinesis) and the nature of the mechanisms underlying comorbid condi-
tions. Crucial mechanisms include the control of catecholamine availability in the cortex
(via the transporter) and phasic firing modes in the LC. Both of these should be targets for
treatment.

Common to a consideration of the relative role of NE and 5-HT in ADHD is the increasing
appreciation of a crucial role for the transporter in determining the availability of
monoamines. Thus, cortical NE Ts can release DA (55), the DA transporter is regulated by a
variety of substrates including 5-HT (229) and the NE T (compare knockout mice) modulates
the perception of reinforcement (230). This latter finding has implications for understanding
the aversion to accepting delays between response and reward, and the reinforcement gradi-
ents associated with the SHR and with ADHD subjects (231).

5-HT mechanisms are also relevant to the expression of features of ADHD by direct
(transporter-mediated reuptake mechanisms) and indirect mechanisms (modulation of DA
activity, especially in the initiation of behavioral responses). These have been underre-
searched in view of more clearly established relations of 5-HT activity to the expression of
externalizing responses more frequent in comorbid conditions. Now it is appreciated that 5-HT
activity has a role in information processing (modulating gain) and cognitive impulsivity.
The appreciation of these roles and the interactions of the three monoamines should make it
easier to tailor treatment to the particular individual (im)balance of the pattern of cognitive,
motivational, and motor bases to be found in a given patient.
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6
Intermittent Hypoxia During Sleep as a Model 
of Environmental (Nongenetic) Contributions 

to Attention Deficit Hyperactivity Disorder

Barry W. Row and David Gozal

1. INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is a clinically heterogenous neuropsychiatric
syndrome of persistent and developmentally inappropriate levels of hyperactivity, inattention,
and impulsivity, typically of juvenile onset. Research on this disease has been complicated by
the fact that the specific features and presentations of ADHD show substantial variability
between individuals, and that no single pathophysiological profile of ADHD has been identified
(1,2). Although the exact cause of ADHD is still unknown, both genetic and environmental
factors are now recognized to play a role in the development of the disease (3–5). Children who
suffer from sleep-disordered breathing (SDB) have been reported to experience learning dis-
abilities, hyperactivity, and impaired attention in much the same manner as children with
ADHD, suggesting that SDB and some forms of ADHD may share common pathophysiological
mechanisms (see Chapter 19). These findings in clinical populations with sleep disorders have
led to the hypothesis that exposure to intermittent hypoxia, such as that encountered in SDB,
during critical developmental periods is an important environmental contributor to the devel-
opment of ADHD-like behavioral problems, and may be particularly important in individuals
with a genetic predisposition to develop ADHD. In support of this hypothesis, data from
animal experiments has shown that exposure to intermittent hypoxia, the primary hallmark of
SDB, replicates many of the behavioral features of ADHD and may provide insight into the
neurobiological mechanisms underlying some nongenetic forms of ADHD-like pathology.

2. PATHOPHYSIOLOGY OF ADHD

The most generally accepted hypothesis of ADHD is that the behavioral manifestations of
the disease represent a dysfunction of frontosubcortical systems involved in attention and
motor behavior, particularly the dorsal prefrontal cortex (1,6,7). Evidence supporting a role
of the prefrontal cortex in ADHD has originated from findings indicating that ADHD patients
have similar behavioral symptoms as those with injuries or diseases of the prefrontal cortex
(PFC) (1,8–10). Additionally, animal studies have shown that lesions of the PFC lead to
ADHD-like hyperactivity and cognitive deficits (11,12). However, because of the complexity
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of the frontal cortical circuitry, it is unclear whether ADHD represents dysfunction at the
level of the frontal cortex or in brain areas with frontal cortical projections. Functional and
structural neuroimaging studies have revealed abnormalities in both the frontal cortex and
striatum of ADHD patients, although there is some disagreement between studies on the spe-
cific locus of the abnormalities, presumably because no one region will be abnormal in all
patients (13). Prefrontal cortical influences on planning, motivation, and cognition are largely
dependent on dopaminergic projections arising from the ventral tegmental area (VTA),
although noradrenergic systems arising from the locus ceruleus (LC) also play a role (14–17).
The dopaminergic neurons arising from the VTA are organized into two major systems, the
mesolimbic and mesocortical systems. The cells of the mesolimbic system project primarily
to the ventral striatum (nucleus accumbens [NA] and olfactory tubercule), the nuclei of the
stria terminalis, the amygdala, the hippocampus, the lateral septal nuclei, and the frontal,
anterior cingulate, and entorhinal cortices. The projections from the NA to the PFC are
thought to be particularly important in ADHD, as this nucleus receives convergent input from
the amygdala, hippocampus, entorhinal area, anterior cingulate, and parts of the temporal
lobe and is thought to act as a gating mechanism for information from these regions (18,19).
Dopaminergic neurons in the mesocortical system originate in the VTA and project to the
neocortex, with the densest projection to the PFC (20,21).

Given the clinical complexity of ADHD, it is unlikely that a single mechanism underlies
ADHD in all patients, especially given that reviews of the neurobiology of ADHD have con-
cluded that no single pathophysiological profile exists (1,4). The majority of drugs that pro-
vide effective medication of ADHD, such as psychostimulants, tricyclic antidepressants, α2
adrenoceptor agonists, and dopamine transporter (DAT) blockers, act on catecholaminergic
systems (1). However, as many as 30% of children with ADHD do not respond favorably to
psychostimulant medications, raising the possibility that multiple biological factors underlie
ADHD (22). Although there is generalized agreement that ADHD is associated with dysfunc-
tion of frontosubcortical pathways controlling attention and motor behavior, a number of dif-
ferent hypotheses of ADHD, such as dysregulation of subcortical dopaminergic and
noradrenergic systems, disruption of the neuronal circuitry underlying executive functions,
behavioral inhibition, and/or reward processes, as well as generalized dysfunction of the pre-
frontal cortex and/or regions sending afferent projections to the PFC, such as the hippocampus
and NA, have all been proposed (2,6,23–27). None of the existing neurobiological hypotheses of
ADHD should be considered mutually exclusive, as the existence of direct connections
between the PFC, NA, and the hippocampus, as well as the existence of reciprocal connec-
tions involving the nucleus accumbens and the PFC, suggest that these structures operate as
an integrated unit (28). Evidence from human studies and animal models indicates that func-
tional disruption of the components of this circuitry elicits ADHD-like symptoms, and may
underlie the clinical heterogeneity of the disease. Therefore, a unitary causal model of
ADHD may be insufficient to account for the clinical complexity of the disease, and both
genetic and nongenetic factors may underlie different subtypes of this disorder.

3. ANIMAL MODELS OF ADHD

Animal models have been widely used to investigate the pathophysiology of ADHD,
primarily because of the fact that they allow experimental control of factors that may be
involved in/contribute to this condition. In addition, animal models permit avoidance of the
effects of existing comorbidities, previous drug exposure, family interactions, and other
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social and environmental factors encountered in human ADHD patients (29). Animal models
have typically attempted to replicate the primary behavioral symptoms of ADHD, such as
hyperactivity, learning deficits, and attentional disorders/impulsivity, although no single animal
model has been able to reliably replicate all aspects of the disease (29). The discrepancies
between the animal model and the human condition likely reflect the heterogeneity of the latter,
and therefore data from animal models should be interpreted with caution and used primarily
to investigate specific components of the disease.

The majority of animal models of ADHD have focused on naturally occurring or artificially
engineered genetic mutations that lead to abnormalities in catecholaminergic transmission
and/or regulation. Examples of such animal models include the spontaneously hypertensive
rat (SHR), the Naples High-Excitability rat (NHE), the dopamine transporter knockout
mouse (DAT-KO), and the coloboma mutant mouse, and have been the subject of extensive
reviews (29,30). Although these models have clearly implicated catecholaminergic systems in
ADHD, the central questions of exactly how these systems are dysregulated still remains
unresolved. Locomotor hyperactivity has been associated with hypodopaminergic and
hyperdopaminergic animal models, indicating that imbalances in dopamine (DA) systems
rather than the actual level of DA can produce behavioral and cognitive dysregulation
(31–35). The complex regulation of DA release may account for at least some of the obser-
vations of both increased and decreased DA activity in models of ADHD. DA release in
striatal regions occurs via two different mechanisms: a phasic DA release dependent on
excitation of DA cell firing, and a basal tonic DA release regulated by glutaminergic inputs
to this region (36). Grace (36) has proposed a model whereby the glutamatergic projections
of the PFC and the hippocampus affect the activity of subcortical DA systems. Decreased
glutaminergic input to the NA, because of either prefrontal or hippocampal disturbances,
may eventually result in reduced tonic DA release and decreased activation of DA autore-
ceptors that regulate the phasic release of DA. This results in decreased basal extracellular
DA, and ultimately a lower level of inhibition of DA release by presynaptic autoreceptors.
The absence of these local autoregulatory suppressive mechanisms will result in increased
phasic release of DA when bursts of action potentials reach the DA terminals. Thus, a
reduced tonic DA activity may coexist with an increased spike-dependent DA release
(37,38). Alternatively, increased tonic extrasynaptic dopamine is also required to regulate
dopamine release by activating D4 heteroreceptors that inhibit glutamate release from cor-
tical afferents in the striatum (30,39). Additionally, it should also be noted that the influ-
ences of other neurotransmitters on ADHD need to be considered, as both epinephrine and
norepinehrine are potent agonists of the D4 receptor (40,41), and that serotoninergic influ-
ences have been also been implicated (29). Taken together, the findings illustrate that the
behavioral symptoms of ADHD likely are owing to disruption of multiple neurotransmitter
systems.

Damage to the neuroanatomical systems involved in locomotor activity, learning, and
attention produce replicates many of the behavioral symptoms of ADHD. For example,
selective removal of forebrain DA projections in the neonatal rat, neonatal anoxia, hip-
pocampal X-irradiation, as well as exposure to environmental toxins have all been shown
to induce ADHD-like enhancement of locomotor activity coupled with learning impair-
ments and/or deficits in attention (reviewed in ref. 29). These findings clearly indicate
that exposure to environmental factors that disrupt the neuroanatomical circuity of brain
regions implicated in ADHD, such as the PFC and NA, as well as brain regions that exert
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modulatory effects on these structures, such as the hippocampus, may underlie some forms
of ADHD-like behavioral pathology, especially if these exposures occur during critical
developmental periods.

4. INTERMITTENT HYPOXIA AS A MODEL OF ADHD

The repeated episodes of upper airway obstruction during sleep and the resultant episodic
or intermittent hypoxia (IH) associated with forms of SDB, such as obstructive sleep apnea
(OSA), are thought to contribute to the cognitive deficits seen in these patients (see Chapter
19). Children who suffer from SDB and children with ADHD present similar behavioral pro-
files, suggesting that disruption of similar neuronal networks may underlie the functional
sequelae in both groups, at least in some cases. Hypoxia is a major pathological factor induc-
ing neuronal cell injury, neurodegeneration, and cell death that is frequent encountered in
neonatal and pediatric pathology (42). The brain is particularly vulnerable to hypoxia during
periods of maturation and development. Hypoxic episodes occurring during these critical peri-
ods have a serious impact on brain maturation with anatomical consequences ranging from
cell death to hampered differentiation of dendrites and axons, and to compromised outgrowth
and synapse formation (42–44). These anatomical abnormalities may underlie the behavioral
and psychological dysfunctions commonly observed after hypoxia. Although severe perinatal
and postnatal forms of hypoxia hypoxia/ischemia or prolonged anoxia are associated with cog-
nitive and motor impairments and, in some cases, death (45–47), epidemiological studies indi-
cate that milder forms of perinatal and postnatal hypoxias are associated with increased risk for
disorders, such as ADHD (48–50).

Disruption of the neuroanatomical integrity is a possible consequence of SDB. Neu-
roimaging studies have reported that adult patients who suffer form OSA, the most common
form of SDB, display gray-matter loss and alterations in markers of neuronal integrity
(51–53). The effects of IH on neural function can not be assessed in humans for obvious ethical
reasons. However, we have recently developed a rodent model of SDB that mimics the oscil-
lations in oxygenation during the sleep cycle usually seen in SDB patients. In this model,
adult male rats undergo exposure to an intermittent hypoxia profile consisting of alternating
90-s epochs of hypoxia (10% O2) and room air for 14 d during habitual sleep times. Such
exposure is associated with increased apoptosis and cytoarchitectural disorganization in the
hippocampal CA1 region and the frontoparietal cortex, which peak after 1 and 2 d of IH,
and decrease thereafter (54). Moreover, although apoptosis was extensively present in the
CA1 region, the CA3 region and dorsocaudal brainstem were virtually unaffected. Behav-
iorally, adult male rats exposed to IH display cognitive deficits consistent with impaired
functioning of the hippocampus and/or PFC (54–58). These findings were not unexpected
considering the effects of episodic/sustained hypoxia on brain function. For example, exper-
imental rats were exposed for 8 h daily to varying fractional concentrations of inspired oxy-
gen (FiO2) and carbon dioxide (FiCO2) for 35 d. These exposures consisted of brief (3–6 s)
episodic (twice every min), eucapnic (3.5% FiO2 and 10% FiCO2, n = 6), or hypocapnic
(3.5% FiO2 and 0% FiCO2, n = 14) challenges with hypoxia or room air (21% FiO2 and
0.03% FiCO2, n = 15). Norepinephrine, DA, serotonin, and their metabolites in the hypotha-
lamus, hippocampus, and adrenal glands were measured by high-performance liquid chromatog-
raphy (HPLC). Spontaneous behavioral activity was assessed for 30 min by automated activity
monitors. Episodic hypocapnic hypoxia produced a decrease in DA turnover and eucapnic
hypoxia increased norepinephrine levels in the hypothalamus. Animals exposed to hypocapnic
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hypoxia also exhibited a consistent increase in horizontal (walking) and vertical (rearing) activ-
ity, as well as in total activity time. From these results, it would seem that episodic eucapnic and
hypocapnic hypoxia may affect metabolism of different neurotransmitters in the CNS (59).

There also appears to be a unique developmental window of neuronal vulnerability to IH
in the rat. Rat pups exposed to IH at 10–25 d of postnatal age display marked increases in
hippocampal and cortical apoptosis in comparison to both neonatal and adult rats (60). This
is consistent with previous findings that the juvenile rat is more susceptible to the effects of
hypoxia–ischemia (61,62). Exposure to IH during this unique period of susceptibility is also
associated with learning impairments and a gender-dependent behavioral hyperactivity in
male, but not in female, rats, displaying increased locomotor activity in the open field when
tested at 30 d of age (56). Locomotor hyperactivity was also observed in rat pups exposed to
intermittent hypoxia at 7–11 d of postnatal age and tested at 35 d of age, although no effect of
gender was observed in this study (58,63). The discrepancies in locomotor activity between
these two studies likely reflect differences in the degree and duration of the intermittent
hypoxia used in each study, as well as the age at which the animals were tested. The
enhanced locomotor activity observed in juvenile rats is in marked contrast to the absence of
altered locomotor activity the adult rat under similar exposures (Row and Gozal 2003,
unpublished observations).

Exposure to IH has long-term consequences as well. Adult males exposed to IH show
only partial recovery of learning after 2 wk of recovery (54). Juvenile rats exposed to IH
from postnatal day 7–11 display working memory impairments when tested at 65 d of age
as well as enhanced expression of vesicular monamone transporter (VMAT) and D1 DA
receptors in the striatum at 80 d of age (58). Although these findings clearly indicate that
IH has long-term consequences in the rat, it is unclear whether these changes are directly
owing to the IH, or represent compensatory changes brought about by damage to other
neural sites (64).

The selective disruption of hippocampal and cortical neurons observed after exposure to
IH, particularly in the developing animal, has important implications for the development
of ADHD-like pathology. Because of their anatomical relationships and their established
role during working memory tasks, the PFC and hippocampal formation are functionally
associated (28). The PFC is involved in higher order functions, such as working memory,
attentional and executive processes, and the organization and planning of responses
(31,65). The hippocampus plays a role in some forms of selective attention, learning and
memory, and locomotor activity, and is also thought to play a major role in neurodevelop-
mental disorders involving dysregulation of dopaminergic systems, such as schizophrenia
(66–71). Both the PFC and the hippocampus innervate the NA, which plays an essential
role in integrating information from the limbic and cortical regions into goal-directed
behavior (28). The PFC, the hippocampus, and the NA all receive dopaminergic afferents
from the ventral mesencephalon (the VTA and the substantia nigra pars compacta [SNC]),
which plays a crucial role in the function of these structures (31). In turn, these structures
all send direct or indirect projections back to the VTA and SNC, where the dopaminergic
cell bodies are located.

The ventral and dorsal parts of the vertebrate hippocampus are connected with different
sets of extrahippocampal structures. The ventral hippocampus primarily projects to the
amygdala, NA (predominately the shell), and the PFC, whereas the dorsal hippocampus pro-
jects primarily to the core of the NA (72). This suggests that the functions of the ventral and
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dorsal hippocampus, as well as the effects of ventral and dorsal hippocampal manipulations,
may differ, although the difference in projections may be partially offset because of strong
intrahippocampal projections. Hippocampal-dependent learning has been shown to be more
vulnerable to dorsal hippocampal lesions, although the anatomical data suggest that locomotor
activity may depend more on the ventral than on the dorsal hippocampus (68,73–77). How-
ever, consistent differences between the effects of ventral and dorsal hippocampal lesions
have not been demonstrated. Complete or partial hippocampal lesions produce hyperactivity
in rats (68,78–81), as well as rendering them more susceptible to the locomotor-stimulating
effects of dopamine agonists. Pharmacological manipulation of both the dorsal and ventral
hippocampus have been shown to modulate locomotor activity in the rat; however, the effects
are more pronounced in the ventral hippocampus (82). Ventral hippocampal activity appears
to be linearly related to locomotor activity, primarily resulting from the effects of the sub-
stantial projection of the ventral hippocampus to the VTA (68). In contrast, both pharmaco-
logical deactivation and stimulation of the dorsal hippocampus have been found to increase
locomotor activity. The hyperactivity following ventral and dorsal hippocampal lesions illus-
trate that hippocampal activity is important to inhibiting locomotor activity, and that both the
ventral and dorsal hippocampus are involved. However, studies suggest that locomotion is
primarily driven by ventral hippocampal activity, and that the dorsal hippocampus plays a
modulatory role (reviewed in ref. 68).

Regulation of DA in the NA by the direct hippocampal–NA projections has been pro-
posed as one of the mechanisms by which the hippocampus modulates locomotor activity in
the rat (83,84), although the hippocampal projections to the PFC and the VTA are also
involved (28,72,85,86). Traditionally, the ventral hippocampus has been presumed to have a
greater influence on midbrain dopaminergic neurons; however, the strong dorsal and ventral
intrahippocampal connections make this distinction gradual rather than absolute. Nevertheless,
the strong projections of the dorsal hippocampus to the core of the NA indicate that behav-
iors mediated by this structure, such as delay aversion, may be especially sensitive to dorsal
hippocampal disruption (32). Hippocampal lesions remove the prominent hippocampal
projections to the NA (83,84). Hippocampal lesions reduce dopaminergic innervation of
forebrain sites, including the NA (87). These alterations in locomotor activity observed after
hippocampal damage are consistent with the idea that the hippocampus in involved in
inhibitory control of physiological and behavioral processes, such as the dopaminergic
tonus of the NA (79).

One of the potential mechanisms of neuronal damage in IH involves the neurotransmitter
glutamate. During transient ischemia or hypoxia, increased glutamate release occurs in the
synaptic cleft and can lead to overstimulation of glutamate receptors. These receptors, and
more specifically N-methyl-D-aspartate (NMDA) receptors, have been extensively impli-
cated in neuronal excitotoxicity (88,89). Rats exposed to chemical hypoxia with carbon
monoxide displayed an immediate and significant increase in glutamate release, followed
days later by neuronal damage in the frontal cortex (90). Additionally, significant reduc-
tions in NMDA receptor immunoreactivity are observed within the cortex and CA1 region
following IH (54). This is consistent with the hypothesis that a chronic, slowly evolving
glutamate excitotoxicity is one of the factors that underlie the structural and behavioral
consequences of intermittent hypoxia. Glutamate excitotoxicity has been implicated in
hypoxia/ischemia-induced neuronal damage, as both hypoxia and ischemia will induce
increased release of excitatory amino acids, such as glutamate, that can potentially lead to
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excessive activation of ionotropic NMDA receptors, eventually resulting in programmed
cell death (91–96). Coupled with previous findings that alterations in NMDA NR2 receptor
subunit expression, as well as reductions in NMDA glutamate receptor binding sites, were
observed in the hippocampus following hypobaric hypoxia and that NMDA receptor
antagonists exert a neuroprotective effect in hypoxia/ischemia-induced neuronal damage
and oxidant tissue injury (97–100), it is suggested that NMDA glutamate receptor express-
ing cells within the hippocampus appear to be especially vulnerable to IH. The structural
and neurobehavioral consequences of IH exposure in the adult rat involve a number of
interrelated pathways, namely glutamate excitoxicity, oxidative stress, mitochondrial dys-
function, upregulation of proinflammatory mediators, and altered regulation of pro- and
antiapoptotic gene cascades (54,55,57,101–104).

The increased release of glutamate during hypoxic conditions and the parallel increases
in oxidative stress may have important implications for cell survival. For example, the lipid
peroxidation product 4-hydroxy-2,3,-nonenal (4HN) has been shown to directly modulate
NMDA channel activity, causing increases in NMDA-induced intracellular Ca2+ levels, as
well as being associated with increased phosphorylation of the NR1 receptor subunit, sug-
gesting that such compounds may play a role in the pathological responses of neurons to
oxidative stress by directly acting on glutamate receptors (105). This is consistent with the
hypothesis of a vicious cycle in which NMDA receptor activation by glutamate leads to
generation of reactive oxygen species, which, in turn, will enhance the release of glutamate,
as well as inhibit its reuptake and inactivation, ultimately leading to cellular death
(106–108). Murata and colleagues (109) have recently demonstrated that administration of
the NMDA receptor antagonist MK-801 in conjunction with a free-radical scavenger attenu-
ated the neurotoxicity associated with hypoxia/reoxygenation even when treatment was
administered during reoxygenation, suggesting that the combination of increased glutamate
release and free-radical production that occurs with reoxygenation may be responsible for
the observed neuronal damage. This is consistent with observations that even when the
magnitude of the hypoxic exposure is insufficient to induce marked increases in neuronal
apoptosis when administered as a sustained paradigm, substantial increases in programmed
cell death and gliosis develop when the hypoxic exposure is administered in a cyclical fash-
ion (54). Thus, it seems that the intermittent nature of the hypoxic stimulus, rather than the
level of hypoxia per se, may trigger a differential array of tissue responses that underlie the
observed cellular damage and subsequent behavioral impairments. The cellular damage that
occurs in response to IH likely involves a number of interrelated pathways that include
mitochondrial dysfunction, excitoxicity, oxidative stress, and altered regulation of pro- and
antiapoptotic gene cascades. The repeated reoxygenations that occur in IH may serve to
deplete or compromise the innate defense mechanisms of the cell although failing to appro-
priately recruit inducible defense processes, ultimately resulting in increased vulnerability
and apoptosis within sensitive brain regions. This may be especially important in the juve-
nile animal, as age-dependent changes in the balance of between proapoptotic and antiapop-
totic members of the Bcl and caspase 2 gene families, as well as increased expression of
NMDA receptors during development have been observed (88,110).

In conclusion, our working hypothesis suggests that exposure to IH is detrimental to the func-
tioning of hippocampus, PFC, and related subcortical structures. Additionally, the existence of a
unique period of susceptibility in the developing animal indicates that exposure to intermittent
hypoxia insults may have important consequences in the development of ADHD-like pathology,
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and that IH paradigms may be useful in the elucidation of specific mechanisms underlying
particular aspects of ADHD-associated manifestations.
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7
The Psychological Evaluation of Attention Deficit
Hyperactivity Disorder in School-Aged Children

A Clinical Approach Based on Recent Practice Guidelines

Dean W. Beebe

1. INTRODUCTION

Through the early 1990s, the evaluation and treatment of attention deficit hyperactivity
disorder (ADHD) was often directed by the theoretical orientation and professional experience
of each clinician. Though important empirically driven clinical guides were published (e.g.,
ref. 1), their impact was diluted by the sheer volume of clinical approaches that largely
ignored the growing research literature. Thankfully, recent years have witnessed the develop-
ment and dissemination of well-articulated practice parameters that are guided by research
and the consensus of recognized experts. These include guidelines for the assessment of indi-
viduals with ADHD published by the American Academy of Child and Adolescent Psychiatry
in 1997(2), the National Institutes of Health in 1998 (3), the American Academy of Pediatrics
(AAP) in 2000 (4), and the Institute for Clinical Systems Improvement in 2003 (5).

The goal of this chapter is to translate these practice parameters into a practical approach
for the everyday clinical work of psychologists, psychiatrists, social workers, and other mental
health professionals who work with school-age children. To allow for a focused discussion of
issues related to ADHD, the chapter assumes that the reader has a reasonable foundation in
child clinical assessment. Readers who are interested in broad discussions of child clinical
assessment are referred to excellent texts by Sattler (6) and Merrell (7). Although data-
driven, this chapter will not represent a comprehensive review of the research literature; for
this, the reader is referred to the wealth of information found in the balance of this volume, as
well as other comprehensive texts (e.g., 8). The reader is also directed to other chapters in this
volume for research on treatment approaches; this chapter will focus on assessment. Finally,
for brevity purposes, emphasis will be placed on work with school-age children, who repre-
sent the largest group seen for ADHD assessment (8). Readers who are interested in adult
ADHD are referred to recent books by Resnick (9) and Goldstein and Ellison (10). Those who
work extensively with preschool children are referred to work by Connor (11), Shepard et al.
(12), and McGoey et al. (13).

This chapter follows a proposed sequence of assessment steps, summarized in Fig. 1 and
illustrated further in tables and brief case vignettes throughout the chapter. The assessment
steps are presented for heuristic value and, though following a logical progression, should
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not be viewed as immutable. Clinicians are welcomed to change the order of the steps as they
adapt the recommendations presented here to their own practices.

2. STEP 1: INTAKE

An often overlooked step in the assessment process occurs at the time of initial telephone
contact with the family. This step is sometimes undertaken by the assessing clinician, but
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Fig. 1. Overview of a procedural heuristic for the assessment of suspected ADHD.



central intake workers often fill this role in larger group- and clinic-based practices. Key deci-
sions made at this step include the appropriateness of the referral, the “fit” with services and tal-
ents available within the practice, and the procedural route the referral will follow. Presenting
concerns of parents* of children with ADHD include not only inattention, impulsivity, or
hyperactivity, but also anger management difficulties, disrespect, aggression, poor conduct, dis-
organization, oppositionality, “laziness,” “immaturity,” poor school performance (often in con-
trast to what is perceived to be a bright child), and frequent teacher complaints. As with any
mental health referral, an important consideration is whether the child or family is in acute crisis,
as in cases of potential imminent harm to the child or another person, or in the immediate threat
of life-altering events (e.g., school expulsion, legal action). In these cases, the “routine” han-
dling of the chronic disorder, such as ADHD, must be set aside in favor of immediate crisis
intervention (5).

3. STEP 2: GENERATE THE PROBLEM LIST

Although surprises abound in mental health assessment, in cases where ADHD is present,
a solid intake process will have raised relevant concerns prior to the first clinic visit. Even in
these cases, however, it is prudent to ask for a broad overview of the presenting concerns,
often in list form. Overlooking this step places the clinician at risk for missing areas of concern
that are important for diagnosis and treatment, prematurely biases the clinician toward a
diagnosis that may be inappropriate or insufficient, makes the erroneous assumption that the
clinician knows more about the situation than does the family, and misses a valuable
opportunity to develop rapport early in the process. Asking the family to rank or prioritize
their concerns can further provide structure and direction for the subsequent clinical inter-
view in a way that resonates with the family’s perspective.
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Case 1: Johnny, age 7, has such significant impulsivity and other behavior problems
that his mother fears that even if he does not hurt himself (he has impulsively run
through glass panes and fallen off of a high deck), she may resort to abuse in an effort
to gain control of the home. The intake worker sets up an “emergency appointment”
with a clinician, and provides guidance on acute support services, including a 24-h hot-
line and emergency admission procedures. Thorough assessment of Johnny’s possible
ADHD can wait until the crisis is managed.

Case 2: In reviewing the intake materials for a new client, a young clinician notes that the
parent has expressed concerns about a child’s ability to pay attention. Fresh out of a sem-
inar on diagnosing ADHD, he begins the clinical interview with direct questions about
ADHD. The family, a bit taken aback but eager to obtain help, goes along. It is not until
the last 5 min of the session that the clinician learns that the family is actually more con-
cerned about the possibility of a learning disability, and that the child’s behavior problems
seem to be most evident during arithmetic lessons and homework. Valuable time and
opportunities have been squandered by an errant, if well-intentioned, clinical approach.

* It is acknowledged that family structures differ tremendously. The general term “parent” is used here for
ease of presentation, but refers more broadly to primary caregivers and guardians.



4. STEP 3: ASSESS FOR CORE FEATURES OF ADHD

For the purpose of this chapter, it is assumed that concerns about attention, impulse
control, or activity level figure prominently in the problem list. In this case, the clinician
should inquire further regarding these core features of ADHD, avoiding a simple recitation of
Diagnostic and Statistical Manual for Mental Disorders (DSM-IV) criteria at first to obtain a
more complete picture of the nature, frequency, severity, pervasiveness, and duration of
symptoms. The prevailing diagnostic criteria according to the DSM-IV (14) are reviewed
elsewhere in this volume. In short, DSM-IV requires the “childhood onset of adaptive
impairment due to significant inattention, impulsivity, or hyperactivity that persists at least
six months. These symptoms must be present across multiple situations and must not be bet-
ter accounted for by another mental disorder.”

Table 1 provides broad questions that can be stated in a conversational tone to elicit
information relevant to DSM-IV criteria. Following these are more specific questions that
can be used to further “flesh out” a diagnosis, especially when the clinician is having difficulty
eliciting useful information with broad questions. Although a conversational tone is impor-
tant to build and maintain rapport, in the end it is important to ask enough specific questions
to be able to address the diagnostic criteria (8). Sattler (6) recommends a progression from
open-ended questions to close-ended questions over the course of the interview; the more
open-ended questions allow the parents the most freedom to express their concerns and
perspective, whereas close-ended questions may be necessary to understand whether specific
diagnostic criteria have been met. Readers who prefer a more structured interview format,
as well as students who are just learning how to interview with DSM-IV in mind, are
directed to Rogers’ extensive review of empirically established structured child clinical
interviews (15).

Several parent- and teacher-report questionnaires have been developed that directly
inquire about the key features of ADHD. “Narrow-band” ADHD forms that focus primar-
ily on ADHD symptoms are more effective in assisting diagnostic decisions than are
“broad-band” indexes that cover a wide array of symptoms (4). Comprehensive reviews
of narrow-band questionnaires are presented elsewhere (8,16–18), but the most common
will be listed here. Several authors have provided simple translations of ADHD items into
questionnaire formats, such as Barkley’s Disruptive Behavior Disorders Rating Scale (16)
and DuPaul and colleagues’ ADHD Rating Scale (19). Others have developed more com-
prehensive behavior questionnaires, from which relevant narrow-band subscale scores
can be derived. These include the attention and hyperactivity subscales from the Behavior
Assessment System for Children (20), the attention subscale from Achenbach’s Child
Behavior Checklist and Teacher Report Form (21), and the ADHD Index and Hyperactivity
subscale from the Conners Parent Rating Scales and Teacher Rating Scales (22). Each of
these questionnaires has strong psychometric qualities and offers both parent and teacher
report forms.

Standardized narrow-band questionnaires and questionnaire subscales have several selling
points. In contrast to clinician-constructed questionnaires or nonstandardized interviews,
standardized questionnaires have established psychometric properties. Well-characterized
normative data can help address exactly how unusual a child’s behaviors are for his or her
age (or gender). This is especially important in differentiating the extreme and impairing
behaviors that characterize ADHD from more common developmental variations, such as
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the high activity level and short attention span that occurs in very young children (see also
ref. 4). Such questionnaires are also readily understood by a wide variety of parents and
teachers. Finally, they can be completed outside the testing office, and are especially useful
for obtaining the perspectives of caregivers and teachers whom the clinician may not other-
wise contact.

Nevertheless, diagnostic decisions cannot be made based on questionnaires alone (5).
Questionnaires, no matter how well-developed, are prone to rater/observer biases, idiosyn-
cratic item interpretation, rater-specific tolerance levels for certain behaviors, and the degree
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Table 1
Sample Questions for Core Features of ADHD

Broad, conversational questions
• You mentioned that he/she has problems with [inattention/being overactive/acting without

thinking...]. Can you tell me more about what you see?
• Can you provide examples?
• Has this gotten him/her into trouble? In what situations?
• What happens because he/she (fill in behavior)? What is the impact?
• Are there times when this isn’t a problem? Tell me more about those times.
• How long has this been a problem? When did you first notice it?
• What do members of your family (his/her teacher, etc.) think about this behavior?

Follow-up/specific questions
• Does he/she have problems paying attention to certain things? What things?
• Is he/she easily distracted?
• Does he/she make careless mistakes at school, at home, or in other situations?
• Is it hard for him/her to remember what you or his/her teachers say?
• Does it seem like he/she does not listen to you or his teachers? When does he/she listen?
• Does he/she have problems following instructions?
• Does he/she have problems following through on things?
• How organized is he/she? Is his/her locker, desk, bookbag, bedroom, or playroom a mess?
• Does he/she avoid tasks that require him/her to pay close attention?
• Does he/she lose things a lot? Are worksheets, assignments, books, or coats unintentionally 

left behind?
• Does he/she get into trouble for fidgeting, squirming, or having problems sitting still?
• Does he/she get into trouble for running around or climbing on things when he/she shouldn’t?
• Is he/she able to stay in his/her seat at school, home, restaurants, church, or other places?
• Does it seem like he/she just can’t slow down or stay in one place?
• Can he/she play quietly? Doing what?
• Can he/she stick with an activity without switching quickly? Which activities seem to be hard

to stick with?
• Does he/she interrupt, talk out of turn, or blurt out answers at school?
• Does it seem like he/she never stops talking?
• How does he/she do with waiting his/her turn in games or lines?
• Does he/she butt into games or conversations?
• Does he/she usually think before acting, or act before thinking?
• Does he/she end up doing dangerous things without thinking, like jumping from heights or running

into the street without looking? Is he/she thrill-seeking or just not thinking?



to which the rater actually knows the child. Like all clinical assessments, the diagnostic eval-
uation of a child with suspected ADHD involves integrating information from multiple
sources, assessing the reliability and validity of these sources, and drawing conclusions
based on the weight of the evidence.

One key limitation of the behavioral questionnaires is that they rarely address the
environmental contingencies that surround problem behaviors. Using the ABC (antecedents-
behaviors-consequences) model of describing environmental contingencies, the clinician
should conduct an analysis of the circumstances and consequences surrounding problem
behaviors. A related limitation of band-questionnaires is that, by design, most focus
on symptoms of ADHD, not the functional impairment caused by these symptoms. Signs of
impairment, not symptoms, are the primary cause of most referrals and mediate the long-
term adverse effects of ADHD (23). As such, while inquiring about the specific symptoms of
ADHD, it is equally, if not more, important to determine the environmental contingencies
and functional impact of these symptoms.

It can be informative to ask about the situations in which the child does not seem
impaired. This reframing of the ABC model may provide insight into potential environmental
interventions, or alternative hypotheses for the meaning of problem behaviors (e.g., impul-
sivity that is present only in anxiety-provoking or highly stimulating situations). In other
cases, it can initiate an educational process for the parents. Some parents assume, for exam-
ple, that a child who can watch television or play video games for hours cannot have ADHD.
In fact, the attention span required for such activities is often quite brief, and the reinforce-
ment the child experiences while doing so is immediate and powerful (4). Television and
video game programmers earn their living by maintaining people’s attention; in some ways,
they may be better at behavior modification than many psychologists!

It is important to inquire about the child’s behaviors across multiple contexts (2). Not only
is this required to make a formal diagnosis, but it can provide additional insight into the envi-
ronmental contingencies that prompt, perpetuate, or suppress problem behaviors. The diag-
nosis of ADHD does not require impairment across all situations—in fact, the degree and
nature of impairment often vary across settings—but impairment must be present in multiple
settings. Typically, but not always, the greatest impairment arises in situations that place high
expectations on the child to regulate his or her attention and behavior, but which are charac-
terized by a low degree of external structure and support in doing so. Because of this, it is
especially important to ask about behaviors and performance at school, where the greatest
concerns are often seen.
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Case 3: The parents of Mark, age 8, come to the office at odds. His mother is frustrated
with frequent teacher complaints of off-task behaviors, as well as her own experience
of his grabbing at objects while shopping and his apparent inability to complete home-
work at an age-appropriate level. However, when she forces him to sit with her and go
through each homework item one by one, he learns well. Mark’s father, who works sec-
ond shift and sees him mostly during the weekend, observes that he has boundless
energy, but that this doesn’t get him into trouble around the house. He questions the
motives and competence of the teacher and has difficulty supporting his wife when he
has not seen the same problems.



The clinician is cautioned to take into consideration ethnic and cultural issues at this and
other steps in the assessment process. ADHD assessment is not unique in this respect, and the
reader is referred to Suzuki et al. (24), Sattler (6), and Merrell (7) for guidelines for culturally
sensitive assessment. Reid (25) has provided one of the few comprehensive reviews of the
use of ADHD behavior rating scales across cultural groups. Although the data have been
“weak and inconsistent” on whether the disruptive behavior disorders, including ADHD,
vary in true prevalence across racial or ethnic lines within the United States (26), certain sub-
populations do tend to score higher on ADHD questionnaires than others (19,25,27,28). Also,
it is clear that, across countries, the apparent prevalence of ADHD varies dramatically (29).
One key concern with all disruptive behavior disorders is the degree to which a behavior is
socially accepted. Barkley (16) recommends that if a parent from a minority group endorses a
specific symptom, the clinician should follow up with: “Do you consider this to be a problem
for your child compared to other children of the same ethnic or minority group?” Although
helpful, such add-on questions do not fully address the issue of cross-cultural awareness.
When working with families who differ from the dominant European-American culture (on
which both DSM-IV and most standardized questionnaires and interviews were based), the
clinician is cautioned that the language used to describe behaviors, and the significance and
meaning attributed to a given behavior, are at least partially culturally determined (25).

5. STEP 4: ASSESS FOR COMORBID CONDITIONS

It is estimated that as many as 70% of children with ADHD may also be diagnosed with
one or more comorbid psychiatric conditions (2,30). As summarized in Table 2, children with
ADHD show much higher rates of a variety of other conditions than is present in the general
pediatric population.

The problem list generated above provides a good launching point for inquiring about
comorbid conditions. Each problem on the list should be explored, with an eye toward means
by which core features of ADHD might influence the presence or manifestation of the other
reported problems (and the converse situation). Thorough discussion of the assessment of
each potential comorbid condition extends beyond the bounds of this chapter. For initial
guidance, however, Table 2 provides sample screening questions to be used when the clini-
cian suspects the presence of several of the more common comorbid conditions. Obviously,
the clinician is not limited to these questions, and should consider the full range of poten-
tially comorbid disorders when reviewing the presenting problem list.

Broad-band questionnaires can be an important adjunct to interviews in assessing for the
presence, nature, and severity of comorbid pathology, and have been endorsed for such use in
multiple practice parameters (2–5). Commonly used broad-band questionnaires, such as the
Child Behavior Checklist/Teacher Report Form, Conners Parent and Teacher Rating Scales,
and Behavior Assessment System for Children can alert the clinician to areas outside the core
symptoms to focus on further. As with their narrow-band counterparts, their strengths include
strong psychometric support and convenience, but they also share the potential biases inher-
ent in any questionnaires.

In clinical practice, when the question of ADHD arises, I typically request that at least one
parent and at least one teacher who know the child well complete both a broad band question-
naire and narrow-band ADHD instrument. When possible, forms are mailed out and received
prior to the first interview. The combined information can provide a powerful launching point
for dialogue, even during the initial session, and can prompt discussion of areas that might
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Table 2
Population and Comorbidity Rates for Common Comorbid Conditions 
and Sample Screening Questions

Pop. Rate in
Condition rate ADHD Sample screening questions

Oppositional– 2–16% 35–50% • Does he/she openly defy you or a teacher, actually saying
defiant “no” or ignoring you?
disorder • Does he/she seem annoyed easily? What sorts of things 

bother him/her?
• Does he/she seem to annoy other people on purpose?

Who? Where?
• Does he/she seem angry, “hot-tempered,” resentful, or full

of spite?

Conduct 2–3% 14–50% • Does he/she lie a lot? About what?
disorder • Does he/she get into physical fights? Has he/she used 

a weapon?
• Has he/she hurt or tried to intimidate people or animals?
• Has he/she ever stolen or damaged other people’s things?

Tell me more about what happened.

Anxiety 9% 20–34% • Does he/she seem nervous or anxious? How can you tell?
disorders • Are there times when he/she seems panic-stricken or

“frozen” by anxiety?
• Are there certain things or situations that he/she is very

afraid or nervous around, or tries to avoid?
• Is he/she very shy, more than other children the same age?
• Does he/she repeat certain actions over and over, like

a ritual?

Depression/ 2–8% 15–20% • Does he/she seem to feel sad, blue, or down? How can 
dysthymia you tell?

• Is he/she irritable, cranky, or moody?
• What does he/she do for fun?

Are there things he/she used to enjoy but doesn’t anymore?
• Does he/she talk about hurting him/herself?

Has he/she actually tried to do so?

Bipolar 1% Unclear • Are there times when he/she seems to think he/she can 
disorder do anything or be anything?

• Are there times when he/she is unusually energetic,
almost “high,” but without drugs?

• Are there times when he/she hardly sleeps but seems not
to be affected by it the next day?

• Does he/she seem to have thoughts that come so fast he
or she could not keep up with them?

Learning 2–10% 10–25% • Even when he/she is paying attention, is it hard for
disability, him/her to learn?
cognitive • Are there certain subjects that he/she just doesn’t seem 
delay to get?
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have been overlooked in the initial problem list. They can also form the foundation for discus-
sion of concerns raised by one party (e.g., a parent) but not another (e.g., a teacher).

Although not in themselves diagnostic, associated features of ADHD should also be
assessed. These include poor social skills, motor coordination problems, low sense of self-
esteem or self-efficacy (particularly around schoolwork), and poor “executive functioning”
(e.g., difficulty dealing with changes in routine, poor emotion regulation, poor planning, disor-
ganization, poor self-monitoring) (8). To supplement the clinical interview, the Behavior Rating
Inventory of Executive Functioning (BRIEF) (31) has parent and teacher-report questionnaire
forms that provide information on multiple aspects of executive functioning in daily life, and
can be a useful complement to narrow-band ADHD scales and broad-band psychopathology
screeners. Similarly, Barkley (1,8,16) has advocated the use of questionnaire screeners for
social skills deficits (e.g., the Social Skills Rating System [32]) and the pervasiveness of behav-
ior problems (Home and School Situation Questionnaires [1,8,16]). Although beyond the scope
of this review, even more comprehensive questionnaire batteries can be constructed, if needed,
to examine issues of parental psychological functioning, marital adjustment, parenting stress
and social support, parenting practices, and dyadic and family interactions (33).

6. STEP 5: GATHER HISTORICAL AND CONTEXTUAL INFORMATION

As with all psychiatric assessment, the assessment of children with suspected ADHD
requires eliciting information regarding the child’s history. Though it is nearly impossible to
psychometrically validate such instruments, general background questionnaires, such as
those published by Sattler (6) and Barkley (16), can help structure the assessment process,
ensuring that important historical and contextual information is addressed. When these are
gathered ahead of time, such forms also provide a frame of reference for the clinician prior to
the clinical interview. Table 3 lists the historical and contextual domains that should be
addressed in the assessment of a child with suspected ADHD.
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Table 2
(Continued)

Pop. Rate in
Condition rate ADHD Sample screening questions

• How does he/she do with (reading/writing/arithmetic)?
How about (fill in another academic subject)?

• Has he/she ever been classified as having a learning 
disability or educational handicap? Tell me more.

Tourette’s/ <1% 11% • Does he/she have certain movements that happen often
tic disorder but are not intentional? For example, blinking, making 

an odd face, shrugging, or moving an arm the same
way a lot?

• Does he/she make noises without meaning to, like 
grunting, sniffing, or saying certain words?

Substance Varies Varies • Do you suspect that he/she smokes, uses drugs, 
abuse by age by age or drinks alcohol? What makes you suspect this? How 

much do you think he/she does this?

From refs. 2,14,30,44,52–55.



Though most mental health workers are not physicians, it is important to obtain a basic
understanding of the medical factors most likely to affect the cognitive and behavioral func-
tioning of a child. This typically involves asking questions regarding pre- and perinatal med-
ical histories, as well as any history of neurological injuries (e.g., head injury with signs of
concussion) or neurodevelopmental conditions (e.g., chromosomal abnormality, familial or
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Table 3
Important Historical and Contextual Information

Medical history and status
• Prenatal history, including maternal substance use, toxin exposure, length of gestation, and

pregnancy complications
• Perinatal history, including complications during labor and delivery, health at time of delivery
• History of significant neurological injuries (e.g., traumatic brain injury) or neurodevelopmental

conditions (e.g., genetic disorder, thyroid condition)
• Potential exposure to neurotoxins, including lead
• General health history of the child, including chronic illnesses, the frequency and recency of

medical attention, vision and hearing screening results, and current and past medications
• Sleep functioning of the child

Developmental history and status
• Attainment of language and motor milestones
• Development of adaptive and self-help skills
• History of protracted stalling or regression in developmental and adaptive milestones
• Presence and persistence of difficulties with language or motor functioning
• Current academic and adaptive status

Immediate environment and social history
• Nature of housing, neighborhood (e.g., public housing)
• Members of immediate household
• Stability of household (e.g., frequent moves, entries into and departures from the household)
• Description of the school environment currently and over the years
• Parenting and disciplinary style
• Other sources of environmental support (e.g., church, supportive relatives)
• History of abuse or neglect (both personal and witnessed)
• Family stresses (e.g., job loss, divorce, deaths in families)
• Cultural affiliation of family and degree of identification with local cultural mainstream

History of the problem
• Presence of symptoms prior to age 7
• When symptoms first drew the attention of parents/teachers/professionals
• First symptoms in hindsight
• Changes in symptoms and development of comorbidities over time
• Prior psychological, psychiatric, and academic evaluations
• Prior attempts at intervention, including discipline at home and school intervention plans 

(Individualized education plans, “504 plans”)

Family psychiatric history
• Family history of learning, scholastic, attention, or behavior problems
• Family history of neurological disorders
• Family history of psychiatric disorders, including disruptive behavior disorders and chemical

dependency



idiopathic epilepsy). Each of these factors may cause or contribute to behavioral disruption,
and may warrant additional evaluation by relevant specialists and consideration in case con-
ceptualization and recommendations. If there is any suspicion of neurotoxin exposure, such
as lead exposure if the child has lived in pre-1970s-built housing with cracked or flaking
paint, the child should undergo formal screening by medical professionals.

The general health history of the child should also be understood, not only because of the
potential direct effect of medical problems on functioning (e.g., effect of frequent ear infec-
tions on hearing and subsequent speech development) but also because significant medical
events often alter the parent-child relationship, with secondary effects on child behavior. A
history of frequent physical injuries should prompt further inquiry, as these may relate to
impulsivity or inattention, motor coordination problems, environmental circumstances, or
even physical abuse. Finally, as is covered in greater detail in Chapter 19, the clinician
should inquire about the child’s sleep functioning. Although the nature of the relationship
between sleep problems and ADHD remains hotly debated, there is little question that a very
high proportion of children with ADHD are reported by their parents to have sleep problems
(34–36). Given that pediatric sleep disorders are often quite treatable, interventions in this
area have the potential to dramatically improve quality of life.

The developmental history and status of the child places his or her behavioral difficulties in
a larger developmental context. The diagnosis of ADHD requires that the observed or reported
symptoms are substantially out of step with a child’s developmental level. When there is a sus-
picion of significant developmental delays, the child’s attention and behavior regulation must
be determined to be proportionately poorer still. The clinician should inquire regarding the
attainment and progression of language, motor, adaptive, and self-help skills. Any protracted
stalling or regression of developmental or adaptive milestones should be explored thoroughly,
as these often signal the presence of a significant medical or environmental stressor. The clini-
cian should also attempt to understand the child’s current academic and adaptive status, both
under “typical” circumstances and when the child is in an optimized environment (e.g., how
well does the child learn with one-on-one instruction and behavioral cues?).

As outlined in Chapter 2 of this volume, ADHD has a significant genetic component. As
such, it is important to solicit information regarding the psychiatric, scholastic, and neurological
histories of immediate family members. From a practical perspective, knowledge of first- and
second-degree relatives generally suffices. Even given substantial heritability to ADHD, how-
ever, its behavioral phenotype is substantially affected by environmental and social factors.
The clinician should solicit information regarding the multiple spheres of environmental influ-
ence, including the school, immediate family, neighborhood, and other domains (e.g., church).
Changes in these spheres and major family stresses should be noted, with particular attention
to the relationship between these events and changes in the child’s behaviors.

If they were not already assessed when discussing the parents’ primary concerns, the symp-
tom history should be traced. This is especially important when children present for treatment
during middle or late childhood, as the current criteria for ADHD require the presence of symp-
toms prior to age 7*. This is not to say that the problems must have been noted prospectively by
age 7; in some cases, behaviors can be overlooked (e.g., with primarily inattentive children who
are not behaviorally disruptive in the class), normalized or dismissed as a transient “phase,” or
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* Barkley (8,29) has questioned the validity of the “under 7 cutoff,” but still emphasizes the importance of
establishing childhood onset.



minimized by environmental accommodations (e.g., small classroom size, considerable one-
on-one support). Indeed, the impact of inattention and the related symptoms of poor planning
and disorganization may increase across childhood, with the progressive increase in expecta-
tions for independent work. However, the presence of significant symptoms during early child-
hood, even in hindsight, is required for the diagnosis. The temporal relationship of symptom
development, especially with respect to environmental changes and the development of comor-
bid conditions, can suggest points of potential causality and intervention.

Some children will have undergone prior evaluation by another clinician or the school;
records from these evaluations help to track symptoms and impairment, and can either sug-
gest or obviate the need for some follow-up assessments (see Section 10). Even less struc-
tured assessment documents, such as report cards, provide a valuable record of the functional
impact of a child’s symptoms. Finally, understanding the interventions that have already been
tried can provide insights into the coping resources and behavior management approaches of
the family and school, as well as tips on intervention paths that are likely to meet with the
greatest success and least systemic resistance.

Although obtaining historical information is essential to the assessment process, the clini-
cian should also recognize that retrospective reports can be inaccurate and inadvertently
biased toward the reporter’s explicit or implicit hypotheses about the child’s behaviors. This
emphasizes the need to maintain clinical objectivity during the assessment process, and to
gather prospectively generated information (e.g., school records, medical chart information)
whenever possible.

7. STEP 6: ASSESS FOR DIFFERENTIAL DIAGNOSES

The DSM-IV diagnosis of ADHD requires that “the symptoms do not occur exclusively
during the course of a Pervasive Developmental Disorder, Schizophrenia, or other Psychotic
Disorder and are not better accounted for by another mental disorder (e.g., Mood Disorder,
Anxiety Disorder, Dissociative Disorder, or a Personality Disorder).” Typically, most of the
needed information is solicited in the problem list and assessment of comorbid conditions. If
there is any concern regarding hallucinations or delusions, this should be followed on in a
frank and detailed manner, as the diagnosis and treatment for childhood-onset psychotic dis-
orders are much different from those for ADHD.

Although DSM-IV does not allow for the concurrent diagnosis of ADHD and pervasive
developmental disorder (PDD; e.g., autism, Asperger’s disorder, PDD not otherwise speci-
fied), research data call this prohibition into question (37). Even so, clinicians are cau-
tioned against overdiagnosing ADHD in the context of PDD. If a child displays qualitative
impairments in social interaction, coupled with restricted repetitive and stereotyped pat-
terns of behavior, interests, and activities (14), the clinician should conduct careful follow-up.
By virtue of their normal intellectual skills, many children with “high functioning” autism
or Asperger’s disorder are not identified until middle or late childhood, after having
endured numerous misdiagnoses and the failure of relevant interventions (38). Often, one
of these misdiagnoses is ADHD. In children of apparently normal intellectual ability, the
clinician should move beyond the stereotype of the disengaged “autistic” child who is
engaged in isolated repetitive behaviors. Rather, the assessor should inquire more carefully
regarding the reciprocity of social interactions (even if the child is socially interested) and
the presence of narrow and intense interests (e.g., amassing a huge knowledge base of base-
ball statistics) that interfere with daily functioning (39). In these cases, although treatments
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for inattention, hyperactivity, or impulsivity may be useful, the overall case conceptualiza-
tion and treatment plan must be framed around the PDD diagnosis to be most effective
(see also refs. 38,39).

The issue of whether symptoms are better explained by another mental disorder can be tricky,
and is not unique to ADHD; nearly all DSM-IV diagnoses have a similar “rule out” criterion.
Important considerations to take into account when making such decisions include the relative
severity of symptoms, the contexts in which symptoms are most obvious, family/genetic influ-
ences, and the relative timing of onset and exacerbation of symptoms of each disorder. A careful
functional behavioral analysis, including delineation of antecedents and consequences related to
each problem behavior, can further allow for better diagnostic accuracy (40). The determination
of which diagnoses or conditions are primary is not academic; diagnoses carry specific connota-
tions and expectations, and can dictate which treatments are attempted.

8. STEP 7: CHILD INTERVIEW

The timing of the child interview in the diagnostic process is rather arbitrary, though it is
often ideal to have spoken at length with the parents first to have a better idea of what to
expect when the child comes in, as well as key issues to explore further with him or her. As
with the parent interview, the reader is directed to more comprehensive child assessment
texts (e.g., refs. 6,7) for an overview of key issues in child clinical interviews. This chapter
will focus on issues that are relatively specific to ADHD.

When working with a child with suspected ADHD, it is essential to understand that he or
she may not show inattention, hyperactivity, or impulsivity in the office. After all, the office
setting is typically novel, one-on-one, stimulating and—depending on the assessor’s tal-
ents—fun. Thus, although the presence of symptoms is noteworthy, the absence of symptoms
is not particularly informative (23). Also, because of the novelty of the situation and the
child’s unique perspective and attempts at image-setting, his or her report during a clinical
interview may be quite discrepant from that obtained from parents and teachers. An important
challenge for the clinician is to integrate this information.

Despite the challenges inherent in effective child interviewing, when ADHD is suspected,
the child interview is an essential part of the diagnostic process for several reasons. First, the
child’s view of the situation can give important clues as to how he or she will respond to
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Case 4: The mother of 6-yr-old Miguel expresses frustration with her son’s lack of
response to stimulant medications prescribed by his pediatrician. One of the most dis-
tressing behaviors is his lack of attention to her directives. He is not reported to be
markedly inattentive or have a behavior problem at school or with his grandparents.
Further inquiry reveals that, even when his attention is gathered by his mother, he often
reacts angrily or refuses to do as she asks. Many times, after a protracted battle, his
mother decides it is easier to give up than to force the issue. A thorough evaluation
reveals long-standing difficulty with parent limit-setting across multiple situations. In
the absence of additional evidence of ADHD, oppositional defiant disorder is consid-
ered the primary diagnosis. Behavioral therapy focused on parent training is under-
taken, and displays success even after the pediatrician discontinues the stimulants.



potential interventions. Second, parents and teachers may be unaware of certain child behaviors,
moods, and cognitions that turn out to be key to the overall case conceptualization. Third, the
child may reveal historical information that was not revealed by the parent, such as abuse or
neglect. Fourth, especially for older children, a firsthand account of his or her symptoms and
their functional impact can be quite cogent.

The nature of the interview will vary. With young children, it is often helpful to conduct
the child assessment while playing a game. The emphasis should not be on “play therapy” or
“play assessment,” both of which emphasize the symbolic content of play, but rather on pro-
viding a context for behavioral observation and, as important, a tool for increasing the child’s
comfort with the examiner during the interview. With older children and adolescents, the
give-and-take of an interview may be more comfortable.

Notwithstanding the limitations of behavioral observation in the office setting, how the
child behaves during the session can be important. If present, signs of impulsivity, fidgeting,
hyperactivity, distractibility, disorganization, and difficulty with dual-tasking (e.g., talking
and playing at the same time) are often significant. Receptive and expressive communication
skills, social skills, motor coordination or stereotypies, thought processes, and apparent
mood and affective state and stability should all be noted.

Insofar as a clinical interview is possible, it is important to obtain a sense of the child’s
experience of the home, school, and other environments, and their ability to meet others’
expectations in those settings. In the context of a more free-flowing discussion, specific
questions, aimed at the developmental level of the child, should address the core symp-
toms of ADHD and common comorbid conditions. The functional impact of these symp-
toms can sometimes be strikingly described by the child, although on many occasions he
or she will tend to downplay any impact or focus on others’ actions (16). The more devel-
opmentally advanced and forthcoming the child, the more closely the interview may par-
allel the parent interview. When working with a developmentally able child, it can also be
helpful for him or her to complete questionnaires for which child report forms have been
developed (e.g., refs. 20,21). However, perhaps even more than with adult-report ques-
tionnaires, the findings from child-report questionnaires must consider the source of
information, and carefully weigh the resulting information with the balance of the other
available information (18).
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Case 5: The parents of 15-yr-old Susan bring her in for evaluation because of declining
school grades and apparent inattention at school. She was reported to have been
“spacey” as a young child, but this was dismissed as “just Susan.” Based on the parent
report alone, the clinician suspected that she had lived with undiagnosed inattentive-type
ADHD for some time, the functional impact of which was growing because of increased
demands for independent work. After a rapport-building period during the child inter-
view, Susan tearfully admitted to “being under a lot of stress.” On further inquiry, she
revealed that she had taken to “partying” with her friends without her parents’ knowl-
edge, including escalating drug use. She also tearfully reported a history of “date rape”
by an older acquaintance. Although the possibility of long-standing ADHD was still a
consideration, the situation was obviously more complex.



9. STEP 8: COLLATERAL CONTACTS AND OBSERVATIONS

It is critical to gather information from multiple sources. At a minimum, this typically
requires the use of parent- and teacher-report questionnaires. On many occasions, it can also
be helpful to talk directly with teachers and additional caregivers (e.g., after-school care or
daycare providers, relatives). By necessity, these conversations are often brief and target the
specific presenting concerns. Again following the ABC model, the antecedents and conse-
quences of behaviors are important facets of the assessment. As part of the antecedent assess-
ment, the clinician should inquire about the general classroom setting (e.g., number of
children and adults in class, size of room, degree of structure, seating arrangement, typical
teaching methods). The clinician should also attempt to understand how long the reporter has
known the child and under what circumstances. Prior attempts at intervention beyond those
reported by the parents should also be solicited. Finally, although not part of the diagnostic
process itself, it can be of further assistance to ask the reporter what he or she thinks the child
needs, and what untapped support options might be available for the child.

In some cases, direct classroom observation is possible or has been conducted by others
(e.g., as part of a comprehensive school evaluation). The advantages of direct observation
include the opportunity to see the child’s “typical” environment, his or her behaviors in that
environment, and the functional effects of these behaviors. Several formal behavior observa-
tions techniques have been developed (e.g., refs. 7,20,21) that provide a structured means for
recording behaviors and comparing them against a frame of reference (e.g., norms, a
matched “control” child in the class). Disadvantages of behavior observation include the
reactance of the child (or of others around him or her) to the presence of the observer, diffi-
culties with logistics (e.g., scheduling, billing), and the possibility that the brief behavioral
“snapshot” does not capture the child’s typical behaviors. Analog assessments, in which child
behavior is observed in an office-based simulated classroom (or other) environment, have
been developed in an attempt to overcome some of these limitations (e.g., ref. 41). Although
viewed as promising, to date these analog approaches have been inadequately studied to sup-
port their clinical use (42).

10. STEP 9: DECIDE ON NEED FOR FURTHER EVALUATION

In the majority of cases, the above steps are sufficient to make an accurate diagnosis and to
formulate a case conceptualization and recommendations. From a medical perspective, the
AAP has found that blood work, structural or functional neuroimaging, and standard or quan-
titative electroencephalography are not clinically indicated in the routine evaluation of chil-
dren with suspected ADHD (4). However, there are instances in which further medical
consultation is needed. If a medical condition, such as toxin exposure, epilepsy, or a history
of significant head trauma, is suspected, the clinician should refer the child for appropriate
specialist evaluation. Similarly, if a psychiatric condition that is outside the clinician’s area of
expertise is suspected (e.g., substance abuse, PDD), the clinician is ethically obliged to con-
sult with a specialist on that condition (43). If a receptive or expressive speech/language
delay is suspected, the child should be referred for formal evaluation of these skills, though
clinical experience suggests some caution. Just as psychiatric assessment has a bias toward
understanding aberrant behaviors (not language functioning), speech and language assess-
ments are poor substitutes for a psychiatric assessment. I have worked with children who had
previously undergone a speech and language evaluation and were diagnosed with “central
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auditory processing disorder” because audition/language was the only modality assessed,
then they were inadequately treated because the broader impact of ADHD was overlooked.

The astute reader will have noticed that this chapter has not yet addressed formal one-on-
one cognitive or personality tests of the child. This is because, in many cases, such testing is
not needed. Multiple reviewers, based on comprehensive evaluations of a broad research lit-
erature, have come to the conclusion that the routine use of formal cognitive and personality
tests of the child with suspected ADHD is unwarranted  (4,5). This includes the routine use of
one-on-one continuous performance tests (CPTs) which, although in widespread use by mental
health practitioners and pediatricians, do not provide adequate sensitivity and specificity to
guide diagnosis, case conceptualization, or treatment planning (2,4,44). Other psychological
tools, such as empirically derived factors from intelligence tests, have even less research sup-
port as diagnostic tools, and should not be used to rule ADHD in or out (45).

Nevertheless, when comorbid learning problems are suspected or there are concerns about
cognitive delay, follow-up cognitive or educational testing is appropriate (2). Many schools are
well prepared to address this issue, although some parents are understandably concerned that
the school may not handle a given child well. Private psychologists who specialize in work
with children with ADHD or learning disabilities (those who specialize in one almost invari-
ably are experienced with the other) are also well-qualified to conduct such evaluations,
although obtaining third-party (e.g., insurance) reimbursement can be difficult. In rare cases
when a frank neurological disorder is suspected (e.g., epilepsy, brain injury), a neuropsycholog-
ical assessment, administered by a psychologist with the appropriate pre- and postdoctoral spe-
cialty training, can be a helpful adjunct to a medical workup, providing a more comprehensive
determination of the impact of the medical condition and recommendations for intervention.

Follow-up psychological evaluation may be warranted in cases where there is suspicion of
significant abnormalities of cognitive contents or processes (unusual or bizarre thoughts,
schematic/interpretive biases) or mood disorders. Again, psychologists with specialization in
the specific concerns surrounding a child should be consulted; the use of psychological tests
by non psychologists or psychologists without adequate training and experience is unethical
and, in many cases, illegal.

Psychologists are cautioned to take into account the potential impact of ADHD symptoms
on the testing process and outcome. Generally speaking, unless the specific symptoms of
ADHD are being assessed, it is ideal to minimize the impact of these symptoms in the testing
room. This may include holding off on assessment until medications are initiated and appro-
priately titrated. At a minimum, the testing environment should be artificially structured:
decreasing visual and auditory distractions, having a clean testing space, setting clear behavioral
expectations, using frequent cues and immediate reinforcement for on-task behaviors,
encouraging the child to take his or her time (if appropriate to the task), refocusing the child
prior to instructions and item administration (e.g., “Ready?”), keeping a brisk testing pace for
impulsive patients (e.g., avoiding excessive test setup and cleanup time), physically structuring
the space to limit impulsive movement, and taking frequent breaks to allow for movement
and discussion of distractions at appropriate times. The goal is to obtain the most clear and
accurate assessment by reducing the “noise” generated by ADHD symptoms. Of course, in
doing so, the testing situation becomes quite different from the child’s typical setting (e.g.,
the classroom). The challenge for the clinician, then, is to estimate the relative and cumulative
impact of ADHD symptoms and non-ADHD psychological test findings on daily functioning
in order to plan the most effective interventions.
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In sum, as a behavioral diagnosis, ADHD does not call for the routine clinical use of medical
or psychological assessment tools that extend beyond the assessment of primary symptoms
of ADHD, screening for comorbid conditions, or determination of functional impairment. In
a majority of cases, more elaborate assessments result in a waste of precious family
resources, a delay in effective treatment, and the loss of availability of clinical resources to
others who need them. Nevertheless, more intensive assessments are most certainly war-
ranted in specific cases, and they have an important place in research as well. The clinician
who sees children with suspected ADHD is well advised to develop a network of potential
referral and follow-up assessment options to access when needed.

11. STEP 10: DEVELOP CASE CONCEPTUALIZATION 
AND RECOMMENDATIONS FOR TREATMENT

The assessment process has multiple goals. On one level, the assessment is intended to
result in accurate diagnosis. DSM-IV recognizes three subtypes of ADHD, based on whether
at least six of nine inattentive or hyperactive/impulsive symptoms are observed. The primar-
ily inattentive type occurs when this threshold is reached for only inattentive items. The pri-
marily hyperactive/impulsive type occurs when this threshold is reached for items only in the
hyperactivity and impulsivity list. The combined type is diagnosed when the “six of nine”
threshold is reached for both sets of items. For adolescents and adults who previously dis-
played full ADHD symptoms but no longer do so, an “in partial remission” code may be
used. A final code provided in DSM-IV, “ADHD Not Otherwise Specified,” is not recom-
mended for routine use, because little supportive information is provided in DSM-IV and very
little research has been devoted to this code.

The present diagnostic nomenclature, though empirically guided, has limitations.
There is some question whether the DSM-IV symptom list, which was based on the
behavioral presentation of grade-school children with ADHD, applies well to other age
groups (preschool-age, adolescents, and adults) or across gender and ethnic groups (4,8).
Moreover, categorical assessments of psychopathology, such as DSM-IV, are vulnerable
to criticisms that human behavior shows little sign of such naturally occurring categories,
but instead is best viewed in terms of continua (46). Given these limitations, clinical judg-
ment is called on when making diagnoses. Nevertheless, the clinician is cautioned against
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Case 6: Eight-year-old Tamicka had a history of poor academic performance, although
her parents were fairly certain she was a bright girl. She often stared out the window or
fidgeted with objects on her desk during class, and never seemed to be able to complete
assignments and homework as quickly as other children. She had begun to dislike
school and was labeled by teachers as “lazy” and “unmotivated.” After she was appro-
priately diagnosed with ADHD (inattentive type), she was placed on a stimulant medi-
cation and received classroom accommodations, such as preferential seating and
extended testing time. The overall goal was to improve her classroom performance, not
just her attention. The difference was dramatic. The intellect that her parents had long
suspected began to show in strong school grades. In addition to being more attentive,
she seemed happier and more confident.



using idiosyncratic standards or criteria that stray from the prevailing nomenclature; doing so
hampers communication, may result in frank misdiagnosis, contributes to the community
perception of mental health as subjective and biased, and risks misapplication of the results
of extensive treatment research.

Accurate diagnosis is often critical to obtaining needed services. Both Section 504 of the
Vocational Rehabilitation Act of 1973 (sometimes simplified to “Section 504”) and the Indi-
viduals with Disabilities Education Act of 1997 contain language that calls for public school
accommodations or services for individuals with diagnosed disabilities, and have been
widely applied to ADHD when it has been appropriately diagnosed. Accurate diagnosis also
facilitates communication among professionals and, at least in theory, provides guidance on
the most effective treatments (40).

Nevertheless, the assessment process should not stop with diagnosis. The presenting con-
cerns are often about functional impairment and there is increasing recognition that the ulti-
mate goal of treatment is reduction or elimination of functional impairment (23). As such, a
key goal of the assessment process is to formulate and summarize impressions on the relation-
ship between primary ADHD symptoms, associated and comorbid conditions, and other medical,
environmental, and historical factors in determining current impairment. Assume multiple
directions of causality. In even the most “hard-wired genetic case,” there will be environmen-
tal contingencies that affect the behavioral presentation and degree of impairment. Con-
versely, one must be careful not to overestimate the effect of the environment on the child; the
environment is typically structured to some degree as a response to the child’s behaviors.

At this point in the development of the field, the formulation and presentation of a func-
tional assessment of the child’s behaviors is a uniquely clinical step in the assessment process,
and cannot be guided by actuarial rules or tables. Nevertheless, it is not trivial, as such a for-
mulation can allow for a fundamental reframing of the child’s behaviors, with attribution of
the impairment shifted away from an unproductive blaming stance to a more useful identifi-
cation of targets for direct intervention.

The case formulation should be constructed to suggest key points of potential intervention.
Although ADHD treatment is often considered synonymous with psychopharmacological
treatment, intervention is best viewed as a multifaceted enterprise. In many cases, residual
impairment remains even with aggressive medication management (8). This should not be
surprising in light of the high degree of comorbidity of ADHD with other syndromes, as well
as its associated features (e.g., falling behind in school, poor social skills). As such, treatment
should address needs in multiple domains: symptoms at home and at school, comorbid con-
ditions, mood, cognitive and educational skills, adaptive and self-help skills, social skills,
family relations, and relations with teachers and other important figures (47).

Chapters 21 and 22 in this volume provide up-to-date information on medication interven-
tions, and many subsequent chapters provide pearls of wisdom on other management strategies.
In addition, a number of excellent, empirically driven references are available from leaders in
the field, such as Barkley (8,48), DuPaul and Stover (49), and Pelham et al. (50) and well-
formulated practice parameters have been published by the AAP (51), American Academy of
Child and Adolescent Psychiatry (2), Institute for Clinical Systems Improvement (5), and the
Natural Institute of Health (3). These publications converge to suggest that certain interventions
have demonstrated effectiveness (medications, behavior therapy), whereas others have been dis-
credited or have undergone inadequate research to document effectiveness (e.g., cognitive ther-
apy, play therapy, dietary modifications, chiropractics, biofeedback, sensory integration

160 Beebe



therapy). A knowledge of the treatment options available, and the research evidence on each,
is essential for those who assess children with ADHD. A detailed discussion of interventions
for ADHD would extend well beyond the boundaries of this chapter, however, so the reader is
referred to the earlier references for further information.

12. CONCLUDING COMMENTS

There is little doubt that, in recent years, ADHD has received more attention in the popular
media than has any other mental disorder that affects children. Lay and professional opinions
abound and threaten to drown out the well-constructed research that has led to significant
advances in the identification, management, and quality of life for the many children who
have experienced significant adaptive impairment because of ADHD. Thankfully, recent con-
sensus statements and empirical summaries provide concise, research-grounded recommen-
dations and guidelines. The goal of this chapter was to present one model for the
psychological assessment of children with suspected ADHD that is consistent with these con-
sensus statements and summaries. It was intended to provide an overall guide for such
assessment, to be used flexibly in a child- and family-friendly manner. Readers are encour-
aged to adapt the recommendations presented here, as well as assessment models presented
by leaders in the field (e.g., refs. 6,8), with the goal of providing the best care for each child
and family who presents in their office.
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8
Executive Function

Martha Bridge Denckla

1. INTRODUCTION: SCOPE AND AIMS

It is not the purpose of this chapter to instruct the reader on the topic of attention deficit
hyperactivity disorder (ADHD) in general behavioral terms, to review evidence for the neu-
robiological nature thereof, or to analyze ADHD in terms of models of cognitive neuropsy-
chology; these matters may be reviewed by the reader in this volume, as well as some recent
publications (1–3). Resolutely atheoretical, this chapter aims to set forth many questions (but
few answers) on the limited (yet multifaceted) issues, important both for research studies and
clinical evaluations, connecting the domain of executive function (EF) and/or certain deficits
thereof, executive dysfunction (EDF), with the diagnosis of any subtype of ADHD.

At once the reader must want to know why this is important for research, for clinical eval-
uation, or for both. It is because the implication of EDF with the diagnostic entities subsumed
under the term ADHD (a term already superbly critiqued by Russell Barkley in many publi-
cations) (4,5) provides at least three directions toward clinical and scientific understanding of
ADHD and, reciprocally, at least one useful dimension (the fourth dimension—time—as in
development) that clarifies the nonunitary nature of EF. The three directions in which EDF
clarifies ADHD are: 

1. EDF provides information about issues of subtypes, gender, and adult “false negatives” or misun-
derstandings generated by the historical interview or “ratings” approaches to diagnosis.

2. EDF goes far to explain ADHD as comorbid with learning disorders (LD), both as a complicating/
exacerbating factor, as well as “on its own” an increasing-over-time reason for academic under-
achievement, vocation failure/fading, and social maladjustment that increases with life’s demands
for self-control/independence.

3. EDF anchors ADHD in the brain, and not exclusively in the frontal lobes (in contradistinction to
Sergeant et al. [6], thanks to two decades of literature expanding the EF domain to more than one
regional partner in a frontal-subcortical circuit [7] and to a decade of neuroimaging research
revealing cerebellar and striatal structural deficits in children with ADHD [8,9]).

What is the reciprocal of the elucidation of EF/EDF through studying the domain/deficit in
association with ADHD? The advantage of experience with this association is that afforded by
observations and measurements of a fairly common developmental disorder, by no means
neurologically homogeneous, elucidating in developmental progression those components of
EF that emerge in early childhood, late childhood, adolescence, and young adulthood. Such a
perspective is not only empirical but also brain-driven, sensitive to the developmental
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unfolding of brain–environment/nature–nurture mutuality and interdependency. The neurode-
velopmental perspective helps to throw off the tyranny of theory-derived terms such as the “cen-
tral executive” while substituting for such a “mystery cloaked in an enigma” a dynamic
definition in which complexity arises from connecting, integrating, and reinforcing earlier-
established components rather than a static reductionism to theoretically proposed diagrams.

The developmental perspective also puts into the spotlight, via a neurological “systems/
circuits” analysis, the close scrutiny of motor control (MC). Unlike Barkley (2), who sub-
sumes MC under “cognitive” aspects of ADHD, and unlike the many clinicians who set aside
MC as another comorbidity (the Diagnostic and Statistical Manual of Mental Disorders, 4th
ed. [DSM-IV]), developmental motor coordination disorder (DMCD) is curiously frequent, on
the order of LD; the neurologist who is also a developmental neuropsychologist has histori-
cally appreciated the parallel developmental status of MC and cognitive control, even in the
1970s diagnostic “dark ages” when hyperactivity or hyperkinesis rather than attention deficit
demarcated disorders involving self-control (10,11). An entity called minimal brain dysfunc-
tion (MBD) at that time (mid-1960s to 1980) encompassed what we now refer to as ADHD,
LD, and DMCD (and more); recent reincarnation as the Swedish category titled developmen-
tal attention, motor, and perception disorder (or DAMP [12], which may be thought of as
overlapping with a Canadian “cousin” called nonverbal learning disabilities, NLD [13]).
Because the terminology of the DSM-IV (14) in general and of ADHD in particular did not
enter usage until or after 1980, it may be useful to review how the characteristics of hyperac-
tivity (subsumed under MBD) (10) came to have relevance to cognitive issues then thought to
underlie learning disabilities, such as dyslexia, then also thought to overlap with MBD (except
for the rarer purely genetic or familial developmental dyslexia). The basic assumption of the
MBD label was that for educational purposes, once one’s IQ was deemed adequate, one
needed to dichotomize “organic” (i.e., brain-based) from “emotional” (i.e., psychodynamic)
reasons for academic failure. In at least one state—New Jersey—there were special classes for
the neurologically impaired, distinct from classes for the mentally retarded; because MBD
(with at least average intelligence documented) provided the eligibility for such classes, neu-
rologists became involved in making the diagnosis for admission to such classes even prior to
Law 94–142 (15), which broadened special education. Because the examination of basic
movement capabilities, disappearance of primitive reflexes, and appearance of age-appropri-
ate motor coordination attainments was (and remains) the core of developmental neurology, the
diagnosis of MBD leaned heavily on such indicators of “organicity” or (more colloquially)
“brain maturity at risk here” and is not limited to “brain damage.” Little by little, pediatricians
and neurologists joined forces to create standard, structured, and/or semiquantitative motor
evaluations; out of these grew a distinction between abnormalities of MC (strength, tone,
reflexes, and certain qualitative types of incoordination or involuntary movements) and devel-
opmental “delays,” or immaturities (16–19). It remains unknown to this day whether the
developmental delays, either all of them or some of them, eventually disappear with matura-
tion; alternatively, as is known with mental retardation, what looks like delay in childhood
might hit a plateau that, while subtle, represents a lifelong deficiency. The subtle nature of all
the motor signs, both classic and developmental, used in the diagnosis of MBD meant that in
reality daily life was not prominently impaired (nothing as severe as a direct consequence of
cerebral palsy was the impact) but eligibility for special classes was conferred by means of the
implications of the motor signs with respect to “brain factors at risk here.” (There were direct
consequences—often poor handwriting, sometimes poor athletic skills—but these were
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viewed as peripheral issues complicating but not interacting with the brain-based cognitive
deficits indirectly “certified” by the motor signs.) Thus there was a clinical pragmatic ratio-
nale of close scrutiny of the motor system in children referred to pediatricians (some of whom
began to specialize as developmental pediatricians) and child neurologists, motivated by ser-
vices directed at educational (and presumably cognitive) impairment (Table 1). This clini-
cal–pragmatic situation inspired some academic neurologists to design and study, as
researchers, relatively brief and portable quantified motor coordination examinations such as
that which evolved into the Physical and Neurological Examination for Subtle Signs
(PANESS) (19–21). Such examination data began to find its way into research, because edu-
cationally oriented studies of cognitive factors underlying reading failure began to demand
more precise delineation of the subject characteristics of the populations of “poor” vs “ade-
quate” readers. It was then, long before EF or even “frontal lobe functions” had become the
focus of concern for developmental neuropsychology, that the MC status of some “poor read-
ers” began to suggest to neurologically trained researchers (PhD as well as MD in their creden-
tials) that here there was a marker for cognitive control circuit. Some motor signs suggested
subcortical anomalies of development (basal ganglia or cerebellum), whereas other signs sug-
gested frontal inadequacies (10). Progressing from “smoke” to “fire,” neurologically oriented
researchers inferred from signs of impaired MC that adjacent cognitive control circuits might
be powerfully interactive with more conventionally emphasized cognitive systems, such as
language, perception, and widely distributed attentional components (22).

All of the “smoke to fire” train of thought converged with the flowering of interest in
frontal-lobe functions inspired after the official adoption of ADHD as a diagnosis (14) that
placed cognition in the spotlight and all but buried MBD. Although some child psychiatrists
continue to talk about (and treat for) hyperactivity as a “behavioral” issue completely sepa-
rated from cognition or educational disability and some researchers focused on LD continue
(largely through misunderstanding of the ADHD syndrome) to deny that ADHD implies any
cognitive component relevant to education, for the most part there has been an appreciation
of the complexity of the “frontal” system with respect to behavioral self-control, cognitive
control, and (overlapping at the edges) MC. Thus, although given its own diagnostic code
number and named DMCD, MC remains a clinical and conceptually useful neighbor to
ADHD. (Barkley, in his influential and conceptually profound 1997 book ADHD and the
Nature of Self-Control [4], cites research on motor control as among the strongest influences
on his formulation of the EFs developing out of the basic inhibitory control function.) When
this chapter turns to a review of functional magnetic resonance imaging as a source of clari-
fication of the association of EDF with ADHD, the MC component will gain renaissance
status.

2. CLINICAL APPROACHES AND USES OF EF IN THE DIAGNOSIS 
AND TREATMENT OF PATIENTS WITH ADHD

Since the 1980s, clinicians desiring to add direct testing for ADHD to the established diag-
nostic methods of history-taking, structured interview, and questionnaires/rating scales
(increasingly computer-scored) have followed one or both of the following two paths: 

1. Attempts to operationalize the leading word “attention” in a variety of continuous performance
tests and related attentional challenges.

2. Attempts to transfer from adult neuropsychology tests/tasks reputed to probe the integrity of
“frontal” systems.
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When dealing with children, of course, developmental concerns were bound to arise, so
customized “child-friendly” and child-normed versions began in research and gradually (usually
despite contradictions between research findings) were picked up and used in clinical settings.
Broadly speaking, the continuous performance tests (CPTs) have not provided the direct evi-
dence, the desired confirmation, or probabilistic exclusion of the diagnosis of ADHD that had
been hoped would emerge (5,6). The best of the CPTs have provided limited evidence, but
only with certain designs, for inhibitory “no-go” deficits (23) or for slow and variable reaction
times (24,25). Rather than confirming deficits of attention, most CPTs appeared to redirect
clinicians’ and researchers’ attention to output-linked issues of response inhibition and
response preparation.

Beyond generating a pragmatic reason for examining cognition and motor function, clinical
experiences have been great hypothesis generators for research. The surprising inadequacy of
measures purporting to assess diagnostically relevant attention in ADHD candidates and the
unanticipated reliability of measures of response preparation/response inhibition strength-
ened the conviction of clinicians that the interface between cognition and action, the execu-
tive control system, must be assessed. Not until recently, however, owing to the work of the
Delis–Kaplan team, has there been available to clinicians the widely normed, psychometri-
cally sound EF measures applicable to children; the California Verbal Learning Test—
Children’s Version® (CVLT-C) (26), as well as the Delis–Kaplan Executive Function
System™ (D-KEFS) (27) should be included in this category.

Meanwhile, the clinician attempting to assess perceptual and memory functions stumbled
repeatedly and was taken by surprise when executive task demands of presumably otherwise-
constructed tasks interfered with taking these at face value. First to fall under the suspicion of
susceptibility to EF “masking” was the Benton Visual Retention Test, Multiple Choice Form
BVRT-mc (28). As perfectly summarized by Frank Woods, the BVRT-mc requires “careful look-
ing and reflective responding” (personal communication with Frank Wood, 2003). Longitudinal
clinical experience furthermore revealed that children who performed miserably on their first or
even second encounter with the BVRT-mc would usually perform quite well or even leap for-
ward into superiority at a later “double digit” age (10 or more years old). The “lag-and-leap”
group often did well at all ages, whether contemporaneously with failure or success on BVRT-
mc, on the Wechsler Intelligence Scale for Children (WISC) Block Design, and in “real-world”
visuospatial/visuomnemonic attainments. The clinician began to notice, on the other hand, that
the observable failure of “careful looking and reflective responding” (28) on the BVRT-mc
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Table 1
Motor System Signs as Parallels to Executive Function and/or ADHD, 
From MBD to DAMP

Reference in 
First author this chapter Age range in years Signs Statistics

Touwen, 1977 16 4–14 Many No
Camp, 1978 18 6–12 Many Yes
Denckla, 1978 10 6–12 Many No
Denckla, 1978 11 6–11 Overflow Yes
Nichols, 1981 22 1–7 Hop, line walk Yes
Wolff, 1985 17 6–12 Choreiform movements Yes
Rasmussen, 2000 12 4–22 Many Yes



occurred in children referred to clinic for probable ADHD; this began the private suspicion that
for clinical purposes BVRT-mc might well be renamed the “Benton Visual Attention Test.”

Next on the “entry requirement for EF” reanalysis list was another Benton laboratory test, the
Judgment of Line Orientation Test (JLO) (29). If asked quickly in the corridor of a professional
meeting what/where the JLO assesses, most neuropsychologists say almost reflexively “visu-
ospatial ability/right parietal lobe.” The exceptions to this reflex answer prove extraordinarily
helpful to the developmental neuropsychologist; namely, those who study patients with Parkin-
son’s disease will tell the inquirer that because of “task demands,” not visuospatial deficit, their
adult patients deal poorly with JLO. This minority report on the construct validity of JLO was
very helpful to developmental clinicians who found, as with the BVRT-mc, that some patients
whose WISC Block Design (and, by history, puzzle and block-building prowess) seemed to indi-
cate robust visuospatial capacities, were falling down on JLO performance. The analogy to a
“subcortically dysexecutive” group’s troubles coping with JLO powerfully motivated a reanaly-
sis of task demands on JLO, taking note along the way of its peculiar format (not at all similar to
the multiple choice format experienced by school children); researchers were suddenly struck by
the leading word, “judgment,” in the name of the test. As in the case of the BVRT-mc, longitudi-
nal clinical experience (of a duration rarely afforded by research studies) elucidated a kind of
“task demand threshold effect,” i.e., the developmental attainment of a certain level of EF suffi-
cient to allow visuospatial perception to emerge as that which JLO then in fact measured. It
could then be inferred that a critical threshold for necessary and sufficient “judgment” must be
reached developmentally in order for the task to permit “line orientation” as a spatial–cognitive
factor to be revealed. (As an important fringe benefit of this clinical experience with ADHD-
bearing-EDF impact on JLO, research focused on NLD [13] has been facilitated, because JLO is
so often a research task thought to probe visuospatial perception as a domain of central impor-
tance to NLD). From a strictly clinical, differential diagnostic point of view, affording what
researchers call “specificity,” only those learning-disabled children under the age of 10 who did
beautifully on BVRT-mc and JLO were entirely free of signs or symptoms of ADHD.

Another clinically derived set of observations helpful in the emerging awareness of EDF
came from inspection of many WISC profile discrepancies between scaled scores on Block
Design (model provided) and Object Assembly (internal model and/or label required). This
pattern had long been taken into account when educational psychologists’ reports com-
mented on the examinee’s “organization.” A little more probing is needed in order to derive
from Digit Span the age-related “pass/fail” relationship between digits forward and digits
backward. Pennington and Ozonoff were among the first to use digits backward as an exem-
plar of working memory, if considered in relation to the limit set by digits forward (30).
(There is an ancient set of papers affiliating digits forward with left- and digits backward
with right-hemisphere integrity; a right frontal affiliation for digits backward would be inter-
esting in association with recent similar structural imaging findings in children with ADHD.)

The concept of discrepancies between pairs of tests or scores on the same test (such as the
Stroop Color–Word Interference Test attempts) turns out to be clinically useful. In the clinic,
a child with ADHD often shows an EDF profile like the following: 

1. A normal Beery-Buktenica Visual-Motor Integration Test (28) score is coupled with a dis-
crepantly poor-for-age copy of the Rey-Osterreith Complex Figure (31).

2. Semantic category Word Fluency is easily performed at a securely normal acceptable level,
whereas Controlled Word Association, its more rule-governed (and filtering-requiring) partner, is
poorly performed and, at most, barely within normal limits (32).
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It is thus viewed within each pair of tests that the one requiring more EF (working memory,
inhibition, planning, organization) reveals the difficulties of the child with ADHD.

More surprising still is the clinical finding that, within a test composed of a set of develop-
mentally graded subtests, restoration to the testing of the kindergarten subtest increases the
difficulty for the child with ADHD. This was observed within the several pages of a Cancel-
lation test (33); the child with ADHD, now at least 7 yr old, failed miserably not on the pages
of “search and circle” involving a numerical or alphabetical target, but rather on the kinder-
garten page of shapes (with a target diamond). Repeatedly, the child who has formed and
used the habit of scanning and marking alphanumeric symbols in school but has left shapes
far in the past fails to mount a search strategy when confronted with stimuli that are no longer
habitually encountered. Tannock (34) found a similar phenomenon with the color-naming
component of the Rapid Automatized Naming Test (RAN); children with ADHD but good at
reading named alphanumeric symbols at age-expected speeds, confirming the RAN relation-
ship with fluent reading (35), but failed to come up to speed on the kindergarten reading-pre-
diction subtest of color-naming. As with the cancellation task profile, on the RAN it is
“remotely used, non-habitual, re-experienced-as-novel” stimuli that successfully demon-
strate the very basic EF deficit of response preparation in children with ADHD.

In recent years, the availability of the CVLT-C (26) has added to the clinician’s repertoire
a psychometrically sound instrument within which can be probed the discrepancy between
“what” is the status of memory functions and “how” memorization as a process unmasks
EDF. Particularly when children with ADHD are verbally gifted, their Level of Recall scores
may be superior but their Semantic Cluster Ratio scores may be far inferior to the mean for
peers. Less obvious but also clinically useful (again, particularly when verbal abilities are
otherwise unimpeachable) is the repetitiousness (erroneously labeled “perseverations”)
within each recall trial; it is probably an indication of verbal working memory in the “central
executive” sense, although an alternative interpretation would be that faulty self-monitoring
could cause excessive self-repetition. In either interpretation, the z-scores for this kind of
error document one aspect of EDF in association with ADHD.

Filling in the gap between traditionally “mental-health-derived” questionnaire ratings and
direct (but of necessity limited-sample) examinations of EF is the Behavioral Ratings Inventory
of Executive Functions (BRIEF) (36). Similar in computer-scored graphic display, also in the
parent and teacher forms, to the Conners traditional type (40), the BRIEF surveys age-
related, real-life self-control in daily activities. For a review of the BRIEF, the reader is
referred to ref. 37.

Before leaving the section of this chapter devoted to clinical evaluation of executive function,
the following two important topics remain: 

1. The “inhibitory insufficiency” summary score.
2. The very common confounding factor of language disorder, language-based LD, or more circum-

scribed still, dyslexia (as currently understood). 

As exemplified by Barkley, (2,4) contemporary understanding of ADHD and the pharmaco-
logical stimulant treatment thereof leans heavily on the concept of inhibitory insufficiency as
either a or the fundamental neurological deficit of ADHD. It is therefore of great importance to
take note and list during clinical evaluation those occurrences or errors indicative of deficient
inhibition. For school-aged children between 6 and 14 yr of age, there are, conveniently, observ-
able “milestones” of the disappearance of movement spreading beyond the neuromuscular target

170 Denckla



of intended movement; these are “overflow movements,” occurring cortically either adjacent to
or contralateral to primary movements (contralateral overflow is called “mirror movement”).
Normal up to a certain age within a certain topography, adjacent spread (e.g., feet to hands) cor-
tically disappearing before contralateral spread (mirroring of finger sequences) does, cortical
overflow is not consciously experienced or dysfunctional. (Most observers of young children are
familiar with the “workings” of a protruding tongue accompanying the laborious procedural
learning of pencil control for letter formation; this is an example within left motor association
cortex of adjacent spread from graphomotor to tongue region.) Knowledge of “inhibitory mile-
stones” observable at 6, 10, and 14 yr of age gives the evaluator power to observe an EF compo-
nent without necessitating conscious/engaged cooperation of the examinee. Clinical experience
shows that such observable inhibitory insufficiency is more reliable than commission errors on
CPTs (and more “consumer-friendly” in children’s views) as documentation of this clinical EDF
in ADHD. Other signs of deficient inhibition are there for the observant evaluator, ready for
noting. On any multiple-choice format task, “leap before you look” at all choices is a common-
sense instantiation of cognitive impulsivity. Already mentioned above is the particularly useful
BVRT-mc, wherein the sample is in working memory and the match to sample therefore stresses
“reflective responding.” The Boston Naming Test (28) tempts the verbally gifted but ADHD
examinee to give many “x, no y” impulsive responses. By giving a “first correct answer (x)”
divided by the ultimate self-generated correct answer (y) score, the evaluator can document
inhibitory insufficiency (also interpretable as “thinking out loud” or failing to “put brain in gear
before moving mouth”). On two other verbal measures, Controlled Word Association Test of
Fluency and CVLT-C, there are off-task words to be noted—“rule-breaks” and “intrusions.” On
the word fluency task, proper nouns or multiple grammatical transforms of the same root word
constitute “rule-breaks,” and whereas low productivity per se may be the milder version of an
ADHD EDF sign, in many younger (or severe) cases of ADHD deviations from the rules are
overtly spoken. CVLT-C intrusions, especially when occurring on uncued trials (see following
paragraph for caveat about cued trials) indicate names of items “retrieved” from sources other
than the list to be learned and thus resemble “x, no y” responses on the Boston Naming Test.

The previous sections have frequently mentioned “verbally adequate” or “verbally gifted”
persons with ADHD; it cannot have escaped the notice of the reader that much of the clinical
evaluation targeting EDF involves verbal tasks. The developmental clinician, however, is often
seriously challenged by the need to find evidence of ADHD/EDF in children with some cogni-
tive limitation in that spectrum of “language-based learning disabilities” that encompasses at its
severe end mixed spoken language disorder (“mixed” referring to receptive and expressive) all
the way over to the subtle end represented by “pure” dyslexia, conceived of as a phonological-
level disorder (yet still involving some nonreading expressive spoken issues). The comorbidity
of ADHD and some language impairment is considered to anywhere from 20 to 35% (38), but in
clinical practice it probably runs higher (because all clinics see more comorbidity than is epi-
demiologically documented). Under circumstances of linguistic inadequacy, even of the subtle
“phonological” type, there is the possibility that discrepancies cannot be interpreted with confi-
dence as evidence of EDF. Digits backward depend on capacity for digits forward (30), so lack
of discrepancy makes EDF a moot point. Repetitiousness (so-called “perseverations”) on the
CVLT-C may reflect the “phonological loop” (a “slave system” to the “central executive” within
that model of working memory) (39). Cued intrusions on CVLT-C can mean the same EDF-
inhibitory deficit as do free-recall intrusions but, when solo, suggest the overly categorical para-
phasia-in-kind characteristic of word-retrieval (classically “dysnomic”) deficiency. Cluster ratios
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become deceptive when there is a low denominator, thus failing to distinguish the high-categori-
cal/low specific recall of the language impaired from normal EF (strategy). When there is true
comorbidity, it is to the developmental motor evaluation and to the multiple-choice perceptual or
perceptual-memory observations that we must turn for the EDF falling outside the verbally-
mediated subdomain of presumptive EF tasks. Sometimes the absence of nonverbal EDF helps
to clarify not comorbidity but pseudo-ADHD, especially of the “predominantly inattentive
type.” (Even the mental health-derived Conners Scales (40) include an ambiguous amalgamated
dimensional T-score for “Cognitive Problems/Inattention,” and one extreme school of
thought considers the Inattentive type of ADHD likely to be some totally alien processing
disorder, presumably more akin to an LD (2). In short, the comorbid presence of language
deficits, even subtle ones limited to “phonology,” and ADHD can reduce the number of inter-
pretable discrepancy-derived inferences as to EDF; but the absence of motor- or multiple
choice–nonverbal issues in a case that by history seems typical of “inattentive type” ADHD
can suggest that ADHD is not truly an issue in the case. (Whether or not stimulant pharma-
cotherapy helps is not at all diagnostic of the presence/absence of ADHD.)

Some nuances help to clarify the LLD/ADHD confound, especially with respect to those
developmentally sensitive task sets, Cancellation (33) and RAN (35). The pseudo-ADHD/LLD
cases perform developmentally, not (as noted for ADHD) stressed by “ancient, no longer
habitual” subtest but dealing expeditiously with target-search for shapes and naming colors
quickly enough while slowing down for number-search/number-naming and slower still in
responses to alphabet letters. Habit and practice do not facilitate fluent automaticity in those
whose language circuitry for “see it/say it” is presumably biologically weak.

An interesting reverse diagnostic issue is seen when young fluent readers with ADHD who
show mastery of both use-of-phonics in their decoding and sight words “fail” for age/grade
on tests of phonological awareness. This paradox is again easily understood by referring back
to the Cancellation and RAN profiles. (Kindergarten is long past.) Even more important is to
extract the principle that executive demands loom large in any task named “awareness” or
“judgment” (as in JLO, see earlier discussion).

3. MORE USEFUL EXTENSIONS OF CLINICAL EDF EVALUATIONS

The issue (reciprocal in some overlaps) of pseudo-ADHD manifested with language
deficits (and the source of ambiguity owing to comorbidity, or ADHD/LLD moot points)
enhances the value of careful clinical documentation of EDF in cases of suspected ADHD. In
very bright children, older adolescents or young adults, and in girls or women at most ages,
revelations of underlying neurobiology clarifying the meaning of ADHD as a brain-based
developmental disorder are forthcoming. Authorities on ADHD recognize the shortcomings
of the historical approach, skillfully multifaceted and compounded as it is of structured inter-
view, questionnaires, ratings, and so forth (2,41,42). Research has not yet caught up with the
richness of clinical EDF data (see later discussion), so the clinician must be humble and ten-
tative while conveying the impressions of decades. Longitudinal clinical follow-up is very
illuminating when bright youngsters with suspected ADHD return every year or two and
repeatedly copy the Rey–Osterreith Complex Figure in the same hodgepodge disorganized
fashion; because feedback/correction is never given, the “natural” state of EDF continues
unaltered. The same child who passes the more structured in-a-box Beery Buktenica Visual
Motor Integration test at ages below “teens” where the designs are predominantly familiar
practiced shapes, returns as a young teenager to fail at the plan-requiring and more
stop–restart-requiring items toward the 13-yr, 8-mo “ceiling” level of the test.
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The youngster whose raw power of verbal memory saw him through earlier encounters
with the CVLT-C (albeit with diagnostically dysexecutive low semantic closer ratios)
becomes a teenager who no longer can equal his peers even in level of recall because peers
(but not our person with ADHD) strategically enhance their memorization to recall far more
items. The examination for EF reveals over time the developmental lag (in some cases, the
plateau) associated with ADHD, such that although mental health-generated severity ratings
may appear to moderate toward normal, especially with respect to hyperactivity, the cogni-
tive correlate of ADHD, the EDF, appears increasingly prominent. In other words, as the nor-
mal developmental progress toward independent life leaps forward, the dysexecutive person
with ADHD seems more clearly left behind. The nature of the disorder is clarified and the
importance of making or retaining the diagnosis is demonstrated; otherwise the person is
liable to be the recipient of teachers’ (or parents’) epithets, such as “irresponsible,” “lazy,”
and “unmotivated” (see Table 2).

Girls and women with ADHD are even more likely to be misunderstood and to develop
secondary reactive emotional problems than those of the male gender (42). There is no folk
saying equivalent to “boys will be boys” and, although the considerable feminine sensitivity
to social rewards tends to modulate all but the most severely affected girls toward social
acceptability (so that they are less often seen as young children to be significantly hyperac-
tive or outwardly impulsive), by mid-childhood, around late third grade, girls may slide both
academically and socially. Removal of structure and feedback at short intervals reveals such
girls to have problems with the “how” and “when” essential elements of EF; yet even when
meeting criteria for “inattentive type,” some impulsive elements are present in the profiles of
girls with ADHD (such as interrupting social conversations and blurting out answers without
raising a hand to be called on in school). The impulsivity items do not often rise to the num-
ber or severity necessary to reach the threshold for a full-syndrome diagnosis, yet the impact
of ADHD is insidiously undermining these girls’ adaptive adjustment.
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Table 2
Specificity to ADHD of Executive Dysfunction

Reference Contrasting Which EF task(s) show
First author Year this chapter disorders ADHD specificity?

Pennington 1993 38 Reading disability TOH
Pennington 1996 30 Autism, Tourette’s Stroop

syndromea

Schuerholz 1996 54 Tourette’s syndrome Go/no-go
± ADHD

Ozonoff 1999 55 Autism, Tourette’s Stroop
syndromea

Tannock 2000 34 Reading disability Color Rapid Namingb

Sergeant 2002 6 Review, all of above Not consistent across 
plus oppositional studies: best SSRT
defiant and conduct 
disorders

aNo subdivision by ± ADHD, unlike Schuerholz et al., 1996.
bTannock may explain and reduce significance of Stroop.
TOH, Tower of Hanoi, SSRT, stop-signal reaction time.



Women with ADHD often present themselves on referral from mental health facilities,
where the comorbidities of anxiety or depression have been under treatment and necessarily
preempt the focus of concern. Often the underlying and still-symptomatic ADHD is masked
and all-but-impossible to differentiate from the comorbidities unless detailed neuropsycholog-
ical assessment probes for LD and EDF. (Clinical experience highlights the executive
demands of running a household, as well as the unabated societal expectation that women
manage and organize family life; as with girls, women with ADHD of mild-to-moderate
severity meet with far less tolerance or sympathy than do men with a similar condition
(41,42). The direct clinical evaluation of EF is more helpful with girls than with women,
because of the unfortunate confound represented by the cognitive impact of the comorbid anx-
iety or depression. This cognitive impact is often substantial with the EF domain. (A major
gap in the clinician’s fund of knowledge is the specificity factor; it is unknown whether the
profile of EDF is differentially structured by ADHD, anxiety, and/or by depression.)

4. HOW USEFUL ARE PUBLISHED PSYCHOMETRIC “BATTERIES” OF EF?
(SEE TABLE 3)

The Neuropsychological Examination for Young Children (NEPSY™) (32) is a battery for
children (ages 4–12 yr) within which the Attention/EF Domain consists of tasks whose selec-
tion was guided by published literature, some clinical and some with research designs, sup-
porting discriminative power with respect to certain syndromes (ADHD foremost among
these) and localized injuries (frontal lobe) (43). Although the NEPSY also encompasses a
domain called Sensorimotor Functions, there is little evidence that the relationships between
this domain and that of Attention/EFs have been overtly utilized in the interpretation chapter
of the manual; rather, as in the days of MBD, the Sensorimotor domain is justified on the
basis of its subtests serving as “markers of normal development or as indicators of atypical
development.” (NEPSY Manual) The validity chapter of the NEPSY does indeed indicate
that children with ADHD are significantly handicapped on most of the Attention/EF subtests
but no more so than on the Language Domain subtests, and only marginally more so than on
the Sensorimotor Domain subtests, especially “tactile localization.” This profile resembles
what has already earlier been emphasized, namely, EF enters into many test scores not
directly aimed at probing EF. From a clinical perspective, however, the manual (p. 218)
points out that “impaired performance in individual children was relatively low,” so that
group data was not mirrored by clinical diagnostic data. A “profile analysis approach,” rec-
ommended at the conclusion of the chapter on validity, is not implemented with a diagnostic
orientation, as explicitly voiced (p. 237) in the chapter on interpretation.

With respect to fulfilling diagnostic criteria, ADHD is not addressed by the NEPSY per se. A
critique of the interpretation offered for the Attention/EFs Domain is that the manual does not
offer guidance with respect to contrasts or covariates of the executive demands, except for a
hierarchical approach to the “more basic” (presumed to be attentional) and successively “more
advanced” (plan, organize, use strategy) elements. There is no appreciation of the reciprocal
dilemma of interpretation of EF entering into tasks otherwise named/intended and of the cogni-
tive specifics of tasks, especially when abundantly endowed, obviating the EF demands at
younger ages; the NEPSY as a clinical instrument offers almost no guidance as to how to oper-
ationalize the within-individual discrepancies that permit clinical inferences about EDF.

The D-KEFS™ (27) is a recent addition to the clinical (and possible research) capabilities
of the neuropsychologist wishing to address EF/EDF. Entirely on topic, it is applicable to
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only half—the older half—of the NEPSY age range, but it is a welcome addition to the
assessment of teenagers and young adults (especially the middle-schoolers often previously
omitted from any neuropsychological instrument). The EF probes of D-KEFS are all toward
the advanced end of the developmental range of the domain. The clinician using the D-KEFS
will be at an advantage if separate probes of the motor domain (NEPSY sensorimotor and/or
PANESS) are added onto the D-KEFS and if response preparation, response inhibition, and
speed items (which can be extracted from the Process/Efficiency scores) are particularly
emphasized. Response Initiation Measures can also be teased out of D-KEFS. The manual
(p. 53) provides sophisticated “caveats” about correlations that “can dissociate in the dam-
aged brain … in particular clinical populations.”

Pilot studies with children, including the clinical population of some with fetal alcohol
syndrome, clarified diagnostic dissociation between baseline conditions (like naming colors
and reading words) and EF-increased-demand condition (color-word interference inhibition
and inhibition/switching conditions) as critical for EDF interpretation. The D-KEFS is con-
structed with built-in baseline tasks and “value-added” EF-demand tasks that are content-
controlled. Although clinical experience with this system is still in its early days, the prognosis
looks bright/good with respect to the D-KEFS for older children and, especially for teenage
adolescents.

5. TESTS FROM CLINICAL RESEARCH STUDIES OF ADHD’s EDF

Most studies designed to address the sensitivity of EDF as a discriminator of ADHD
from normal status have assembled tests/tasks from clinical experience, initially follow-
ing the “frontal lobe battery” approach derived from literature concerning adults with
acquired brain lesions or degenerative diseases (43). Several recent publications have
reviewed much of the data on children and young adolescents. To a minor and tentative
extent, some of these reviews have raised the issue of specificity-within-developmental
disorders; others confine themselves to sensitivity with respect to normal developmental
status.

This chapter will continue its anamnestic approach to reviewing the topic under its man-
date by going into detail about a decade of research heavily invested in discovering the role
of EDF as the central mediating cognitive domain underlying aspects of both LD and ADHD.
An unintended byproduct of this decade of research was that of casting doubt on the mean-
ingfulness of one subdomain of LD, that initially called NLD and extensively conceptualized
by Rourke and colleagues for more than a quarter of a century (13,44). In addition, because
brain imaging was concurrently undertaken with all neurological/neuropsychological
research observations, findings about the brain—when localization suggested the involve-
ment of certain areas within EF-related circuits—provided feedback to improve the design to
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Table 3
Recent Batteries Inclusive of Executive Function

Test battery Reference this chapter Non-EF domains Age range Psychometric properties

NEPSY 32 Several 4–12 Modest
D-KEFS 27 No 8–80 Robust
CANTAB 47 Minimal 4–12 Preliminary



probe populations for the diagnosis of ADHD. A review of this decade’s work leads to the
conclusion that brain-based hypotheses are more likely to be confirmed by data than are
those based on theory or model of cognition. Perhaps this is because when studying develop-
ing brains, the researchers cannot at any given moment in the age range reliably operational-
ize the elements of the theory or the model of cognition in their chosen tasks. Thus, task
analysis (as in the clinical review earlier in this chapter) may reveal cognitive elements at one
stage in development overshadowing what, in stable later stages of life, is the intended cognitive
probe; in addition, knowledge of LD implies awareness that at any stage/age processing
capabilities/talents vary widely. At any given age or stage, there exists among research sub-
jects a range of capabilities in the specific ingredient of cognition intended to be manipulated
as a probe of EF or its opposite, EDF.

A prime example of the problem is the Stroop Color-Word Interference Test (45). An EF task
variously described as one of selective attention, inhibition, or interference control, the Stroop
is not intended for the illiterate; yet although the Stroop bases its rationale on the “well-
established habit” of reading printed words rather than naming the color of the ink in which
such words are printed, most studies (Cox [45] being an exception recently influencing some
studies) ignore the variation in automaticity/fluency that characterizes the habit of reading in
most population samples. The Cox effect (45) points out that the Stroop Interference Score
varies as a function of reading skill rather than being a valid reflection of interference control in
all persons who are technically considered “literate.” A second factor gnawing away, as it were,
at the construct validity of the Stroop’s final score is that of slow response preparation exem-
plified by the color subtest of RAN (35) and indeed reported (without appropriate discussion)
in recent articles concerning Stroop scores within an EF battery purporting to differentiate the
EDF of ADHD (46).

The Wisconsin Card Sort Test (WCST), an early candidate for sensitivity to the EDF of
ADHD in children, has proven disappointing, all the more so in its computerized form
(24,25). Particularly inconsistent has been the sought-after perseverations score (6), whereas
errors of set maintenance, not popularly emphasized, have modest claims to ADHD/EDF
sensitivity (6,24,25). Another computerized executive battery with developmental aspirations,
the Cambridge Neuropsychological Test Automated Battery (47), has so far proven disap-
pointing in terms of sensitivity to the EDF of ADHD; of all its subtests, only the most diffi-
cult (lengthiest) level of spatial working memory has been inordinately difficult for children
with ADHD (48).

Experience with tower tasks has been inconsistent, again raising the possibilities that either
how gifted in its visuospatial ingredient or how experienced with similar toys are the ADHD and
control subjects in the sample might blur any differences contributed by the EDF of ADHD (49).

Several tasks suffer from such variability in terms of wide ranges of normal for children
that, methodologically, it would appear unlikely that a relatively subtle childhood develop-
mental disorder like ADHD would result in an obviously significant EDF differential mean
score; such tasks include the copying (scored for organization) of the Rey–Osterreith Com-
plex Figure (31) and the Contingency Naming Task (50).

Research using a particularly “frontal” CPT called the test of variables of attention (TOVA)
has been successful in the conventional sense of yielding discriminative EDF of ADHD
(24,25); yet this “go/no-go” challenge did not yield results for ADHD as anticipated (failure to
inhibit on infrequent “no-go” trials) but simply indicated slow and excessively variable reaction
times on correct “go” trials, plus (less often) elevated anticipatory responses. What really

176 Denckla



displaced the TOVA from research was its inappropriateness for longitudinal studies; simply
put, children refused to experience the TOVA again, thus jeopardizing second and subsequent
research study visits. Other, more “consumer-friendly” measures of reaction time came to be
substituted both in the clinic and in the research unit.

The most robust survivors in research that made the crossover from the clinic were Verbal
Fluency (Controlled Word Association) and CVLT-C (26). As in the clinic, the confound of
verbal and linguistic ingredients of cognition had to be taken into account, but in certain
well-defined populations wherein EDF of ADHD was suspected but language functions were
impeccable, the EF probe stood up well (51). It remains important, however, to use an appro-
priate covariate (like WISC-derived Vocabulary for the Controlled Oral Word Association
Test [COWAT] and Information for the CVLT-C) lest one ignore determinants other than
EDF entering into poor scores.

Research lessons learned through studies of “special” neurogenetic groups and imaging loops
us back to EF. For a decade, the Learning Disabilities Research Community at Kennedy Krieger
Institute/Johns Hopkins University focused on “neurodevelopmental pathways” to LD, whereby
“gene to brain to cognition” would hopefully be elucidated. In two of the three populations cho-
sen for study, the linkage of ADHD to parts of the brain established to have EF/EDF implications
emerged as more central and major than had been anticipated; to review this decade seems
instructive. Tourette’s syndrome is well-known to exist in children with a 60% ADHD comor-
bidity; ADHD not infrequently is the presenting clinical picture, followed by the multiple tics,
waxing and waning over time, that are the defining characteristics of Tourette’s syndrome. Not
withstanding this well-known comorbidity, Tourette’s syndrome nonetheless appeared in the
neuropsychological literature characterized by several deficits (often labeled “visual-perceptual-
motor”) in publications remarkably innocent of analyses of the 40% with “pure” noncorbid
Tourette’s syndrome (52–54). In the research of the Learning Disabilities Research Commu-
nity, however, both neuropsychology and neuroimaging revealed a marked distinction, in that
the ADHD comorbidity carried with it almost all the cognitive disability (including the “visual-
perceptual-motor”) and an imaging “signature” consistently in the direction of smaller-than-
normal anatomic structures (globus pallidus, rostral corpus callosum, left frontal gray matter);
in contrast, “pure” Tourette’s syndrome was associated with unanticipatedly superior cognitive
(and motor) function, except for a still-puzzling finding confined to low output/slow mental
search on COWAT (54,55). Imaging aberrations among “pure” Tourette’s cases were subtle
asymmetry attenuation in basal ganglia plus enlarged white-matter components of the right
frontal lobe and rostral corpus callosum (56–58). The import of all this research was to reveal
that, stripped of ADHD comorbidity, Tourette’s syndrome was a very different cognitive entity
and a very circumscribed movement disorder, both observationally and neuroanatomically. (The
white-matter enlargement might even fit closely the very recent concept of tics as failures of
“bottom-up” afferent gating mechanisms, as clinically suggested by the premonitory sensations
of tic sufferers who are more or less successful in suppressing the urge to move in response.)

The similarity of the comorbid-with-Tourette’s ADHD to the larger ADHD population, both
observationally and neuroanatomically, helps to confirm that which is applicable across hetero-
geneous causes of ADHD. This is expanded by the next instance. Neurofibromatosis-1 (NF-1),
the most common dominant neurogenetic disorder and half the time because of a new mutation,
is recognized as a cause of learning disabilities in the context of low-to-normal IQ. Studied rela-
tive to siblings and parents who are unaffected, children with NF-1 have lower-than-expected
(yet normal) IQs plus school-related underachievements; they are also poorly coordinated.
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Initially hypothesized on the basis of published literature (59,60) to suffer in school from NLD,
children with NF-1 turned out to have major oral (and secondary written) language disorders,
DMCD, and a statistically significant within-family excess of ADHD diagnoses (61,62). The
ADHD association with NF-1, although no surprise to clinicians, had never been included in the
designs of neuropsychological studies and hence had never been raised as an issue with respect
to the most frequently emphasized finding, that of low scores on the JLO, which played such a
major role in the designation “NLD” as the specific cognitive deficit caused by NF-1. Not only
did the DMCD, so highly reliably reported with NF-1 (if looked for) suggest the “smoke” to the
“fire” of probable ADHD, but the brain localization of the specific “lesions” of NF-1 strongly
suggested that the syndrome of ADHD might be anticipated; these “lesions” are seen first and
foremost in the basal ganglia and second most commonly in the cerebellum (63,64). Even more
similar to the insights afforded by structural-anatomic imaging in NF-1 is the fact that when
ADHD is present in a child with NF-1, the brain volume will move from large to average,
whereas, if free of ADHD, the child with NF-1 tends toward showing a larger-than-average
brain. Without going into all the complex details of NF-1-related brain imaging, the researcher
interested in ADHD can find within-NF-1 evidence that neurobiological factors resulting in the
ADHD clinical picture are, whatever the underlying causes, mediated by reduced volume of
brain tissue most prominently in the frontal lobes, basal ganglia, and cerebellum (65,66). Thus,
regardless of how “special” the sample studied, the pattern of anatomy and its affiliation with EF
remain strikingly consistent in their relevance to the developmental disability category called
ADHD for clinical diagnostic purposes. In addition, the NF-1 research reveals that ADHD,
through factors of EDF impinging on task demands, may permeate volumes between whose
covers chapter after chapter on specific neurobiological syndromes concludes that all share the
NLD profile. The term “nonverbal” may turn out to be accurate in its diffuseness but less specif-
ically about a set of perceptual (and particularly social) deficits than its usage implies. This is not
to say that nobody exists who has a visual–perceptual, visual–spatial, or social–affect pro-
cessing disorder; but the burden of proof remains on researchers claiming to document such
profiles, because the possibility of EDF disrupting the task is rarely part of the study design. Task
score validity (i.e., what a poor score really means) is not frequently discussed as a limitation of
the results of studies. Even using ADHD as categorical covariate, without controlling for a range
of executive abilities introducing variance, may not suffice.

6. WHAT HAS FUNCTIONAL MULTIRESONANCE IMAGING REVEALED
ABOUT EF/EDF IN CHILDREN WITH ADHD?

Excitement and high anticipation about functional magnetic resonance imaging (fMRI) pro-
viding insights concerning the EDF of children with ADHD has been tempered by the realization
that the method itself imposes limitations on designs. First of all, “executive” tasks should
involve doing, but activity is severely constrained by the fMRI environment. Active output tasks
(other than those involving small muscle movements) cannot be employed; in fact, the baseline
requirement for inhibition of most activity means that, particularly for children, there are major
executive task demands before any specific task is presented, just to fulfill the condition “lie
still.”

A second pervasive problem, less limited to children, is that task instructions must be held
in working memory, usually of the verbally mediated type. Thus, two important elements
within the executive domain—whole-body inhibition and working memory—are lurking in
the baseline of most fMRI studies. Any “executive” probe is constrained by these baseline
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activations, so that even while limited in scope of “execution” the probe must be able to
increase over baseline task-specific demands for either stronger or more focal activation.
Developmental studies using fMRI have focused primarily on the basic and presumably early-
onset EF elements of inhibition and working memory, particularly the former. This is particu-
larly true because of widespread interest in and acceptance of the central role of inhibitory
insufficiency at the core of the ADHD syndrome (68,69). When “immature” patterns of
widespread distributed fMRI activations are found in normally developing children, relative to
adolescents and adults, what is revealed is all too seldom discussed; namely, EDF is precisely
what most defines normal childhood immaturity. Thus, the fMRI baseline EF requirements
introduce significant confounds into the search for potential signature patterns of EDF associ-
ated with ADHD. In fact, the possibility exists that preliminary training (e.g., in a mock scan-
ner) to “lie still” may activate in children with ADHD and/or normal younger children (whom
the children with ADHD resemble) precisely those regions of interest, such as frontal lobes,
that the researchers wish to attempt to activate by means of “stop” or “go/no-go” tasks.

Some studies have adopted the strategy of studying children with ADHD and controls under
stimulant-medicated compared with unmedicated conditions. Vaidya et al. (69) reported in such
an fMRI design that inhibitory activation when medicated differs only in striatum (increases in
ADHD) but not in frontal regions, in which all the children studied increase activation when
stimulant-medicated. Indeed when unmedicated, children with ADHD activated striatum “less”
than control children even when responses were successfully inhibited. No interpretation was
made, however, of the higher-than-control unmedicated frontal activation among the group
with ADHD (see baseline issue in previous paragraph). Furthermore, “less vs more” activation
is difficult to interpret securely, because normative studies have shown not only the more dif-
fuse network activated by inhibitory control but also more activity in some critical regions, e.g.,
frontal and/or striatal in children, becoming more focal and less extensive locally in adults
(68,70). When one then reflects back on the small numbers (6–10) and relatively broad age
range (8–13) of the Vaidya et al. (69) study, one is struck by the potential confound intro-
duced by groupwise analysis; even if exquisitely pairwise-matched, the fMRI activation data
need scrutiny in terms of the distinction between ADHD as “immature-for-age” and ADHD as
“anomalous-for-age” in inhibitory signature. Studies of ADHD populations at adolescent or
adult ages and employing other tasks to operationalize inhibitory control as fMRI activator
have not as yet shed any new or improved light on the executive system.

In summary, fMRI has thus far done more to raise questions about the development of the
executive system and heighten researchers’ sensitivity to the pervasive and implicit execu-
tive demands of tasks than to clarify what is going on in association with ADHD that is
dysexecutive.

7. FUTURE DIRECTIONS IN PURSUIT OF THE ADHD 
MANIFESTATION OF EDF

Although clinical and research experiences have improved our understanding of EDF,
both within and outside ADHD concerns, the definitive way to document EDF, necessitating
more of the paired-task approach, has not been fully operationalized over the decade since it
was articulated (76). Individual clinical reports can be phrased, “For such a highly verbal
child, such a poor showing on word fluency strongly suggests executive dysfunction.” When
it comes to documentation of the discriminative power of EDF in ADHD groupwise
research, however, researchers still encounter not only conflicting results from other centers
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but also failure to replicate their own local results with subsequent samples. The clinician
who is also a researcher suspects that variance in several confounds renders the quest for
EDF so elusive; variances in age, gender, and specific ingredients-of-task talents/endowments
are among these confounds. What has become clearer, however, is that the more basic EF
components with earlier onset and steep developmental trajectory over the prepubertal years
are the most substantive for research to focus on (and not only because such elements as
“inhibitory control” transfer most smoothly to fMRI) and from which to build complexity in
stepwise fashion; cognitive neuroscience can expect to learn more about the structure of the
EF domain by observing the developmental progression toward adult architecture. It is also
possible that within the heterogeneous category of ADHD there are some persistently “imma-
ture” profiles that can reveal over time just what is a necessary and/or sufficient progression of
EF elements, or when a “lag” may come to look like a “lesion.” Finally, intervention with chil-
dren with ADHD may be a source of greater understanding of how much EF can be taught and
learned, plus how early learned elements may facilitate later EF development.
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The Neuropsychology of Attention Deficit

Hyperactivity Disorder
Validity of the Executive Function Hypothesis

Erik G. Willcutt, Kimberly Brodsky, Nomita Chhabildas, Michelle
Shanahan, Benjamin Yerys, Ashley Scott, and Bruce F. Pennington

1. INTRODUCTION

A literature search at the end of 2003 revealed more than 200 published studies that com-
pared groups with and without attention deficit hyperactivity disorder (ADHD) on neuropsy-
chological measures. This rapid accumulation of new knowledge illustrates the potential
utility of neuropsychological methods as a tool to refine our understanding of the pathophys-
iology of ADHD. Yet these studies also underscore the complexity of the neuropsychology of
ADHD, and clearly demonstrate how much remains to be learned.

The overarching objective of this chapter is to evaluate the executive function (EF)
hypothesis, one of the most prominent neuropsychological models of ADHD (1,2). In the first
section of the chapter we provide a brief overview of the syndrome of ADHD and summarize
current knowledge regarding the genetic and environmental influences that are associated with
ADHD. We then describe the construct of EF and summarize four key criteria that must be met
if the EF theory of ADHD is correct. We then present a meta-analytic review of studies of
selected EF tasks that have been administered most frequently in previous studies of ADHD,
and describe the implications of these results for the EF theory. Finally, we compare the sup-
port for the EF model vs other neuropsychological theories of ADHD, and suggest several
directions for future research that are needed to develop a comprehensive model of the
neuropsychology of ADHD.

2. THE NATURE OF ADHD

Approximately 5% of children meet the diagnostic criteria for ADHD described in the fourth
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) (3), making it
one of the most common disorders of childhood (4,5). Few disorders have undergone as many
changes in name and diagnostic criteria as ADHD, perhaps because few disorders have been
the subject of as much taxonomic study. Based on factor analytic studies (6,7) and results of the
DSM-IV clinical field trials for the disruptive behavior disorders (8), the diagnostic criteria for
DSM-IV ADHD incorporate two symptom dimensions. The first includes symptoms that
describe maladaptive levels of inattention and disorganization, and the second consists of
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symptoms of hyperactivity and impulsivity. DSM-IV distinguishes among individuals who
exhibit maladaptive levels of both inattention and hyperactivity-impulsivity (combined type),
maladaptive levels of inattention only (predominantly inattentive type), and maladaptive levels
of hyperactivity-impulsivity alone (predominantly hyperactive-impulsive type).

In this chapter we describe key results from the Colorado Learning Disabilities Research
Center (CLDRC) (9), our ongoing study of the etiology of learning difficulties and DSM-IV
ADHD. We also emphasize studies of DSM-IV ADHD in the meta-analysis when sufficient
data are available. However, because relatively few studies of DSM-IV ADHD have incorpo-
rated EF measures, we also review studies that used previous or alternative definitions of
ADHD to provide the most complete account of current knowledge regarding the relation
between ADHD and EF.

2.1. Etiology of ADHD

Recent etiologically informative studies provided important information regarding the
genetic and environmental influences that increase susceptibility to ADHD. These methods
and results are described in detail in other reviews (10,11). For the purposes of this chapter
we provide a streamlined summary of these findings and focus on the implications of these
results for neuropsychological theories of ADHD.

2.1.1. Family and Twin Studies

Family studies clearly demonstrate that ADHD is familial (12,13), and twin studies sug-
gest that this familiality is the result of genetic influences. Specifically, studies of more than
10,000 twin pairs have found that individual differences in ADHD symptoms are largely
attributable to genetic influences, with an average heritability of approx 75% (e.g., 14,15,
reviewed in ref. 11). These same studies indicate that the remaining phenotypic variance in
ADHD symptoms is attributable to nonshared environmental influences; estimates of shared
environmental influences were not significant in any previous study.

2.1.2. Linkage and Candidate Gene Studies

Once a trait such as ADHD has been shown to be significantly heritable, two main methods
can be used to localize the genes that increase risk for ADHD. Family-based linkage analysis
can be used to screen the entire genome to identify chromosomal regions that may contain a
gene or genes that increase risk for ADHD. In contrast, the candidate gene approach exam-
ines specific genes that are targeted because they play a role in a biological system that is
associated with the disorder (see refs. 16,17 for a more detailed description of candidate gene
and linkage studies).

More than 80 published studies have tested for an association between ADHD and 27 differ-
ent candidate genes (11), and a series of studies by one group has examined more than 20 addi-
tional candidate genes in a sample of individuals with ADHD and Tourette’s syndrome (18).
Most of these studies have focused on genes that influence dopamine (DA), norepinephrine,
and serotonin, owing to evidence that these neurotransmitters may play a role in the pathophys-
iology of ADHD and other psychopathology (19). For 14 of the 27 candidate genes a signifi-
cant association with ADHD has been reported in at least one study; however, many of these
results have been replicated inconsistently or await independent replication. Moreover, each of
these genes appears to account for a relatively small proportion of the variance in ADHD symp-
toms (10,20), suggesting that none is likely to be necessary or sufficient to cause ADHD.

Because the known candidate genes are not sufficient to fully explain the genetic etiology
of ADHD, two recent studies used linkage analysis to screen the entire genome for additional
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genes that influence ADHD (21,22). Each study revealed strong evidence for linkage in two
regions (chromosome 16p13 and 17p11 in 22; 7p13 and 15q15 in 21) and preliminary evidence
for genes with smaller effects elsewhere in the genome. However, only a single region on
chromosome 5p13 was significant in both studies, and neither genome scan detected linkage in
the regions of most of the known candidate genes for ADHD, underscoring again the variability
of results across studies.

In summary, candidate gene and linkage studies clearly indicate that multiple genes are
involved in the etiology of ADHD, and suggest that none of these genes is necessary or suffi-
cient to cause ADHD. Although these results have no definitive implications for the neuropsy-
chology of ADHD, the fact that the etiology of ADHD is complex and multifactorial suggests
that the neurocognitive correlates of ADHD are likely to be complex and heterogeneous.

3. THE EF HYPOTHESIS

To successfully navigate our ever-changing environmental context, we must continually
select from a large set of possible actions. In many cases these actions may be directed
toward achieving a positive outcome in a simulated future context, and must therefore compete
with alternative actions that might maximize initial benefits but have larger long-term costs (23).
EFs are defined as cognitive functions that serve to maintain an appropriate problem-solving
set in order to attain a future goal (24). In an oversimplified model of decision-making
processes, EFs represent “top-down” cognitive inputs that facilitate decision making by
maintaining information about possible choices in working memory and integrating this
knowledge with information about the current context to identify the optimal action for the
current situation. Although EFs involve several distributed brain networks, the primary
neural circuit includes the thalamus, basal ganglia, and prefrontal cortex (23,25).

A large body of research indicates that groups with ADHD differ significantly from groups
without ADHD on a variety of neurocognitive measures (2). More specifically, several authors
have proposed that ADHD may be attributable to a general EF deficit or a core deficit in one or
more EF domains (1,2,26,27). The EF hypothesis is largely based on the observation that pre-
frontal lesions in experimental animals and human patients sometimes produce behavioral
hyperactivity, distractibility, or impulsivity, as well as deficits on EF tasks (28–30).

The neural circuits involved in EF have reciprocal connections with many other brain
regions, including the mesolimbic pathway, a neural network comprised of the limbic system,
anterior cingulate, and orbital frontal cortex. This substrate is primarily responsible for the
adjustment of motivational state in response to reward and punishment cues (31), and Sonuga-
Barke (32) has hypothesized that dysfunction in this network may lead to the aversion to delay
that is well documented in children with ADHD (33,34). Therefore, although we focus primarily
on EF in this chapter, it is important to also recognize the importance of these “bottom-up”
motivational processes for a comprehensive understanding of the neuropsychology of ADHD.
We return to this point at the end of the chapter when we compare the EF model to other models
in the literature and describe important directions for future research.

3.1. Structure of EFs

Previous theorists have criticized the construct of EFs as weakly defined and overly broad
(35). Theoretical definitions of EF often include a wide range of processes that appear to
involve multiple neurocognitive functions. Moreover, because many putative EF tasks are
relatively nonspecific, poor performance could be attributable to a weakness in any of several
different functions that a given task requires.
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Factor analyses clearly demonstrate the multifactorial nature of the tasks that are com-
monly included in the overarching construct of EF (35–40). Despite differences in diagnostic
criteria, sampling procedures, and the specific EF measures included in each study, all these
analyses revealed that EF tasks comprise more than one latent dimension of neurocognitive
functioning. The overall pattern of results across all these studies suggests that EF tasks may
consist of at least four factors:

1. Response inhibition.
2. Working memory/updating.
3. Set-shifting/task-switching.
4. Interference control.

In addition, most EF models distinguish between verbal and spatial working memory
(40–42), and many include additional domains, such as planning, vigilance, and fluency (43).

To examine the structure of EF in our sample, we conducted an exploratory factor analysis
of all putative EF tasks in the CLDRC battery (Table 1). Our EF battery includes measures of
response inhibition (stop-signal reaction time [SSRT] and continuous performance test [CPT]
commission errors), vigilance (CPT omission errors), verbal working memory (sentence span,
counting span, and forward and backward digit span), spatial working memory (Cambridge
Neuropsychological Test Automated Battery), set-shifting (Wisconsin Card Sorting Test
[WCST] perseverative errors), and interference control (Stroop task). We also included three
measures of what we labeled executive processing speed (Trailmaking test, Coding, and Sym-
bol Search). Each of the processing speed tasks also includes an executive component, and all
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Table 1
Exploratory Factor Analysis of Executive Function and Processing Speed Measures

Factor loadings on the four extracted factors

Verbal working Processing Response inhibition/
Measure memory speed execution Set-shifting

Counting span 0.71 — — —
Sentence span 0.72 0.28 — —
WISC-R digits forward 0.73 — — —
WISC-R digits backward 0.76 — — —
Trails part A — 0.78 — —
Trails part B — 0.55 — 0.44
WISC-R coding 0.25 0.68 0.26 —
WISC-III symbol search — 0.55 0.33 —
CPT commission errors — — 0.83 0.27
CPT omission errors — 0.30 0.71 —
Stop-signal reaction time 0.26 — 0.57 —
CANTAB spatial working 0.24 0.34 — 0.60

memory
WCST perseverative errors — — — 0.83
Eigenvalue 4.28 1.44 1.11 1.01
Percent of variance explained 18.44 15.39 14.75 11.54

— indicates factor loading less than 0.20. Loadings in boldface indicate primary factor loading.
CANTAB, Cambridge Neuropsychological Test Automated Battery.



three have been among the strongest predictors of ADHD in our previous analyses (39,40,44).
All measures in the battery are described in detail in these previous papers.

The Stroop interference-control score did not load above 0.30 on any obtained factor, and was
therefore dropped from the final factor analysis summarized in Table 1. Four factors with eigen-
values greater than 1 were extracted; these factors were labeled Verbal Working Memory, Pro-
cessing Speed, Response Inhibition/Execution, and Set-Shifting. In combination with previous
factor analytic studies, our latest results confirm that it is an oversimplification to describe EF
deficits as a unitary construct. Instead, these results provide further evidence that the overarching
category of EF is complex and multifactorial, and suggest that it may be important to consider
each of these domains separately. In the next section we review studies that tested the EF model
of ADHD by examining the relation between ADHD and each of these EF dimensions.

4. ARE EF WEAKNESSES THE CORE DEFICIT IN ADHD?

As noted previously, several authors have suggested that ADHD may be because of a
general EF deficit or a core deficit in a specific facet of EF, such as response inhibition
(1,23,26). At least four criteria must be satisfied for a neurocognitive weakness to be con-
sidered a core deficit:

1. Groups with the disorder must consistently exhibit weaknesses on measures of the putative core
deficit. In addition, these weaknesses should ideally remain significant when potential confounding
variables, such as age, language, reading ability, symptoms of other psychopathology, and general
intelligence are controlled (45).

2. The neurocognitive deficit must explain a large proportion of the variance in symptoms of the
disorder.

3. The neurocognitive deficit must be present in most individuals with the disorder.
4. Because ADHD is largely attributable to genetic influences, the neuropsychological weakness

should be coheritable with ADHD.

In the following sections we review studies that tested whether EF deficits fulfill each of
these four criteria necessary to be considered the core deficit in ADHD.

4.1. Criterion 1: Is ADHD Associated With EF Deficits?

In 1996, Pennington and Ozonoff (2) completed a meta-analytic review that systemati-
cally examined the neuropsychological correlates of ADHD. Their results suggested that
groups with ADHD are characterized by weaknesses in at least a subset of EF domains, but
indicated that the effect sizes for most EF measures were relatively small. However, many of
the studies were based on small samples, and for several measures only a few studies were
available. In contrast, when we searched the literature at the end of 2003 for studies that com-
pared EF performance in groups with and without ADHD, we identified more than 100
papers that were not published at the time of the previous literature review.

This vast new literature suggests that an updated review is warranted to examine the
implications of these new data and to identify remaining questions for future research. For
this chapter we conducted a targeted meta-analysis of studies that compared groups with and
without ADHD on several key EF measures. Our goal was to examine the validity of the EF
hypothesis and to illustrate the most prominent unresolved issues regarding the neuropsy-
chology of ADHD. Therefore, as a result of space constraints and the expansive literature on
the relation between EF and ADHD, we did not attempt to include all previous neuropsycho-
logical studies of ADHD, nor all possible EF tasks. Instead, we chose the measure of each EF
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dimension that has been used most frequently in previous studies of ADHD, and summarized
results from all published studies that included at least one of these measures.

The measure of response inhibition we selected was SSRT as derived from the stop-signal
task (46). This task was included in 25 published studies for which sufficient data were pro-
vided to allow us to calculate an effect size for the difference between groups with and without
ADHD. Perseverative errors on the WCST (47) were selected as the representative measure of
the ability to shift cognitive set (25 studies), and the Tower of Hanoi (48) and Tower of London
(49) were included as measures of planning (12 studies). Because fewer previous studies
administered measures of verbal working memory, we included both studies of working mem-
ory sentence span (50) and six studies of digit span backward (51). The measure of interfer-
ence control we selected was the Stroop (52); however, we included only studies that
calculated an interference control score that controlled for group differences in word and color
naming speed (nine studies). Finally, although measures of processing speed have not always
been included within the construct of EF, we included part B of the Trailmaking test (53) as a
measure of executive processing speed because it cross-loaded on the processing speed and
set-shifting factors (13 studies).

The procedure described by Cohen (54) was used to compute a standardized effect size (d)
for the mean difference between groups with and without ADHD on each measure adminis-
tered in each study (Table 2). The mean effect size across all studies that administered each
measure and the corresponding 95% confidence interval were then calculated using the
method described by Hedges and Olkin (55). This procedure weights the effect size from
each study by its corresponding sample size to obtain the best estimate of the true population
parameter (56).

The meta-analysis revealed significant differences between groups with and without
ADHD on measures of most EF domains (Table 2). However, a comparison of the mean
effect size and consistency of these results across studies suggests that some facets of EF are
more strongly associated with ADHD than others. Specifically, mean SSRT was significantly
higher in the group with ADHD than the group without ADHD in 84% of studies, and the
mean effect size across all of these studies was at the low end of the range typically consid-
ered indicative of a large effect (d = 0.63). Similarly, 77% of the studies reported a significant
group difference on part B of the Trailmaking test, and the mean effect size (d = 0.72) was
slightly larger than the mean effect size for SSRT. In contrast, significant differences between
groups with and without ADHD were obtained somewhat less consistently on measures of
planning (58% of studies, d = 0.54) and verbal working memory (56% of studies, d = 0.53),
and only a minority of studies reported a significant group difference on the measures of set-
shifting (40% of studies, d = 0.36) and interference control (22% of studies, d = 0.17).

The overall results of this meta-analysis clearly support the hypothesis that ADHD is
associated with significant impairment on EF tasks (1,2,96,109,110), and suggest that
these EF weaknesses may be most pronounced on measures of response inhibition and pro-
cessing speed. Moreover, weaknesses on EF tasks have been demonstrated in both children
and adults with ADHD (111), and results from our laboratory and others suggest that the
ADHD group deficit on measures of response inhibition, processing speed, and planning
remains significant when group differences in intelligence, reading ability, symptoms of
other disorders, age, and sex are controlled (39,40,59,80,112). Taken together, these results
indicate that weaknesses on these three dimensions meet the first criterion for a core
deficit.
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4.2. Criterion 2: Are EF Deficits Sufficiently Large to Account 
for the Behavioral Symptoms of ADHD?

The magnitude of the mean difference between groups with and without ADHD on EF mea-
sures (d = 0.2–0.7) is much smaller than the group difference in ADHD symptoms (d = 2.5–4.0
in the studies included in the meta-analysis). Similarly, dimensional analyses (39,112) indicate
that the correlations between behavioral ratings of ADHD symptoms and performance on EF
tasks are typically significant but small in magnitude (relative risk [r] = 0.15–0.35), suggesting
that EF performance explains a relatively small proportion of the total variance in ADHD
symptoms. These moderate effect sizes and low to medium correlations suggest that EF weak-
nesses as measured in previous studies cannot fully explain the behavioral symptoms used to
define ADHD, and therefore do not meet the second criterion for a core deficit.

4.3. Criterion 3: Are EF Deficits Present in Most Individuals With ADHD?

Comparisons of group means on a continuous measure of EF performance provide greater
statistical power than categorical comparisons of the proportion of individuals with significant
EF impairment. However, the implications of a significant mean difference between groups
must be interpreted with caution. For example, although the means of groups with and without
ADHD on EF measures are often significantly different, the moderate effect size of the group
difference suggests that the distributions of scores in the two groups overlap substantially
(113). Therefore, for any given measure many children with ADHD score in the normal range,
and only a subset score in a range that indicates clinically meaningful impairment.

Because few studies have directly tested what proportion of individuals with ADHD
exhibit EF deficits, we examined the proportion of individuals with ADHD who scored above
the 90th percentile of the comparison sample on each EF task in our battery (Fig. 1). Although
some measures were more strongly associated with ADHD than others (i.e., SSRT vs Stroop
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Fig. 1. Percentage of individuals with and without Attention Deficit Hyperactivity Disorder who
scored above the 90th percentile of the comparison sample on each executive function measure. WM,
working memory.



interference control), only a minority of the individuals in the ADHD group exhibited a deficit
on any of the specific EF tasks. Therefore, whereas the presence of a significant EF deficit is
associated with significantly increased risk for ADHD (for measures other than the Stroop
interference score), the absence of an EF deficit clearly cannot be used to rule out ADHD
(114).

This pattern of results is consistent with results in other samples (115), and provides fur-
ther evidence against the hypothesis that a single EF deficit is the primary neuropsychologi-
cal weakness in all individuals with ADHD. Instead, these results suggest that a more
comprehensive model that incorporates additional neurocognitive weaknesses is necessary to
fully explain the neuropsychology of ADHD.

4.4 Criterion 4: Are EF Deficits Coheritable With ADHD?
4.4.1. Twin Studies

Because ADHD symptoms are highly heritable (116,117), a putative core deficit must also
be heritable, and should be attributable to many of the same genetic influences that lead to
the behavioral symptoms of ADHD. Two population-based twin studies estimated the bivari-
ate heritability of elevations of ADHD symptoms and performance on EF measures
(118,119). Bivariate heritability estimates (h2

g) range from 0 to 1, and provide an index of
the extent to which extreme ADHD scores are attributable to genetic influences that also lead
to deficits on EF tasks.

The first twin study did not find significant bivariate heritability for hyperactivity scores
and any specific EF task (119), although a marginally significant result suggested that com-
mon genes may contribute to elevations of hyperactivity and commission errors on a continuous
performance test (h2

g = 0.60). In contrast, bivariate heritability estimates were significant for
a measure of response variability (h2

g = 0.64) and an overall discriminant function score that
included the measure of response variability as well as measures of vigilance, reaction time,
and verbal IQ.

In the second twin study (118), we examined the etiology of the relation between ADHD
and neurocognitive functioning in a larger sample of twins selected for DSM-IV ADHD.
The neurocognitive test battery included measures of response inhibition (SSRT and com-
mission errors on a CPT), working memory (sentence span and counting span), vigilance
(omission errors on a continuous performance test), set-shifting (WCST Perseverative
errors), and processing speed (Wechsler Intelligence Scale for Children-Revised [WISC-R]
Coding and Trailmaking test). Estimates of bivariate heritability (h2

g = 0.20–0.38) were
somewhat lower than those obtained by Kuntsi and Stevenson (119), but owing to the larger
sample size these estimates were significant for all neurocognitive variables with the excep-
tion of WCST perseverative errors. Moreover, similar to the results obtained by Kuntsi and
Stevenson, the highest bivariate heritability estimate (h2

g = 0.52) was obtained for a dis-
criminant function score that included measures of processing speed, vigilance, working
memory, and response inhibition.

4.4.2. Candidate Gene Studies

The four studies that examined the relation between a specific candidate gene, ADHD, and
EF deficits revealed mixed results. Based on the finding that ADHD is associated with the
7-repeat allele of the DA D4 receptor gene (20), three studies tested if this risk allele is also
associated with impairment on EF tasks (121–123). Contrary to this prediction, two studies
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(121,122) found that the group with ADHD without the 7-repeat allele exhibited EF weak-
nesses and slower and more variable reaction times. In contrast, a more recent study found
that the group with the 7-repeat DRD4 allele exhibited EF deficits in comparison to the group
without this allele (120), and another study found that a specific allele of the monoamine
oxidase A gene was associated with both increased levels of ADHD symptoms and signifi-
cant neuropsychological impairment (123). The samples in all of these studies were rela-
tively small, suggesting that additional research is needed before any definitive conclusions
can be drawn regarding the discrepancies in these results.

4.4.3. Conclusions From Twin and Candidate Gene Studies

Although these results should be interpreted with caution until additional studies with
larger samples are available, initial twin and candidate gene studies underscore two impor-
tant points regarding the relation between ADHD and EF. First, the twin studies and two of
the four candidate gene studies suggest that common genes may influence ADHD and at least
some aspects of EF. Specifically, although the phenotypic correlations between ADHD
symptoms and EF performance are low, these correlations appear to be attributable to com-
mon genetic influences (118). On the other hand, the results of the twin studies also indicate
that a substantial proportion of the genetic variance associated with ADHD is independent
from the genetic influences that lead to EF deficits, and this finding is supported by the coun-
terintuitive results obtained in two studies of the DRD4 receptor gene (121,122).

4.5. Initial Conclusions Regarding EF Deficit Hypothesis

In summary, the existing data reviewed in this section clearly indicate that ADHD is asso-
ciated with multiple EF weaknesses. In contrast, these results reject the hypothesis that EF
deficits are the core deficit that is necessary and sufficient to cause ADHD. In the next section
we examine several possible explanations for the failure to find a core EF deficit in ADHD,
and in the final section of the chapter we describe directions for future research that will be
useful to test these competing explanations and provide a comprehensive account of the neu-
ropsychology of ADHD.

5. POSSIBLE EXPLANATIONS FOR ABSENCE OF CORE EF DEFICIT

Numerous explanations could account for the failure to find a core deficit on measures of
response inhibition, verbal working memory, and other EF domains. In this section we exam-
ine five possible explanations in detail. The first hypothesis suggests that the association
between ADHD and EF is an artifact, such that ADHD and EF are not associated in the general
population. The second and third explanations suggest that EF effect sizes are relatively
modest because of weak psychometric properties of EF measures or a low correlation
between these measures and the underlying neurocognitive processes they are attempting to
measure. The fourth explanation examines the impact of diagnostic heterogeneity, and the
final model suggests that EF deficits are one important aspect of the multifactorial neurocog-
nitive etiology of ADHD.

5.1. Explanation 1: EF Hypothesis Is Wrong

Before moving to other more complex explanations, it is important to first rule out the
possibility that the relation between ADHD and EF weaknesses is an artifact. This hypothesis
suggests that the significant EF weaknesses obtained in groups with ADHD are false-positive
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results that are attributable to sampling error or clinic-referral bias, whereas in the general pop-
ulation there is no relation between ADHD and EF weaknesses. The results of the meta-analysis
clearly reject this hypothesis; several EF weaknesses are consistently associated with ADHD,
and the effect sizes for group differences on these measures are medium to large. Moreover,
EF weaknesses are present in both population-based samples (40) and samples ascertained
through clinics (33). Therefore, although neither general EF deficits nor weaknesses in specific
EF domains appear to represent a single core deficit, EF weaknesses play a significant role in
the complex neuropsychology of ADHD.

5.2. Explanation 2: Weak Psychometric Properties of EF Tasks

Relatively few studies have examined the reliability of EF tasks in children. The studies
that have been conducted revealed low to moderate test–retest reliability for WCST persever-
ative errors (r = 0.30–0.61) and verbal working memory span tasks (124,125). Similarly,
Kuntsi et al. (125) reported low test-retest reliability for SSRT (intraclass correlation = 0.21)
as computed by the algorithm used in their study, although reliability estimates were higher in
another study that used an improved algorithm (46). The modest reliability of these measures
constrains the range of effect sizes that it will be possible to obtain in group comparisons.
Although measurement weaknesses are unlikely to fully explain the failure to find a core EF
or response inhibition deficit in ADHD, these results suggest that future neuropsychological
studies should carefully assess the reliability of each measure and use available statistical
techniques to minimize the impact of the psychometric weaknesses of each task.

5.3. Explanation 3: Putative EF Measures Are Weakly Correlated 
With Core Deficit in Executive Control

To demonstrate that a neuropsychological weakness is a core deficit, the behavioral tasks
used to measure the deficit must be both sensitive and specific to the underlying neurocognitive
function. The putative EF measures used in studies of ADHD appear to be reasonably sensitive
to the executive control weaknesses that they are designed to measure (114,126). In contrast,
the specificity of most of these EF measures is much less clear. This is illustrated by a closer
analysis of the stop-signal task and the Trailmaking test, the measures which yielded the
largest mean effect size in the meta-analysis.

Part B of the Trailmaking test requires the participant to connect in ascending order a series
of circles containing a number or letter, alternating between numbers and letters (i.e., 1, A, 2,
B, 3, C,...). Groups with ADHD consistently complete this task more slowly than groups
without ADHD, and this group deficit has frequently been interpreted as a weakness in set-
shifting (81) or executive processing speed (40). However, in addition to these two possible
interpretations, poor performance could also be attributable to a weakness in working mem-
ory that leads to difficulty monitoring the position in the number and letter sequences to iden-
tify the next target, an inefficient visual search strategy to locate the next target stimulus, or
even difficulties with the rapid fine motor movements required to connect the circles.

SSRT is a putative measure of the speed of the inhibitory process that occurs when a tone
indicates that a response that has already been initiated should be terminated. This task is
based on a strong cognitive theory of response inhibition (46), and groups with and without
ADHD consistently differ on SSRT. However, similar to the Trailmaking test, other neu-
ropsychological weaknesses could explain the slower SSRT in groups with ADHD. For
example, longer SSRTs could be attributable to the slower and more variable responses of
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individuals with ADHD on both stop-signal trials and primary task trials without a stop sig-
nal, or may reflect group differences in strategies employed to avoid responding on stop-
signal trials (41).

In summary, EF measures that have been used in previous studies are multifactorial, and
may correlate only moderately with dysfunctional executive control processes in the brain.
Because ADHD group deficits in non-EF domains have also been replicated across studies
(32,33,127), it is unlikely that EF measures with improved specificity will reveal a core EF
deficit in ADHD. Nonetheless, the development and refinement of more specific measures
will provide important clarification regarding the specific facets of EF that are impaired in
individuals with ADHD. We return to these issues in more detail when we summarize directions
for future research at the end of the chapter.

5.4. Explanation 4: Diagnostic Heterogeneity

As noted previously, ADHD is a complex disorder that may include meaningful diagnostic
subtypes (128,129). If these subtypes are characterized by different neuropsychological cor-
relates, studies that include all subtypes in the same group could inadvertently mask effects
that are primarily associated with only one of the subtypes. Conversely, neuropsychological
deficits could be misattributed to a subgroup in which these weaknesses are not present.

The most recent results from our twin sample illustrate the potential impact of diagnostic
heterogeneity (Fig. 2). These results and data from other studies generally suggest that the
combined and inattentive types are associated with similar neuropsychological weaknesses
(44,130,131), whereas the hyperactive–impulsive type is associated with few neuropsycho-
logical weaknesses in comparison to groups without ADHD. Moreover, twin studies suggest
that the hyperactive–impulsive type is much less heritable than the other subtypes (116,132),
and a recent multisite study of 14 different samples found that the association between
ADHD and a polymorphism in the DRD5 receptor gene is restricted to the inattentive and
combined subtypes (133).
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Fig. 2. EF scores of groups with the Diagnostic and Statistical Manual of Mental Disorders, 4th
ed. Attention Deficit Hyperactivity Disorder. Hyp-Imp, hyperactive–impulsive subtypes.



Taken together, these results suggest that it may be useful to separate individuals with the
hyperactive–impulsive type from those with the combined or inattentive types for neuropsy-
chological analyses. The effect sizes for the group deficits of the inattentive and combined
types are still too small to represent a core deficit even when these subtypes are analyzed
separately (Fig. 2), suggesting that the inclusion of the hyperactive–impulsive type in analyses
of the overall ADHD group does not explain the failure to find a primary EF deficit in the
other subtypes. However, these results underscore the need to test for subtype-specific
effects in future studies so that the neurocognitive correlates of all subtypes can be accu-
rately described.

5.5. Explanation 5: Multifactorial Models of ADHD

Multifactorial models explicitly hypothesize that ADHD is a complex, neuropsychologi-
cally heterogeneous disorder with no core neurocognitive weakness that is sufficient to
explain all cases. These models suggest that EF deficits comprise one aspect of the overall
neuropsychology of ADHD, but that other neurocognitive weaknesses also increase suscepti-
bility in at least some individuals. To illustrate alternative ways that a multifactorial model
could be conceptualized, we next describe two multifactorial models that make different pre-
dictions regarding the neuropsychology of ADHD.

5.5.1. Independent Pathway Models

These models suggest that ADHD is a neuropsychologically heterogeneous disorder
(32,113). Disruption in any one of two or more pathophysiological substrates can indepen-
dently lead to the same final behavioral manifestation of ADHD (Fig. 3). Therefore, this type
of model describes neuropsychological subtypes of ADHD.

The dual-pathway model proposed by Sonuga-Barke et al. (32,134) is an excellent
example of an independent pathway model. The dual-pathway model suggests that distinct
etiological pathways lead to dysfunction in two brain circuits involving DA. The first
neural network involves mesolimbic brain circuits that are responsible for signaling avail-
ability of reinforcement and maintaining active representations of potential reward to
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1–Cog 4), and each weakness is sufficient to cause ADHD in that subset of individuals.



guide decisions (32). Disturbances in this substrate cause an individual to discount the
value of future rewards, and are manifest behaviorally as an aversion to delay (33,34,73,135).
The second pathway involves EF deficits that are attributable to dysfunction in the pre-
frontal–basal ganglia–thalamus circuit described earlier in this chapter.

The predictions of the dual-pathway model have been supported by several recent studies.
Solanto et al. (33) administered the stop-signal task and a measure of delay aversion to a sub-
set of children from the (NIMH) multimodal treatment study (136,137), the largest treatment
study ever conducted for a childhood mental disorder. Two critical results emerged from this
direct comparison of the inhibition and delay aversion hypotheses. First, the effect size of
the difference between groups was larger for the delay aversion task (d = 0.91) than for SSRT
(d = 0.69). More importantly, the two tasks independently predicted ADHD status when they
were included in the same model.

Sonuga-Barke et al. subsequently replicated and extended this result in an unselected com-
munity sample of preschool children (127). An exploratory factor analysis demonstrated that
EF and delay aversion measures loaded on different factors, and both factors independently
predicted elevations of ADHD symptoms. Taken together, these provocative results provide
the strongest support to date for independent pathophysiological pathways to ADHD, and
suggest that a comprehensive neuropsychological model of ADHD must include both delay
aversion and EF weaknesses.

5.5.2. Quantitative Trait Models

The quantitative trait model (17) suggests that multiple genetic and environmental influences
comprise a general pool of risk factors for ADHD. Each of these risk factors is associated with
a small decrement in some aspect of neuropsychological functioning and a small increase in
susceptibility to ADHD. Different combinations of risk and protective factors then lead to indi-
vidual differences in neurocognitive functioning and symptoms of ADHD, and individuals with
a sufficient number of risk factors from the overall pool cross the diagnostic threshold and meet
criteria for ADHD. Therefore, rather than conceptualizing ADHD as a categorical diagnosis
that is qualitatively distinct from the rest of the population, the quantitative trait model suggests
that the threshold for ADHD identifies the extreme tail of a continuous distribution of activity
level, attentional functioning, and impulse control.

Several findings support the quantitative trait model of ADHD. First, whereas numerous
studies suggest the DSM-IV inattention and hyperactivity–impulsivity symptom dimen-
sions are reliable and externally valid (5), these studies reveal little evidence of a natural
threshold between ADHD and “normal” behavior (114,116). The distributions of inattention
and hyperactivity–impulsivity symptoms in the general population are not bimodal, associa-
tions between the number of ADHD symptoms and degree of functional impairment are lin-
ear rather than curvilinear (8), the latent structure of ADHD symptoms appears to be similar
in the population at large and in clinically extreme samples (138), and twin studies have
found little evidence of a natural diagnostic threshold based on differential heritability
(15,116). Thus, similar to most other mental disorders (139,140), it seems probable that there is
no natural boundary for the diagnostic category of ADHD.

Candidate gene and linkage studies provide a second strong source of support for the
quantitative trait model. As described in more detail earlier in this chapter and elsewhere
(11), these studies suggest that ADHD is associated with multiple genetic and environment
risk factors. Each of these risk factors has a relatively small effect on symptoms of ADHD
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(i.e., 1–3 % of the total variance in the behavioral symptoms of ADHD), suggesting that few
if any of these specific risk factors are necessary or sufficient to cause ADHD in isolation.
Instead, each risk factor must act in combination with other risk factors to cause an individ-
ual to develop ADHD.

The fact that ADHD is the extreme end of a continuous trait with a multifactorial etiology
does not rule out the possibility that EF deficits could still be the primary cause of ADHD. For
example, ADHD could reflect the extreme tail of a distribution of highly heritable individual
differences in executive control. However, in addition to multiple EF weaknesses, other studies
indicate that ADHD is associated with weaknesses in several non-EF domains (32,40,45,126).
Moreover, many of these neuropsychological functions are correlated with one another, and
none appears to be necessary or sufficient to cause ADHD. Therefore, rather than a specific
primary deficit, this complex pattern of neuropsychological weaknesses is more consistent
with a multifactorial quantitative trait model in which some genetic or environmental influ-
ences lead to general impairment across all neuropsychological tasks, some etiological factors
influence a more specific subset of neural processes or a cluster of functions, such as EF, and
still others have a distinct effect on a specific neural function.

6. CONCLUSIONS REGARDING EF DEFICIT HYPOTHESIS 
AND NEUROPSYCHOLOGY OF ADHD

Existing data argue strongly against a primary deficit model of ADHD. Instead, the models
that best fit the data conceptualize EF deficits as one of several important neurocognitive
weaknesses that comprise the overall neuropsychology of ADHD. In addition to EF weaknesses,
a comprehensive model must also explain the shortened delay gradient described by the
dual-pathway model (32), slower and more variable reaction times on individual trials and
slower processing speed across entire tasks (40,93), weaknesses in temporal discrimination
of stimuli of short duration (41) and time estimation/reproduction of longer temporal intervals
(59), and deficits in motor control (141). Moreover, even models that are able to explain
these multiple deficits will also need to account for neuropsychological heterogeneity in
ADHD (113), developmental changes in ADHD symptoms and associated neurocognitive
processes (142), and the neuropsychological implications of comorbidity between ADHD
and other disorders (40,128).

The correct neurocognitive model of ADHD is likely to involve multiple neural networks dis-
tributed across many locations in the brain. Further research is needed to test whether dysfunc-
tion in these different networks leads to distinct neuropsychological subtypes within the overall
group of individuals with ADHD, or if dysfunctional processes in multiple networks act in com-
bination to increase susceptibility to ADHD. Perhaps the most likely scenario is that both of
these models may be partially correct. For example, some cases of ADHD may be attributable to
a primary deficit in a relatively specific neurocognitive process, whereas other cases may be
caused by the combined effects of dysfunctional processes in multiple neural substrates.

7. DIRECTIONS FOR FUTURE RESEARCH

The transition from models positing a single core deficit to multiple-deficit models repre-
sents a paradigm shift in the way that the neuropsychology of ADHD is conceptualized
(32). Therefore, in this final section we describe recommendations for future studies of the
neurocognitive correlates of ADHD that are conducted within a multifactorial framework.
These recommendations are summarized in Table 3 and described in more detail in the text.
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Table 3
Suggested Guidelines for Future Studies of the Neuropsychology of ADHD

I. Neuropsychological weaknesses that should be assessed in a comprehensive test battery
A) Delay aversion (32)
B) Executive functions

1. Response inhibition (1,26,96,110)
2. Planning (81)
3. Verbal working memory (79)
4. Spatial working memory (42)
5. Vigilance (146)

C) Temporal processing
1. Intervals longer than two seconds (59)
2. Intervals less than one second (41)

D) Naming/processing speed (40,93)
E) State regulation/response variability (43,144)
F) Motor control (1)
G) Intelligence

II. Comorbidities that may influence the neuropsychological correlates of ADHD
A) Learning disabilities (39,40,145)
B) Anxiety disorders (147)
C) Conduct disorder/aggression (148)

III. Diagnostic procedures and descriptive characteristics of the sample that should be described
A) Procedures used to diagnose ADHD

1. Diagnostic criteria (e.g., DSM-IV vs ICD-10 vs normative cutoff scores)
2. Reporters/measures used
3. Algorithm to combine information from multiple informants

B) Descriptive characteristics
1. Proportion with each diagnostic subtype
2. Severity of ADHD symptoms
3. Age
4. Proportion male and female
5. Ethnicity
6. Socioeconomic status
7. Medication (treatment vs medication naïve, status on the day of testing)

C) Exclusion criteria
D) Other potential markers of neuropsychological heterogeneity

1. Atypical etiology (e.g., head injury, chromosome disorder, traumatic event)
2. Familial vs nonfamilial ADHD

IV. Characteristics of the task and experimental design that should be described
A) Task parameters

1. Task specifications
2. Computer system/software
3. Specific instructions
4. Procedures for data cleaning/adjustment of outliers
5. Event rate
6. Reinforcement contingencies within the task

(Continued)
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(Continued)

B) Characteristics of the experimental environment
1. Presence of the experimenter
2. Time of day of the testing
3. Duration of the session
4. Order of the task in the session
5. Compensation for the participant

7.1. Use Theory to Guide Task Development and Refinement

As noted previously, the EF tasks used in previous studies of ADHD are typically complex
and multifactorial. As a result, it is often difficult to determine whether poor performance
on a task is attributable to a specific EF weakness or to dysfunction in one of the other cognitive
processes that is required to complete the task successfully. This lack of specificity could
potentially lead to the erroneous conclusion that EF weaknesses are associated with ADHD,
when poor performance is, in fact a result of dysfunction in another neurocognitive domain.
Alternatively, if the poor performance of the ADHD group on a multifactorial task is
explained primarily by a specific EF weakness, the effect size associated with this weakness
may be underestimated because of the noise introduced by individual differences in the other
processes necessary to complete the task.

Rather than continuing to administer EF measures of convenience borrowed from the
adult brain injury literature or from neuropsychological studies of other disorders, future
studies should incorporate EF tasks that are carefully constructed to isolate specific parame-
ters of interest. Theoretical models of ADHD can be used to guide the development of
within-task manipulations that isolate the function of interest by controlling other functions
that might otherwise explain the results (43). In addition to increasing the specificity of each
neuropsychological measure, these within-task controls will facilitate direct tests of compet-
ing neuropsychological models of ADHD.

7.2. Directly Test Competing Neuropsychological Models

Until recently, most studies have examined the neuropsychological correlates of ADHD
from a single theoretical perspective. For example, although several previous studies
included a range of EF measures (44,69,81,93), few of these studies also included measures
of delay aversion, naming speed, temporal processing, state regulation, and motor output.
Moreover, only a handful of studies have tested whether EF performance varies as a function
of task parameters, such as the duration of the interstimulus interval (144) or the presence of
reinforcement contingencies (82).

Future studies are needed that pit the competing theories of ADHD against one another
(43). This could be accomplished by administering the optimal measure of each theoretical
domain to the same sample of individuals (33,127). The first section of Table 3 lists the neu-
ropsychological weaknesses that have been replicated most consistently in studies that com-
pared groups with and without ADHD. Although it may not be feasible for a single study to
include all these measures, this list provides a summary of the neuropsychological domains
that should be taken into consideration in future studies.



Alternatively, an experimental manipulation or additional condition could be added to the
key measure of each theory to test whether the ADHD group deficit can be better explained
by another process. For example, Scheres et al. found that the response speed of individuals
with ADHD varied as a function of event rate (99), consistent with the hypothesis that
ADHD is partially attributable to difficulties with arousal regulation. In contrast, Oosterlaan
and Sergeant found that ADHD was associated with slower SSRT even in the presence of
reward or response–cost contingencies (82), arguing against the hypothesis that ADHD is a
result of motivational dysfunction. Future studies with similar designs will help to clarify the
relations among the key neurocognitive processes described by each theory, as well as their
relative contributions to the overall neuropsychology of ADHD.

7.3. Use Statistical Techniques to Reduce Measurement Error

As described previously, the predictive power of EF and other neuropsychological mea-
sures may be constrained by the relatively modest reliability of these tasks in children. One
method to reduce measurement error is to administer multiple measures that reflect a com-
mon latent trait of interest. Because a latent trait represents the shared variance among the
tasks, it eliminates error variance that is specific to each task and provides a more reliable
measure of the underlying construct of interest.

The potential utility of this approach is illustrated by our most recent results (40). Com-
parisons between groups with and without ADHD revealed a substantially larger effect size
for the response inhibition/execution factor score (d = 1.19) than for any individual mea-
sure that loaded on this factor (d = 0.50–0.89); similar results were obtained for measures
that loaded on the processing speed and verbal working memory factors. These results sug-
gest that in addition to carefully assessing the reliability of each individual task, it may be
useful for future studies to administer multiple measures of each neuropsychological
domain to minimize the impact of the psychometric weaknesses of any individual task.

7.4. Clarify Implications of Diagnostic and Neuropsychological Heterogeneity

Existing data clearly indicate that ADHD is a heterogeneous disorder at both the level of
the behavioral phenotype and the underlying neuropsychological correlates (33,113,134).
The most obvious example of behavioral heterogeneity is the inclusion of three distinct diag-
nostic subtypes of ADHD in DSM-IV. In addition, previous studies have reported significant
differences in the neuropsychological correlates of subgroups of individuals with ADHD as a
function of situational and reporter differences in symptoms (96), comorbid disorders
(144–148), and specific genetic risk factors (120–123).

Heterogeneity in groups with ADHD may partially reflect measurement error or minor dif-
ferences in sampling procedures or symptom severity. Alternatively, diagnostic heterogeneity
may be a marker for meaningful variation in the pathophysiology of different subgroups
within the overall ADHD diagnosis (32,113), or could even demarcate a subgroup of individuals
who exhibit attentional difficulties as a secondary consequence of an atypical etiology, such
as a brain injury (149) or severe traumatic experience (150). Therefore, to facilitate the
development of a comprehensive neuropsychological model of ADHD, future studies are
needed to clarify the implications of this heterogeneity.

One approach to address diagnostic heterogeneity is to apply stringent exclusionary cri-
teria at the beginning of the study to maximize the homogeneity of the ADHD sample.
However, the a priori exclusion of a subset of individuals with ADHD makes extremely

204 Willcutt et al.



strong assumptions about the meaning of heterogeneity that are not easily justified based
on existing knowledge. For example, a procedure that excluded all individuals with a
comorbid learning disability is likely to eliminate the subset of individuals with ADHD
with the most severe neuropsychological impairment (39,40,145). If this greater severity is
simply a secondary consequence of the comorbid learning difficulties the decision to
exclude these individuals from the study might be justified. However, because comorbidity
between reading disability and ADHD is primarily attributable to common genetic influ-
ences (117,151,152), the comorbid group may exhibit the greatest neuropsychological
impairment because this subset has the strongest loading of these shared genes. If this turns
out to be the case, the decision to exclude individuals with a comorbid learning disability
might inadvertently eliminate the group that would be most useful for analyses of the neu-
ropsychological correlates of ADHD.

Therefore, for most purposes, the best strategy may be to include all participants who meet
full diagnostic criteria for ADHD, then to carefully measure potential markers of meaningful
heterogeneity. (Sections 2 and 3 of Table 3 list some of the variables that may be useful to
consider). This procedure avoids any sampling biases that could be produced by a priori
exclusionary criteria, and facilitates a direct test whether each type of heterogeneity signifi-
cantly mediates or moderates the neuropsychological correlates of ADHD.

7.5. Describe Study Characteristics and Task Parameters Sufficiently
to Facilitate Comparisons Across Studies

In addition to the complexity introduced by heterogeneity among individuals with ADHD,
interpretation of neuropsychological studies of ADHD is complicated by differences across
laboratories in specific task parameters and experimental environments. For example, the
magnitude of the difference between groups with and without ADHD may be influenced by
differences in stimulus presentation rate (144,153), the presence of reward or punishment con-
tingencies (43,154), and the specific procedures used to clean and adjust the data (41).
Although it is not realistic to suggest standardization of these parameters across all laborato-
ries, future studies should sufficiently describe both the overall experimental environment and
the specific parameters of each task to enable comparisons between studies (we provide an ini-
tial list of characteristics in Section 4 of Table 3). Along the same lines, all studies should
report group means and standard deviations for each dependent measure to facilitate future
meta-analyses.

8. CONCLUSIONS

EF weaknesses are neither necessary, nor sufficient to cause most cases of ADHD.
Nonetheless, specific aspects of EF such as response inhibition, planning, and executive pro-
cessing speed play an important role in the complex multifactorial neuropsychology of
ADHD. Additional research is needed to assess the impact of diagnostic and neuropsycho-
logical heterogeneity on the neurocognitive correlates of ADHD, and to clarify the relation
between EF weaknesses and weaknesses in domains, such as delay aversion, state regulation,
and response to reinforcement contingencies.
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Attention Deficit Hyperactivity Disorder 

and Learning Disabilities

Stephen R. Hooper and Emily A. Williams

1. INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) and learning disabilities (LD) are the
most commonly used diagnoses for children who experience academic and behavioral diffi-
culties. Not only do questions concerning ADHD and LD comprise the majority of referrals
made to psychologists, psychiatrists, and other professionals, but many children diagnosed
with one of these disorders also meet diagnostic criteria for the other disorder (1). Educators,
other professionals, and parents often ask questions such as: What are the differences
between ADHD and LD? Why do ADHD and LD co-occur so frequently? What impact do
the similarities and differences between these disorders have on developing and implement-
ing effective interventions for these children? Although many of the current answers and
debates regarding these questions can be examined within many of the chapters contained in
this book, this chapter focuses on a unique aspect of ADHD—i.e., the co-occurrence of
ADHD and LD. This chapter provides an overview of the definitional issues presented by
ADHD and LD, and discusses the notion of comorbidity and co-occurrence of these two dis-
orders. A major portion of this chapter is devoted to reviewing many of the key studies in
which the overlap between ADHD and LD has been examined, with a particular focus on
ADHD and reading disabilities (RD), ADHD and writing disabilities (WD), and ADHD and
math disabilities (MD). The chapter concludes with evidence-based directions for the field
based on the available literature.

2. DEFINITIONAL ISSUES

Because ADHD and LD reportedly co-occur in a substantial number of children, it is
important to differentiate these two diagnostic labels in order to begin to understand how
they might co-occur and mutually affect each other. One key facet of the notion of co-occurrence
relates to how these disorders are conceptualized and defined. Generally speaking, LD are neu-
rologically based disorders that influence the cognitive processes necessary for learning.
ADHD, on the other hand, is a neurologically based disorder that can cause behaviors,
such as hyperactivity–impulsivity and/or inattention, thus potentially interfering with an
individual’s ability to sit still, concentrate, and think before responding. Behaviors associ-
ated with ADHD also can result in secondary emotional, social, and family problems that
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do not affect a student’s ability to learn but, rather, can affect his or her availability to
learn (2).

Historically, children with learning difficulties and those with attention deficits have been
thought of as fitting the same profile. These diagnostic terms are frequently confused in the lay
world as well as in some professional circles, perhaps because these two disorders co-occur in
so many children, often presenting with similar issues (e.g., underachievement, poor school
performance, inattention, overactivity, impulsivity, and social-behavioral challenges and diffi-
culties). Although LD and ADHD often co-occur in children, it is helpful for professionals and
parents to understand that ADHD is not a type of learning disability but, instead, and as detailed
in this chapter, a distinct and often associated disorder. In order to demonstrate a clear distinc-
tion between LD and ADHD, it is helpful to first understand how the definitions of each disor-
der have evolved to fit into the diagnostic classification systems we use today. Although the
bulk of this chapter is devoted to various issues and aspects of the ADHD definition, the fol-
lowing section will focus on definitional issues in LD.

2.1. Definitional Foundations in LD

Throughout the early decades of the 20th century in the United States, children who had
difficulty learning were considered to have emotional problems, or mental retardation, or
were assumed to be culturally disadvantaged (2). It was not until the 1940s that researchers
began to consider that learning difficulties were possibly a neurologically based disorder.
Early research concluded that children’s learning problems were caused by brain damage, yet
these children appeared to be physically normal, indicating that the brain damage must be
minimal; thus, the label minimal brain damage was employed (3). Because further research
revealed no evidence of frank brain damage in children with learning difficulties, this label
was changed to minimal brain dysfunction, emphasizing a difference in brain function rather
than brain damage (2). At that time, the label minimal brain dysfunction was given to chil-
dren who today would be most likely classified as having a learning disability, difficulties
with hyperactivity, inattention, and impulsivity, as well as those with social and emotional
problems (2).

During the 1960s researchers began focusing on the various problems of children labeled
as having minimal brain dysfunction. Soon, terms like dyslexia (an RD), dyscalculia (an
MD), and dysgraphia (a WD) became more popular to describe specific deficits in children’s
learning. In 1963, Professor Samuel Kirk coined the term learning disabilities, and was one
of the first to describe these problems from an educational perspective (4). In 1975, the Edu-
cation for All Handicapped Children Act (Public Law 94–142) provided a definition for “spe-
cific learning disabilities,” stating that “all handicapped children have available to them...a
free appropriate education” (5). In 1990, Public Law 94–142 was renamed the Individuals
with Disabilities Education Act (IDEA) and included a definition similar to the original one
to determine eligibility for LD services in public schools. While the Diagnostic and Statisti-
cal Manual, 3rd Edition, (DSM-III) (6) and the DSM-III-Revised (7) provided a definition
for specific reading disorder, neither identified the degree of performance deficit required for
diagnosis (3). Currently, because neither the DSM-IV (8) nor the most current reauthoriza-
tion of IDEA (9) defines how far behind a child must be academically to qualify as having an
LD, research is fraught with inconsistencies with regard to diagnosing children with LD.
Needless to say, for years researchers have disagreed about the best way to determine
whether a child has an LD.
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2.1.1. Definition of LD

Definitional issues have confronted the field of LD since the term entered the vocabulary
of professionals working with these problems about 40 yr ago (10). Kirk originally
described learning disabilities as “unexpected underachievement.” This underachievement,
by federal definition, should be manifested in one or more of seven core skills: oral expression,
listening comprehension, written expression, basic reading skills, reading comprehension,
mathematics calculation, and mathematics reasoning. The “unexpected” part of the defini-
tion typically relates to some type of ability–achievement discrepancy—even after being
provided with learning experiences appropriate to the child’s chronological age and ability
levels. This aspect of the operationalization of LD, however, has been highly controversial
since its introduction in 1977 (11–13). There have been significant concerns raised about
the utility of such an operationalization, particularly with respect to who actually may be
identified as requiring services, the lack of sensitivity to younger children—including
preschool children—who may be at risk, the limited linkages provided for understanding
the underlying problems for the academic underachievement, and the poor relationship to
treatment response.

Unfortunately, despite much rhetoric, many of the same issues continue to confront clini-
cians and researchers. The earlier definitions of learning disabilities, such as the one asserted
by the Education for All Handicapped Children Act (14), provided little guidance with
respect to operational criteria for identification and diagnosis. These earlier definitions also
did little to improve our knowledge with respect to specific outcomes, and they served to hinder
communication among professionals—especially professionals representing different disci-
plines. The most recent reauthorization of the IDEA legislation has continued this legacy.
The current federal definition of LD in IDEA, which has remained virtually unchanged since
1977, defines LD as follows:

The term “specific learning disability” means a disorder in one or more of the basic psychologi-
cal processes involved in understanding or in using language, spoken or written, which may
manifest itself in an imperfect ability to listen, think, speak, read, write, spell, or to do math-
ematical calculations. The term includes such conditions as perceptual disabilities, brain
injury, minimal brain dysfunction, dyslexia, and developmental aphasia. The term does not
include a learning problem that is primarily the result of visual, hearing, or motor disabilities, of
mental retardation, of emotional disturbance, or of environmental, cultural, or economic disad-
vantage (Individual With Disabilities Education Act, June 4, 1997, p. 602.26a).

Despite the difficulties posed by our federal definition of LD, there have been some
notable efforts to improve on the definitional conceptualization. Specifically, the National
Joint Committee on Learning Disabilities (15) and the Interagency Committee on Learning
Disabilities (16) did provide more detailed definitions that acknowledged the generic nature
of the term learning disabilities, the extreme heterogeneity of this population of individuals,
and the suspicion of neurological dysfunction. These definitions also adopted a life-span
approach to learning problems, and permitted concomitant conditions (e.g., social and emo-
tional disturbance) to be present. Even these definitions, however, did not provide opera-
tional guidelines for identification strategies and, consequently, they remained definitions of
an exclusionary nature.

More recent research evidence has driven the reemergence of Kirk’s original conceptu-
alization of LD as “unexpected underachievement;” however, an increased emphasis on
research-based criteria has been asserted. For example, over a decade ago Shaywitz and
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colleagues (17) found that reading disability does not represent a “hump” at the lower end of
the normal distribution. Rather than a categorical grouping for individuals with RD, these
investigators suggested that reading problems merely represent the lower end of the normal
distribution of reading abilities. In fact, their work (18), and that of others (19), demonstrated
that a discrepancy definition of RD fares no better than using a simple low-achievement cri-
terion (e.g., standard score <90 on a standardized achievement test); however, where to draw
this cut-off criterion will remain a challenge, particularly with respect to uncovering specific
subtypes that might manifest in this population or focusing on domain-specific academic dis-
abilities. Perhaps the pending reauthorization of the IDEA legislation will provide the field
with more research-based operational criteria for defining LD.

2.2. Co-Occurring Characteristics of ADHD and LD

Throughout the literature focusing on LD and ADHD, the terms comorbidity and co-
occurrence are generally used interchangeably to indicate the overlapping of symptoms and
diagnoses in children with both disorders. Recently, however, Kaplan et al. (20) argued that
the term comorbidity does not accurately represent the overlapping nature of these disorders.
The word comorbid is a term originally used in the medical field indicating that a patient
exhibits the symptoms of two or more distinct disorders simultaneously, whereas the term
co-occurring refers to symptoms that appear together but are characteristic of the same dis-
order (20). For instance, a patient suffering from a cold may exhibit co-occurring symptoms of
a sore throat and a fever, yet these symptoms are characteristic of the same medical condition.
Although diagnostic criteria and significant evidence from neuropsychological, genetic, and
neurobiological studies distinguish LD and ADHD as different disorders (21), research
studying both acknowledges the fact that these disorders often have overlapping symptoms.
Given the continued debate as to whether LD and ADHD should be viewed as independent
disorders or variants of similar symptoms, Kaplan et al. (20) suggested using either the term
co-occurrence or overlap rather than comorbidity to describe the presence of both disorders
in children.
2.2.1. Rates of Co-Occurrence

Overall prevalence rates for children with ADHD who also have LD range from 25%
(22,23) to 50% (24), with the lower estimates being derived from studies in which more
stringent diagnostic criteria for both ADHD and LD were employed. Conversely, studies
using nonreferred children with heterogeneous learning disorders show that approx 17%
meet research diagnostic criteria for ADHD (1). Mayes et al. (25) also found that in a clinical
sample of 86 children with ADHD, 26.7% had a disability in reading, 31.4% exhibited a dis-
ability in math, 30.2% in spelling and, most significantly, 65.1% of the sample had LD in
written expression. Furthermore, in a study of 126 children, Kaplan et al. (20) found that 63
children in their sample who met criteria for RD also met diagnostic criteria for ADHD.

Currently, our understanding of the association between LD and ADHD is hindered by the
fact that research has used various definitions to classify these two disorders. Despite the def-
initional issues regarding LD, research has consistently shown a relationship between ADHD
and academic difficulties in many children diagnosed with ADHD (21). The magnitude of
this relationship is greater than what might be predicted from chance alone, particularly
given the relative prevalence rates of either LD (i.e., about 3 to 15%) or ADHD (i.e., about 6
to 10%), and raises significant questions as to possible reasons for the co-occurrence of
ADHD and LD.
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2.2.2. Possible Reasons for Co-Occurrence of ADHD and LD

Perhaps the most difficult feat for researchers is not defining LD and ADHD independently,
but trying to discover why each co-occurs so often and just how significant this overlap of
symptoms is to children diagnosed with both disorders. As mentioned previously in this
chapter, the term minimum brain dysfunction was previously used to classify both learning
difficulties and attention deficits in children. Beginning in the DSM-III (6), however, LD
were classified as “specific developmental disabilities,” whereas attention deficit disorders
were defined as “disruptive disorders of children,” making a major diagnostic distinction
between the two disorders (27). Although some findings question the notion that ADHD and
LD represent independent disorders, given the overlap of many of their respective features,
others conclude that both disorders are indeed independent yet can frequently overlap in
some individuals (21,23,27). Although research appears to be inconclusive as to the degree to
which ADHD and LD are related, it is important to become familiar with different perspec-
tives on investigating the relationship of both disorders. Two main views concerning the rela-
tionship of LD and ADHD include heredity and the notion of causal directions.

2.2.3. Heredity and Co-Occurrence of ADHD and LD

Although many researchers have argued that LD and ADHD are distinct yet co-occurring
disorders, some have focused on investigating the question of whether the linkage is may be
attributed to genetics. Prevalence rates defined by many studies provide support for a genetic
linkage between ADHD and LD. In a study of 3000 children where ADHD was present in
approx 5% of the sample, Tirosh and Cohen (28) found language impairment in about 45%
of children with ADHD. Kaplan et al. (20) also found that in a sample of 179 children with
various diagnoses, such as ADHD, RD, oppositional defiant disorder, and conduct disorder,
61 children manifested “pure” dyslexia (i.e., only symptoms of reading disorder) and 21
exhibited a “pure” form of ADHD (i.e., only ADHD symptoms). Thus, results from this
study indicated that 51.6% of the children with RD had another co-occurring disorder, but
that more than 80% of children with ADHD had a co-occurring disorder (20).

In addition to prevalence rates, Light et al. (29) discovered that in a sample of 61 identical
twins and 43 same-gender fraternal twins diagnosed with co-occurring ADHD and RD, 45%
of deficits in reading were the result of genetic factors that also influenced hyperactivity.
These findings point to a strong etiological basis for the overlapping of symptoms from these
two disorders, and directly supports a genetic-based co-occurrence model.

2.2.4. Causal Direction of the Co-Occurrence of ADHD and LD
2.2.4.1. DOES INATTENTION CAUSE LOW ACHIEVEMENT?

Although the classification systems we use today separate ADHD and LD as two differ-
ent disorders, it is not uncommon that children with ADHD also demonstrate academic
underachievement (30). A crucial question for researchers interested in learning more about
designing interventions for this population of children is: does having ADHD lead to
exhibiting symptoms of LD or does having LD lead to a diagnosis of ADHD? The most
obvious relationship between LD and ADHD in the classroom refers to the assumption that
symptoms, such as inattention, hyperactivity, and impulsivity, are likely to interfere with
learning (or the availability to learn) and, thus, lead to low academic achievement (30).
Although the argument that improving symptoms associated with ADHD could improve
academic achievement makes intuitive sense, there is no empirical evidence suggesting that
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ADHD directly causes learning difficulties to the extent manifested by those diagnosed with
a learning disability (31).

2.2.4.2. DOES LOW ACHIEVEMENT CAUSE ADHD?

Researchers have investigated the possibility that academic failure may lead to symptoms
of inattention and distractibility (32). It seems logical that a child with reading difficulties
may become frustrated if he or she cannot complete the task at hand and, in reaction to these
academic demands, may appear distracted or even exhibit behavior problems (30). Also,
children with LD who exhibit attention difficulties and associated conduct problems are at a
higher risk for displaying achievement deficits throughout their schooling (33). Educators
and parents who take this view of causality may be more inclined to design interventions
around the learning problems than the ADHD symptoms (30). It is important to recognize the
full range of deficits challenging each child and design interventions according to the most
significant academic, emotional, and behavioral needs across environments.

2.2.4.3. DO RECIPROCAL RELATIONSHIPS EXIST?

There is also the possibility of a reciprocal relationship between LD and ADHD. In this
regard, Pennington et al. (34) found that inattention had a negative effect on reading
achievement, attitude toward reading, and reading at home with parents. The direction of the
relationship was found to flow from reading achievement to attention, noting that a positive
attitude toward reading and high reading achievement boosted attention toward reading in
school and seemed to encourage reading at home (34).

Whereas the diagnostic criteria for LD and ADHD are distinctly different in the classifica-
tion nomenclature, the co-occurrence of symptoms among children causes much confusion
for health professionals who assess, diagnose, and treat individuals with such difficulties.
Regardless of the diagnostic terms used to refer to an individual’s learning difficulties or
attention deficits, it is clear that interventions for both LD and ADHD should be designed
based on each child’s independent needs in the classroom and at home. It is important for
professionals and parents to understand the effects that co-occurring symptoms have on chil-
dren with reading, math, and writing disabilities who also have been diagnosed with ADHD.
Academic difficulties and attention deficits not only can have an impact on a student’s perfor-
mance in the classroom, but they can also negatively affect peer and family relationships as
well as a student’s self-efficacy in the classroom, home, and other settings.

3. STUDIES EXAMINING CO-OCCURRENCE OF ADHD AND LD

A review of the literature since 1980, when DSM-III introduced attention deficit disorder
(ADD) as a diagnostic option for clinicians and researchers, produced approx 100 studies
that have examined various nuances of the co-occurring nature of ADHD and LD. For pur-
poses of this chapter, we have chosen to focus on three primary LD: Reading, spelling/writ-
ten language, and mathematics. In addition, much of the earlier literature examining this
issue focused on heterogeneous groups of children with LD, and these studies are reviewed
as well.

3.1. Studies Examining ADHD and Heterogeneous LD

As can be seen in Table 1, about 38 of the studies to date have focused on examining the
presence of any kind of LD in children with ADHD. While many of these studies have
employed stringent diagnostic criteria for ascertaining children’s ADHD, most of the studies
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did not use stringent criteria for the diagnosis or presence of the LD and, instead, tended to
use school-based classifications to identify the presence of learning problems. One exception
to this was the work by Wilcutt et al. (35) who employed structured interviews for all diag-
noses and suggested the need for screening for comorbid disorders as part of a comprehen-
sive ADHD assessment.

Many of the studies showed that ADHD in the presence of LD generally reflected more
impairment on motor (36), attention and disinhibition (37), language-based functions
(38,39), working memory (37), memory (40,41), executive functions (36,37), and overall
neuropsychological performance (42,43) than either children with ADHD-only, LD-only, or
typical controls. Increased electrophysiological abnormalities also were present in frontal
and prefrontal regions (44).

Further, consistent with the neurocognitive findings in children with co-occurring ADHD
and LD, these studies documented the presence of more frequent and severe academic
deficits (23,25,36,45–47); however, there was a lack of clarity on the issue of whether chil-
dren with ADD/ADHD with hyperactivity performed more poorly on academic tasks than
children with ADD/ADHD without hyperactivity (48). Further, upon follow-up, ADHD/LD
children have been shown to have higher rates of grade retention, in-school tutoring, and
placement in special education services (56).

Within the social–behavioral realm, children with ADHD/LD were reported as having
more external locus of control (49), lower academic self-concept and academic self-efficacy
(50), more peer rejections and peer popularity (51), and poorer social perception than typi-
cally developing children (52,53). They also were described as being at increased risk for
substance abuse (54) than ADHD-only, LD-only, or typically developing comparison
groups. Gender differences have emerged in the social-behavioral arena, with ADHD/LD
boys showing more difficulties than ADHD/LD girls (55). In the social–behavioral and aca-
demic realms, and many children with ADHD/LD continue to struggle into adulthood
(57–59).

3.2. Studies Examining Co-Occurrence of ADHD and RD

Although the studies described in Subheading 3.1. clearly point to the significance and
magnitude of the overlap between ADHD and LD, a more precise examination of the nature of
this overlap can be obtained from studies using more precise definitions of LD within domain-
specific academic areas. In this regard, when research diagnostic criteria are employed for
both ADHD and RD, studies ascertaining subjects clinically (23) or epidemiologically (17)
suggest a co-occurrence of anywhere between 15 and 30%. More recently, Mayes et al. (25)
found that in a sample of 86 children with ADHD, 26.7% also had a disability in reading.
Most of the studies over the past 20 yr have focused on the overlap between ADHD and RD.

As can be seen in Table 2, there have been approx 46 studies conducted examining some
aspect of the co-occurrence of ADHD and RD, and it has been the findings from many of
these studies that have supported the existence of ADHD and LD as separate diagnostic enti-
ties (34,60–63). Findings from these studies also have implicated different behavioral mani-
festations, different electrophysiology patterns—with a signature associated more with RD
than ADHD (64)—different physiological functioning (65,66), and, perhaps, different devel-
opmental trajectories, in children with ADHD/RD compared with those with ADHD only or
RD only (34). Further, these findings have suggested similar genetic contributions of both
ADHD and RD in children with ADHD/RD (67,68).



Earlier studies using DSM-III and DSM-III-R diagnostic criteria have documented the
presence of RD more frequently in children with ADD without hyperactivity (24,69). Studies
using these diagnostic formulations also noted that children with ADD/RD manifested
greater problems than children with ADD only, RD only, and controls on phonological pro-
cessing (70,71), memory (72), and language-related functions (72). Similar findings showing
deficits in verbal working memory and verbal retrieval speed (73) and general memory (74)
have been reported for studies using DSM-IV criteria.

The preponderance of evidence has shown that children with co-occurring ADHD and
RD show symptoms specific to both disorders. Specifically, children with ADHD/RD
demonstrate problems with executive dysfunctions and general inhibitory control as well as
deficits in the phonological processing functions tied to reading (34,63,75,76). Further,
while some studies have shown greater problems in math for the ADHD-inattentive type
(77), others have continued to show the presence of RD as being related more to inattention
than to hyperactivity–impulsivity (78,79), with information-processing speed recently being
identified as a critical contributor to the distinction between children with RD only vs those
with ADHD/RD. In one of the few studies to examine the neurobehavioral functioning of
preschool children (ages 3–5 yr), Pisecco et al. (80) found that boys with RD only per-
formed poorly on measures of receptive and expressive language, whereas boys with
ADHD/RD performed poorly on measures of receptive language, and exhibited more
behavior problems. Pisecco et al. (81) also demonstrated that children with ADHD/RD
showed more hyperactivity and antisocial behaviors than controls—even after controlling
for oppositional defiant disorder (82). Despite these findings, Rashid et al. (83) found that
adults with ADHD or RD did not differ from each other on measures of verbal naming and
verbal memory.

Pennington et al. (34) also provided some counter-evidence that children with ADHD/RD
demonstrated similarities with children with RD only, but not with ADHD only. Specifically,
they noted that their ADHD/RD group was similar to the RD-only group in terms of deficits
in phonological processing; however, they did not show the expected deficits in executive
functioning that would align them with the ADHD-only group. These investigators noted that
the problems with reading actually may be the primary contributor to many of the symptoms
of ADHD seen in this population. Although this finding is supportive of a “phenocopy”
hypothesis, where one disorder (RD) contributes to some, but not all, of the symptoms of a
second disorder (ADHD), it has not received universal support (84,85).

The inheritability of the two disorders also provides some clues as to their makeup.
Specifically, Light et al. (29) have demonstrated a 45% heritable pattern between measures
of reading and hyperactivity. Interestingly, Kaplan et al. (20) also found that children with
ADHD were at higher risk of having at least one additional disorder compared to those
with RD.

3.3. Studies Examining Co-Occurrence of ADHD and Writing Disabilities

Closely linked to the area of RD is the literacy domain of WD; however, as can be seen
in Table 3, there is a relative paucity of studies that have studied children with ADHD and
WD. To date, there are only about four studies that have examined this co-occurrence
directly, although the high rate of co-occurrence between ADHD and RD might suggest a
similar degree of overlap for ADHD and WD. Indeed, recent work by Mayes et al. (25)
employing a clinical sample actually documented an extraordinarily high rate of overlap
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between ADHD and WD, with 30.2% exhibiting a disability in spelling and, more signifi-
cantly, 65.1% of the sample showing a disability in written expression. Further, work by
Stevenson and colleagues (86) also suggested that 75% of the co-occurrence of spelling dis-
ability and hyperactivity represented a shared genetic influence. These findings, as well as
others (87), suggested a possible mirroring of the ADHD/RD findings; that is, there likely is
a double dissociation between ADHD and WD, with the co-occurrence reflecting more of the
WD than the ADHD. Finally, Donfrancesco (90) documented increased prevalence of writ-
ing problems in children with ADHD as reported by teachers.

Elbert (88) examined the written language functioning of a clinical sample of children
diagnosed with ADD and subdivided them into two groups: children with ADD with
hyperactivity (n = 83) and ADD without hyperactivity (n = 32). Elbert reported that both
groups demonstrated pervasive deficits in reading, spelling, and written expression; how-
ever, they evidenced disproportionate deficits in their writing skills. Further, the children
in the ADD-without-hyperactivity group showed more written language deficiencies than
their ADD-with-hyperactivity counterparts. Conversely, work by Resta and Eliot (89)
showed children with ADD with hyperactivity to manifest more difficulties with grapho-
motor output than children with ADD without hyperactivity, although written language
measures were equally poor for both groups.

3.4. Studies Examining Co-Occurrence of ADHD and Math Disabilities

Similar to the examination of the co-occurrence of ADHD and WD, relatively few
studies exist with respect to the co-occurrence of ADHD and math disabilities (MD). As
can be seen in Table 4, there are approximately five studies that have addressed this clini-
cal overlap. Despite the presence of only a few studies, the work of Mayes et al. (25) sug-
gested that this particular co-occurrence would be a fruitful avenue for exploration in that
they found about a 31.4% rate of co-occurrence of math problems in their clinical sample
of children with ADHD. Other researchers have documented a co-occurrence between
ADHD and MD ranging from 10 to 60% in their clinical samples (22–24), with a greater
association being made to children with ADD without hyperactivity/ADHD–inattentive
type (69,77,91).

Benedetto-Nash and Tannock (92) and DuPaul et al. (93) reported that children with
ADHD exhibited lower mathematical proficiency than a normal comparison group. Specifi-
cally, these children showed problems with subtraction processes, accurately reading signs,
disruptive behaviors, memory retrieval, and general academic inefficiency. Marshall et al.
(77), using elementary school students, and Zentall and Ferkis (94) both found that inatten-
tion exerted a specific and deleterious effect on the acquisition of arithmetic computation
skills. Conversely, Gross-Tsur et al. (95), employing a large sample of fifth-grade students
with dyscalculia, found that 25% manifested problems with ADHD as documented from
parent and teacher ratings.

In perhaps one of the most well-done studies to date, Klorman et al. (96) identified 310
children, ages 7–13 yr, with ADHD/RD and ADHD/MD. Identification of the different
ADHD subgroups was completed using structured interviews for DSM-IV criteria, and stan-
dardized IQ and achievement testing with an associated regression equation were used to
determine the presence of an RD or MD. Results indicated that students with ADHD/MD or
who were MD-only manifested significant deficits in their working memory. Both of these



groups demonstrated a lower sensitivity to sequence irregularities in their event-related
potentials than the other ADHD groups.

3.5. Summary: What Do We Know About Co-Occurrence of ADHD and LD?

The available literature predominantly resides in the ADHD/LD and ADHD/RD domains,
with studies scattered across older ADD and more contemporary ADHD terminology. Further,
interpreting the bulk of this literature is complicated by the use of small samples, the use of
clinical as opposed to epidemiological samples, the use of differing diagnostic strategies
across studies for both ADHD and LD, and the changing diagnostic components that have
evolved since the inception of DSM-III in 1980. Despite these challenges and concerns, a
corpus of nearly 100 studies has examined the co-occurrence of ADHD and LD, albeit stilted
toward studying children with ADHD and heterogeneous LD or ADHD/RD. In this regard, a
number of trends do emerge.

First, across nearly all the studies there appears to be a high rate of co-occurrence of all core
academic domains with ADHD. In fact, children with ADHD and any kind of LD appear to be
more severely involved across neuropsychological, academic, and social–behavioral areas. The
preponderance of evidence has shown that children with co-occurring ADHD/RD show symp-
toms specific to both disorders, with academic deficits perhaps presenting a signature for
ADHD/LD per the phenocopy hypothesis, although this will require further study. There also is
some emergent evidence suggesting that ADHD/LD might be manifested electrophysiologically
as well, although more work is needed here in comparing different subgroups of ADHD/LD.

Second, there appears to be a rather high rate of inheritability present such that current
findings reflect co-occurrence rates of up to 65% (i.e., ADHD/WD), with reports of 80.4% of
children with ADHD having some type of co-occurring disorder (20). Further, in addition to
prevalence rates, a study using identical twins and same-gender fraternal twins diagnosed
with ADHD/RD showed that 45% of the deficits in reading were due to genetic factors that
also influenced hyperactivity (29). Genetic factors clearly are contributory to the type and
severity of the co-occurrence of ADHD/RD.

Third, children with ADD without hyperactivity/ADHD–inattentive type appear more vul-
nerable to academic deficits. On follow-up, ADHD/LD children have presented higher rates
of grade retention, in-school tutoring, and placement in special education services (56). Such
risk factors clearly have been documented for ADHD/RD, and more work in ADHD/WD and
ADHD/MD must be conducted to determine whether these findings generalize to other patterns
of co-occurrence.

Fourth, within the social–behavioral realm, children with ADHD/LD were reported as
having more external locus of control (49), lower academic self-concept and academic self-
efficacy (50), more peer rejections and peer popularity (51), as being less socially perceptive
than typically developing children (52,53), and as being at increased risk for substance abuse
(54) than ADHD-only, LD-only, or typically developing comparison groups. These findings only
serve to compromise the overall functioning of children with ADHD/LD to a greater extent, and
research needs to take these factors into consideration when examining these subgroups.

Fifth, gender differences also have emerged in this literature, and more work is needed to
examine these similarities and differences, particularly from a neurodevelopmental frame-
work. For example, boys with ADHD/LD reportedly show more social and behavioral diffi-
culties than ADHD/LD girls (55).
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Sixth, with respect to developmental continuity, many children with ADHD/LD continue
to struggle into adulthood (57–59), and it will be important for diagnostic and treatment plan-
ning to ensure that attention is devoted to both areas of concern (i.e., both attention and learn-
ing need to receive comprehensive evaluation, treatment, and follow-up).

4. EVIDENCE-BASED DIRECTIONS

Based on the findings from this overview of the literature on the co-occurrence of ADHD
and various kinds of LD, there are some clear directions for the field that emerge. These
directions should fuel both the research and clinical activities within the area of ADHD and
includes the following:

1. Definitional concerns.
2. Developmental patterns.
3. Biological linkages.
4. Clinical assessment.
5. Treatment issues.

4.1. Definitional Concerns

As noted throughout this chapter, the issue of definitions clearly provides a significant
challenge to this field. This issue spans not only the ADHD diagnosis, but also how LD is
conceptually defined and operationalized. For researchers, the ADHD diagnosis has been a
moving target over the past 20 yr or so, moving from the criteria offered by DSM-III, DSM-
III-R, and DSM-IV. The DSM is nearing the beginning of its next iteration and undoubtedly
the ADHD diagnosis will change again. It is difficult to study a taxon when the criteria shift
from one version of a diagnostic system to another. Further, journals that publish studies that
employ more dated criteria (e.g., DSM-III and DSM-III-R) also do not offer much to the field
in terms of its advancement.

Similarly, the heterogeneous area of LD has long been hindered by these problems
and, in fact, likely has been even more confusing given the lack of clear operational cri-
teria for diagnosis. Severity issues notwithstanding, it will be important for future studies
in this area to provide clear diagnostic criteria so that, at a minimum, study methodolo-
gies could be replicated. Further, given the mixed findings on different outcomes for the
current ADHD subtypes, and the lack of studies examining co-occurring WD and MD,
future studies would do well to examine specific ADHD subtypes and the co-occurrence
of domain-specific academic areas. Few studies have attempted this type of methodology
to date.

4.2. Developmental Patterns

One clear line of inquiry that has been lacking in this literature relates to developmental
patterns. Few studies have been conducted using follow-up strategies, and even fewer
studies have employed longitudinal methodologies. What studies do exist suggest that pre-
dictive relationships between early attention problems and later academic problems can be
derived (97). Given this, it becomes nearly impossible to track developmental continuity in
children with ADHD/LD, or to determine which problem surfaces first and at what devel-
opmental epoch. Do they emerge at the same time or at different times? Are there neurode-
velopmental, behavioral, academic, or physiological cues to alert clinicians and

ADHD and LD 247



248

Ta
b

le
 4

S
tu

d
ie

s 
E

xa
m

in
in

g 
C

o-
O

cc
u

rr
en

ce
 o

f 
A

D
D

/A
D

H
D

 a
n

d
 M

D
S

A
ut

ho
r 

(y
ea

r)
Sa

m
pl

e
D

ia
gn

os
tic

 p
ro

ce
du

re
s

Fi
nd

in
gs

G
ro

ss
-T

su
r, 

M
an

or
, 

n
= 

55
5 

5t
h 

gr
ad

er
s 

te
st

ed
 

Pa
rt

ic
ip

an
ts

 w
er

e 
di

ag
no

se
d 

w
ith

 
IQ

’s
 r

an
ge

d 
fr

om
 8

0–
12

9;
 2

6%
 h

ad
 s

ym
pt

om
s

an
d 

Sh
al

ev
 (

19
96

)
(a

ge
s 

11
–1

2)
; n

= 
18

8 
w

ith
 

dy
sc

al
cu

lia
 if

 s
co

re
 o

n 
ar

ith
m

et
ic

 
of

 A
D

H
D

; 1
7%

 h
ad

 d
ys

le
xi

a;
 s

ig
ni

fic
an

tly
dy

sc
al

cu
lia

;n
= 

14
3 

of
 

ba
tte

ry
 w

as
 ≤

 m
ea

n 
sc

or
e 

fo
r 

no
rm

al
 

lo
w

er
 s

oc
io

ec
on

om
ic

 s
ta

tu
s 

th
an

 r
es

t o
f 

th
es

e 
st

ud
en

ts
 p

ar
tic

ip
at

ed
ch

ild
re

n 
tw

o 
gr

ad
es

 y
ou

ng
er

 
co

ho
rt

; 4
2%

 h
ad

 fi
rs

t d
eg

re
e 

re
la

tiv
e 

w
ith

 
(3

rd
 g

ra
de

);
 A

D
H

D
 w

as
 d

ia
gn

os
ed

 
L

D
; p

re
va

le
nc

e 
of

 d
ys

ca
lc

ul
ia

 in
 c

oh
or

t w
as

 
us

in
g 

th
e 

C
on

ne
rs

 R
at

in
gs

 S
ca

le
s 

fo
r 

6.
5%

 a
nd

 s
im

ila
r 

to
 d

ys
le

xi
a 

an
d 

A
D

H
D

; 
pa

re
nt

s 
an

d 
te

ac
he

rs
no

 g
en

de
r 

di
ff

er
en

ce
s

B
en

ed
et

to
-N

as
h 

an
d 

n
= 

14
 A

D
H

D
, n

= 
15

 n
or

m
al

 
D

SM
-I

V
di

ag
no

st
ic

 c
ri

te
ri

a
C

hi
ld

re
n 

w
ith

 A
D

H
D

 h
ad

 lo
w

er
 le

ve
ls

 o
f 

Ta
nn

oc
k 

(1
99

9)
(a

ge
s 

7–
11

)
ac

ad
em

ic
 e

ffi
ci

en
cy

, u
se

d 
m

or
e 

im
m

at
ur

e 
co

m
pu

ta
tio

n 
st

ra
te

gi
es

, m
ad

e 
m

or
e 

er
ro

rs
 in

 
su

bt
ra

ct
io

n,
 a

nd
 e

xh
ib

ite
d 

in
cr

ea
se

d 
le

ve
ls

 
of

 in
at

te
nt

io
n 

an
d 

di
sr

up
tiv

e 
be

ha
vi

or

M
ar

sh
al

l, 
Sc

ha
fe

r, 
n

= 
40

 e
le

m
en

ta
ry

 s
tu

de
nt

s
D

SM
-I

V
di

ag
no

st
ic

 c
ri

te
ri

a
R

es
ul

ts
 s

ho
w

ed
 th

at
 in

at
te

nt
io

n 
ex

er
ts

 a
 

O
’D

on
ne

ll,
 E

lli
ot

, 
sp

ec
ifi

c 
an

d 
de

le
te

ri
ou

s 
ef

fe
ct

 o
n 

th
e 

an
d 

H
an

dw
er

k 
ac

qu
is

iti
on

 o
f 

ar
ith

m
et

ic
-c

om
pu

ta
tio

n 
sk

ill
s

(1
99

9)

K
lo

rm
an

 e
t a

l. 
n

= 
31

0 
(a

ge
s 

7–
13

) A
D

H
D

 
D

SM
-I

V
di

ag
no

se
s 

of
 A

D
H

D
 w

er
e 

do
ne

 
M

is
m

at
ch

 w
ith

 p
re

ce
di

ng
 tr

ia
ls

 m
or

e 
gr

ea
tly

 
(2

00
2)

(a
ll 

su
bt

yp
es

) 
us

in
g 

th
e 

D
IC

A
pa

re
nt

 in
te

rv
ie

w
s;

 R
D

 
re

du
ce

d 
M

D
 a

nd
 R

D
/M

D
 c

hi
ld

re
n’

s 
sp

ee
d 

w
ith

/w
ith

ou
t R

D
 a

nd
 M

D
w

as
 d

efi
ne

d 
by

 <
1.

5 
SD

 b
el

ow
 

an
d 

ac
cu

ra
cy

; M
D

 a
nd

 M
D

/R
D

 c
hi

ld
re

n’
s 

pr
ed

ic
tio

n 
fr

om
 I

Q
 b

y 
a 

re
gr

es
si

on
 

lo
w

er
 s

en
si

tiv
ity

 to
 s

eq
ue

nc
e 

ir
re

gu
la

ri
ty

 in
 

eq
ua

tio
n 

(W
J,

 le
tte

r–
w

or
d 

ID
 a

nd
 

th
ei

r 
ev

en
t-

re
la

te
d 

po
te

nt
ia

ls
, a

lo
ng

 w
ith

 
w

or
d 

at
ta

ck
) 

an
d 

<
25

th
 p

er
ce

nt
ile

 f
or

 
gr

ea
te

r 
di

sr
up

tio
n 

of
 p

er
fo

rm
an

ce
, s

ug
ge

st
 

pu
bl

is
he

d 
no

rm
s;

 M
D

 w
as

 d
efi

ne
d 

w
or

ki
ng

 m
em

or
y 

de
fic

its
 th

at
 a

dv
er

se
ly

 
si

m
ila

rl
y 

(C
al

cu
la

tio
n 

su
bt

es
t 

af
fe

ct
s 

re
sp

on
se

 s
el

ec
tio

n
on

 th
e 

W
J)

D
IC

A
, D

ia
gn

os
tic

 I
nt

er
vi

ew
 f

or
 C

hi
ld

re
n 

an
d 

A
do

le
sc

en
ts

; S
D

; s
ta

nd
ar

d 
de

vi
at

io
n 

W
J;

 W
oo

dc
oc

k–
Jo

hn
so

n 
Te

st
 f

or
 C

og
ni

tiv
e 

A
bi

lit
y.



ADHD and LD 249

researchers to the impending co-occurrence of ADHD and a learning problem? Can we
predict which will manifest first? What do these children look like across the developmen-
tal age span into adulthood? The literature provides some clues as to these possibilities
(e.g., adults still struggle), but future research needs to tackle these concerns from a devel-
opmental perspective.

4.3. Neurobiological Linkages

The literature provided a number of enticing findings suggestive of possible electrophysiolog-
ical signatures for ADHD/LD, differences in physiological functioning, and important genetic
findings. Indeed, although the evidence is suggestive of a common genetic etiology for
ADHD/RD, there is little evidence suggesting a similar genetic pathway for children with
ADHD/WD or ADHD/MD. Gender differences also appear to be present, with boys showing
more severe deficits in academics and behavior than girls, but additional work has begun to
examine girls exclusively, and this should yield interesting findings in the near future (98).
Although not reviewed here, neuroimaging studies also will provide some hints at the neurobio-
logical similarities and differences in ADHD with co-occurring academic disorders (99), and the
imaging work in the area of ADHD is rapidly moving forward (26). Additional studies need to
be conducted to followup on these important neurobiological findings, with future studies using
more refined operational definitions and, it is hoped, epidemiologically ascertained samples.

4.4. Clinical Assessment

What is clear from this literature is that there tends to be a high rate of LD in children with
ADHD. Regardless of when the studies were conducted or what diagnostic criteria were
employed, nearly every study showed some type of learning problems in many children with
ADHD. For clinicians, this creates a “when there’s smoke, there’s fire” phenomenon, and it
becomes critical for clinicians to obtain a comprehensive assessment of any child diagnosed
with ADHD. This should include, at a minimum, a subtyping of the ADHD according to con-
temporary diagnostic criteria, an assessment of cognitive functioning, and an in-depth
appraisal of academic and learning functions. This would be consistent with the earlier asser-
tion by Wilcutt et al. (35). Other assessment strategies should be employed as needed (e.g.,
EEG). While this type of recommendation goes against current strategies employed by many
insurance companies and managed care organizations, it truly represents an evidence-based
best practice for the clinical assessment of children with ADHD. Further, this strategy should be
implemented across the age span—including preschool children—and routine developmental
surveillance should ensue whenever feasible.

4.5. Treatment Issues

Finally, with a thorough assessment of the possible co-occurring conditions, clinicians
will be in a better position to provide treatment to children, adolescents, and adults with
ADHD/LD. In this regard, the current literature suggests that symptoms from both ADHD
and LD should be treated, and treating only one set of problems and not the other will pro-
vide ongoing and unnecessary challenges for the child and the family.

5. CONCLUSIONS

This chapter has provided an overview of the co-occurrence of LD in individuals with
ADHD. We have discussed the importance of understanding this area, particularly from a



definitional perspective, and we have provided a thorough overview of the literature examin-
ing ADHD/LD. Specific attention in this chapter was devoted to evidence-based findings in
domain-specific academic areas, and to providing some initial considerations for what we
know about the co-occurrence of ADHD and LD. Evidence-based directions were offered for
both the clinician and researcher, with an eye toward moving the field forward with respect to
advancing this complex area of investigation.
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Selective Attention Deficits in Children 

With Attention Deficit Hyperactivity Disorder
A Review of Behavioral and Electrophysiological Studies

Lisa M. Jonkman

1. INTRODUCTION

The definition of attention deficit hyperactivity disorder (ADHD) has undergone a major
transition from the time it was discovered to the present date. As previously discussed,
ADHD is a disorder that is accompanied by many neuropsychological, academic, and cognitive
deficits. With the introduction of the Diagnostic and Statistical Manual of Mental Disorders,
Third Edition (DSM-III) and subsequent research (1) the importance of attentional problems
in ADHD has been established. Most neuropsychological evidence for attentional problems
in ADHD comes from studies using the continuous performance test (CPT) that was originally
designed to measure brief attention lapses in brain-injured soldiers (2). Seidel and Joschko
(3) and Corkum and Siegel (4) reviewed a huge number of ADHD–CPT studies and con-
cluded that ADHD children are disturbed in sustained-attention processes.

The past decade’s research interests have, however, increasingly shifted to ADHD being
considered as primarily an inhibition disorder thought to be caused by deficits in frontostriatal
brain circuits and dopamine neurotransmission (5–9). As a consequence, research has specif-
ically focused on executive functions and behavioral inhibition and mainly in the Diagnostic
and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) combined subtype
(ADHD-C). Although this research has undoubtedly demonstrated behavioral inhibition
problems in these ADHD children (for an elaborate review, see ref. 9), attention research has
been neglected and it is as yet unclear which relationships exist between attention and inhibition.
This is an important issue as recently it has been suggested that combined and inattentive DSM-
IV subtypes suffer from a related disorder: both display deficits in vigilance (sustaining atten-
tion) and maintaining effort on neuropsychological tasks (10). In another neuropsychological
study (11) it even appeared that symptoms of inattention, rather than hyperactivity/impulsivity,
predicted neuropsychological impairment in vigilance, as well as inhibition.

As recently recognized by researchers in the field (12), the problem with most neuropsycho-
logical tests measuring executive functions or attention is that they are rather nonspecific in the
sense that they address many different cognitive processes at the same time, making it impossi-
ble to identify involved neural circuits. By applying more specific task paradigms, the cognitive
neuroscience approach has in recent years yielded important information concerning the
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neuroanatomical structures underlying behavioral function in laboratory attention tasks in nor-
mal adults. Unfortunately, this knowledge has as yet not been applied to ADHD.

The above facts indicate that there is a need for a renewed interest in studies focusing on
attention as being a core symptom in ADHD. One of the specific research questions that still
needs to be answered is whether ADHD children have deficits only in controlled attentional
processing, like sustaining attention, or whether deficits occur already at a very early, more
automatic processing level. This requires the use of carefully controlled task paradigms, each
measuring different aspects of selective attention, such as filtering, orienting, response selec-
tion or attention shifting. Two of these aspects, filtering and orientation, have been studied
somewhat more elaborately in ADHD children by application of specific task paradigms. The
aim of the present chapter is to give an overview of these specific attention studies that were
performed in ADHD children in order to get a clearer picture on deficits in early bottom-up
and later-occurring top-down attention processes in filtering and orientation of attention. In
the next sections, first the filtering and orienting paradigms and the application and interpre-
tation of event-related brain potentials (ERPs) within such paradigms will be explained. This
is followed by a review of the results from behavioral and electrophysiological studies in
which these paradigms were administered to ADHD children. Finally, conclusions will be
drawn regarding filtering and orienting deficits and involved neuroanatomical circuits.

2. NEUROCOGNITIVE ATTENTION TASKS AND ERPs

When reviewing the ADHD-attention literature, besides CPT tasks and other neuropsycho-
logical tasks, one encounters two attention paradigms that have been used repeatedly and that do
allow looking at attention subprocesses and their specific underlying structures. One of these is
the two-channel selective attention task, which has been applied in ADHD children in eight
studies, and of which the dichotic listening task is a good auditory example. This type of task
enables the measurement of nonspatial auditory or visual selective attention on the basis of vary-
ing stimulus features such as tone frequency, color, shape, and the like. The second task that is
encountered in 10 studies is the so-called Posner cueing task, measuring three subprocesses
involved in the orientation of attention in space (visuospatial attention). These two paradigms
have been elaborately applied in normal adult subjects and by measuring behavioral parameters,
such as percentages of correct detections (hits), false alarms, and reaction times (RTs), one can
study attentional performance. However, before the actual response is given, different informa-
tion processing steps take place in the brain, such as first stimulus selection, further evaluation of
the stimulus, the selection of the relevant response, and the execution of the response. These dif-
ferent processing steps are, however, not visible in the performance measures that show only the
final outcome of all of them. The most reported response pattern of ADHD children is slow and
inaccurate responding, often interpreted as decreased alertness or vigilance. Regarding treatment
and therapy it is important to know whether this is because of worse orientation of attention or
inefficient early attentional selection processes, to inefficient stimulus evaluation or to later
motor-related processes such as worse response selection, inhibition, or initiation. Psychophysi-
ological studies have shown that by measuring event-related brain potentials (ERPs), in addition
to performance, more can be said about the course of the different attention processes that pre-
cede the response.

2.1. Event-Related Potentials

The electrical activity of the brain can be measured from electrodes that are placed on the
scalp; this is called an electroencephalogram (EEG). ERPs are short-lasting changes in the
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electrical activity of the brain that are time-locked to an external event, for example, a stimulus.
ERPs can be evoked by stimuli from different modalities (visual, auditory, somatosensory)
and are considered as the cortical representations of perceptual and cognitive processes that
are involved in the processing of a stimulus. Compared to the spontaneous electrical activity
of the brain, ERPs have a very small amplitude and are most often extracted from the EEG by
averaging pieces of the EEG that follow stimulus presentations. By using this averaging
method, electrical changes in brain activity that are time-locked to the stimulus are amplified
with respect to other electrical changes in the EEG that have no relation to the stimulus. The
resulting ERP consists of a sequence of positive and negative waves that are mostly defined by
their polarity (positive or negative), latency (the time point after stimulus presentation at which
the wave occurs), and scalp distribution. A distinction can be made between very early
waves that have a latency shorter than 50–100 ms after stimulus presentation and later waves
with a latency longer than 50–100 ms; note that latencies are mostly somewhat later in children.
The early waves are thought to reflect automatic processing of physical–perceptual characteris-
tics of stimuli and are called “exogenous” because they are less sensitive to psychological
manipulations. The later waves are thought to reflect the more consciously controlled process-
ing of cognitive–semantic properties of a stimulus and are called “endogenous” because they
are more sensitive to psychological manipulations and task instructions.

2.2. Two-Channel Selective Attention Paradigm and ERPs

Although in the neuropsychological ADHD literature, the term “selective attention” is used
in a broad sense, applying to attention measured in varying paradigms such as, for example,
Stroop and CPT tasks, in cognitive information processing models the term often describes
more specific processes. In this chapter nonspatial selective attention is defined as the pro-
cesses by which one stimulus is selected above another stimulus and thus refers to a filter pro-
cess by which incoming irrelevant information is filtered out in order to enhance further
processing of relevant information. This type of early selective filtering is measured best
within a two-channel selective attention task. The dichotic listening task as used by Hillyard
et al. (13) is the best known example of such a task. In this task, a different series of frequent
and infrequent tones is presented to each ear and the subject’s task is to direct attention to the
tones in only one ear and to respond whenever a deviant tone (a target) appears in this ear. The
attended ear is called the relevant channel, while the unattended ear is the irrelevant channel.
In the visual modality two-channel tasks consist of a conjunction of two features, for instance
color (red, blue) and gratings (vertical, horizontal). The instruction is to attend only to one
stimulus attribute, such as, for example, the color red, and to generate a response only to a red
stimulus that contains vertical bars (the target). In both auditory and visual versions of the task
two different types of selection processes are involved, namely inter- and intrachannel selec-
tion. Interchannel selection is needed for distinguishing between the relevant and the irrele-
vant channel (independent of whether stimuli are targets or nontargets) and these selection
processes are referred to as the selective attention processes.

To obtain ERP activity that is evoked by the investment of such selective attention, so-
called selection potentials are computed by subtracting ERPs to nontarget unattended (left
ear, color blue) stimuli from nontarget attended (right ear, color red) stimuli. The advan-
tage of using ERPs to attended and unattended nontargets, which is possible only in two-
channel tasks, is that early attention processes can be studied independently of target
evaluation/selection and motor preparation. In the auditory modality, interchannel selection
processes (selection between channels) are reflected in an early negative wave, maximal
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above the frontocentral cortex, called the processing negativity (PN) (14,15). The PN may in
some situations overlap with occipital negative (N1 or N2) waves, depending on the length
of the interstimulus interval. In the visual modality in normal adults, three different waves
can be distinguished in the selection potential: 

1. A frontal selection positivity (FSP) (16) in adults occurring between 100 and 300 ms. 
2. A temporal-occipital selection negativity (OSN) (17) starting between 150 and 200 ms. 
3. A negative wave (the PN or N2b in visual studies) that, in adults, occurs between 250 and 300 ms

and has a central maximum (18).

The FSP, OSN, and PN have been respectively associated with an early filter that encodes
only the primary selection features (19), an early filter in the posterior visual system enabling
selective analysis of the visual percept (e.g., perceptual analysis in short-term memory, fea-
ture integration) (20) and a later, more executive process located in anterior cingulate gyrus,
involved with stimulus evaluation according to task instructions and response selection (21).

The Intrachannel selection processes refer to the later-occurring attention processes
involved in further processing of the target stimulus within the attended channel and the
selection of the relevant response. The ERP wave that is associated with such target pro-
cessing is the P3b, a positive wave occurring between 300 and 800 ms post-stimulus. The
P3b amplitude has been found to be larger to target stimuli than to nontarget stimuli and
thus manifests target selection/evaluation processes. The P3 is by far the most investigated
ERP wave in ADHD children in so-called oddball tasks, of which the CPT task is an exam-
ple. In such tasks, as opposed to the earlier-described two-channel tasks, stimuli that differ
in one feature are presented of which one is designated the target to which a response has to
be generated. In standard oddball tasks target stimuli are presented infrequently amongst a
series of nontarget stimuli. These one-channel ERP studies will not be discussed in this
chapter.

2.3. Posner Cueing Task and ERPs

The tasks described in Subheading 12.2. involve filtering on the basis of nonspatial stimulus
attributes, such as size, color, or pitch. These processes occur in situations in which it is impor-
tant to focus attention on one area of the visual field or one information source. Processes
involved in the orientation and allocation of attention across space (when detecting something
important outside your field of fixation) are called visuospatial attention processes. It has been
shown that different neuroanatomical circuits are involved in the selection of an object on the
basis of its primary features or on the basis of its location in space (22,23). In order to study
processes and neural structures involved in covert visuospatial attention, Posner and colleagues
(24,25) introduced the Posner cueing task. In this task, target stimuli (letter X, for example) are
presented with equal probability in left or right peripheral fields and are preceded by a cue.
Cues can be valid (by directing attention to the visual field in which the target will appear),
invalid (by directing attention to the wrong visual field) or neutral (by not giving any location
information). The subjects’ assignment depends on the type of task that is used; in a simple
detection task the subject must press a button with one hand as fast as possible whenever a tar-
get is detected. In a more difficult discrimination task, two different targets are presented (e.g.,
letters O and X) and the subject has to respond with the left hand to one target and with the right
hand to the other target. By measuring and comparing reaction times to validly, invalidly, and
neutrally cued targets one can study the processes of engagement, disengagement, and the
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movement or allocation of attention across visual space. Subjects have faster reactions times to
valid than to neutral or invalid targets because priming of attention at the correct location
occurred; these are called benefits or response facilitation. The reaction times to invalid targets
are generally longer than to valid and neutral cues (also called costs or inhibition), caused by
the fact that attention first has to be disengaged from the cued location and then has to be
moved to the correct location, whereas in valid and neutral conditions disengagement is not
necessary. During the task, the subjects fixate their eyes on a fixation cross and are instructed
not to move their eyes during the experiment. The importance of not making any eye move-
ments is that otherwise one cannot exclude the influence of overt attention mechanisms local-
ized in midbrain structures (superior colliculus) (26) on covert attention processes. Therefore,
to study pure covert attention, eye movements should be monitored and trials containing eye
movements must be rejected.

Another important distinction that can be made is between exogenous and endogenous
cueing tasks. In exogenous tasks, attention is pulled more or less automatically to a certain
location by pheripherally presented cues. In these tasks, the time interval between the presen-
tation of the cue and the target is mostly short; for example, below 300 ms. When the interval
is longer than 400 ms in young adults, a phenomenon called inhibition of return (IOR)
occurs, during which the normal reaction time patterns are reversed by showing longer reac-
tion times to valid than to invalid or neutral targets. Rafal et al. (27) reported that a necessary
condition for the occurrence of an IOR appears to be the programming (not the execution) of
an eye movement. The IOR is explained as an inhibition of attention to return to a previously
attended location, the function of which has been suggested to be the protection of the indi-
vidual from missing important other information.

In endogenous cueing tasks symbolic or informative cues (for example, arrows pointing to the
right or left field) are presented at a central location of the visual field, requiring the allocation
and shifting of attention in a controlled way. In endogenous tasks mostly longer cue-target inter-
vals are used; the longer the interval, the larger the benefits and costs because more time is avail-
able for processing of the cue and subsequent engagement of attention. Because attention
allocation is under voluntary control, no IOR response occurs in endogenous tasks. Finally, in
endogenous tasks the probability of occurrence of valid cues (in comparison with invalid and
neutral cues) is often enhanced in order to make them more predictable and thereby ensure that
the subject will make use of the cues.

Cognitive neuroscientists have attempted to link the subprocesses of attentional orienting to
neuroanatomical structures. ERP studies into visuospatial attention have increased insight into
the temporal dynamics of involved neural activity. In normal adults, different ERP responses
appear to be evoked in visuospatial attention tasks than in tasks in which stimulus selection is
based on nonspatial features (28). In the visual modality, attending to a specific location leads to
an enhancement of both occipital positive (P1) and negative (N1) components, occurring
between 50 and 200 ms poststimulus, that are largest over the extrastriate visual cortex. This
P1–N1 amplitude modulation has been observed in several spatial attention tasks (29). In Posner
cueing tasks, benefits have been associated with enhanced P1 or N1 components to validly cued
targets. This P1–N1 effect was interpreted as representing a mechanism of early sensory facilita-
tion in extrastriate visual cortex. Furthermore, Luck et al. (30) reported that costs associated with
invalid cues lead to suppression of evoked activity (smaller P1 amplitude) in response to invalid
cues. After having discussed the two paradigms and related ERPs, we will review the results of
studies in which the tasks were applied in ADHD children.
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3. FILTERING IN TWO-CHANNEL SELECTIVE ATTENTION
TASKS IN ADHD

An overview of ERP studies in which two-channel selective attention tasks were used is pre-
sented in Table 1. Most studies on selective attention in ADHD children were performed in the
auditory modality. A dichotic listening task was administered to normal controls and ADHD
subjects in three studies. Prior et al. (31) used only performance data to study selective attention
processes (not included in table) but did not find a selective attention deficit in ADHD children;
these children did not differ from normal control children in the ability to focus attention.
ADHD children differed from normal controls only in that they showed lower sensitivity (d′)
than normal controls, indicative of a reduced ability to detect signals. In two other dichotic lis-
tening studies both performance and ERP waves of hyperactive boys were compared with those
of normal controls (32,33). The results of both studies showed that hyperactive boys performed
worse (lower hit percentages and more false alarms, i.e., errors of commission) than control
subjects and also failed to show enhanced N1 amplitudes in response to attended stimuli when
compared to nonattended stimuli, whereas controls did show such a “selective attention effect.”
In these studies the selective attention effect was already found in the N1 time window, which
can be explained by the relatively small interstimulus intervals (ISIs) that were used. Hansen
and Hillyard (34) showed that the PN may in some situations overlap with the N1 or N2
depending on the length of the ISI; the shorter the ISIs, the earlier the PN.

Later, Satterfield et al. (35,36) performed two selective attention experiments in which the
visual and auditory modalities were the relevant and irrelevant input channels, respectively,
and vice versa. Only data from the condition in which auditory stimuli had to be attended
were reported, however. In the first study (35), the performance and ERPs of 6-yr-old ADHD
subjects were compared with those of normal controls of the same age. It was found that
ADHD boys performed worse (lower percentage of hits and more false alarms) than their
normal peers. Also, pointing to a deficit in selective attention, ADHD subjects did not show a
significant frontal PN (to standard stimuli), whereas normal controls did. In the second study
(36), 6- and 8-yr-olds were compared. Both 6- and 8-yr-old controls showed frontal PNs,
although ADHD children showed this frontal PN only at age 8, but they did not show a PN
with a central maximum, which was present in the 8-yr-old normal controls. In a later study
(37) with 6-yr-old children, the same paradigm was used but now, ERPs from both
attend–auditory and attend–visual conditions were analyzed. It was found that hyperactive
children showed significantly lower hit percentages than controls in the visual task, and more
false alarms and lower d′ in the auditory task. In this study, interchannel attention effects
were tested only between deviant (and not standard) stimuli and thus no PN was measured.
Some interchannel effects were found on other early peaks than the PN but since these
effects were measured regarding only deviant, and not standard, stimuli, they do not reflect
“classical” selective attention processes and are not discussed in the present section.

From the aforementioned studies it appears that ADHD children have selective filtering
deficits in the auditory modality evident from both behavioral and ERP measures. As visual fil-
tering studies were scarce, we performed an electrophysiological study (38) to measure selec-
tive attention processes in two-channel tasks in both auditory and visual modalities. In
agreement with earlier studies, auditory selective attention deficits were evident in both behav-
ior (more false alarms and lower hit percentages) and ERP activity (smaller PN amplitude) of
the ADHD children. In the visual task, ADHD children did show a selective attention deficit as
evident in behavior (lower hit and higher false-alarm rates), but this was not preceded by a
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smaller PN amplitude in this group, so in this study the deficit could not be attributed to ineffi-
cient early filtering. Because in this study only the frontal PN wave was studied, it might, how-
ever, be possible that visual attention deficits occurred in earlier selective attention
subprocesses, such as reflected by FSP and OSN (see Subheading 2.2.). In a study by van der
Stelt et al. (39) a similar task as in Jonkman et al. (38) was used and behavioral data were
indicative of inefficient filtering in ADHD children. Besides the PN, in this study FSP and OSN
activity were also measured. No statistically significant OSN was reported for either ADHD or
control children and the groups did not differ in PN amplitude, but FSP amplitudes appeared to
be absent in the ADHD group as compared to controls. In another study (40), in the same sub-
jects as in the Jonkman et al. study (38), the available data from 32 electrodes were analyzed to
study FSP and OSN activity and to compute underlying sources. The results replicated those of
van der Stelt et al. (39) by showing that ADHD children had lower hit rates and perceptual sen-
sitivity scores accompanied by normal PN amplitudes but absent FSP activity. In contrast to
van der Stelt et al. (39) significant OSN activity was present in both groups in our study, but
was not different between groups. Source localization indicated that exogenous ERP activity
that was not modulated by attention (P1) could be reliably localized in the extrastriate visual
cortex in both control and ADHD children and there were no group differences in location and
dipole strength of these bilateral sources. The source of the FSP in control children was local-
ized in a medial lateral area and because of the absence of FSP activity, no such sources were
detected in the ADHD group (40). Interestingly, in a recent event-related functional magnetic
resonance imaging (fMRI) study (41), feature-specific areas in left and right fusiform gyri were
found to be activated when attention was directed to color, as opposed to motion. This study
also investigated which higher-order attention processes were involved in the modulation of
this extrastriate activity; a difference was made between areas involved in sustained attention
(focusing on one feature) and in transient attention (shifts between attending to color or
motion). Sustained activity for color was reported to occur in the medial superior frontal gyrus
(SFG), whereas transient activity was reported in the precentral gyrus (PCG), precuneus, and
left intraparietal sulcus (IPS). Thus, the results from this study tentatively suggest that extrastri-
ate neural activity in the fusiform gyrus is enhanced when attending to the color-feature of a
stimulus and that this enhancement is brought about or regulated by activity in frontal areas
(SFG) when sustained attention is required. In light of these findings, the absence of FSP in
ADHD children might be an electrophysiological sign of reduced sustained attentional control
involved in feature selection tasks in such frontal areas. But note that to properly investigate
top-down influences on color selection a paradigm comparable to that of Liu et al. (41) is
required.

On the basis of these results it is concluded that in all but one of the auditory two-channel
selective attention tasks, deficits in ADHD children in behavior, as well as in ERP activity
indicative of attentional filtering (PN) is evident. In another study from our lab (42), the sources
of the auditory PN were localized in the auditory sensory cortex in both control and ADHD
children. Although the source solutions were less reliable in the ADHD group, the PN deficit
was visible in the reduced strength of these dipole sources, especially in the right hemisphere.
Early exogenous, not attention-related, ERP components (N1 and P2) were localized in both
groups in primary and secondary auditory cortex and showed no location or strength differ-
ences between groups. Just as in the visual modality, these results tentatively suggest that bot-
tom-up auditory processing is normal in ADHD children, but auditory selective attention (as
evidenced by the PN) is disturbed owing to a processing problem in the secondary auditory
cortex. Although the involvement of higher-order attentional control from other (frontal or
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parietal) cortical sources was not evident in this study, this needs further investigation,
preferably in combined EEG–fMRI studies in which both temporal and spatial resolution are
high. In the visual domain, the discussed results suggest that exogenous, bottom-up visual
processing is normal in ADHD children but filtering deficits are present in early FSP, the pre-
cise neuroanatomical sources of which have to be further determined but are tentatively sug-
gested to be in the frontal cortex (40). N2b/PN activity appears to be normal in ADHD
children in visual tasks. In recent fMRI and ERP studies, in varying visual task paradigms,
the generator of the N2b has been localized in the anterior cingulate cortex, and appears to
play a role in the process of conflict monitoring (43–45). In a two-channel color selection
study with normal adults, the N2b source was also localized near the anterior cingulated cor-
tex and was hypothesized to reflect feature-nonspecific selection mechanisms related to exec-
utive attentional and/or motor processes (21). On the basis of this converging information, it
might be hypothesized that the absence of PN/N2b differences between control and ADHD
groups in visual selection tasks indicates that their behavioral problems are not caused by
deficits in top-down control mechanisms in the frontal cortex involved in conflict monitoring
and allocation of attention. The fact that an absence of FSP activity in ADHD children
occurred in two independent studies (39,40), using comparable tasks is promising and future
studies should more precisely localize the sources involved in this early filtering process.
Furthermore, because FSP has been described as a color-feature-specific process (20,21,46),
the question is raised whether ADHD children have a specific color-filtering deficit or
whether it generalizes to other stimulus features or conjunctions of features.

4. OVERT AND COVERT ATTENTIONAL ORIENTING IN ADHD

A summary of covert and overt orienting studies that have been performed in ADHD children
is given in Table 2. Only two of the 10 studies combined behavioral with ERP measures. The
interpretation of the results from these orienting studies is complicated owing to the different
task designs that were used. In different studies, different types of cues were used; in some
studies only valid and invalid cues were used, in others neutral cues were included, and in some
studies there was a third condition in which no cues were presented. When no neutral cues
are included it is difficult to determine whether eventual valid–invalid differences are caused
by higher benefits (faster RTs to valid targets) or higher costs (slower RTs to invalid targets).
Most studies (47–52) used a task design that was neither purely exogenous nor endogenous;
peripheral cues were presented by which attention should be drawn automatically, at least in
the short (varying from 100 to 300 ms) cue–target intervals, but at the same time the pre-
dictability of valid cues was larger than to invalid (or neutral) cues, thereby inducing endoge-
nous strategy (expectancy) effects at longer intervals. Besides this, at longer cue–target
intervals the attentional shift is believed to be overt and under voluntary control (53).

When looking at behavioral outcome measures it appears that ADHD subjects made more
omission errors in two studies (47,48), had overall higher error levels in one study (54), and
had normal percentages of omissions in five other studies (50–52,55,56), and in two studies
no omission error information was given. In eight studies, anticipation errors were measured
separately as responses to targets occurring before 150–300 ms. The only two studies in
which ADHD subjects were reported to make more anticipation errors were the two ERP
studies (52,56); in a third study anticipation errors were higher in ADHD children only in an
endogenous, but not an exogenous, task (55). Only in the two ERP studies was a single fixed
cue–target interval of 500 ms used. Thus, it seems as if ADHD children tend to make more
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anticipation (impulsive) errors when stimulus appearance is predictable. It should however
be mentioned that in Carter et al. (55) anticipation errors were also higher but two intervals
were used. Furthermore, in McDonald et al. (50) a single fixed cue–target interval was used
while no group differences in errors were reported. The latter study is, however, one of the
only two studies that reported to have controlled for eye movements, thus assuring the
measurement of purely covert attention shifts, especially regarding the long cue–target inter-
vals. Thus, it cannot be excluded that the anticipation errors are related to the programming
or execution of eye movements.

Large differences in reaction time results are present between the different studies. In the
discussion of these results we will first focus on exogenous and subsequently on endogenous
orienting results. In both domains we will focus on the presence of benefits and costs and
how these differ between control and ADHD children.

In different studies exogenous covert attention was studied by using peripheral cues but
with a larger probability of valid cues, thereby inducing strategy effects at longer cue–target
intervals. To study purely exogenous covert attention effects we looked at peripheral cueing
studies and only the short cue–target intervals (below 350 ms in children) in which execution
of eye movements or strategy influences are less likely to occur. In five of these studies
(43,47–49,51) significant validity effects were reported to occur at the short intervals of 100
or 150 ms. In one study (54) validity effects were reported only at longer intervals of about 300 ms.
However, in none of the studies benefit/cost differences between control and ADHD children
were reported in short interval conditions, indicating that they have intact covert exogenous
orienting responses.

In five studies (50,54–57) purely endogenous tasks were used with central, symbolic cues
and a higher predictability of validly cued targets. In all studies except one (54), simple target
detection was required by pressing a button with one (mostly the dominant) hand. In one
detection study (57) left and right hand-presses were required depending on the occurrence of
the target in right or left visual fields, thereby mixing response speed differences between
hands with laterality effects. The cue-target interval also varied in these studies: in two stud-
ies, only one longer interval was used (50,56), in another study, short (100 ms) and long (800
ms) intervals were randomly mixed (55), in another study (54), intervals were randomized
between 38 and 300 ms, and in the last study, five different intervals between 50 and 1000 ms
were administered in separate blocks (57). In only one study (50) was a difference in benefits
reported; ADHD children had larger benefits than control children independent of the hemi-
field in which targets were presented. These results imply that attentional priming is not defi-
cient, if not better, in ADHD children. In adult studies it has been shown that an enhancement
of the P1-N1 ERP component in the valid condition (as compared to invalid) would be
indicative of such attentional priming effects in visual sensory areas. In the only two ERP
studies different results were reported; Novak et al. (56) did report an enhanced P1 validity
effect in ADHD children, although in this study this was not accompanied by enlarged
behavioral benefits. Perchet et al. (52) reported the P1 validity effect to be smaller in ADHD
children. These differences might be explained by differences in age of the subjects (see
Table 2) and differences in diagnoses; in the Perchet et al. study, (52) only ADHD subjects of
the combined type were included. Furthermore, the number of trials that were included in the
invalid and no-cue ERP averages by Perchet et al. (52) was unusually small (n = 24 before
artifact removal), leading to a low signal-to-noise ratio, especially with regard to low-ampli-
tude components such as N1 and P1.



Higher costs (slower RT to invalid than neutral stimuli) were reported to occur in ADHD
children in two studies at cue–target intervals of 800 ms (50) and 350 ms (51). In both studies
it was concluded that ADHD children had problems with disengagement of attention. The
difference with other studies is that in these two studies catch trials were included; these are
usually included to enhance alertness or vigilance in paradigms in which one fixed cue-target
interval is used and the time of appearance of events is completely predictable. Note, how-
ever, that no group differences in validity effects were reported by Novak et al. (56), whereas
catch trials were also present, but children were also older in this study. Carter et al. (55)
found no validity differences at the 150 ms interval but at the 800 ms interval ADHD chil-
dren, compared with controls, appeared to have no costs in response to left visual field (LVF)
invalid targets. The same finding was reported earlier by Swanson et al. (47), albeit in a
mixed design; the study by Carter et al. (55) demonstrated this to be a purely endogenous
deficit. Carter et al. (55) concluded that ADHD children have problems sustaining attention
in the right hemisphere. A similar finding, although no hemisphere differences were reported,
occurred in the study by Pearson et al. (54); only at the longest cue–target intervals used in
this study (around 300 ms) were costs smaller or absent in ADHD children compared to in
the control group. The authors attributed this to a highly variable response pattern in ADHD
children since costs varied across the different time intervals in a nonlinear pattern. It was
suggested that the variable response pattern in ADHD children was the result of problems
with reorienting attention back to the relevant location after they were misled by invalid cues
or when no information about where to expect the stimulus was available. Perchet et al. (52)
derived support for such an hypothesis by the ERP data; in response to the no-cues the ampli-
tude of the CNV wave, indicative of preparatory attention, was smaller in ADHD than in
control children.

In a recent event-related fMRI study (58) two different circuits were identified to be
involved in cue-based shifting of attention and target-based reorienting of attention in an
endogenous orienting task. A dorsal frontoparietal network (including the intraparietal and
superior frontal cortex) was activated when attention was voluntarily allocated (shifted) to,
and maintained on, a location that was indicated by symbolic central cues. A separate ventral
network (including the temporal parietal junction [TPJ]) that was lateralized to the right
hemisphere was activated when subjects (re)oriented toward unattended target stimuli
(invalid targets). The authors hypothesized that two processes might be involved in the activa-
tion of the latter, reorienting network; the disengagement of attention from the current loca-
tion that is necessary to be able to redirect attention, or a more general change in alertness or
vigilance established by the infrequent occurrence of invalid targets. When considering the
reaction time results from the orienting studies in ADHD children within this theoretical
framework, they point primarily in the direction of deficits in the reorienting network and
specifically to a deficit in alertness/vigilance rather then to a disengagement deficit. Several
findings support this hypothesis. First, ADHD children do not appear to have deficits in
attentional priming (they have equal benefits as controls), indicating that attention could be
allocated efficiently to a certain spatial location on the basis of cue information. Second,
higher costs (representing problems with disengagement of attention) in ADHD children
were only reported in two of 10 studies (50,51). Third, RT deficits of ADHD children in
orienting tasks appear to be of a more general origin in the sense of slow and variable
responding (see Table 2), especially in response to unexpected events (invalid, no-cue, or
neutral targets). Fourth, in several studies (47,48,50,55) deficits were specifically reported in
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response to LVF targets, indicating the involvement of the right hemisphere that is also activated
most during reorienting (58).

A deficit in alertness or vigilance is also likely when considering deficits in other, sustained-
attention tasks. The most often reported ERP-deficit in ADHD children is the reduced amplitude
of the parietal P3b component in oddball/vigilance tasks, such as the CPT. In several studies
it was demonstrated that the P3b, evoked by infrequent events in oddball tasks, was abol-
ished in the case of damage to TPJ and frontal cortex (59,60). In fact, a reduced P3 amplitude
in response to invalid targets was reported in ADHD children, albeit in the right hemifield
(56). Thus, on the basis of these studies it might be hypothesized that the P3-deficit in
ADHD children, and the reaction time deficits of slow and variable responding in the orient-
ing, but also other attention tasks, might be linked to deficits in the ability to reorient atten-
tion after the occurrence of unexpected or unattended events. Based on Corbetta et al. (58)
this deficit might be caused by damage to structures in the ventral route such as in the TPJ.
Further imaging research is needed to investigate these hypotheses and the involvement of
the TPJ in attention problems in ADHD.

Summarizing the review of orienting studies, ADHD children don’t seem to have prob-
lems with bottom-up, exogenous orienting. In endogenous tasks, deficits have been reported
only when larger cue–target intervals are used. It seems as if ADHD children do not have
deficits in attentional priming in primary or secondary visual areas, but mainly have prob-
lems concerning costs after invalid or neutral cueing. These conclusions have, however, to be
taken with caution because the differences between studies and especially the paradigms that
were used were very large (see Table 2). To be able to draw more definite conclusions regard-
ing covert exogenous and endogenous orienting in ADHD patients, future studies should
incorporate similar designs, using similar stimuli and cue–target intervals. In the study of
covert attention it is very important to control for eye movements, to include enough trials in
each stimulus category in order to reduce the variance between and within conditions in reac-
tion time and ERPs (even more important in children), and to use only purely exogenous or
endogenous manipulations; mixing both in one design makes it impossible to draw unequiv-
ocal conclusions.

5. CONCLUSIONS

As illustrated in this chapter, ADHD children ranging in age between 7 and 12 yr clearly
have deficits in auditory and, albeit less investigated, in visual attentional filtering. In the
visual domain filtering deficits have been demonstrated in behavior (lower perceptual
sensitivity), as well as ERPs in tasks where selections were based on color features of a stimu-
lus. In the adult selective attention literature, it has been suggested that color selection is spe-
cial in the sense that it evokes a specific ERP component, the FSP, that seems, at least in two
studies to be absent in ADHD children (39,40). To find out whether this visual selection
deficit in ADHD children substantiates to other features, such as shape, or to conjunctions of
features, future studies should apply tasks incorporating other features or combinations
between them in combination with the measurement of ERPs and/or fMRI (for ERP examples
see refs. 20,21,46). The present review further demonstrates that ADHD children clearly
have problems with auditory selective attention in dichotic listening tasks. Although this
behavioral deficit is accompanied by absent or smaller PN that seems to have its source in the
sensory auditory cortex, future studies should focus on identifying the exact neuroanatomical
sources underlying the PN and to elucidate the top-down processes involved in this deficit.
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With regard to covert or overt orienting, results are less clear. The most consistent findings
appear to be that ADHD children do not show deficits in purely exogenous orienting tasks,
but show deficits only on endogenous tasks, in cases of longer intervals between cue and tar-
get stimuli, and especially in response to neutral and invalid conditions. In both conditions, at
the time the stimulus appears, attention is primed or fixated at another location than the target
locations, requiring the reorientation of attention. In multiple studies (47,54,55) costs
appeared to be decreased or absent in ADHD children in only the left or both hemifields. In
the present chapter it is suggested that these response patterns can be explained by a more
general deficit in the flexibility with which attention can be reoriented or redirected after an
unexpected or unattended event, causing reaction times to be highly variable, sometimes
being slower to neutral events and sometimes to invalid events. This variability is hypothesized
to be caused by a deficit in maintaining a sufficient level of alertness during the task to deal
efficiently with such events. This hypothesis is further strengthened by the fact that in several
studies ADHD children showed slow responding in response to all stimuli or unexpected
events in the left (48,50) or in both (57) visual fields. The neuroanatomical basis of such a
reorienting/alertness deficit might be in structures in the TPJ (58). All conclusions regarding
visual orienting must, however, be taken with caution as there were large differences
between paradigms used in the studies, the number of trials in some studies was very low,
yielding unreliable RT or ERP data, and in many studies using longer intervals eye move-
ments were not monitored.

Finally, it is important to view attentional and other cognitive deficits in ADHD children
within existing theories on life-span cognitive development (see Plude et al. [61] and
Brodeur and Enns [62] for reviews on lifespan development of selective attention and
covert visual orienting). In their study, Brodeur and Enns (62) stress the importance of two
views on development, the strategy view and the capacity view. The strategy view defines
development as changes in the management of cognitive strategies; in this view deficits
might be explained as a failure to deploy the right strategy at the right time. The capacity
view explains development as changes in some fixed level of energy or resources and
explains deficits or developmental delay as insufficient quantities of resources or capacity to
adequately perform a task (such as working memory capacity, speed of information trans-
mission, or quality of neural representations) (62). It might be clear that the more attention-
ally demanding a task, the higher the appeal for strategies or capacity. In an ERP study in
our lab (63), the question of whether sustained attention deficits in ADHD children, accom-
panied by a smaller amplitude of the P3b component, were caused by inefficient allocation
(strategy) or shortage of attentional capacity was addressed. For this purpose, a double-task
paradigm, in which the primary task varied in working memory load, was administered to
ADHD and control children. With the aid of ERPs, even in the absence of performance
requirements in the secondary task, capacity trade-offs between primary and secondary
tasks could be studied in both groups. The results showed that ADHD children performed
worse on the primary task, especially when attentional demands increased, but P3 activity
showed that this appeared to be caused by different attention allocation strategies rather
than a shortage of attentional capacity. This is in accordance with some theories on ADHD
(64,65). In view of these results deficits in selective attention or orientation of attention
would be expected especially in more demanding tasks in which allocation of attention to
different conditions is required or in which it is difficult to focus because of the presence of
many distracting events or because of the unpredictability of events. The present review
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gives some support for such a view since deficits were reported only in the more demanding
endogenous orienting tasks, and only in unexpected conditions (invalid, neutral) in which
attention has to be voluntarily reallocated to another location in space. A next step would be
to try to elucidate the neural generators involved in such top-down processes by performing
combined EEG-fMRI experiments. Last, we would like to stress the importance of studying
differences between DSM-IV subtypes in both filtering and orienting tasks. In the currently
reviewed studies mainly subjects suffering from the combined disorder (DSM-III-R) were
included, not allowing for a conclusion whether such deficits are resulting from inattention
or hyperactivity/impulsivity factors. This is especially interesting because there is recent
evidence that vigilance disorders are shared by inattentive and combined subtypes (10,11).
Future research should focus on studying links between neuroanatomical circuits involved
in attention and inhibition functions.
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Working Memory in Children With ADHD

Jack Stevens

1. INTRODUCTION

Over the past few years, working memory has become one of the hottest topics in regards
to the neurocognitive functioning of children with attention deficit hyperactivity disorder
(ADHD). Working memory has been recently hypothesized as either a core (1) or secondary
(2) deficit in these children.

The purpose of this chapter is to provide information to the reader regarding the following
four key questions:

1. What are the characteristics of working memory?
2. Do children with ADHD have deficits in working memory?
3. Are working memory deficits specific to ADHD?
4. What is the clinical usefulness of this construct and how can we improve its utility in the

future?

Each of these questions will be discussed in turn.

2. WHAT ARE THE CHARACTERISTICS OF WORKING MEMORY?

2.1. Defining Working Memory and Its Relation to Major Theories of ADHD

Working memory is a psychological construct that has been conceptualized and assessed dif-
ferently across investigators. An overview of working memory—what it is, what it is not, how it
is typically assessed, and how it differs from other prefrontal functions—will hopefully facilitate
the critical examination of its potential importance in children with ADHD offered in Sections 3
through 5 of this chapter. Therefore, a nonexhaustive review of working memory is presented here.

Perhaps the most widely cited definition and model of working memory come from the work
of Alan Baddeley. Baddeley (3) defined this construct as the “simultaneous storage and process-
ing of information.” Baddeley’s model suggested that working memory is composed of three
systems: a phonological loop for verbal and acoustic information, a visuospatial sketchpad for
visual and spatial information, and a central executive overseeing the aforementioned systems.
Baddeley (4) recently added a fourth component called the episodic buffer, which integrates
information from the central executive and different modalities. In their recent model of ADHD,
Rapport and colleagues (1) utilize a very similar definition of working memory—“a set of mem-
ory processes that serve to construct, maintain, and manipulate cognitive representations of
incoming stimuli.” Their theory posits that working memory is a primary deficit in children with
ADHD that results in disorganized behavior and a need to seek additional stimulation.



Another frequently cited definition of working memory comes from the comprehensive
theory of ADHD offered by Russell Barkley (5), who defined working memory as “the
capacity to hold information in mind across a delay in time to guide a subsequent response.”
Barkley suggested that working memory impairments can interfere with one’s sense of time,
organizational skills, and ability to learn from past mistakes. In contrast to Rapport et al.’s
model (1), Barkley’s theoretical framework suggested that children with ADHD have a pri-
mary deficit in behavioral inhibition, resulting in a failure to utilize other executive functions,
such as working memory.

Regardless of how exactly the concept is defined, working memory presumably involves
several interrelated processes. To begin with, Fry and Hale (6) identified improvements in pro-
cessing speed as mediating age-enhanced working memory performance. In contrast, Swanson
(7) concluded that changes in capacity, not processing efficiency, may underlie improvements
in working memory performance across age groups. Using a slightly more complicated frame-
work, Roberts et al. (8) suggested that working memory depends on “capacity,” “inferencing
and computation,” “maintenance over delays,” and “level of moment-to-moment activation.”
Finally, Stout et al. (9) noted two additional processes: information searching and attention
shifting between storage and processing demands. Therefore, deficits in working memory per-
formance may exist as a result of any number of factors that affect one’s ability to store and
process information.

2.2. How Is Working Memory Different From Other Memory Constructs?

Researchers have proposed that children with ADHD do not have global memory impairments
but rather have selective deficits in working memory, as opposed to other types of memory pro-
cesses. Working memory is a limited capacity system that can be differentiated from three other
major types of memory: sensory memory, short-term memory, and long-term memory.

Working memory holds information longer than sensory memory does. In addition, working
memory is more active than short-term memory, which involves only passive storage of
information that is to be recalled in an unaltered state (10). That is, working memory
describes a more complicated neurocognitive function than short-term memory because
working memory requires information to be remembered (storage) while either this information
or other information is manipulated in some fashion (processing). Finally, working memory
is distinguished from long-term memory, which involves a virtually infinite capacity system
for information that can be stored for prolonged time periods.

Working memory differs from other memory constructs not only in terms of capacity,
duration of storage, and function, but also regarding its neurobiological basis. In her
review of the neuroanatomical basis of working vs short-term memory based on neu-
roimaging techniques, Gathercole (11) concluded that working memory is primarily medi-
ated by the dorsolateral prefrontal cortex, whereas short-term memory is mediated by other
portions of the brain (e.g., posterior parietal and inferior prefrontal cortex). Moreover,
Siegel (12) noted that working memory is mediated primarily by chemical changes
between synapses, whereas long-term memory often occurs as a result of changes in the
actual structure of synapses.

2.3. How Is Working Memory Typically Measured by Psychologists 
and Other Researchers?

Although a newly developed rating scale (Behavioral Rating Inventory of Executive
Function) (13) exists that has a subscale titled “Working Memory,” working memory has
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been typically assessed through the use of clinical tests or laboratory tasks. A plethora of
these performance-based measures purportedly assess this complex construct. Inconsistency
in task requirements across measures is not entirely surprising, given that “working memory”
has been defined in different ways across studies, as Hulme and Roodenrys (14) have pointed
out. Therefore, classifying these numerous tasks is no easy undertaking, given that tasks differ
in terms of which aspects of working memory (e.g., capacity, activation, maintenance,
information processing) are most involved.

D’Esposito et al. (15) proposed one such framework in which tasks that have been
labeled as assessing working memory can be placed into two categories: “maintenance plus”
and “maintenance only.” Maintenance-plus tasks require performing operations on stored
information or processing interfering information before recall of the initial information can
occur. In contrast, maintenance-only tasks involve just holding information for a short period
of time without distraction and without performing any additional tasks.

Span tasks involving reading or counting are among the most recognized measures of
working memory and are excellent examples of maintenance-plus tasks. Reading span
tasks, based on the work of Daneman and Carpenter (16), often involve showing partici-
pants a series of sentences with the last word missing in each sentence. Participants must fill
in a missing word at the end of each sentence as it is presented and then recall those missing
words at the end of the block. The participant must process each sentence’s content in order
to determine the correct missing word, store each missing word, and then recall those words
at the end of the trial. Counting span tasks similarly require both processing and storage of
information. For these tasks, participants are shown of series of cards, asked to count the
number of particular stimuli on each card (processing), and then told to recall in order the
number of counted stimuli from each card at the end of the block (storage).

Additional examples of maintenance-plus tasks are mental arithmetic and digit backwards.
Mental arithmetic tasks (e.g., serial addition) require processing of information (e.g., adding
one number to another) while keeping that new number in mind as the next number is being
presented. Participants are then asked for a final number at the end of the block based on
computations conducted as the numbers were presented. Digit backward involves storage of
a series of just-heard numbers and transformation of that stored information by recalling
them in reverse order.

What about maintenance-only tasks, the second type of working memory task identified in
the framework of D’Esposito (15)? These later tasks do not appear to conform to Baddeley’s
(3) definition of working memory because no processing of information is explicitly
required. These maintenance-only tasks are sometimes incorrectly identified as being work-
ing memory tasks but instead may be best regarded as short-term memory tasks. Examples of
maintenance-only tasks include digit span forward, pattern recall, and word recall (11).

Digit span forward requires a participant to repeat just-heard digits ranging in span from
two to nine without explicit processing of those numbers and therefore falls outside the
domain of working memory. Pattern recall and word recall tasks, in which the only require-
ment is to retain visuospatial information or a series of words, may not meet Baddeley’s
standard for working memory either. The reader should be aware that investigators have
sometimes identified these maintenance-only tasks as assessing working memory. For
instance, Kerns et al. (17) and Karatekin and Asarnow (18) are two recent examples of using
digit span forward to assess working memory. Therefore, if one wishes to adhere to Baddeley’s
rigorous definition of working memory, a careful examination of what “working memory”
tasks are used is warranted.
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However, a caveat should be mentioned here. One could argue that these maintenance-
only tasks do assess working memory if participants use chunking, mnemonics, or other
organization strategies in order to recall the lists of stimuli. That is, trying to find patterns in
information to be remembered in order to facilitate recall could be considered processing of
information, not just storage. For example, if the word recall task requires the identification
and utilization of categories to facilitate recall, this additional processing requirement may
make a presumably “short-term memory” task into an actual “working memory” task. How-
ever, if the word recall task involves no categorization of words or use of mnemonic strate-
gies, it may be just tapping short-term memory capacity.

In conclusion, it may be quite difficult to identify memory tasks in which absolutely no pro-
cessing of information occurs. Trying to demarcate memory tasks as assessing either working
memory or short-term memory is not easy. In fact, researchers sometimes use the terms “work-
ing memory” and “short-term memory” interchangeably. Nevertheless, it should be stressed
that investigators not directly studying ADHD have found systematic differences between
maintenance-plus and maintenance-only tasks, suggesting that the distinction between working
memory and short-term memory is not arbitrary.

Based on previous studies, Swanson and Sachse-Lee (19) noted that digit span forward, a
classic short-term memory task, loaded onto a different factor than maintenance-plus tasks.
Similarly, Cantor et al. (20) found that working memory and short-term memory tasks loaded
onto different factors. Finally, Hale et al. (21) similarly found that digits forward was related
to short-term memory, whereas digits backward was related to executive function. Taken
together, these studies provided data suggesting that short-term memory and working mem-
ory are related but still somewhat independent constructs. Therefore, given that the topic of
this chapter is working memory, short-term memory (and hence maintenance-only tasks) in
children with ADHD will not be explicitly reviewed in the remaining sections.

2.4. How Is Working Memory Different 
From Other  Higher Level Psychological Constructs?

Just as we can differentiate working memory from other memory constructs, it is impor-
tant to distinguish between working memory and other related constructs, particularly aca-
demic achievement, general intelligence, and executive dysfunction, in order to demonstrate
the utility and uniqueness of working memory. This differentiation is particularly important
when examining potential deficits in children with ADHD, given that many of these children
perform poorly academically, have mildly lower scores on intelligence tests, and exhibit dif-
ficulties with executive dysfunction, such as disinhibition, when compared to children with-
out the disorder.

As can be seen in Section 2, which described prototypical working memory tasks, perfor-
mance on these measures often involves academic skills in math or reading. Performance for
serial addition tasks depends not only on storage but also on computational skills. Similarly,
performance on reading span tasks depends not only on storage but also on reading compre-
hension. Not surprisingly, strong correlations have been found between reading span tasks
and reading comprehension tasks (10). This may lead one to ask: Can working memory be
assessed outside an academic domain?

Two pieces of information suggest that working memory can be separated from performance
in individual academic domains. First, empirical data have suggested that working memory is a
central executive system that cuts across different academic domains. Swanson (22) utilized
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different working memory tasks—some whose processing component involved reading and
some whose processing component involved math. He found similar relationships between
individual academic achievement areas (e.g., reading) and working memory measures that
required similar processing requirements (e.g., reading) vs different processing requirements
(e.g., math). Swanson concluded that “working memory transcends the type of processing
required.” Dyche and Johnson (23) further provide data that working memory and math achieve-
ment are related but no so much that they cannot be considered fairly independent constructs.

Second, working memory tasks have been developed that require minimal academic
skills. For example, Stevens et al. (24) used a color/digit span task in which participants
named the color of each digit as it was presented and then recalled the digits at the end of the
block. For this task, only the ability to name colors and digits were required—no sophisti-
cated computation skills or reading comprehension abilities were needed. The ability to name
colors and digits should have been well within the capabilities of their sample of elementary-
school-aged children. Thus, it appears possible to assess working memory outside of aca-
demic achievement in an individual subject.

However, working memory and general intelligence may be harder to distinguish from
each other. The most recent version of the Wechsler Adult Intelligence Scale-3rd edition
(WAIS-III) (25) actually identifies working memory as one of its factors. Nevertheless, other
factors from the WAIS-III have also been identified as composing general intelligence, such
as verbal comprehension and processing speed. Therefore, working memory appears to be an
important element of, but not identical to, general intelligence. Stevens et al. (24) provided
empirical data for this assertion by finding a significant but not overwhelming (0.31) correla-
tion between measures of working memory and general intelligence in a sample of children
with and without ADHD. The issue of controlling for general intelligence when examine
working memory deficits in children is discussed in greater detail in Subheading 3.1 of this
chapter.

Finally, several studies suggest that working memory is not synonymous with other exec-
utive functions. Using a sample of normally developing adolescents, Lehto (26) found that
working memory tasks were sometimes uncorrelated with measures of planning and impul-
sivity. Moreover, using a sample of adolescents with ADHD, Barkley et al. (27) reported that
working memory measures loaded onto different factors than inattentive and impulsive fac-
tors reflected performance on a continuous performance test. Finally, using a sample of chil-
dren with ADHD and control children, Wiers et al. (28) reported nonsignificant to small
relationships among working memory, impulsivity, and planning.

In summary, working memory appears to be a somewhat independent construct that is not
completely subsumed by academic achievement, general intelligence, or executive dysfunc-
tion. Therefore, working memory deserves independent attention as an area of potential
deficit in children with ADHD.

3. DO CHILDREN WITH ADHD HAVE DEFICITS IN WORKING MEMORY?

3.1. Empirical Evidence For and Against Working Memory Deficits
in Children With ADHD

Table 1 presents studies (18,24,28–36) in which children identified as having ADHD or
attention problems differed from normally developing control children on working memory
tasks. In contrast, Table 2 presents studies (18,27,31,35,37–40) that failed to find group differ-
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ences in working memory between these children and normally developing control children.
Only those studies that utilized tasks that conform to Baddeley’s definition that working mem-
ory require both storage and processing of information were included in the tables. Therefore,
studies, such as Kerns et al. (17), which involved primarily maintenance-only or short-term
memory tasks, were outside the scope of this article and hence were excluded from the tables.

Also excluded from Tables 1 and 2 were results from studies that used the arithmetic or
coding subtests of childhood intelligence tests to assess working memory. These studies were
excluded because the results from these subtests were thoroughly and recently summarized
by Rapport et al. (41), who concluded that children with ADHD performed worse on these
tasks than did normally developing children on 75% of the identified studies.

An examination of Table 1 indicates that differences in working memory have been found
between ADHD and control groups on several different working memory tasks. However,
some of those studies (24,31) also reported that statistically controlling for intelligence (IQ)
removed those group differences, particular in terms of verbal working memory (e.g., digit
span, sentence span). Whether or not to control for IQ in these studies is an unresolved
dispute in the field. Those who argue for control of IQ suggest that only then can we find spe-
cific impairment in working memory, as opposed to overall intellectual functioning, in chil-
dren with ADHD. Those who caution against controlling for IQ note the negative association
between ADHD symptoms and IQ scores and hence warn that controlling for IQ may remove
part of the variance that should be attributed to ADHD itself.

Nevertheless, a review of Table 1 also suggests that controlling for IQ did not remove
all group differences, particular in regard to nonverbal working memory tasks, such as the
spatial working memory task and the self-ordered pointing task. This finding suggest that
nonverbal working memory may be a particular area of impairment in children with
ADHD, which may be related to deficits in time perception, as Barkley (2) and others have
hypothesized.

An examination of Table 2 suggests that several studies have failed to find group differ-
ences in working memory. These studies used primarily verbal working memory tasks, such
as digit span backward and sentence span. Also, three of these studies used primarily
teenagers with ADHD.

3.2. Reconciling Discrepant Results

Explaining the discrepant results across studies is not entirely clear given that working
memory impairment has been inconsistently found in children with ADHD. Population char-
acteristics and parameters of working memory tasks are possible candidates to explain the
inconsistencies. Two trends are worth noting.

First, when compared to normally developing control children, teens with ADHD were
much less likely to exhibit working memory differences compared with elementary-
school-aged children with ADHD. This tendency suggests that working memory problems
may occur in elementary school ADHD but not in later forms of the disorder. This trend
suggests that these working memory problems may be transient in nature, but of course
longitudinal studies would be needed to confirm this. Alternatively, working memory mea-
sures may not be sensitive enough to capture real deficits in adolescents with ADHD vs
normally developing adolescents. Neither explanation appears entirely plausible, as some
studies (42) have demonstrated working memory deficits in adults with ADHD. Thus, it
would be surprising, albeit not impossible, if working memory measures were sensitive
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enough to detect group differences in childhood and adulthood but not the transition time
between those two time periods.

Second, the studies that failed to find group differences mostly require participants to
remember verbal information, whereas several of the studies that did find group differences
required participants to recall spatial information. This trend suggests that nonverbal working
memory, as opposed to verbal working memory, may be a more pronounced problem for
those with ADHD. This conclusion is also consistent with the finding of Rapport et al. (41),
who found that measures requiring recall of visual material frequently distinguished between
ADHD and control groups. However, nonverbal working memory has received less empiri-
cal attention than verbal working memory. Moreover, impairment on spatial working mem-
ory has been linked to solely storage deficiencies in, as opposed to problems with,
manipulating/processing the visual stimuli (32). Hence, the above conclusion should be con-
sidered tentative at this time.

Sample size, or lack of power, does not appear to be a likely explanation for the null find-
ings. Although some of the studies from Table 2 utilized sample sizes under 35 of children
with ADHD (18), other studies (18,27,39) using sample sizes over 50 of children with
ADHD have also failed to find group differences. Considering sample size is important, as
some theories of ADHD (2) postulated that working memory deficits are secondary to more
central impairments, such as behavioral inhibition, in this population.

3.3. Evidence for Working Memory Impairments in Conjunction 
With Other Prefrontal Functions

Besides working memory tasks, a somewhat different way of documenting deficits in this
domain for children with ADHD is through the investigation of other tasks that primarily
assess another prefrontal function, like behavioral inhibition, but also place significant
demands on working memory. In their review of performance measures that reliably distin-
guish between children with ADHD and normally developing controls, Rapport et al. (41)
found that the continuous performance test and stop-signal task, two well-known measures of
behavioral inhibition, frequently distinguished between ADHD and control groups. Although
these tasks are generally assumed to measure primarily inhibitory control, they also may have
a working memory component, in that participants must keep storing and utilizing basic task
instructions (e.g., how to respond to different types of stimuli). In other words, when children
with ADHD are required to demonstrate skills in working memory and inhibitory control
simultaneously, a greater likelihood of finding deficient performance compared to control
groups may occur. It should be stressed, however, that this interaction may not be unique to
children with ADHD. Other investigators (8) have found in normal controls that inhibitory
control may be at its worst under conditions that place a high demand on working memory.

A rare study that explicitly examined behavioral inhibition under different working memory
loads in an ADHD population was that by Lawrence et al. (43) Using a novel but yet to be vali-
dated methodology involving following a route at a local zoo, the study indicated that these
children showed the most pronounced difficulties with inhibitory control when working mem-
ory demands were at their greatest. These researchers found that while children with ADHD
had no impairment in terms of remembering task instructions, they were more likely to deviate
from the assigned route (exhibit inhibitory control problems) than children without ADHD
when task instructions were at their most complex. This suggests an interaction effect between
working memory and inhibitory control for the ADHD group that was not present for the control
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sample. Children with ADHD may be more sensitive to working memory load, thereby result-
ing in behavioral disinhibition when demands on working memory are at their greatest.

3.4. Summary of Evidence for Working Memory Deficits in Children With ADHD

In conclusion, major inconsistencies across studies exist regarding whether or not children
with ADHD have difficulties with working memory. The following four factors, however,
appear to increase the likelihood of finding working memory differences between children
with ADHD and control children:

1. Not statistically controlling for general intelligence.
2. Employing an elementary-school-aged, as opposed to a teenager, sample.
3. Utilizing measures of nonverbal, as opposed to verbal, working memory.
4. Implementing tasks that require not only working memory, but also another executive function,

such as behavioral inhibition.

4. ARE WORKING MEMORY DEFICITS UNIQUE TO ADHD?

Working memory has not been just a key concept in regard to the neurocognitive functioning
of children with ADHD. H. Lee Swanson and his colleagues have frequently found that chil-
dren with reading disabilities (RDs) have poorer working memories than same-age children
without these academic problems (19,44,45). These findings beg the question: are working
memory deficits more or less severe in children with ADHD compared with children with
other psychiatric disorders?

Perhaps the most rigorous data regarding this question can be found in studies that com-
pare children with ADHD to children with other conditions on identical measures of working
memory, because task characteristics are controlled in these studies. Table 3 provides an
overview of studies (37–40, 46) that compare working memory in children with ADHD or
children with RDs. As can be seen from the results highlighted in that table, children with
ADHD generally performed better than children with RD did.

Moreover, children with comorbid ADHD and RD sometimes performed worse than chil-
dren with only ADHD, suggesting that it is reading disabilities, not ADHD, that lead to work-
ing memory impairments. One exception to this general finding was Roodenrys et al. (46),
who found that children with ADHD + RD performed worse than children with RD on two
different working memory tasks. However, all studies involving comorbid groups must be
interpreted with caution, as authors sometimes did not state whether comorbid and single-
diagnosis groups were equivalent in terms of the severity of the diagnosis both groups
shared. For example, although both the RD and ADHD + RD groups in the Roodenrys et al.
study (46) had reading problems, if the comorbid group had more severe reading impairment
than the single-diagnosis group, group differences could be also be attributed to more severe
RD, as opposed to ADHD symptomatology.

In addition to RD, other psychiatric conditions have been examined in comparison to
ADHD in terms of working memory performance. To begin with, Karatekin and Asarnow (18)
found that children with early-onset schizophrenia performed comparably to children with
ADHD on digit span backward. In addition, Seguin et al. (47) found a negative association
between working memory and physical aggression even after controlling for ADHD symp-
toms. Moreover, Bennetto et al. (48) found than children with autism performed worse on
working memory measures than did children with other clinical conditions, including children
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with RD or ADHD. Finally, Cohen et al. (49) reported that working memory problems were
more strongly related to language impairments, based on poor performance on tests of syntax,
phonology, or semantics, than to ADHD. Taken together, these four studies, as well as the
studies highlighted in Table 3, suggest that working memory deficits are not unique to ADHD.
In fact, many of the studies discussed in this section indicate that working memory problems
are more severe in children with reading or language problems than in children with ADHD.

5. WHAT IS THE CLINICAL UTILITY OF THIS CONSTRUCT 
AND HOW CAN WE IMPROVE IN THE FUTURE?

5.1. Diagnostic Utility

Given that differences in working memory are often (but not always) found between
ADHD and normal control groups, the practicing psychologist may wonder if such mea-
sures should be incorporated into a routine testing battery. First, it should be noted that none
of the measures listed in Table 1 have widespread normative data or established cutoff
scores. In addition, it remains unclear whether any of those working memory measures
appear promising for the classification purposes. Given the small but statistically significant
differences in magnitudes reported in the studies outlined in Table 1, the classificatory
power of those working memory measures appears doubtful. Although researchers have
reported differences in means between groups, they have infrequently reported rates of sen-
sitivity, specificity, or predictive power regarding task performance between these groups
using a cutoff criterion.

The most studied clinical measure of working memory in an ADHD population is the
Freedom from Distractibility factor from the Wechsler Intelligence Scale for Children 3rd
edition (WISC-III). This factor is composed of three working memory measures—arith-
metic, digit span, and coding—that sometimes differentiate ADHD and control groups.
Given the widespread use of the WISC-III in cognitive assessment, it is not surprising that
this factor has received significant attention in regard to ADHD. However, Gordon and
Barkley (50) reviewed the literature on this factor’s utility in the assessment of ADHD and
noted a great inconsistency in this factor’s ability to differentiate ADHD from learning dis-
abilities (LD) or normal control groups. In fact, Krane and Tannock (51) recently provided
data indicating that impaired performance on this factor is more strongly related to learning
difficulties than to ADHD. These data are consistent with the literature review from Section 4
of this chapter. Working memory impairment often is more severe in children with reading
or language problems than it is in children with ADHD.

Therefore, the empirical literature does not yet support the use of working memory mea-
sures, including Freedom from Distractibility, in the clinical assessment of ADHD. First, the
convergent validity between ADHD and working memory impairment has not been consis-
tently established across studies from either the scientific literature or large normative groups.
Second, the discriminant validity of working memory assessment for ADHD appears fuzzy, as
children with RD compared to ADHD often perform worse on these measures. In fact, future
applied clinical research should explore whether working memory assessment is more valu-
able in identifying RD than ADHD, especially considering the vastly different evidence-based
treatment implications of each diagnosis (e.g., training in phonics versus stimulant medication
and/or behavioral therapy). In the meantime, for those clinicians who insist on using working
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memory measures as part of their ADHD testing batteries, they should be forewarned that
deficient performance may be suggestive of several other diagnoses as well, particular learn-
ing disorders.

5.2. Treatment Utility

Just because working memory measures may not have diagnostic utility does not automat-
ically imply that they cannot be useful for treatment purposes. In this section, the potential
usefulness of working memory in predicting medication response and serving as an important
area for remediation in children with ADHD is discussed.

Predicting medication response in children with ADHD is very challenging. Although
the majority of children with ADHD demonstrate improvements in activity level and attention
on stimulant medication, the response of an individual child to a particular type and dose
of medication is largely idiosyncratic. Reliable a priori prediction of medication response
has yet to be achieved for individual children with ADHD. However, some general trends
across groups of children with ADHD have been reported. In their review of articles exam-
ining predictors of response to methylphenidate (Ritalin™), Gray and Kagan (52) recently
concluded that older children, children with less symptomatology, and children with con-
curring anxiety often do not respond as well to methylphenidate. In contrast, they concluded
that co-occurring oppositional defiant disorder or conduct disorder symptoms, gender,
socioeconomic status, and ethnicity often do not predict medication response. In addition,
Fischer et al. (53) reported that children with ADHD who performed in the normal range
on a continuous performance test were less likely to benefit from stimulants than did chil-
dren with ADHD who performed in the deviant range. This study suggested that the con-
tinuous performance test may predict medication response, independent of this test’s
diagnostic utility.

However, to my knowledge, no study has utilized working memory assessment to predict
medication response in an ADHD sample. This may be a worthwhile area to explore, as
stimulants often affect dopamine levels, and dopamine function has been linked to working
memory. In one of the only studies examining working memory as a predictor of medication
response, Mehta et al. (54) found that methylphenidate produced the largest improvement in
working memory performance in participants with the poorest working memory perfor-
mance at baseline. However, those researchers utilized adults without ADHD and used
working memory as its sole psychological outcome measure. Therefore, it remains unclear
if baseline working memory performance would predict response to methylphenidate in a
domain outside of working memory (e.g., parent and teacher ratings) in children with
ADHD. Given the dearth of psychological tests available to predict medication response, it
would be interesting to see whether working memory measures could have any incremental
utility in this area.

Besides predicting medication response, there is some small preliminary evidence that
working memory may be a useful area for remediation in children with ADHD. Klingberg et
al. (55) found that seven children with ADHD who received approx 3.5 wk of computerized
instruction in working memory tasks demonstrated mild improvements in spatial working
memory relative to seven children with ADHD who received much less intensive computer-
ized instruction. Moreover, these researchers found that the treatment group outperformed
the control group on a nonworking memory task as well. However intriguing this study may
be, it must be interpreted with extreme caution given the small sample size, the differential

Working Memory 289



amount of time spent with children in the treatment vs control conditions, and the lack of
substantial additional ADHD studies demonstrating beneficial outcomes for computerized
training.

5.3. Conclusions and Future Research Directions

Working memory can be differentiated from other memory constructs, as well as other
higher level psychological constructs. Nevertheless, four key future directions for working
memory research, based in part on the major conclusions of this chapter, are as follows:

1. Given the inconsistent results across studies of working memory in children with ADHD, future
research should focus on delineating more clearly which population (e.g., age), and task (e.g., spa-
tial vs verbal) characteristics are most strongly related to finding group differences.

2. Given that working memory deficits have been found in several different clinical populations,
exploring the use of working memory tasks as screening measures for reading problems or gen-
eral psychopathology, as opposed to ADHD, may be warranted.

3. Given that several authors have noted that working memory measures frequently have demon-
strated poor reliability (31,56) and the lack of normative data, future research should concentrate
on establishing more firmly the psychometric characteristics of these measures.

4. Given that this construct’s treatment utility remains largely unexplored by ADHD researchers,
determining the malleability of working memory performance and its ability to predict medica-
tion response may be fruitful avenues to consider.
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Developmental Underpinnings of the Association 

of Attention Deficit Hyperactivity Disorder 
and Its Subtypes to Neuropsychological 

and Academic Weaknesses

Tuija Aro, Margaret Semrud-Clikeman, Anne-Mari Lapveteläinen,
and Heikki Lyytinen

1. INTRODUCTION

Caron and Rutter (1) and Pennington (2) recently published excellent conceptual and method-
ological reviews and analyses of comorbidity in child psychopathology, and a special issue of
Developmental Neuropsychology (3) reviewed attention deficit hyperactivity disorder
(ADHD)-learning disabilities (LD) comorbidity in particular. None of these reviews, however,
focused on the association of dimensions of ADHD and cognitive development, which are
included in this chapter. Moreover, relatively little empirical data exist from early development.
It is very likely that language-related impairments and extreme temperament traits contribute
to the emergence of developmental problems and/or the accumulation of difficulties. To
understand the nature of the association between attention disorders and LD we introduce
results in this chapter from our studies from infants and kindergarten-age and school-age chil-
dren. The dimensions of ADHD, inattention and hyperactivity, are evaluated separately in this
chapter. In addition, neuropsychological correlates and the developmental history of ADHD
are reviewed to explore possible associations to the acquisition of academic achievements.

We introduce data from several studies involving different sociocultural environments (United
States, Chile, and Finland). The data are used to illustrate the associations among early tempera-
ment, cognitive development, LD, and ADHD. First, we review the state of art concerning the
comorbidity of ADHD and LD for school age children. Second, we introduce results  based on a
US sample collected by Margaret Semrud-Clikeman and her colleagues at the University of Texas
at Austin. Tuija Aro (earlier Lamminmäki) and her colleagues similarly examined the co-occur-
rence of the attention disorders with learning disorders among school-age children in Chile.

The Finnish data, not previously published, are used to evaluate empirically the specific
relation that inattention and hyperactivity have in relation to reading accuracy and reading
fluency in the first grade. The Finnish data are also used to examine the relation of early (at
ages 1 and 2 yr) individual variation of attentional style (hyperactivity) and shyness to later
(at 5 yr) cognitive development. These data are based on the 8-yr follow-up of Finnish chil-
dren from birth in the Jyväskylä Longitudinal Study of Dyslexia (JLD). In the JLD, children
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with and without familial risk for dyslexia were assessed yearly in many domains to provide
observations relevant to this context (4,5). This follow-up includes not only attention and
development of cognitive skills, language, reading, and math skills, but also the previously
mentioned early assessment of temperament.

2. ATTENTION AND ACHIEVEMENT

2.1. Perspectives on Comorbidity of ADHD and LD

ADHD has been conceptually associated with difficulties in learning and these difficulties
are thought to continue throughout the school experience (6). The comorbidity of ADHD and
learning problems is widely documented (7–20). These studies tend to indicate that there is a
significant overlap between LDs and ADHD at school age. For example, Shaywitz and Shaywitz
(21) found that 11% of children with ADHD also had dyslexia, whereas 33% of children with
LD had ADHD. As a clear exception to this study, Halperin et al. (22) found that the rate of
dyslexia in an ADHD population was similar to population expectations (9–10%). They also
found that 15% of the ADHD sample were excellent readers and scored one standard deviation
above age expectations in reading. Most of the studies have not, however, separated the possi-
ble differential role of activity level and attentional difficulties associated with ADHD to the
issue of comorbidity. The consequences of this separation are discussed later in this chapter.

Indications of even more overlap have been reported between attention and language
problems. About 20–50% of the children having language difficulties also have attention
deficit disorders (23). Tirosh and Cohen (24) showed that among 5.2% of children who had
attention-related problems in a large random sample, 42% had language problems. These
findings are particularly interesting when the close relation between language deficits and
reading disabilities (RD) is considered. Although the reason for comorbidity commonly has
been thought to be related to early neural development (25), other kinds of explanations are
also plausible. For example, Stevenson (26) has speculated that the high comorbidity
between these disorders may be owing to the fewer opportunities for children with inatten-
tive, impulsive, or distracted behavior to gain from social interactions fostering language
development. This possibility is assessed from the JLD data later in this chapter.

Longitudinal studies have indicated that approx 40% of children with ADHD in the United
States are placed in special education programs, with 25% of those experiencing difficulties
learning to read (6,27). For adolescents, those with attentional difficulties show academic dif-
ficulties with 58% retained in at least one grade, 10% dropping out of school and showing
below-ability performance in reading and mathematics (6,28,29). These difficulties have
been found to continue into adulthood with approx 30% dropping out of college (30); this
difficulty occurs despite average to superior ability.

Semrud-Clikeman et al. (16) evaluated different methods of determining comorbidity of
ADHD and LD in a sample of children. Three groups were present in this sample: those with
ADHD, those with academic difficulties, and a group of controls. Using the more stringent
diagnostic methods, 15–23% of the ADHD sample was found to have a reading difficulty. A
new finding in this study was that a significant number of the children with ADHD also
showed difficulties in mathematics. In the sample of ADHD children using the two most
stringent methods, Semrud-Clikeman et al. (16) found that 30–33% of the sample had sig-
nificant difficulties with mathematics. A review of other studies by Semrud-Clikeman et
al. (16) found that when children with severe conduct problems were included in a study, the
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rates of learning disability increased dramatically. Thus, it may be that the level of severity of
externalizing behavior exacerbates learning problems. Additional studies using participants
with conduct disorder and ADHD have found significant difficulties with information pro-
cessing of verbal information and lower cognitive ability (31,32). An alternative explanation
is that such behavior decreases the on-task time at school and hence may also affect learning
of academic skills.

Pennington (33) suggests that ADHD is best understood using a four-part model that
attempts to separate out correlated from primary symptoms. He states that inattention, impul-
sivity, and hyperactivity are the hallmarks for ADHD with academic problems being sec-
ondary. Thus, not all children with ADHD show learning deficits but may show learning
problems because of difficulties with attention and executive functioning. However, the
higher incidence of ADHD in samples of children with a learning disability may in turn show
that there is a separate subtype of LD children.

Learning problems, Pennington (33) suggests, may also cause attentional difficulties as
school failure prompts less attention to task. Poskiparta et al. (34) have shown recently that soon
after school-entry children who had difficulties in acquisition of reading skills and who did not
differ in task orientation before school were highly likely starting to use avoiding behaviors in
the face of challenging tasks through inattentive behavior. Studies by Pennington (33) in the
Boulder dyslexic sample suggest that these effects increase with age as more and more school
failure is experienced. Similarly observations from the Finnish context (JLD) reveal that very
few of those children whose reading acquisition is clearly slower than classmates in the first
grade are able to keep their attention, motivation, and interest optimal for the challenging tasks at
school. These results indicate how attention and learning difficulties intertwine in a complex
manner with motivational factors and the child’s self-efficacy and self-concepts.

The genetic correlation between the two disorders has also been studied (2,9,12). The Boul-
der study found an elevated rate of ADHD in twins who were also diagnosed with dyslexia,
with ADHD found to be significantly heritable. For monozygotic and dizygotic twins, the con-
cordance rates of ADHD and LD were higher than would be expected, and monozygotic rates
were substantially higher than the dizygotic rates. Thus, Gilger et al. (9) suggest that there is a
subtype in which ADHD and LD share a common genetic etiology. There was also evidence
that the family environment may contribute to the expression of ADHD in the twin pairs.

To better understand the comorbidity between ADHD and LDs several studies have focused
on the possible differential neurocognitive features or core-deficits of ADHD and LD and
related these to comorbid ADHD and LD. These studies have provided contrasting results. Pen-
nington et al. (13) found that a group of children with comorbid ADHD and RD showed deficits
in phonological processes similar to those with pure RD, but did not have deficits in executive
functions, which were evident in children with pure ADHD. Based on their results Pennington
et al. concluded that attention–hyperactivity problems of children with comorbid ADHD and
RD are secondary. When trying to replicate this result, Närhi and Ahonen (35) found that their
comorbid group was impaired on a rapid naming task to the same degree as the pure RD group,
but had also deficits in executive functions. Similarly, Willcutt and colleagues (36) studied a
nonreferred sample of twins to evaluate the performance of individuals with RD, ADHD, RD
and ADHD, and neither RD nor ADHD on measures of phoneme awareness and executive
functioning. They found that ADHD was associated with inhibition deficits, whereas RD was
associated with deficits on measures of phonological awareness and verbal working memory.
The RD and ADHD group was most impaired on all measures. At this point it seems likely that
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children with comorbid ADHD and RD have deficits characteristic for both ADHD and RD
(36). Using groups of children with sole diagnoses of ADHD and RD, Semrud-Clikeman et al.
(37) found that the ADHD sample performed more poorly in rapid automatized naming
because of timing and slower response, whereas the LD group had difficulty with automaticity
owing to increased numbers of errors.

In a recent study, Rucklidge and Tannock (38) found a dissociation of deficits between ADHD
and RD adolescents after controlling for socioeconomic status (SES), IQ, and comorbid diag-
noses. The ADHD children demonstrated slower processing speed and deficits in object naming,
for example, regardless of their RD status. The RD groups showed deficits in verbal working
memory and were slower in letter naming and naming color words regardless of their ADHD
status. Only the comorbid group showed severe impairment in number and color naming, as well
as slower response times and less accurate responses. On the basis of their results, the authors
raise the question whether ADHD + RD is a specific subtype with unique cognitive profile.

Based on the several studies focusing on ADHD and LDs we can be fairly confident that
there is rather high comorbidity between these difficulties. The nature and etiology of this
comorbidity are, however, far from clear. Most of the studies have used samples with diag-
nosed children, and the emphasis has been on the deficits, especially RDs. There is, though,
interesting evidence indicating that not all children with ADHD have learning difficulties, but
instead, some might have average or even above-average performance.

2.2. Reading and Mathematics in ADHD

In order to further understand the comorbidity of ADHD and LDs, a sample of children
with ADHD without diagnosed learning problems and control children were evaluated by
one of us recently through a study in a southwestern US university research program. There
were 53 children who met criteria for ADHD: combined type and 35 control children without
identified learning disabilities and ADHD. Reading and mathematics skills were both evalu-
ated and compared with behavioral ratings of inattention, activity level, as well as results
from a structured clinical interview. Teacher and parent behavioral rating scales were
obtained using the Behavioral Assessment System for Children (BASC) (39). Parents were
all interviewed using the Structured Interview for Diagnosis Assessment of Children
(SIDAC) (40), a semistructured clinical interview adapted from the children’s version of the
Schedule for Affective Disorders and Schizophrenia (SADS) (41), using the ADHD module.

Participants ranged in age from age 8 to 14 similarly with mean of 10.25 for the ADHD
group and 10.42 for the control group (p = 0.52). All children were administered the vocabu-
lary and block design subtests from the Wechsler Intelligence Scale for Children III (WISC-III)
(42). Sattler’s (43) method of computing the full-scale IQ using this abbreviated test was uti-
lized. A one-way analysis of variance (ANOVA) found no significant difference between the
two groups on IQ (p = 0.22) with the mean for the ADHD group being 103.8 and for the con-
trol group 107.1 (see Table 1).

The basic reading, mathematics calculation, and mathematics reasoning tests were utilized
from the Wechsler Individual Achievement Test (WIAT-III) (44). There was no difference
between the groups on any of these measures (Table 1). As expected, a one-way ANOVA
found significant differences on the teacher and parent BASC for these groups. The ADHD
group scored significantly more poorly on the parent hyperactivity (p < 0.0001) and inatten-
tion (p < 0.0001) scales. Similarly, significant group differences were present on the teacher
BASC on the hyperactivity scale (p = 0.0004) and inattention scales (p < 0.0001).
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When the full-scale IQ (FSIQ) and WIAT achievement scores were compared using a 20
standard score point difference to determine the presence of a LD (a conservative estimate),
the total sample showed an incidence of 4.5% deficits in reading recognition, 5.6% in arith-
metic calculation, and 13.6% in mathematical reasoning. For the ADHD group 6.6% were
found to show significant learning difficulties in reading recognition, 5% in mathematics cal-
culation, and 15% in mathematics reasoning. The control group showed an incidence of 2.9%
reading recognition difficulties, 5.8% mathematics calculation, and 5.8% mathematics rea-
soning. The same two children in the control sample had difficulties in mathematics in both
calculation and reasoning.

For the ADHD group 15% showed one SD or more above ability level achievement in read-
ing, 5.6% in mathematics calculation, and 15% in mathematics reasoning. For the control
group 28.5% showed above-expectations performance on the reading recognition test, 5.7%
on both the mathematics calculation and mathematics reasoning subtests.

Correlations were computed to evaluate the relationship between dimensions of ADHD
and achievement in this sample. Parent and teacher scores of inattention (r = −0.085, −0.09
respectively) and hyperactivity (r = −0.115, −0.076) on the BASC did not show a significant
relationship to word recognition (p > 0.05). However, there was a significant relationship
between mathematics calculation and parent ratings of inattention (r = −0.323, p = 0.001) and
hyperactivity (r = −0.283, p = 0.007). Similarly, mathematics reasoning and parent ratings of
inattention was also found to be significantly correlated (r = −0.272, p = 0.008). Parent
ratings of hyperactivity and mathematics reasoning were not significantly related (r = −0.19,
p > 0.07). The number of inattention symptoms was also significantly related to mathematics
performance for both mathematics calculation (r = −0.21, p = 0) and mathematics reasoning
(r = −0.26; p = 0.01). Similarly, teacher ratings of inattention were found to be related to both
mathematics calculation (r = −0.28, p = 0.01) and mathematics reasoning (r = −0.21, p =
0.008) but not to hyperactivity (r = −0.026, ns). An area that was also evaluated was the rela-
tionship between written language and attention and hyperactivity. Significant correlations
were found between parent ratings of inattention and written language (r = −0.29, p =
0.005) and hyperactivity (r = −0.28, p = 0.009). Similarly, teacher ratings of inattention
were significantly correlated with written language (r = −0.24, p = 0.02) but not hyperactivity
(r = −0.10, ns).
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Table 1
Results From Demographic and Behavioral Measures for Two Groups

ADHD Control F statistic p value

Age (in months) 123.2 (21.4) 125.8 (21.8) 0.412 0.522
FSIQ 103.8 (14.7) 107.1 (14.3) 1.553 0.215
Basic Reading 99.02 (17.9) 192.7 (15.7) 1.38 0.24
Math calculation 113.9 (13.2) 103.86 (16.6) .32 0.573
Math reasoning 102.6 (20.7) 109.29 (16.9) 3.712 0.0565
BASC-P Hyperactivity 69.18 (13.9) 53.76 (12.67) 39.1 <0.0001
BASC-P Attention 67.96 (10.3) 56.9 (11.4) 29.662 <0.0001
BASC-T Hyperactivity 59.2 (13.1) 51.03 (9.7) 13.499 0.0004
BASC-T Attention 63.27 (8.9) 53.7 (10.7) 22.64 <0.0001

FSIQ, full-scale IQ; BASC-T, Behavior Assessment System for Children, Teacher form; BASC-P, BASC Parent
form.



These findings indicate that there is a small but important number of children with ADHD
who show learning difficulties particularly in mathematics and written language. There were
more pronounced difficulties in mathematics reasoning than in reading recognition. Mathe-
matics may not be as readily reported as an area of difficulty as reading but should certainly
be evaluated in children with ADHD given these findings. Further evaluation of mathematics
skills is sorely needed. Previously reported results by Schnoebelen and Semrud-Clikeman
(45) found poorer performance in the ADHD group on measures of fluid reasoning compared
to control groups. We are continuing to evaluate the relationship between fluid reasoning,
executive functioning, and arithmetic skills in our groups of ADHD children. Written lan-
guage subtests on the WIAT require planning and organization and likely relate to difficulties
with fluid reasoning and with executive functions. Further evaluation of this area is required.

The mathematics difficulties found in the present sample appeared related more to difficul-
ties in inattention than to problems with activity level or impulsivity. Thus, the relationship
between learning and inattention continue to be an area that requires additional study. Studies
that carefully control attentional deficits in samples of children with learning problems or
conversely those that control learning deficits in children with ADHD—and preferably in a
longitudinal design—are needed to more fully understand the relationship between these two
disorders. A further need is for a more specific understanding of the contribution of inattention
in relation to learning.

3. ADHD SUBTYPES AND LEARNING DISORDERS

3.1. Specific Meaning of Inattention

Lahey and colleagues (46) noted a long time ago: “No term in the history of childhood psy-
chopathology has been subject to as many reconceptualizations, redefinitions, and renamings”
as hyperactivity. The diagnostic nomenclature changed again in 1995 when the Diagnostic and
Statistical Manual of Mental Disorders, 4th edition (DSM-IV) was published. Ongoing discus-
sions have explored whether or not there are different subtypes of ADHD, and how these sub-
types actually differ from each other and from other clinical populations. Even though a rather
unanimous consensus has been reached on multifaceted nature of the ADHD syndrome, the
distinctive and specific nature of the subtypes is not clear. Research evidence for the distinctive
nature has been searched studying cognitive (47–49), behavioral (18,50,51), and neuropsycho-
logical (48) differences between the subtypes. We believe that the distinction between hyperac-
tivity dimension and inattention is relevant when we try to evaluate how attentional behavior is
related to the development of cognition or acquisition of academic skills.

Results regarding comorbidity of LDs with ADHD have been summarized above.
Although the many changes in the DSM diagnostic criteria complicate the interpretation of
the results regarding ADHD subtypes, there is some evidence showing that children with
inattention are particularly prone to having academic problems. The studies of academic per-
formance using the DSM-III criteria for attention deficit disorder have not found conclusive
results. For example, Hynd et al. (40) compared attention deficit disorder with hyperactivity
(ADD/h) and attention deficit disorder without hyperactivity (ADD/wo) on several cognitive
and academic measures and found that ADD/wo children had somewhat lower scores in
reading and spelling tests but the difference was not significant. Carlson et al. (47) found that
both ADD/h and ADD/wo groups performed poorer that the controls on reading and spelling
achievement test. Barkley et al. (52) compared ADD children with hyperactivity to those
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without hyperactivity, as well as with LD and control children. They found that the three clin-
ical groups performed worse than the control group on measures of reading and spelling but
did not differ from each other.

The diagnostic criteria proposed in the DSM-III-R (53) did not differentiate dimensions of
ADHD, whereas DSM-IV (54) has provided better opportunity to study the differential
effects of inattention and hyperactivity–impulsivity on academic achievement. For example,
we examined how academic problems are associated with three different subtypes of ADHD
using a sample of 110 Chilean school-age children referred to a local remediation center for
their learning difficulties (11). Three ADHD subtype groups (predominantly inattentive, n = 20;
predominantly hyperactive, n = 8; combined, n = 17 defined on the basis of the DSM-IV) and
a clinical control group (n = 22) with no ADHD symptoms were formed on the basis of the
ADD-H Comprehensive Teacher’s Rating Scale (55). Children’s academic problems were
determined by their performance of the Woodcock Spanish Psycho-Educational Battery (56).

There were no significant differences in the age or FSIQ of the groups. However, notable
differences were found in the percentages of children with academic problems. Children
belonging to the predominantly inattentive subtype and the combined type showed most
problems among the groups. The percentage of reading problems was highest among the
inattentive subgroup, and the percentage of mathematic difficulties was highest in the com-
bined subgroup. A logit model analysis indicated that inattention had a significant main effect
for the presence of academic problems. When the children were reevaluated after treatment,
it was found that changes in the levels of inattention and hyperactivity were differentially
associated also with treatment outcomes (57). Improvement of attention was associated with
improvement in reading and writing skills among the ADHD children. Treatment was not,
however, sufficiently highly focused to allow separation of the causal relations.

Similar results concerning inattention and learning disabilities have also been reported from
the DSM-IV field trials for ADHD (58) and by Baumgaertel et al. (59). More recently, Willcutt
and Pennington (20) studied a sample selected for RD and found that children with RD were
more likely to meet the criteria for ADHD than children without RD. They also reported that the
association between RD and ADHD was stronger for symptoms of inattention than for symp-
toms of hyperactivity–impulsivity. Thus, it can be concluded that empirical studies on the nature
of comorbidity between different ADHD dimensions and LD support the hypothesis of differen-
tial clinical meaning of inattention and hyperactivity. Table 2 summarizes the studies focusing on
the association between inattention and academic outcome, especially reading ability.

The few longitudinal studies conducted so far have given evidence of a specific, but yet
not understood, association between inattention and reading. The direction of the association
between attention and reading skills development has been the focus of much discussion.
Rowe and Rowe (15) found a reciprocal association between inattention and reading within
their Australian sample. Using longitudinal data from 5 to 15 yr, McGee et al. (60) also found
evidence for pathways from inattention to later literacy. Fergusson and Horwood (8) found
that attention deficit influenced reading, but evidence suggesting that reading achievement
influenced attention deficit level was not found. Velting and Whitehurst (19) used structural
equation modeling to study how preschool inattention–hyperactivity was related to elemen-
tary school reading achievement among low-SES children. They found no significant path
between inattention–hyperactivity and prereading skills, but found significant association
between inattention–hyperactivity level and first-grade reading skills. Rabiner and Coie (14)
studied whether attention problems predict development of reading difficulties. Their results
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Table 2
Summary of Studies Focusing on Association Between Inattention and Academic Outcome

Independent Dependent
Investigators variable variable Age Results

McGee, Prior, Hyperactive– Reading Longitudinal Hyperactivity, and especially
Williams, inattentive ability data: inattention component, 
Smart, and behaviors 5–15 yr have a significant influence
Sanson, on later levels of literacy.
(2002)

Willcutt and Reading ADHD: 8–18 yr Individuals with RD were 
Pennington, disability inattention, more likely than 
(2000) (RD) hyperactivity- individuals without RD to 

impulsivity meet criteria for ADHD. 
(DSM-III/-IV) Association between RD

and ADHD was stronger 
for symptoms of
inattention than for
symptoms of 
hyperactivity–impulsivity.

Rabiner and Inattention Reading Longitudinal Attention problems predicted 
Coie, achievement data: reading achievement:
(2000) kindergarten Inattentive first graders

1st grade (normal reading scores 
2nd grade after kindergarten) were at  
5th grade risk for poor reading 

outcomes.

Velting and Inattention– Reading Longitudinal No significant relationship
Whitehurst, hyperactivity achievement data: 4–5 between the prereading  
(1997) yr–1st grade skills and inattention–

hyperactivity before 
school age. Significant
relationship between first
grade inattention–
hyperactivity and
poor reading achievement.

Baumgaertel, ADHD Academic 5–12 yr Inattention was associated 
Wolraich, subtypes performance with academic problems.
Dietrich, (DSM-III/-
(1995) IIIR/-IV)

Lamminmäki, ADHD Reading, 8.6–9.8 yr Academic problems are
Ahonen, subtypes mathematics, related to inattention: the 
Närhi, Todd (DSM-IV) writing percentage of reading
de Barra and problems was highest in 
Lyytinen, the ADHD/inattention 
(1995) group and mathematic

problems in the
ADHD/combined group.

(Continued)



indicated that attention problems predicted reading achievement even after controlling for
prior reading achievement, IQ, and parental involvement. With regard to the predictive value
of the presence of inattention, they found that children who had normal reading scores after
kindergarten but who were highly inattentive in first grade were at risk for poor reading out-
comes in the fifth grade. Thus, longitudinal studies indicate that presence of inattention might
have predictive value in terms of the child’s academic performance.

Neuroimaging has been used to validate the existence of the specific subtypes. Posner (61)
suggests that there are three attentional networks. The first network allows for orienting and
shifting attention from the previous stimuli. This area is thought to involve the posterior part
of the brain. Schaughency and Hynd (62) hypothesized that this area may be most important
in directing attention to needed targets and that children with ADD/wo may have difficulty
associated with posterior functions. Subsequent neuroimaging results tend to support this
assumption. Filipek et al. (63) found that children with more symptoms of inattention than
problems in activity level had smaller right-matter volumes bilaterally in the retrocallosal
(posterior to the corpus callosum) than did those with more activity than inattention-related
difficulties. These children also showed relatively poorer scores on reading and mathematics
measures, although within the low average range for their age.

The second attentional network involves the executive function networks and allows the
child to detect an object that is occurring and bring it to conscious processing. This area is
thought to involve the limbic system (anterior cingulate) and caudate (64). Neuroimaging
results have also supported this system in children with significant difficulties in overactivity.
Semrud-Clikeman and colleagues (65–67) analyzed magnetic resonance imaging scans of
boys with ADHD with hyperactivity and found a relationship between reversed asymmetry
of the caudate and difficulties with inhibition and activity level.

Posner’s third attentional network involves vigilance and is believed to include the right
frontal lobe and is responsible for sustained attention. Accordingly, children with ADHD-
combined type would show deficits in this area. Neuroimaging results have supported this
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Table 2
(Continued)

Independent Dependent
Investigators variable variable Age Results

Ferguson and ADHD Reading 12 yr At age 12 attention deficits
Horwood, (DSM-IIIR) achievement causally influence reading
(1992) achievement and there is 

no evidence that reading
achievement influenced
attention deficit levels.

Rowe and Inattentiveness Reading 5–14 yr A strong reciprocal
Rowe, (1992) achievement association between

inattentiveness and reading
achievement: in 
attentiveness has a strong
negative effects on reading 
achievement and
vice versa.

DSM-III-R, Diagnostic and Statistical Manual of Mental Disorders, 3rd edition revised.



hypothesis with the finding of smaller white matter volume in the right frontal lobes in
children with ADHD with hyperactivity and attentional difficulties.

In summary, the studies on differential association between learning disabilities and
ADHD dimensions (hyperactivity and inattention) are not conclusive. All together these,
however, suggest that inattention might be more strongly associated with LDs than hyperac-
tivity. Most of the studies have been conducted with clinical samples of school-aged chil-
dren, and there is an obvious need for studies with epidemiological and developmental
samples including younger participants.

3.2. Early Inattention and Hyperactivity as Predictors 
of Later Reading Acquisition and Cognitive Skills

The association between reading acquisition and developmental history of inattention and
hyperactivity was studied with 172 children (78 girls and 94 boys who had ended the first
grade at the time of writing this chapter, from the whole number of 200 participants of the
JLD). Reading skills were assessed at the end of the first grade (at age 7). A recent study of
Holopainen et al. (68) reveals that at this stage most Finnish children are accurate decoders,
assuring that the reading accuracy scores do not have floor values any more. The reading
acquisition test utilized for this study consisted of nine bisyllabic and nine complex nonwords.
The words were presented on a computer display one item at a time. Reaction time and read-
ing duration as well as percentage of correctly read items were recorded to measure reading
fluency and accuracy. Inattention and hyperactivity were assessed repeatedly with the parental
BASC–Parent Rating Scale (39) before school entry at the ages of 4, 5, and 6 yr. For the
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Table 3
The BASC and the Reading Test Means and SDs
Measure Mean SD

Attention problems
4 yr 6.2 2.4
n = 162a

5 yr 6.1 2.8
n = 172
6 yr 6.3 2.8
n = 166

Hyperactivity
4 yr 16.5 5.2
n = 162
5 yr 14.1 5.3
n = 172
6 yr 12.9 5.4
n = 166

Reading
Fluency (ms) 2709 1476
n = 172
Accuracy (percent) 91.9 11.6
n = 171

a Note that n varies because of missing data.



means and standard deviations see Table 3. The mean (and SD) verbal and performance IQ
(WPPSI-R [69]) were 108 (15) and 102 (14), respectively.

The structural equation modeling (see Fig. 1) indicated interesting but mild associations
between developmental inattention and hyperactivity and early reading acquisition.
Preschool inattention level was significantly (r = 0.11) associated with poor results in reading
fluency. The higher the child’s inattention level was during the preschool years, the slower
was his or her reading speed at the age of 7 yr. Preschool hyperactivity level was significantly
(r = 0.13) associated with reading accuracy showing that the lower the child’s hyperactivity
level was at preschool ages, the less accurately he or she read at the end of the first grade.
This finding was rather surprising. Close inspection of the data indicated that there were
eight children with high hyperactivity scores and good reading accuracy. There were also
seven children with especially poor reading accuracy scores and especially low hyperactivity
scores. Thus, it might be, that by chance, the seven children with low hyperactivity scores
(all coming from families with familial dyslexia) were identified. It is also plausible that they
form some kind of subgroup within the children with familial risk for dyslexia.

Our findings on inattention, hyperactivity, and reading add a level of dimension to the earlier
studies and show that hyperactivity was not detrimentally associated with beginning reading.
Instead, inattention was associated with lower early reading fluency, but not with reading accu-
racy. Most of the studies concerning reading have assessed only reading accuracy. The separa-
tion of accuracy and fluency is especially relevant in the Finnish language. In the shallow
orthographies, of which Finnish is an extreme example, children learn basic alphabetical reading
processes quite easily and reading difficulties are typically seen in reading fluency, as has been
recently shown by Aro and Wimmer (70) (see also ref. 71, and for more details of the reading
acquisition in Finnish, ref. 72). Still in adulthood reading-related problems, which hinder reading
Finnish, comprise not only reading or spelling inaccuracy but also dysfluency of reading (73).

Schoot et al. (74) studied association between reading subtypes (guessers and spellers,
meaning inaccurate fast readers vs accurate slow ones, respectively) and attention-related
inhibitory deficits, and found that those children who read fast and inaccurately were
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Fig. 1. Structural equation model. Association between hyperactivity, inattention, and reading
acquisition measures. χ2(20) = 19.60, p = 0.48, RMSEA = 0.



impaired in their ability to inhibit inappropriate responding. The authors speculated whether
the specific reading disorder of guessers might be linked to the executive deficits underlying
ADHD. They concluded that executive function deficit in guessers led to both poor behav-
ioral and cognitive inhibition, whereas spellers (slow and accurate) showed superior
behavioral inhibition. The authors assumed that this “may be a burden to slow and accurate
readers when speeding up reading, that is, they may have overactive inhibition system, which
slows down the mechanism of word recognition.”

The interpretation of the aforementioned results from the JLD data is complicated by the
usage of computers in the reading assessment. It is plausible that children with inattention
were possibly more distracted than they would have been in the more typical reading situa-
tion at the moment the word was presented, thereby delaying their reaction time. Similarly,
distraction during the reading process would have made the reading duration longer. To con-
trol for this effect, we used an additional reading fluency measure of the JLD that indicated
how many words the child read per minute in a story reading situation. The correlation
between parent rating of inattention and this reading fluency measure also reached signifi-
cance (r = 0.17; p = 0.03; n = 164), and was thus very comparable with the results based on
reading from the computer display. Therefore, one can safely conclude that the association
found between inattention and reading fluency was not because of usage of the computer.

The finding of an association between inattention and fluency raises further questions
about the general relationship between inattention and processing speed. Earlier studies on
the cognitive performance and inattention symptoms have found that children with attention
deficits disorder may have deficits in automaticity (49,75). Children with inattention symptoms
have been characterized as having sluggish cognitive tempo (40,46,76) or problems with per-
ceptual-motor processing and speed (38,77). However, several studies have failed to find
cognitive differences between ADHD subtypes (47,78).

In a recent study Chhabildas et al. (48) evaluated neuropsychological differences between
ADHD subtypes and found that the symptoms of inattention were associated with reduced
performance on tasks assessing processing speed, vigilance, and inhibition. The symptoms of
hyperactivity–impulsivity did not predict performance in any of these domains. They con-
cluded that the symptoms of inattention are associated with significant neuropsychological
deficits, whereas symptoms of hyperactivity–impulsivity are not. To test the hypothesis that
inattention, rather than hyperactivity–impulsivity, would be associated with neuropsychologi-
cal deficit in the JLD data, we examined correlations between the neuropsychological test
results at the age of 5 yr and the BASC attention-related results at the age of 6 yr (see Table 4).

As one can see from Table 4, this analysis of the JLD data indicated that most of the signifi-
cant correlations were found between inattention and neuropsychological tests supporting the
hypothesis that inattention, especially, is associated with cognitive performance. Several of the
correlations could be expected on the basis of the literature, e.g., executive functions, working
memory, and attention. With regard to the Chhabildas et al. (48) and Rucklidge and Tannock
(38) findings that processing speed is particularly associated with inattention, we also found
that many of the tests correlating with inattention were time-sensitive.

The possibility that inattention compromises cognitive performance may be a confound-
ing factor when interpreting the results from the reading measures. DeShazo et al. (79) found
that severity of ADHD symptoms reported by parents predicted academic underachievement
even after controlling for executive functions and diagnosed LDs. They concluded that
impairment in academic functioning of children diagnosed as having ADHD could not be
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accounted for by cognitive deficits associated with executive functioning. Our data imply
that a more comprehensive battery of neurocognitive tests should be used to understand the
associations between cognitive development, behavioral symptoms of inattention, hyperactivity,
and impulsivity, as well as academic performance.

It is still possible that failure experiences in the cognitive domain, at least during the early
years of schooling (possibly including kindergarten), initiate developmental processes and
psychological dynamics, which tend to affect learning-related attentive behavior (80). As
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Table 4
Correlations Between Inattention, Hyperactivity, and Neuropsychological Tests

NEPSY domain Attention problems Hyperactivity at 6 yr
at 5 yr, 6 mo at 6 yr

Attention

Tower −0.20b 0.01
n = 162a

Visual attention −0.15 −0.04
n = 125

Design copying −0.29b −0.06
n = 162

Knock and tap −0.32b −0.19c

n = 155

Language

Phonological processing −0.27b −0.15c

n = 181

Comprehension of instructions −0.19c −0.17c

n = 179

Reproduction of nonsense words −0.12 −0.16c

n = 163

Verbal fluency (food + drink) −0.24b −0.13
n = 174

Motor functions

Visuo-motor precision −0.25b −0.08
n = 141

Memory

Memory for names −0.24b −0.14
n = 165

Memory for faces −0.28b −0.18c

n = 132

Sentence repetition −0.19c −0.18c

n = 162

Narrative −0.16c −0.06
n = 173

aNote that n varies because of missing data.
bp < 0.07.
cp < 0.05.



described above, this type of phenomenon has been experimentally documented recently by
Poskiparta et al. (34). It is important to observe the developmental proceedings from an ear-
lier stage to learn to understand whether and how comorbid problems emerge during the life
span. One way to accomplish this goal is to begin follow-ups from birth and examine groups
whose members are genetically vulnerable to one of the difficulties belonging to the comor-
bid patterns. In the JLD we have had an opportunity to follow prospectively children born to
families which have several dyslexic members. Below we make an attempt to also follow
attentive behavior from a very early age among these at-risk children and their nonaffected
controls.

4. CORRELATIONS OF EARLY TEMPERAMENT AND ATTENTION 
TO LATER COGNITIVE SKILLS

4.1. Temperamental Correlates of Attention-Related Behavioral Styles

Attention-related behaviors show variation both by content and by age. The content varia-
tion associated with problems in attention has been widely discussed, resulting in a consensus
about diagnostic labels. The age-related variation is poorly known. In the following section
an attempt is made to shed some light on the expressions of attention at the early ages and its
possible association with the development of cognitive skills. Very early attentive behavior is
evaluated on the basis of assessments of temperamental features most close to the diagnostic
categories hyperactivity and inattention. The time window is from infancy (1–3 yr of age)
where temperament was assessed to 5 yr of age when cognitive skills were tested using a
neuropsychological battery (NEPSY) (81). The data come from the JLD.

Very little is known about the developmental beginning of attention-related behavioral
deviation. One could speculate that it may be related to characteristics assessed as temper-
amental features that can be identified soon after birth. This hypothesis is compatible with
the present belief that ADHD is based on genetic atypicalities (82,83) and that a similar
and related background affects temperament (84). It is still unclear whether the tempera-
mental feature of the shy, inhibited child (85,86) has any relation to later ADHD-inattention
problems (87). Robinson et al. have observed that 10–15% of 1–3-yr-olds are consistently
shy and avoidant in facing new people or events and that this extreme shyness seems to
have a genetic background (88,89).

Temperamental observations from infancy may provide, in the present context, an answer
to a type of question such as: is a pervasive behavioral feature that affects selection of behavior
(avoidance of social contacts in shyness or avoidance of challenging cognitive efforts in a sit-
uation characterizing “defensive” inattention demonstrated by Poskiparta et al. [34]) an
important determinant of the attention-related behavior and associated with learning diffi-
culties or cognitive ability, e.g., resulting from compromised openness to benefit from learn-
ing opportunities during early development? Logically it might be, but we do not have
empirical proof showing that this is really the case. But the observed comorbidity might sug-
gest a causal connection between the time when one difficulty starts and another during the
developmental course.

Shyness and overactivity as temperamental features are expressed in everyday behavior
and in exposure to learning in such a way that they could be reflected in the development of
cognitive skills. It is apparent that only overactivity is directly connected to the kind of
behavior typical in children with ADHD. But data from children who are very shy may also
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provide interesting indirect evidence about the association of behavioral style (90) and cognitive
development.

Activity is a temperamental characteristic identified practically in all theoretical catego-
rizations of temperament. The most extensive body of literature exists from temperamental-
type hyperactivity expressed in motor activity (85) and energy consumption (91), as well as
tempo, vigor, and endurance (92). It has been widely thought to have a genetic background
(93,94), and the possible connection (when appearing in an extreme form) to ADHD-hyper-
activity has at least some face validity. In our data illustrated below, the correlations between
temperamental overactivity during the first years and BASC overactivity and impulsivity
scores at 4–6 yr varied between 0.15 and 0.34 (n = 105–109; thus at best, p = 0), showing that
a significant relationship exists between the variables.

A possible association between temperament (or extreme behavioral style factor such as
hyperactivity) and cognitive development (and its specific but extreme impairment such as
a learning disability) can be found by considering the differential mediation of environ-
mental effects on the learning skills. Shy and inattentive children may have lower or
nonoptimal exposure to learning opportunities because of their likely avoidance of social
activities or defensiveness concerning new or challenging situations. Similarly, a hyperactive
or impulsive child may also have less time to concentrate in a task-oriented way on the
challenging learning situations owing to distractibility and inability to main attention in a
goal-directed way.

If the attention and cognition related vulnerabilities—such as ADHD and specific lan-
guage impairment (SLI)—co-occur, the likelihood of cumulative effects on the develop-
ment of cognitive and academic skills is very high. One may be interested in knowing
whether the overlap of milder temperamental traits—such as shy or hyperactive tempera-
ment and familial risk for dyslexia—are a potential risk for developmental delay or diffi-
culties in the acquisition of cognitive and academic skills. It is apparent that unwanted
developmental consequences may be higher if early vulnerabilities in these two domains
co-occur. Co-occurrence may be more likely than expected based on independent occur-
rence. We know that psychological characteristics and even ADHD-related characteristics
tend to show normal variation (95) and thus even milder expression of characteristics may
show similar associations compared to the extreme ones. It has been shown convincingly
that ADHD and SLI show a tendency to overlap (7,23,96–99). This type of comorbidity is
more likely affected by biological factors if it can be observed at an earlier age.

4.2. Association Between Temperamental Shyness and Overactivity 
During Infancy and Cognitive Skills at 5 Yr of Age

To test these hypotheses we compared children identified as shy using the Strange Situa-
tion method (88) and shy or overactive identified in repeated parental assessments during
ages 1–3 yr. The consistent position in shyness or hyperactivity across repeated tests and
types of assessment (questionnaire and behavioral observations) comprised the criterion of
the group memberships. The groups of the most stably shy or overactive thirds (n = 32 and
34, respectively) for each temperament group, from the first 109 children born among the
JLD infant participants, were compared with the rest (77 and 75 of the group) on the NEPSY
for children (79) at 5.5 yr of age.

The results revealed no consistent differences in test profiles between the shy children and
the others. There was a slight nonsignificant tendency (p < 0.1) for lower scores in the sentence
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repetition task among shy children who, in contrast, had higher scores on the name learning
task (see Fig. 2). The overactive children achieved reliably lower scores in the repeating
pseudowords and in the comprehension of instructions. Because the pseudoword repetition is
usually predicting reading acquisition and discriminating for children with reading problems
(68,100), the group status (whether the child belonged to the group with a familial risk for
dyslexia or not) was included as a covariate. It is worth noting first that the memberships in
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Fig. 2. Neuropsychological battery profiles at 5 yr of age from shy and overactive children identified
during the first years of life.



temperamental characteristics did not discriminate between the risk groups. Overactive
children were poorer in pseudoword repetition only if they belonged to the at-risk group for
dyslexia. We wanted, however, to elaborate our interpretation of this difference and used
two additional covariates to find out whether the rated (by the tester) behavior in the test sit-
uation could explain this finding. Both of the differences disappeared when the ratings of
the activity level and cooperation during the test situation were used as covariates. The first
affected the difference in the pseudoword repetition and the co-operation in the scores of the
comprehension of instructions so that no significant group difference between overactive
and other children was found any more. This means that it may be the test behavior that is
affected by the temperamental feature to such an extent that no significant variation is left to
be explained by any accumulative developmental effects of overactivity feature of tempera-
ment. This is an interesting observation—e.g., by raising the question to what extent the test
scores of academic skills are affected by overactive behavior in the test situation in the
comorbidity studies.

We concluded that according to these results attention-related early temperament has at
best a small effect on the development of cognitive skills, which probably has no or little
clinical value. Our data do not allow conclusions concerning effects of extreme deviations
corresponding to clinical expressions of the attention or language problem. Language delays
were, however, more common than in a random sample in our data because many children
among the index group (at familial risk for dyslexia, to which belonged a little bit more than
half of the members of the overactive group) in the JLD sample were clearly delayed in many
language skills at the critical age of 5 yr of the present comparison (4,101,102). Because the
subgroups representing those children among the at-risk group who belonged to the most
shy/hyperactive third of the whole group were not significantly different from the rest in any
of the NEPSY measures, we can be quite safe in our beliefs that early temperamental expres-
sions of deviation in attention-related behavior do not add the risk for a cognitive delay possi-
bly related to that for familial dyslexia. The results also fail to support an assumption that
dyslexia-related familial risk has any reliable early association with comorbidities which had
been reflected in the assessed features of infant temperament.

5. CONCLUDING REMARKS

Based on the studies conducted during the past two decades, we can conclude that there is
a unanimous consensus that attention and learning deficit have a fairly high comorbidity.
This clinically and empirically compelling conceptualization is also reflected in the several
diagnostic concepts used during the years. The historical Minimal Brain Dysfunction and the
more modern Deficits in Attention, Motor Control, and Perception (103) and the Atypical
Brain Development (25) have been used to describe that is the co-occurrence of developmen-
tal deficits or they even more rule than exception. These conceptualizations also incorporate
the idea that comorbity is not only common, but also that there is some shared etiology
behind the comorbid deficits or they even may have a genetic basis (12).

Consideration of the same results from another perspective shows us that there is a vast
number of children diagnosed with ADHD who do not demonstrate LDs or who have above-
average performance in academic tests, both reading and mathematics. These children have
commonly been called “pure ADHD.” Moreover, it is plausible to think that children demon-
strating ADHD + LD form a subgroup (or group of their own), which might have a distinctive
neuropsychological profile (104) and etiology (9). Thus, children with uncomplicated ADHD
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and children with comorbid LD + ADHD may have features or core deficits that are unique to
that subtype, explaining why cognitive deficits typical to ADHD have been so difficult to find.
It is very possible that the ADHD diagnosis as such is not specific enough to form homoge-
neous groups. Moreover, using behavioral symptoms of ADHD as a basis to form groups may
lose some crucial information needed for appropriate intervention and programming. This situ-
ation may be one reason why the findings of several ADHD studies continue to be equivocal
or even divergent—even though ADHD is one of the most researched developmental deficits.
(Note: in this context, the other likely reason why results differ is the variations of comor-
bidities connected via artifactual instead of genuine causal relations [2].) In the future,
more emphasis is needed on features other than those observed via sole behavioral ratings
concerning attention issues. Two lines of research that are required include longitudinal studies
to identify the possible behavioral origins of the co-occurrence of other disorders with ADHD,
and neuropsychological, genetic, and cognitive studies to assess the origins of the comorbidity.

Most research to date has focused on the co-occurrence of attention and reading deficits
giving mathematical difficulties lesser attention. This chapter as well as the earlier studies
conducted by Semrud-Clikeman have shown that mathematics is also an essential area of
both empirical and clinical research. Findings that mathematics and visual-spatial reasoning
may be interlinked, at least in children with nonverbal LDs, appears to be a promising area of
research. Many children with mathematics difficulties also appear to have ADHD and they
may have more difficulties with attention than with activity level (66). Difficulties in fluid
reasoning in these children may also contribute to problems in social cognition, executive
functions, and subsequently, mathematics achievement (105). Further work is sorely needed
in this area.

The literature has shown that inattention, particularly, may be associated with learning
deficits. This is also confirmed by the present data using developmental longitudinal data.
The finding that indicates an association between inattention and neuropsychological tests
warrants the speculation that inattention should be considered as a separate feature from
hyperactivity, and that inattention might be connected to cognitive deficits, which accumu-
late to produce learning deficits. Based on the recent findings demonstrating that inattention
might be especially associated with reading fluency and speed-related cognitive processes,
the notion of sluggish cognitive tempo seems to have more validity than has recently been
acknowledged. We also may not want to forget the possibility that in some children the ten-
dency to inattentive behavior may be triggered, maintained, or even generalized to nonchal-
lenging contexts by relatively specific but serious failure experiences at school, such as
perception of problems in reading acquisition during the early school years. This psychologi-
cally motivated defensive response to school challenges however, requires an apparently,
different treatment than does a biologically originated atypical attention.

A finding that inattention is concurrently associated with reading difficulty may not always
refer to genuine comorbidity, but may be a result of diagnostic procedures. Teacher and parent
observations are used to diagnose the presence of inattention, while tests are usually used to
evaluate child’s reading skills. One could speculate that if experiences of academic difficulties
have continued for some time, and if a child’s concept of himself or herself has been affected
by the continuous failures, this manifests itself in the child’s classroom behavior because of
“defensive” attention disorder. Behavioral traits associated with lack of learning motivation,
mild depression, anxiety, or poor self-esteem could be interpreted by both teachers and parents
as inattention. This problem is encountered particularly in the studies using clinical samples,
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and thus, population-based studies using developmental data, and preferably longitudinal
designs, would help us to determine the causal connections and define design related artifacts.

To learn to understand the whole nature of comorbidity we had to be able to observe the
developmental beginnings of route(s) to or earliest expressions of co-occurrence of two or
more neurocognitive disorders in the same way prospective studies of more narrow disorders,
which are known to have familial backgrounds, are done. A potential focus of study to
approach this goal is to investigate the relationship between early temperament and attention
in large-scale follow-up studies of dyslexia or attention disorders. To utilize observations of
early behaviors for study, we had to learn more about the early expression of attention and its
normal and atypical developmental variations. The development of attention is an important
milestone for infants and very young children. Studies searching for developmental
antecedents of attention deficits from early temperament and other developmental factors have
not found strong predictors (106). Our own data extended these findings, indicating at best
only a weak connection between early temperamental hyperactivity and later skills, meaning
that a small portion of attention-related individuality may affect the development of skills.

Clinically and pedagogically, it is essential to differentiate the reasons for a child’s
learning deficits. In theory, remedial programs are based on careful diagnosis and a deep
understanding of the nature of the child’s difficulties, as well as possible remedial pro-
cesses and expected outcome. In practice, however, we often have to settle for a “sophisti-
cated guess.” In order to improve clinical services and practices to children with these
types of needs, we require tools that would help us to better understand the cognitive
strengths and deficits that children with ADHD experience. Comprehensive neuropsycho-
logical test batteries and methods similar to those commonly used in laboratories would
perhaps help clinicians better differentiate between different features and cognitive dimen-
sions of ADHD, which are essential for learning, teaching, and remediation—even as essential
as the features captured by behavioral assessment. The development of psychometrically
sound and clinically useful neuropsychological tests for children at very young ages
through adolescence would be very helpful in our study of the neuropsychological under-
pinnings of the development of constructs, such as attention and memory in children with
and without difficulty.
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14
Social Functioning of Children With Attention 

Deficit Hyperactivity Disorder

Hana Tur-Kaspa

1. INTRODUCTION

Children with attention deficit hyperactivity disorder (ADHD) experience pervasive inter-
personal difficulties and peer disapproval that go beyond the diagnostic criteria. ADHD occurs
in approx 3–5% of the school-aged population, with male to female ratios ranging from 4:1 to
9:1, depending on the setting (1). The disorder persists into adolescence in about 50–80% of
cases clinically diagnosed in childhood (2). Core characteristics of the disorder include inat-
tention, hyperactivity, and impulsivity. The current clinical view of ADHD (1) offers three
subtypes of the disorder: predominantly inattentive, predominantly hyperactive–impulsive,
and the combined type. This chapter refers to the hyperactive–impulsive and combined types
of ADHD.

The salient symptoms of ADHD (i.e., inattention, hyperactivity, and impulsivity) can be
expected to interfere with the child’s social functioning and social adjustment. Indeed, exten-
sive research has documented that many children with ADHD experience serious difficulties
in the social domain (3–6). As they develop, children with ADHD are at greater risk for poor
school performance, poor peer relations, anxiety and depression, aggression, conduct prob-
lems and delinquency, early substance use, as well as difficulties in social and personal rela-
tions during adulthood (7).

Concerns have been raised pertaining to the social difficulties experienced by children
with ADHD, and the role these difficulties have in putting these children at heightened risk
for future social maladjustment (8–10). Thus, the problems of children with ADHD in their
social interactions and peer relations are a crucial target for intervention (11).

This chapter reviews the research relevant to the social functioning of children with
ADHD including social status, social interactions with peers, social skills and behavior
problems, and social–cognitive skills. The chapter also discusses the major findings pertain-
ing to these children’s social functioning. Suggestions for future research are proposed.

2. SOCIAL STATUS OF CHILDREN WITH ADHD

A host of studies have demonstrated that many children with ADHD are less accepted and
often socially rejected by their peers. This finding is independent of whether peers, teachers,
or parents complete the sociometric ratings (3,4,6). Measurement of social status has been
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shown to provide unique and potentially vital information in predicting children’s success
within peer relationships (12).

Research indicated that the social status problems of children with ADHD emerge rapidly
within a new group of peers (13) and are resistant to reversal thereafter (14). Pelham and
Bender (15) investigated the behavioral correlates of negative peer status of children with
ADHD in comparison to non-ADHD controls, all of whom were initially unfamiliar with
each other. They found that children with ADHD quickly attained social rejection status,
which was related to high rates of aggressive, destructive, and noncompliant behaviors in
group play situations.

Research attempts to examine various predictors of sociometric status of children with
ADHD documented externalizing behavior patterns (i.e., aggression and noncompliance) to
be key predictors of negative peer status (13). This was even after a very short period (i.e.,
after 1–3 d) of social interactions among children with and without ADHD who attended a 5-
wk summer camp and did not know each other before attending the camp. Interestingly, non-
behavioral variables, such as intelligence, academic achievement, physical attractiveness,
and athletic skills did not predict sociometric status. In another study (16), the predictive
power of antisocial behavior, internalizing, and familial variables with respect to peer status
in boys (aged 6–12 yr) with and without ADHD were examined. Results indicated that
aggression predicted peer rejection more strongly for non-ADHD comparisons than for boys
with ADHD, whereas authoritative parenting beliefs (i.e., involving clear, firm structuring
and limit setting in the presence of warmth and responsiveness) were stronger predictors in
the ADHD group than in comparison boys.

Results of a study (17) that examined the relative contributions of low achievement, learning
disabilities, and ADHD to problems in social status and social behavior among second-
through sixth-grade boys, revealed that the combination of ADHD and learning disabilities
was associated with the greatest risk of social status problems (i.e., significantly higher on
social rejection and lower on popularity) and of social behavior problems.

A recent study (18) that compared the social functioning of ADHD subgroups (i.e., com-
bined type and predominantly inattentive type) and controls without ADHD revealed that
children with ADHD-combined type were judged by parents and teachers to be less popular
than controls, whereas children with ADHD-inattentive type were not rated as evidencing
impaired social status. Regardless of group, social performance, emotional regulation, and to
a lesser extent, social knowledge appeared to be predictive of social status.

Taken together, the results of these studies highlight the complexity of the concomitants
and the underlying bases for social status difficulties of children with ADHD. Thus, it is
essential to consider both internal (e.g., child’s characteristic and behavior patterns) and
external (e.g., parents’ functioning, school environment) factors in the attempt to better
understand the social status and functioning of these children.

3. SOCIAL INTERACTIONS AND PEER RELATIONS

Research has documented that more than 50% of children with ADHD have problems in
interactions with peers (15). The interpersonal interactions of children with ADHD with their
parents, siblings, teachers, and—the focus of this chapter—peers are frequently characterized
as being negative and conflicting (6,19,20). According to Whalen and Henker’s review (20),
children with ADHD are described by peer as annoying, boisterous, irritating, and intrusive.
When compared to boys with learning disabilities or low-achieving comparisons, boys with
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ADHD were seen by peers as disruptive and by teachers as oppositional/defiant, and as defi-
cient on cooperation and self-control (17).

The interpersonal problems of children with ADHD manifest during early childhood, even
before the children enter school. For instance, preschool children with ADHD were found to
be less competent with peers than non-ADHD preschoolers, and were less attentive and
cooperative during group activities (21).

Observations of school-aged children with ADHD during structured and unstructured
playgroup interactions with non-ADHD peers revealed that children with ADHD displayed
“bossy, aggressive, and bothersome interpersonal style” (15). They were more talkative,
engaged in more frequent high-rate activity, and used more negative verbal and nonverbal
behavior and less neutral nonverbal behavior than their non-ADHD peers.

In more detailed observations of dyadic peer interactions, a comparison was made
between mixed dyads (i.e., composed of a boy with ADHD and a boy with no ADHD) and
“normal” dyads (i.e., composed of two boys with no ADHD) during free-play, cooperative
task, and simulated classroom situations (22). The children were unfamiliar with one another
and uninformed as to the ADHD child’s diagnostic status. Mixed dyads engaged in more
controlling interaction than “normal” dyads in both free-play and simulated classroom set-
tings. In the simulated classroom, mixed dyads completed fewer math problems and were
less compliant with the commands of peers. The results suggested that children with ADHD
prompt a more controlling, less cooperative pattern of responses from non-ADHD peers.

Using similar methodology, the frequency and patterns of play activity and verbal behav-
ior of previously unacquainted mixed dyads and “normal” dyads were analyzed during their
initial social encounter (23). The mixed dyads engaged in more solitary play and less asso-
ciative play than the “normal” dyads during their initial encounter. In addition, the interac-
tions in the mixed dyads were marked by lower levels of affective expression and by less
verbal reciprocity than were those of the children in the “normal” dyads. The mixed dyads’
social interactions suggested that children with ADHD have difficulties in the development
of acquaintanceship, and are at greater risk for losing socialization opportunities with peers.

In sum, children with ADHD have difficulties establishing and maintaining satisfying
interpersonal relationships with peers. They tend to be bossy, disruptive, and easily frustrated
when in the playgroup (24). It is not surprising, therefore, that they have few, if any, friends.

4. SOCIAL SKILLS AND BEHAVIOR PROBLEMS

Children with ADHD begin having problems with social skills at an early age. Researchers
(25) have assessed whether preschool children can successfully identify externalizing symp-
tomatic behaviors (i.e., hyperactivity and aggression) in their male classmates, and whether
these perceptions were associated with peer-rated popularity and rejection. Results indicated
that preschool children’s nominations of externalizing behavior correlated significantly with
teacher ratings of the same behavior. Furthermore, peer nominations of rejection correlated
significantly with both teacher ratings and peer nominations of hyperactivity and aggression.
Boys nominated as aggressive were more often rejected by their classmates; whereas boys
nominated as hyperactive were either more popular or more rejected.

In a more recent study, Merrell and Wolfe (26) examined the relationship of teacher-rated social
skills deficits and ADHD characteristics among kindergarten-aged (5–6 yr) children. Findings
indicated that young children with ADHD characteristics (i.e., not formally diagnosed) were rated
as having significantly poorer social skills than matched children with no ADHD. Although
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young children with ADHD exhibited comparative deficits in virtually all areas of social com-
petence, they were especially lacking in social cooperation skills (e.g., following directions
from adults, cooperating and compromising with peers, sharing toys and other belongings, tak-
ing turns). Furthermore, children in the ADHD group were between five and six times as likely
as children in the non-ADHD group to be rated by their teachers as having significant deficits in
overall social skills. The fact that more than half of the participants in the ADHD group showed
significant social skills deficits indicates a strong co-occurrence of these problems.

Social skills deficits of children with ADHD have been found to persist from early child-
hood into the elementary school years and adolescence and to have negative effects on social
and emotional adjustment (7). By virtue of the diagnostic criteria, children with ADHD show
patterns of hyperactivity and impulsivity. In addition, aggression has been strongly associ-
ated with ADHD. These characteristics are likely to play a role in sharpening the social diffi-
culties of these children (4,27).

4.1. Hyperactivity and Impulsivity

Hyperactivity involves motor excess or overactivity, which is considered to be one of the
hallmark characteristics of the disorder. It can take many forms but is especially apparent as
excessive motor and verbal behaviors (7). Research (28) has shown that children rated as
being more hyperactive–impulsive or those who were clinically diagnosed as ADHD dis-
played a higher activity level than those children with no ADHD. In the context of social
interactions, children with ADHD are often overactive and ceaselessly talkative, which may
have a negative effect on peer relations (24).

Impulsivity represents the child’s difficulty in withholding or inhibiting his/her response
in certain situations (29). According to Barkley’s (29) unifying theory of ADHD, the essen-
tial impairment in the combined and hyperactive–impulsive types of ADHD is a deficit
involving basic inhabitation processes, such as those related to inhibition of the initial prepo-
tent response to an event.

Impulsivity has been hypothesized to serve as a powerful interfering response in social
behavior (30), and may influence peer interactions and account for some of the unpopularity
experienced by children with ADHD (27,31). For example, impulsivity may impair the social
interactions of children with ADHD by causing them to act without considering all alterna-
tives and the long-term consequences of their actions, and to have a difficult time waiting
their turn in line or in games. This behavioral style is likely to be met with peer rebuff and
subsequent dislike (27).

4.2. Aggression

One of the most pervasive social problems for children with ADHD is the development of
aggressive behavior (6). Early aggressive behavior is a prominent predictor of future prob-
lem behavior (32), and aggressive acts are significantly associated with peer rejection (33).

Furthermore, the combination of both hyperactivity and aggression has been associated
with negative social outcomes (6,18). Research (34) has documented that young children
who had high ratings in kindergarten of hyperactivity and aggression were more likely than
children who had average or low ratings of these measures to have third- and fourth-grade
outcomes of peer-ratings of aggression and self-reports of delinquency.

Similarly, children with ADHD and learning disabilities, as well as children with “pure”
ADHD without learning disabilities, significantly differed from children with “pure” learning
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disabilities with respect to their performance on behavioral and neuropsychological measures
sensitive to deficit in self-regulation, classroom functioning, and aggression. Those in the
ADHD or combined ADHD/learning disabilities samples were more impulsive, less accurate
when response speed was required, worked less well independently, and were rated by their
parents and teachers as exhibiting greater behavioral concerns (e.g., more aggressive, less
compliant, and more oppositional) than the learning disabilities sample (35).

In sum, children with ADHD exhibit significantly poorer social adaptive skills from an
early age compared with their peers. Hyperactivity and impulsivity are likely to play a role in
sharpening the social difficulties of these children. Children with the combination of both
hyperactivity and aggression, however, seem to be at most risk for negative social outcomes.

5. SOCIAL–COGNITIVE SKILLS

Several researchers (36,37) have suggested that deficient and/or biased perception and
interpretation of social cues may account for the difficulties children with ADHD experience
in social situations. This kind of inquiry has been based on the premise that social cognition
constitutes the mechanisms leading to social behaviors, which, in turn, form the basis of
social adjustment (36,38,39).

Dodge and his colleagues developed a model that postulates a comprehensive assessment
of multiple social–cognitive processes involved in a child’s processing of social information
(36,38). According to Crick and Dodge’s model (36), a child comes to a particular situation
or task with a biologically determined set of response capabilities and a database that
includes a memory store of past experience and a set of goals. Then, he or she receives a set
of social cues as input from the environment. The child’s response to those cues occurs as a
function of the way he or she processes the social information. The model presumes that this
processing occurs in sequential stages of steps: the encoding of social cues, interpretation of
cues, clarification of goals and selection of a goal or desired outcome for the situation, access
or construction of behavioral response to the situation, response decision, and behavioral
enactment of the selected response.

The model describes competent processing of social information. A deviant outcome may
be a function of any step or any combination of steps. The processing and interpretation of
information from each of these steps will determine the nature of the response. If perfor-
mance at some point in the progression is unskilled, either because of deficits in cognitive
ability or biases in perception and interpretation of environmental stimuli, then the outcome
will be maladaptive behavior.

Studies have demonstrated that children with ADHD differ from comparison children on
various measures of the steps suggested in Crick and Dodge’s model. With respect to the
encoding step, children and adolescents with ADHD were found to have deficits in their ability
to accurately recognize facial expressions of emotions, which is a vital component of social
information processing (40). Another study (41) examined developmental and individual dif-
ferences in children’s online encoding and representations of positive and negative social
interactions among hypothetical peers. Results indicated that boys with ADHD generated
less-integrated online representation networks than did non-ADHD boys, and they were
profoundly impaired in their tendency to represent online the other’s inner needs, cognitions,
and affective states. The online representation of older boys with ADHD was found to be
similar to that of younger non-ADHD controls; however, they engaged in a qualitatively dif-
ferent process of online representation.
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Recently, Tur-Kaspa and Michal (42) examined two social information-processing skills;
response access or construction, and response decision of diagnosed children (i.e., second- to
fourth-graders) and adolescents (i.e., seventh- to ninth-graders) with ADHD compared to
those children without ADHD, utilizing Crick and Dodge’s model (36) as a theoretical
framework. Moreover, children’s motivations to respond in certain ways to resolve everyday
situations they encounter were examined. Results indicated that students with ADHD displayed
lower social information-processing skills in comparison to controls, in both the response
access or construction and the response decision processes. Age differences in social-
information processing skills were demonstrated across the two groups, although group
differences remained. In addition, children with ADHD were likely to be driven by a will to
control and to exercise power in their social interactions with peers.

In an earlier study (43), three kinds of social information processing (i.e., encoding and
utilization of cues, interpretation of social cues, and response decision) were examined
among five diagnosed groups: hyperactive–aggressive, exclusively hyperactive, exclusively
aggressive, psychiatric control, and normal control boys. Hyperactive–aggressive boys were
found to be deficient in all three areas assessed, relative to the normal controls. They were
also deficient in response decisions and cue utilization, relative to the other three groups of
psychiatrically referred boys. Hyperactive–aggressive boys were more likely than normal
controls to attribute hostile intentions to peers, following an ambiguous provocation by the
peer, and were also more likely to expect that the peer would continue to behave in a hostile
manner in the future. In comparison to normal controls and other psychiatrically referred
boys, they were more likely to decide that they would retaliate aggressively against the peer
instigator of the provocation. Murphy et al. study (44), however, failed to find significant dif-
ferences between subgroups of high-aggressive and low-aggressive boys with ADHD on sev-
eral social information processing measures (i.e., encoding, attributional bias, and response
decision bias).

Social information-processing skills of children with ADHD were also examined under
automatic and controlled conditions (45). In a condition designed to elicit automatic processing,
children with hyperactivity and aggression did not differ in identifying the components of a
social problem or in the number of solutions generated to solve a problem, but were more
likely to show a bias toward aggressive solutions in handling the situations, as compared to
nonhyperactive–nonaggressive children. Furthermore, in a condition designed to elicit con-
trolled processing, children with hyperactivity and aggression did not differ in identifying
problem components, generating solutions, or in anticipating outcomes for solutions, but
were less able to anticipate consequences of aggressive solutions, and were more aggressive
in choosing the best solution to solve a problem, as compared to the control.

Recent research interest (46,47) has focused on goals for social interactions of children
with ADHD, suggesting that those decisions about which interpersonal outcomes to pursue
may be the foundation of their social behavior. In Melnick and Hinshaw’s study (46), children
with ADHD-high-aggressive were found to hold less appropriate goals for social interac-
tions. Examination of the social goals of children with ADHD for a competitive interaction
task (i.e., foosball game) revealed that boys diagnosed with ADHD-high-aggressive priori-
tized trouble-seeking, domination, and disruption goals for the social interaction to a greater
extent than ADHD-low-aggressive and comparison boys. Furthermore, children’s goal
endorsements in the pre-game interview, particularly those pertaining to trouble-seeking and
cooperation, predicted children’s social acceptance at the end of the 5-wk summer camp,
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even when the effects of children’s interactive behaviors and subgroup status were controlled
statistically. Results of a recent study (47) indicated, however, that girls with and without
ADHD responded to hypothetical vignettes with similar goals (i.e., instrumental and rela-
tional goals) but differed with respect to selection of social behaviors to attain their goals.

Children with ADHD also appear to possess less knowledge of how to maintain relation-
ships and handle interpersonal conflicts than do controls (31). They offered less-friendly solu-
tions, showed less impulse control, and were less effective than controls in situations that
required relationship maintenance and conflict resolution skills. Similar findings were reported
by Thomeer (48), who investigated the social knowledge and peer relations of children with
ADHD and found that they exhibited strategies that were more impulsive and less relationship-
enhancing, effective, and friendly than those of the comparison non-ADHD children.

In sum, the reviewed studies (see Table 1) have demonstrated that children with ADHD
have difficulties in various aspects of social cognition, as well as in social knowledge. Social-
cognitive skills were found to underlie differences in social behaviors that, in turn, led to
children’s social adjustment. This might shed light on the social maladjustment exhibited by
children with ADHD, especially of those who are initially disposed toward aggression (33).

6. DISCUSSION AND SUGGESTIONS FOR FUTURE RESEARCH

The literature is quite clear about the social functioning of children with ADHD. As a
group, these children are less accepted and often socially rejected by their peers, have diffi-
culties in establishing and maintaining satisfying social relationships with peers, and have
social-skills deficits and interfering problem behaviors (3,4,6). Furthermore, researchers (20)
have suggested that children with ADHD serve as negative social catalysts, eliciting negative
behaviors from those around them.

When considering the social–behavioral difficulties of children with ADHD, a useful dis-
tinction would be between acquisition and performance deficits (30). Social skills acquisition
deficits refer to the absence of knowledge required for executing particular social skills even
under optimal conditions. Social performance deficits refer to the failure to perform social
skills, which are present in a behavioral repertoire, at acceptable levels in given situations.
Moreover, children may have social skill acquisition or performance deficits with or without
interfering problem behaviors. Interfering behaviors refer to internalizing (e.g., anxiety, social
withdrawal, depression) and/or externalizing (e.g., impulsivity, hyperactivity, aggression)
behaviors that prevent either the acquisition or the performance of particular social skills (49).

The distinction between these deficit types is important as it may delineate the nature of
the social difficulties of children with ADHD and thus may suggest different intervention
approaches and different settings for the implementation of these interventions. Accordingly,
a central question would be whether children with ADHD have more trouble knowing what
to do (i.e., acquisition deficits) than doing what they know (i.e., performance deficits).
Another question is whether they have a behavioral problem that is interfering with the
acquisition of what to do or with the execution of what they had already acquired (i.e., an
interfering problem behavior).

According to Wheeler and Carlson’s (27) research review, there is evidence to support the
notion that children with ADHD possess the appropriate social knowledge, but exhibit
performance deficits. They engage frequently in peer interactions, and seem to have the
opportunities to learn appropriate social behaviors. Thus, the social difficulties of children
with ADHD appear to be owing more to deficits in performance than to lack of appropriate
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social skills. In contrast, children with attention deficit disorder without hyperactivity,
owing to their isolation and withdrawal, have fewer opportunities for social interactions with
peers, and thus do not appear to acquire appropriate social knowledge. Other researchers have
suggested that children with ADHD exhibit social knowledge deficits and biases, as well as
social performance deficits (6,31).

Presently, the existing literature is equivocal in terms of whether the social difficulties of
children with ADHD are the result of social knowledge, performance deficits, or to social
skills acquisition and/or performance deficits that are accompanied by interfering problem
behaviors. It is more plausible to conclude that the social problems of children with ADHD
are complex and multifaceted. Clearly, longitudinal studies are needed that address the com-
plexity of the social and emotional developmental paths of children with ADHD.

Moreover, in light of growing evidence that children with ADHD are not a homogeneous
group with respect to their psychological characteristics; an unanswered question is whether
the documented social skills deficits are specific to certain ADHD subtypes or whether they
are consistent across subtypes. Findings of a study (50) that explored behavioral correlates of
the three Diagnostic and Statistical Manual of Mental Disorders, 4th edition diagnosed sub-
types of ADHD in a school-based population revealed that all three ADHD subtypes exhib-
ited poorer social functioning relative to non-ADHD controls, but showed different patterns
of behavioral characteristics. Future research is needed to further investigate the social skills
of ADHD children and their relation to social behavior and adjustment among the three sub-
types of the disorder. In addition, the findings that an increased risk is associated with the
combination of ADHD and learning disabilities, and either aggression or withdrawal (17)
emphasize the importance of identifying appropriate behavioral and academic subgroups
when investigating social status and behavior problems of these children.

Finally, recent concern has been expressed about the social-behavioral characteristics of
females vs males with ADHD (51,52). Gaub and Carlson’s meta-analysis (51) revealed no sig-
nificant gender differences on measures of impulsivity and social functioning among clinic-
referred populations. Both boys and girls with ADHD were found to be significantly more
aggressive with peers than their same-sex counterparts. However, among children with ADHD
identified from nonreferred populations, girls with ADHD displayed greater intellectual
impairment, lower levels of hyperactivity, and lower rates of peer aggression in comparison
with boys with ADHD. Recently, similar findings were reported for young (ranging in age
from 3:10 to 7:0 yr) girls and boys who met the Diagnostic and Statistical Manual of Mental
Disorders, 4th edition criteria for ADHD, showing that they are more alike than different, with
the exception that boys tend to display more symptoms of ADHD (i.e., inattention, hyperactiv-
ity/ impulsive), particularly in school (52). Relatively, few studies have examined gender-
based differences among children with ADHD, leaving unanswered many questions
pertaining to the nature of ADHD in girls. Additional research relevant to this issue is strongly
warranted.

In conclusion, the social problems of children with ADHD are obvious and pervasive and
should be targeted for systematic interventions. Future research should utilize multidimensional
models that will capture the complexities of the reciprocal and interactive effects of various
individual and environmental factors and how they relate to social and affective characteristics
of children with ADHD. This kind of research will offer an important contribution to our under-
standing of the social functioning of these children, and would allow us to develop effective
intervention programs addressing the specific needs of children with ADHD.
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1. INTRODUCTION

The term learning disabilities (LD) describes a broad category of developmental disorders
and refers to a deficit in learning in one or more domains, which can include reading, mathe-
matics, and writing (1). Diagnosis is based on behavioral information and assumes adequate
intelligence, intact sensory systems, and the absence of a handicapping condition or environ-
ment that would cause a person to have significant difficulty learning (2). Although intervention
can be effective, these difficulties in learning are persistent throughout the life-span (3).

Subsumed under the broad category of LD, reading disability (RD), also known as
dyslexia, has been most widely researched and is the best understood disorder at this time,
and will thus be the focus of this chapter. In the past decade, a consensus has been reached
among researchers that, for the majority of children with RD, the core deficit is difficulty
with phonological processing (3,4), although research continues to support an orthographic
or visual deficit (5) and a rapid naming speed deficit (6). The underlying cognitive deficits in
RD are presumed to be related to neurobiological abnormalities, which will be discussed in
detail later in this chapter.

A plethora of research has supported the idea that RD tends to run in families (7) and, in
fact, research suggests that 50% of the variance in reading problems can be explained by
genetic influences (8). Several studies have specifically implicated chromosomes 6 and 15
(9). Traditionally, RD was thought to affect more boys than girls (10) but some research has
suggested that the increased prevalence in boys is a result of selection bias and that, in fact,
girls and boys are equally affected by the disorder (11).

LD often co-occur with attention deficit hyperactivity disorder (ADHD), a disorder of
inattention and behavioral disinhibition affecting between 3 and 5% of children (2). Although
it is difficult to determine the concordance rate between ADHD and LD because of the different
diagnostic definitions of both disorders used by researchers, it is clear that children with
ADHD are more likely to have a LD than typically developing children (12). Whereas 3–6%
of the childhood population is estimated to have a LD (13), the percentage of children with
ADHD who have a co-occurring LD is significantly higher. Between 8 and 39% of children
with ADHD meet criteria for RD, 12–27% have a spelling disability, and 12–30% have a
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math disability (12). The high concordance rate of these two disorders has led to speculation
surrounding the nature of the relationship between the two disorders. Is ADHD a conse-
quence of LD, are learning problems a consequence of ADHD, or are the two disorders sepa-
rate in etiology but frequently comorbid? These, and other questions, deserve attention.

2. COMMONALITIES BETWEEN ADHD AND RD

2.1. Cognitive Deficits

The cognitive deficits found in ADHD and RD have been the focus of much research, with
the focus on inattention, language problems, and memory deficits. In the following sections,
the research on the common and differentiating cognitive deficits found in ADHD and RD
will be reviewed, with a summary of the literature contained in Table 1.

2.1.1. Inattention

The main commonality between individuals with ADHD and RD is the presence of diffi-
culties with attention present in each group (14,15). Attention is a multidimensional construct
that can refer to “alertness, arousal, selectivity, sustained attention, distractibility, or span of
apprehension” (12). Individuals with ADHD have, by the definition of the disorder, age-inap-
propriate difficulties with attention and tend to have most difficulty with sustained attention,
particularly during uninteresting or dull tasks, such as homework or independent classwork
(12). Thus, children with ADHD tend to avoid difficult or unappealing schoolwork or have
difficulty concentrating on such schoolwork. Children with RD also tend to avoid school-
work, particularly language-based tasks like reading and writing, because they can be too dif-
ficult or overwhelming. Thus, behaviorally, school-aged children with ADHD and RD tend to
look alike when engaged in schoolwork. In fact, some researchers have found that inattention
is present in both disorders (16) and many children with learning disabilities without ADHD
have significant attention problems (15). The overlap in dysfunctions of attention and the
high concordance rate between the two disorders have caused researchers to question the
nature of the relationship between the two disorders and the role of attention dysfunction in
both disorders (16–18).

August and Garfinkel presented three possible explanations for the presence of inattention
in individuals with RD (16). First, inattention is a nonspecific behavior that increases as a
consequence of the child’s reaction to reading difficulty; second, inattention precedes reading
difficulty and affects the child’s academic performance; and, as a third possibility, inattention
is unrelated to RDs but the two conditions are frequently comorbid. Pennington, et al. intro-
duced a “phenocopy” hypothesis of ADHD in the presence of RD (19). According to Pen-
nington et al.’s hypothesis, when comparing RD, ADHD, and RD/ADHD groups, the
RD/ADHD or comorbid group shows cognitive deficits similar to those found in the pure RD
children, and show only behavioral characteristics of children with ADHD—among them,
the inattention symptom. Thus, the inattention found in RD is an associated cognitive prob-
lem of RD but does not represent the disorder ADHD.

There are several studies that have analyzed and contrasted cognitive skills among groups
of children with pure ADHD, pure RD, and comorbid ADHD/RD. These studies vary widely
in their methodology, but have allowed researchers to test the hypotheses regarding the over-
lap of ADHD and RD with regard to attention.

Kupietz used the continuous performance test (CPT) to evaluate similarities and differ-
ences in performances by children with developmental reading disabilities (DRD) and those
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Table 1
Cognitive Deficits in ADHD and Reading Disabilities

Authors Participants Diagnostic criteria Findings

August and From 115 ADHD boys, ADHD: diagnoses 1. The results on the Corners
Garfinkel, an RD subgroup was based on a hyperactivity index showed
1990 subdivided. semistructured attentional and behavioral

interview problems on both groups
• 7–17 yr of age administered to the 2. Some of the ADHD
• No diagnosed parents and a patients presented attention

neurological or comprehensive deficit plus RD whereas
pervasive disorder diagnostic evaluation others only attentional

• IQ ≥ 80 in the Peabody difficulties
Picture Vocabulary Test- To classify an 3. The measures of attention
Revised (PPVT-R) ADHD child as from the cognitive battery

ADHD/RD: failed on distinguishing
70 children diagnosed Either the Reading or members from the pure
with ADHD Spelling subtest of ADHD and the ADHD/RD

the Wide Range groups, possibly becaused
45 children diagnosed Achievement a lack of clear
with comorbid Test-Revised had to differentiation between
ADHD/RD be 85 or less, and at groups

least 15 points below
50 normal his PPVT-R IQ
boys (control group)

Hynd et al., Two studies RD: ≥ 20-point Study 1:
1995 discrepancy between

The first compared IQ and reading 1. There were no significant
children with RD to those achievement differences between RD 
with RD plus comorbid and RD+ on neurolinguistic

RD+: Meet DSM-IV measures
psychopathology, criteria for diagnosis
primarily ADHD (RD+) of ADHD, Study 2:

depression, or
• 6–15 yr of age dysthymia, rating 2. The RD group had relative
• 27 males, 7 females scales from parents deficits in phonological
• 17 diagnosed with RD, and teachers, processes and language

17 diagnosed with RD+ structured interview 3. Neurolinguistic deficits are
with parents specific to RD even when

The second compared comorbid psychopathology
children with RD ADHD: Meet exists
to children with ADHD on DSM-IV criteria for 
neurolinguistic measures diagnosis of ADHD,

rating scales from 
• 8–11 yr of age parents and teachers,

with parents structured interview 
• 27 males, 7 females with parents
• 16 diagnosed with

RD, 18 diagnosed
with ADHD

(Continued)
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Table 1
(Continued)

Authors Participants Diagnostic criteria Findings

Johnson et • 80 children ADHD/UADD: 1. Children with ADHD + LD
al., 1999 • 7–13 yr of age Clinical sample from and UADD + LD had 

an ADHD-LD clinic greater memory deficits
40 children with ADHD at a university 2. Children with ADHD had
and 40 with UADD teaching hospital, significantly more memory
(DSM-III-R) were with FSIQ ≥ 85 and deficits than children with
matched on FSIQ, grade, no comorbid UADD
and gender disorders.

RD: ≥ 15-point
Both groups with ADHD discrepancy between
were subdivided into with IQ and reading  
and without RD, leaving achievement or 
four groups: ADHD+LD, reading achievement
ADHD-LD, UADD+LD, at least one gradex
and UADD-LD at least their current 

placement

Korkman Sixty children with ADHD: Meet 1. All groups had difficulties
and ADHD, LD, and the DSM-III criteria for with visual-motor precision 
Pesonen, comorbid condition. diagnosis of ADHD and name retrieval
1994 2. Children with ADHD

Average verbal or verbal LD: < 6th percentile showed deficits in impulse
IQ on a spelling control
No significant emotional achievement test 3. Children with LD were 
or conduct problems impaired in phonological

awareness, verbal memory,
• 8 yr old children and verbal IQ
• 45 boys, 15 girls 4. Children with ADHD/LD
• ADHD (n = 21), LD showed deficiencies from
(n = 12), and ADHD/LD both groups and had more
(n = 27) pervasive attention and

visual-motor programs

Kupietz, Three groups: DRD: Met DSM-IIIR 1. All three groups showed a
1990 Developmental Reading criteria; in addition, decrement in sustained

Disabled (DRD), they achieved an attention indicated by a
DRD + ADHD, and estimated reading decline in correct 
normal controls (NC) level 75% or less of detections from the first to

expected for their the second half of the CPT
• 7–12 yr of age grade placement. 2. DRD and DRD/ADHD
• FSIQ ≥ 80 were clearly differentiated

DRD/ADHD: Met from NC by the CPT
DSM-III criteria; and 3. An age compensation

11 children with DRD also, they had to effect was found in the
(9 boys, 2 girls) receive a mean teacher DRD group, but was not

rating of at least 1.5 on observed in the
(Continued)
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(Continued)

Authors Participants Diagnostic criteria Findings

13 children with comorbid the hyperactivity DRD/ADHD group
DRD/ ADHD (11 boys, 2 factor of the Conners 
girls) Teacher Rating Scale.
11 controls (8 boys, NC: no IQ scores 
3 girls) were available, but 

they had no history 
of classroom 
behavioral problems.
Conners and reading 
measures were normal

Mayes et • 119 children referred to ADHD: DSM-IV 1. LD was present in 70% of
al.,1994 a diagnostic clinic for diagnosis agreed children with ADHD LD

attention, learning, and upon by two written expression two 
mood problems professionals; times more common than 

• 8–16 yr old only ADHD-CT used reading, math, or spelling
• FSIQ ≥ 85 in this study 2. Children with ADHD/LD

LD: Achievement had more severe learning 
score significantly and attention problems 
lower (p < .05) than than those with LD and 
predicted based on ADHD alone 
FSIQ 3. Children with LD had

attention problems and
children with ADHD had
learning problems,
suggesting a continuum of
disorders

Närhi and • 8–12 yr old ADHD: Score of 18 1. Naming speed is a marker
Ahonen, • 73 males or more on the deficit of RD, regardless of
1995 • VIQ/PIQ ≥ 80 Attention Scale of the presence or absence of

the Child Behavior attentional problems
21 males diagnosed with Checklist-Teacher 2. The poor reading
pure RD Report Form performance of the comor-

RD: Based on an bid group is not becaused 
25 males diagnosed with aged-normed text poor attentional skills but
comorbid ADHD/RD reading test, time, it is the result of deficient

speed, accuracy, and reading acquisition
17 males diagnosed with number of correct 3. No specific executive 
pure ADHD read words were dysfunctions in the pure

measured. They ADHD group as was
10 NCS calculated a quotient of hypothesized were found

correct read words per 
time unit and the children 
were classified as RD or 
non-RD using a cutoff 
point of a T-score of 30

(Continued)
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Table 1
(Continued)

Authors Participants Diagnostic criteria Findings

Pennington • 70 boys ADHD: ≥SD above 1. Children with RD were
et al., 1993 • 7–10 yr old the mean in significantly impaired on

• FSIQ ≥ 80 hyperactivity and phonological processes but had 
• RD (n = 15), ADHD pervasivesness, with normal performance on 

(n = 16), ADHD/RD an age of onset before executive functioning measures
(n = 23), and control the age of 6 2. Children with ADHD were
(n = 16) groups significantly impaired on

RD: Significant executive functioning but
discrepancy between normal performance had on 
observed and phonological processesing 
expected reading measures

levels, based on 3. The comorbid group
intelligence, age, resembled the RD-only group, 
and educational suggesting that ADHD is 
experience secondary to RD in this group

Shaywitz • 186 children RD: defined by using 1. The ADHD group
et al., 1995 • 7.5–9.5 yr old both discrepancy and performed lower on the

• English as primary low-achievement measure of attentional
language definitions. skills (visual attention)

ADHD: met at least 2. On individual testing,
43 children diagnosed with eight items of the pure ADHD patients
RD DSM-III-R criteria performed well on those

for ADHD diagnosis linguistic measures that 
59 children diagnosed with by parents’ was very difficult for those 
comorbid RD/ADHD endorsement; and/or with pure RD and 

scores 1.5 SD above RD/ADHD, but performed
34 children diagnosed the mean on the less well on a measure of 
with ADHD Attention, Activity, selective attention

and Impulsivity scales 3. This study evidences that RD 
50 no impairment of the Yale Children’s and ADHD are two distinct 

Inventory. disorders that can co-occur 
frequently, where RD core 
symptom is an
impaired phonological
processing, inattention can
be found in both but it is
considered core symptom 
on ADHD, and where
children with only RD 
have similar behavioral 
and cognitive profile to 
those with comorbidity 
RD/ADHD

DSM-IV, The Diagnostic and Statistical Manual of Mental Disorders, 4th edition; RD, reading disabilities;
UADD, undifferentiated attention deficit disorder; LD, learning disabilities; PIQ, Picture IQ; VIQ verbal IQ;
FSIQ, full-scale IQ; CPT, continuous performance Test; SD, standard deviation.
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with ADHD (17). In both groups, a sustained attention decrement from the first half to the
second half of the task was found. The DRD group showed a larger decrement; however,
they also showed improvement with age, which was not found in the ADHD group. August
and Garfinkel found similar results for attentional and behavioral problems on the Revised
Conners Teacher Questionnaire (16). However, on the cognitive battery the measures of
attention did not distinguish members of the pure ADHD and the ADHD/RD groups. In con-
trast to the behavioral scales, the authors found that some of the ADHD patients presented
with attention deficit in addition to RDs, although others presented only with attentional dif-
ficulties (16).

Other studies have shown conflicting results with regard to the presence or absence of
inattention among children with RD and ADHD. For example, Närhi and Ahonen (20) com-
pared four groups—pure RD, pure ADHD, comorbid RD/ADHD, and clinical controls—on
measures of executive functions and rapid naming. Rapid automatized naming speed had
been found to be predictive of reading skills before reading acquisition, in children from
grades 1 and 2 (20). In their conclusions, the authors reported that naming speed is a
marker deficit of RD, regardless of the presence or absence of attentional problems. They
also found that the poor reading performance of the comorbid group was owing not to poor
attentional skills but to deficient reading acquisition. In addition, the hypothesized specific
executive dysfunction was not found in the pure ADHD group. Specifically, they concluded,
“The problems in reading acquisition of children in the comorbid group are due to factors
that are also found in the purely reading-disabled group and are not explainable by atten-
tional deficits” (20). Those results are consistent with a later study developed by Nigg et al.
(21), in which the naming task performance provided evidence to distinguish, in an ADHD
group, a cognitive subgroup with comorbid RD. Attention was not analyzed in this study.

Shaywitz et al. (18) also studied the relationship between ADHD and RD. As in the previ-
ous examples, they found differences in the attentional skills among children with ADHD,
ADHD/RD, and RD. Behavioral characteristics and cognitive skills were assessed in this
study. Children with RD showed poor performance on the phonological awareness, rapid
naming, and speech production measures. On the other hand, children with ADHD and
ADHD/RD demonstrated deficits in behavior and attention that were not found in children
with RD alone. The comorbid group showed characteristics of both disorders: cognitive/lin-
guistic deficits like those found in RD alone, and behavioral/attentional problems as found in
ADHD alone. It is important to note that these deficits were additive, not synergistic, in the
comorbid group.

Evidence suggests that RD and ADHD are two distinct disorders that can co-occur fre-
quently. In RD the core symptom is an impaired phonological processing, while in ADHD
the core symptoms are behavioral problems and executive functions, including inattention.
Thus, the majority of studies to date support August and Garfinkel’s (16) third explanation
for the presence of inattention in RD and ADHD children, namely that RD and ADHD are
separate disorders that frequently co-occur. Furthermore, studies suggest that the cognitive
deficits in comorbid ADHD/LD are additive, not synergistic (22–24).

2.1.2. Language

Although language problems in children with RD have been well documented, it appears
that language dysfunction of a different nature also occurs in children with ADHD. Children
with ADHD tend to talk excessively and in a disorganized fashion (12). Previous research
has shown that children with ADHD have difficulty on tasks of verbal fluency and are more
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likely to have an expressive rather than a receptive language disorder. These findings suggest
that language problems in a child with ADHD are related to an inability to organize, monitor,
and produce language, or the executive processes in language (12).

Purvis and Tannock examined the language abilities of children with ADHD, RD,
ADHD/RD, and controls (23). Results indicated the presence of receptive and expressive
language problems in children with RD. For children with ADHD, deficits were character-
ized by difficulties organizing and monitoring language. Children with comorbid ADHD and
RD experienced both sets of deficits. Thus, this study suggests that children with ADHD and
RD have a dysfunction of language, which is related to the semantics of language processing
in children with RD and related to executive functions in children with ADHD.

2.1.3. Memory

Memory deficits have been associated with RD and ADHD in the literature for many years.
Findings generally have suggested that children with RD have memory deficits that are lim-
ited to the verbal domain (22,25,26), whereas memory deficits in ADHD are found across
domains in working memory (12). However, working memory deficits have also been found
by some researchers in children with RD (27), although, consistent with the theory of domain
specificity, they are limited to phonological information (28). When RD and ADHD are comor-
bid, memory deficits were more severe than in children with pure RD or pure ADHD (22).

2.2. Internalizing and Externalizing Problems in ADHD and RD
2.2.1. Internalizing Disorders in LD and RD

Research suggests that individuals with LDs may be at risk for internalizing disorders
(26,29,30). Theory has held that individuals with LD experience psychological maladjustment
owing to repeated academic failures, which predispose the individual to internalization (29).
Research supports the idea that LDs are associated with elevated levels of internalizing
behavior, such as anxiety, withdrawal, depression, and low self-esteem (26). However, the
internalization does not reach clinically significant levels in individuals with LD (29,30).
These findings may be because of the fact that research in this area has been conducted on
individuals with all subtypes of LD, which is a very heterogenous group (29). In fact, there is
a growing body of research that suggests that individuals with nonverbal LDs are much more
likely to have psychosocial disturbance and behavioral problems than individuals with lan-
guage-based LD, such as RD (1,29). This idea is supported by the fact that, in a study of
internalizing behavior in a group of parents of children with reading problems, no relation-
ship was found between parent reading fluency and internalizing behavior (30). Further
research is needed to determine the prevalence of internalizing disorders in individuals with
nonverbal or language-based LD.

2.2.2. Internalizing Disorders in ADHD

Children with ADHD are significantly more likely than controls to meet criteria for an
internalizing disorder, with approx 25% of children with ADHD meeting criteria for a comorbid
anxiety or mood disorder (12). Rates of comorbid internalizing disorders are higher for indi-
viduals with cormorbid ADHD and LD than in children with LD who do not have ADHD
(12), suggesting that the presence of ADHD increases the risk of an anxiety or mood disorder.
Although many have theorized that this concordance rate stems from failure in school and
with peers, there is also evidence that some individuals with ADHD may be genetically



predisposed for internalization. Research suggests that although anxiety disorders are trans-
mitted independently from ADHD in families with comorbid children, there is evidence of a
genetic linkage between depression and ADHD (12). Thus, strong evidence exists to support
the idea that internalizing disorders occur frequently in individuals with ADHD.

2.2.3. Externalizing Disorders in LD and RD

There is evidence for an elevated level of externalizing disorders in individuals with LD—
particularly in hyperactivity, delinquency, and aggression—but, as with internalizing disorders,
the elevations are not clinically significant and can again be attributed to those individuals
with nonverbal LD (29). In addition, studies are often confounded by the presence of ADHD
in samples of children with LD (1,30). Further research is necessary to determine the nature
of the relationship between RD and externalizing disorders.

2.2.4. Externalizing Disorders in ADHD

Externalizing disorders, such as oppositional defiant disorder (ODD) and conduct disorder
(CD), are found frequently in individuals with ADHD (12). Prevalence rates range from 54 to
67% for individuals with ADHD who meet criteria for ODD, and 20–56% for individuals with
ADHD who meet criteria for CD. These extremely high rates of prevalence have led some
researcher to question whether these disorders were distinct, but research has shown that these
disorders do exist independently of one another and have different developmental trajectories
(12). It is likely that the impulsivity and difficulty following rule-governed behavior found in
ADHD contributes to the development of externalizing disorders in individuals with ADHD.

2.3. Social Problems

Research has found that social skills deficits have been found in individuals with both
ADHD and LD (12,26). Research on social skills deficits in individuals with LD, however,
have used groups of individuals with all subtypes of LD (26). It has been well documented that
individuals with nonverbal LD tend to demonstrate social impairments (31), and it is possible
that this group has influenced the results of previous studies (26). Further research is needed to
determine the presence of social impairments in individuals with language-based LDs.

Theory has held that children with ADHD are rejected from peer groups owing to their
communication problems, aggression, and disruptive behavior. In fact, research has shown
that this social rejection by peers often occurs within 20–30 min of entering a social situation
(12). Social isolation and rejection lead to a deficit in social skills and, possibly, an increase
in hostile attribution biases, which will further the cycle. It has been estimated that more than
half of children with ADHD have social skills deficits.

2.4. Underachievement/School Problems

LDs—in particular, RDs—often lead to special-education placements for children who are
struggling in school. The presence of ADHD symptoms, whether or not a formal diagnosis is
made, compounds these struggles for the child, his or her teacher, and the family. According
to Pfiffner and Barkley, ADHD often leads to significant problems at school, including but
not limited to disruptive classroom behavior, academic under-performance, need for tutoring,
grade retention, special education placement, school suspension and expulsion, and school
dropout (32). Research suggests that children with comorbid ADHD and RD have signifi-
cantly more learning difficulties than children with either single disorder (15).
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Much of the symptom overlap between ADHD and RD is related to the previously
described attention problems and difficulties with other comorbid disorders. These attention
problems may lead to learning problems and vice versa (33), although many children with
LDs without ADHD also have significant attention problems (15). The child with comorbid
ADHD and RD has difficulty learning because of both the attention problems and the under-
lying reading problems. It may become a situation in which the child has difficulty paying
attention, is not successful at learning to read, and his or her motivation drops. As the child
falls further behind, he or she develops avoidance strategies and behavior problems that are
more common in the classroom, but may also be present in other environments. In some cases,
as attention improves, academic difficulties may also improve (34). There is also evidence to
suggest that as symptom severity increases, academic impairment also increases (35).

3. NEUROBIOLOGICAL COMMONALITIES IN ADHD AND RD

Many commonalties are to be found in the neurobiological basis of ADHD and RD. What fol-
lows are brief descriptions of the neurobiology of ADHD and RD, as well as common findings.
For more information on the neurobiology of ADHD, please see Chapter 9.

3.1. Neurobiology of ADHD

Generally, two kinds of methods are used in research to study the relationships between
brain morphology/functioning and ADHD: brain imaging and neuropsychological correlations.
ADHD has traditionally been associated with dysfunction in the frontal lobes, because of the
association between the behavioral characteristics of ADHD and frontal-lobe functions.
Some studies have differentiated normal controls from children with ADHD by using neu-
ropsychological measures for the frontal lobe systems, but others failed in differentiating
between individuals with ADHD and other clinical groups (36–38).

Since the widespread use of imaging techniques for research purposes began in the 1990s,
magnetic resonance imaging (MRI) studies have supported the idea that a distributed circuit
underlies ADHD. This circuit includes right prefrontal brain regions, the caudate nucleus,
globus pallidus, and a subregion of the cerebellar vermis. In recent research, three different
circuits have been defined (39). First, is a dorsolateral circuit, which would subserve executive
function and include the dorsolateral cortex, dorsal caudate nucleus head, internal globus
pallidus, mediodorsal nucleus of the thalamus, and the dorsal cortex of areas 9 and 10 of the
frontal lobes. The second proposed circuit is the orbitofrontal circuit, which is formed by two
parallel subcircuits: the lateral orbitofrontal circuits send projections to the ventromedial cau-
date nucleus, and the medial orbitofrontal circuits send projections to the ventral putamen
and nucleus accumbens. Both circuits have been associated with the control of behaviors and
emotions. The third circuit is the anterior cingulate circuit, which is related to motivational
and inhibitory control (39).

A major area of interest in the neurobiology of ADHD relates to frontal lobe size, asymmetry,
and volume. Work by Hynd and colleagues demonstrated that although normal children evi-
dence bigger left than right anterior-width measurements of the frontal lobes, this normal ante-
rior asymmetry is not found in children with ADHD (40). According to Hynd et al.’s study,
children with ADHD have often shown significantly smaller right anterior width measurements
than normal (40). Pueyo et al. also found a reversed pattern of asymmetry for the frontal lobe;
specifically, they found a reduction of the right frontal lobe size in the ADHD group (41).



Another brain region frequently examined by researchers is the caudate nucleus. Pueyo et al.
found a reverse pattern of asymmetry for the caudate nucleus in ADHD vs controls, with the
right being larger (41). Pineda and colleagues analyzed the alterations of the asymmetry and
size of the caudate nucleus in two groups of ADHD children—combined type and inattentive
type—and one control group (39). In contrast with previous studies (41–45), the authors did not
find significant differences among measurements of the caudate in ADHD children when com-
pared with normal controls or between ADHD subgroups. They concluded that their results did
not support the hypothesis of the reversal asymmetry of the caudate nucleus discussed in previous
studies (39).

Another line of research on the neurobiological basis of ADHD is focused on cellular
development and is based on a qualitative inspection of brain imaging. One study found
gray-matter heterotopias and enlarged posterior fossa abnormalities in patients with ADHD
(46). These neurobiological aberrations occur during the second trimester of gestation, and
likely play an important role in ADHD psychopathology (46). However, these neurodevelop-
mental anomalies alone are not considered sufficient to explain the psychopathology of
ADHD.

The normal brain mechanism of attention has been extensively studied (47–49). The
involvement of atypical levels of neurotransmitters has also been researched, supported by
neurophysiological and neurochemical studies (50–52). According to these theories, some
neurotransmitters, specifically the catecholamines, dopamine and norepinephrine, have been
implicated in ADHD. These neurotransmitters are thought to affect attention, inhibition,
response of the motor system, and motivation. An imbalance in the formation of one of these
neurotransmitters results in decreased stimulation of certain brain stem regions, such as the
locus coeruleus, affecting arousal level and frontal lobe functioning. The efficacy on ADHD
of treatment with psychostimulants has provided support for these ideas by showing that
altering neurotransmitter activity alleviates ADHD symptomatology (53,54).

3.2. Neurobiology of RDs

As early as the turn of the last century, researchers had begun to believe that reading deficits
were the result of underlying differences in brain development. Hinshelwood correctly hypoth-
esized that these neurodevelopmental differences were primarily in the angular and supra-
marginal gyri of the left hemisphere (55). Although research has subsequently documented
neurobiological differences in individuals with dyslexia throughout the brain, Hinshelwood’s
early hypothesis centered on those areas that have continued to be the focus of dyslexia
research.

According to Riccio and Hynd, empirical studies have provided supporting evidence for
the “widespread reorganization of the neurological system in individuals with dyslexia” (56).
Areas involved in the processing of language and visual information have received much of
the research focus. Areas involved in language processing and implicated in dyslexia
research include the planum temporale, Broca’s areas, the angular gyrus, and the perisylvian
region (40,56–60). The magnocellular pathway, particularly the lateral geniculate nucleus of
the thalamus, and the occipital cortex have also been reported to be linked to the visual pro-
cesses involved in reading (61). Additionally, dyslexia research has also highlighted the role
of the corpus callosum in neurolinguistic deficits (62).

The perisylvian region, particularly the planum temporale, has received most of the
research attention in dyslexia studies. An early study of postmortem brains demonstrated that

Reading Disabilities and ADHD 347



348 Bloom et al.

leftward asymmetry of the planum temporale is typical, with 65% of brains showing leftward
asymmetry (63). That study also reported that 11% of individuals had rightward asymmetry and
24% had symmetrical plana. Although premortem reading ability or reading history was not
reported in the study, the leftward asymmetry of the planum temporale was clearly more typical
in a postmortem population. A later study reported postmortem results from a young man who
had been diagnosed with dyslexia during childhood (64). According to that study, postmortem
examination of the brain revealed symmetrical plana and polymicrogyri in the perisylvian
region. Numerous other studies have also demonstrated that rightward asymmetry or symmetrical
plana are more common in individuals with dyslexia than in the general population (40,65–69).

In addition to documented rightward asymmetry or symmetry of the plana frequently pre-
sent with dyslexia, cortical abnormalities in the temporoparietal region have also received
some research attention. According to several studies, neuronal migration errors, also known
as focal dysplasias or heterotopias, are also more common in individuals with dyslexia than
the general population (66). These migration errors are most commonly in the temporopari-
etal region with dyslexia (70). Additionally, polymicrogyri, or an usually large number of
atypically small folds in the surface of the brain (71), are also more frequent in individuals
with dyslexia than in the general population, particularly in the perisylvian region (64, 66).

The gyral and sulcal morphology of the perisylvian region, which includes the planum
temporale, has also been described as being frequently atypical in individuals with dyslexia.
Steinmetz and colleagues developed a subtyping system to describe the gyral morphology of
the region, which includes the shape and position of the posterior ascending ramus of the
Sylvian fissure and the inferior postcentral sulcus (72). Using both postmortem measure-
ments and MRI images of live individuals, the system includes four subtypes. According to
the initial studies reported by Steinmetz and colleagues, 65–67% of individuals have the
most common subtype (Type I) in the left hemisphere and 82–85% in the right hemisphere,
without regard to reading ability (72). In contrast, 12–36% of individuals had the less-typical
subtypes (Types II–IV) in the left hemisphere and 15–18% in the right hemisphere. When the
same subtyping system was applied to individuals with neurolinguistic deficits and their bio-
logical relatives, studies have demonstrated that there was an increased incidence of atyp-
ical morphology and a decreased incidence of typical morphology when compared with the
initial population (59,73).

3.3. Neurobiological Commonalities Across ADHD and RD

In addition to the research on ADHD and RD summarized in previous sections, there is a
growing body of literature addressing the commonalities across RD and ADHD from the
neurobiological perspective. Although these disorders appear to be independent of each other
(24), there is significant evidence to suggest that the frequent co-occurrence of ADHD and
RD might be expected based on similarities found in volumetric, biochemical, psychophysi-
ological, and genetic studies. In the following sections, this research on the neurobiological
commonalities across ADHD and RD will be reviewed, with a summary of the literature con-
tained in Table 2.

3.3.1. Volumetric Evidence

The regions of interest in the volumetric studies of the comorbidity of ADHD and RD are
very similar to those regions targeted in the previously reviewed literature, namely the
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Table 2
Common Neurobiological Bases of ADHD and Reading Disabilities

Authors Participants Diagnostic criteria Findings

Clarke • 8–12 yr of age ADHD: agreement on 1. ADHD/RD group had 
et al., 2002 • 18 males in each group clinical assessment by relatively more τ activity, 

• FSIQ ≥ 85 pediatrician and less α activity, and higher 
psychologist with regard τ/α ratio than the ADHD 

20 children with ADHD to DSM-IV diagnostic group
criteria; average reading 2. EEG differences between

20 children with ability ADHD/RD and ADHD
comorbid ADHD/RD groups were likely the 

ADHD/RD: agreement result of RD independent
20 controls on clinical assessment by of ADHD influences on

pediatricion and EEG
psychologist with regard 
to DSM-IV diagnostic 
criteria; reading 
performance ≥2 yr below
chronological age

Doyle • 6–18 yr of age ADHD: DSM-III-R 1. Presence of LD did not
et al., 2001 • FSIQ ≥ 80 criteria unequivocally change risk for ADHD

• Middle-class SES met based on K-SADS-E 2. When LD and ADHD were 
and higher and SCID both present in a family,

• All female LD: used estimated FSIQ risk for comorbidity was 
and academic achievement higher among family

140 ADHD probands scores to compute a members
with 417 first-degree regression equation 3. No evidence for 
relatives nonassortative mating 

for ADHD and LD
122 comparison
probands (without
ADHD) with 369 first-
degree relatives

Foster • 8–12 yr of age Clinical controls: child- 1. No significant differences
et al., 2002 • FSIQ ≥ 75 ren were referred for between children with

neuropsychological ADHD and children with
evaluation but did not RD on dichotic listening

12 clinical controls meet diagnostic criteria task
for any disorder 2. Rightward asymmetry of

9 children with dyslexia planum temporale was
(RD) Dyslexia: ≥20-point associated with atypical

discrepancy between FSIQ left ear advantage, 
and reading achievement regardless of diagnostic 

23 children with category
ADHD ADHD: diagnostic criteria

not stated
10 children with
comorbid ADHD/RD

(Continued)
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Table 2
(Continued)

Authors Participants Diagnostic criteria Findings

Halperin • 7–11 yr of age ADHD: met DSM-III-R 1. ADHD/RD group had 
et al., 1997 • 22 males criteria for ADHD significantly higher level of

diagnosis on structured norepinephrine metabolite
8 children diagnosed interview with parent (MHPG)
with comorbid with corroborating 2. MHPG levels were not
ADHD/RD elevated teacher and associated with 

parent report scores on hyperactivity or 
14 children diagnosed behavior rating scales; impulsivity levels
with ADHD ≥85 on reading achieve-

ment measure

ADHD/RD: met 
DSM-III-R criteria for 
ADHD diagnosis on 
structured interview with
parent; ≤80 on reading 
achievement measure

Halperin • 7–11 yr of age ADHD: met DSM-III-R 1. ADHD/RD group had 
et al., 1993 • Medication free > 4 criteria for ADHD significantly higher level of

weeks prior to study diagnosis on structured norepinephrine metabolite
interview with parent; (MHPG)

• FSIQ > 80 ≥85 on reading 2. Groups did not differ on
achievement measure dopamine metabolite

11 males diagnosed with ADHD/RD: met (HVA) levels
comorbid ADHD/RD DSM-III-R criteria for 

ADHD diagnosis on 
13 males diagnosed with structured interview with
ADHD parent; ≤80 on reading 

achievement measure

Hynd et al., • Caucasian Normal controls: no 1. Rightward asymmetry was
1990 • 24 males (8 per group) history of learning or more common in children

• FSIQ ≥ 85 behavior problems; no with dyslexia than children
significant medical, social, with ADHD or normal 

10 normal controls or emotional problems controls
2. 70% of children with

10 children diagnosed ADD/H: no family ADD/H had leftward 
with ADD/H history of learning (typical) asymmetry

problems; Meet DSM-III 3. Both children with
10 children diagnosed criteria for ADD/H; history dyslexia and children with
with dyslexia (RD) of favorable response to ADD/H had significantly

stimulant medication smaller right anterior 
Dyslexia: average IQ; width measurements
history of difficulty
learning to read; ≥20-point
discrepancy between IQ
and reading achievement

(Continued)
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Table 2
(Continued)

Authors Participants Diagnostic criteria Findings

Light et • 104 twin pairs from the RD: history of school 1. 45% of the proband deficit
al., 1995 Colorado Reading reading problems; in reading was owing to

Project classified by genetic factors that also
• 76 males discriminant reading influenced hyperactivity
• 8–20 yr of age score; FSIQ ≥ 90 2. Heritable variation
• English-speaking accounted for 70% of the

homes ADHD: DICA composite observed covariance
≥6; behavior problems between reading and

61 identical twin pairs present since at least 7 yr hyperactivity measures
with of age of age 3. Heritable influences partly
at least one member explained the comorbidity
diagnosed with RD and of RD and ADHD
both members have
ADHD

43 same-sex fraternal
twin pairs with at least
one member diagnosed
with reading disability
and both members
diagnosed with ADHD

Mangina, • Preadolescents ADHD/LD: met DSM-IV 1. Preadolescents with
et al., • Right-handed criteria for learning ADHD/LD were clearly
2000 disorders, ADHD, and differentiated from normal

10 children with behavior disorders; controls by EEG activity
ADHD/LD Achenbach T-scores ≥70; (bilateral underactivation)

school grades ≤ 51%; over the prefrontal and 
10 normal controls FSIQ ≥ 85 frontal regions

2. Cingulate gyri also 
appeared to be involved in 
regulating cognition and 
behavioral adjustment in 
normal controls

Semrud- • 6–16 yr old Normal controls: no 1. Neuroanatomical
Clikeman • Caucasian history of learning or measures (right frontal
et al., 1996 • FSIQ: 87–149 behavior problems; no region width and right

• 24 males significant medical, social, insula length) differentiate
or emotional problems between normal controls 

10 normal controls ADHD: no history of and those with 
significant learning developmental disorders

10 children diagnosed problems; meet DSM-IV 2. Length of left plana, left
with ADHD: combined criteria for diagnosis insula, and right plana did
type (reporter/s not stated) not differentiate between

groups
(Continued)
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Table 2
(Continued)

Authors Participants Diagnostic criteria Findings

10 children diagnosed Dyslexia: history of 3. Width of left frontal region
with dyslexia (RD) difficulty learning to read; did not differentiate

≥20-point discrepancy between groups
between IQ and reading
achievement

Willcutt, • 823 same-sex twin pairs RD: used 2 discrepancy 1. 95% of the phenotypic
et al., • 8–16 yr old criteria (age achievement covariance between RD
2000 and IQ achievement) with and inattention was the

313 pairs with at least one 1.65 SD below mean as result common genetic
member with RD cutoff influences

2. 21% of phenotypic
510 twin pairs with no covariance between RD
member with RD and hyperactivity/

impulsivity was because
ADHD: DICA score ≥ 8 of common genetic
on maternal report influences

FSIQ, full-scale IQ; EEG, electroencephalogram; k-SADS-E, SCID, MHPG, 3-metnoxy-4-hydroxy phenyl-
glycol; HVA, homovanillic acid; DICA, Diagnostic Interview for Children and Adolescents; ADD/H.

structures of the perisylvian region including the planum temporale. These studies generally
use data from MRI to measure specific structures in the brain. The number of studies com-
paring children with ADHD to children with RD is limited to three studies.

In an early study, Hynd and colleagues found that children with RD and those with ADHD
had significantly smaller anterior width in the right cerebral hemisphere than the left (40).
The study also reported that children with ADHD were more likely to have the typical pattern
of leftward asymmetry of the plana length than children with RD. In contrast, children with
RD were more likely to have rightward asymmetry.

In a follow-up study, Semrud-Clikeman and colleagues used a more powerful statistical
procedure and expanded the measurements to include other structures using the same sub-
jects (74). Their study reported that multiple structures, including bilateral plana lengths,
left insula length, and width of the left frontal region did not differentiate among children with
RD, children with ADHD, and normal controls. In contrast, other neuroanatomical measure-
ments differentiated normal controls from children with RD or ADHD, but did not differen-
tiate between the two clinical groups. Specifically, children with RD and children with
ADHD, using strictly defined diagnostic criteria, were clearly different from children with-
out ADHD or RD in terms of the width of their right frontal region and the length of their
right insula.

In another follow-up to the 1990 Hynd et al. study, Foster and colleagues recently reported
that children with ADHD could not be differentiated from children with RD by their perfor-
mance on a dichotic listening task (65). Rightward asymmetry of the planum temporale,
regardless of diagnostic category, was clearly associated with an atypical left ear advantage
for listening tasks. Overall, these studies suggest that although there may be subtle differences
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in brain development associated with each of the disorders independently, there may be sig-
nificant overlap in performance by individuals with ADHD and RD.

3.3.2. Biochemical Abnormalities

The reports of biochemical differences in children with ADHD and RD are limited to two
related studies. In both studies, Halperin and colleagues compared norepinephrine and
dopamine metabolite levels of children with ADHD to children with comorbid ADHD and
RD (75,76). In both studies, children with the comorbid diagnoses had significantly higher
levels of the norepinephrine metabolite 3-methoxy-4-hydroxy phenylglycol (MHPG), than
children with a diagnosis of ADHD. Furthermore, the earlier study reported that the groups
could not be differentiated by dopamine metabolite levels (homovanillic acid; 76). The
authors hypothesized that because MHPG levels were not associated with hyperactivity or
impulsivity levels on behavior rating scales, these higher levels were likely related to the
additive attention problems that were the result of the comorbid diagnoses (75).

3.3.3. Abnormalities in Level of Neural Activation

As the use of functional magnetic resonance imaging (fMRI) becomes more widespread,
studies comparing neural activation levels in children with RD and ADHD should become more
common. Up to this point, two studies have used electroencephalogram (EEG) results to report
on activation differences and similarities in children with ADHD and RD. One study examined
differences in activation levels between normal controls and preadolescents diagnosed with
comorbid LD and ADHD (77). According to their results, preadolescents who were diagnosed
with ADHD/LD had significant underactivation in the prefrontal and frontal regions bilaterally
when compared with controls. The authors also posited, based on results, that the cingulated gyri
appeared to be involved in cognition and behavior in the control participants but not the children
diagnosed with ADHD/LD.

In a more recent study, Clarke and colleagues compared children with ADHD, children with
comorbid ADHD and RD (ADHD/RD), and control children (78). Their results suggested
significant differences in general patterns of activation between children with ADHD and
children with comorbid ADHD/RD. These differences included higher levels of τ activity,
lower levels of α activity, and a higher τ/α ratio in the ADHD/RD group compared with the
ADHD group. The authors hypothesized that the EEG results by group were the result of
associated effects of RD alone, and were independent of those effects associated with ADHD
alone.

3.3.4. Evidence From Genetic Studies

As interest in genetic research continues to increase following the completion of the
human genome sequencing, it is anticipated that this will be a growing line of research. Thus
far, studies comparing children with ADHD to children with RD have been limited in scope.
A study by Light and colleagues, using data from the Colorado Reading Project, reported that
some of the same genetic factors that influenced reading performance also influenced levels
of hyperactivity (79). In other words, there are heritable factors that partly explain the high
rate of comorbidity of ADHD and RD. Gillis and colleagues reported similar results (80).

In a more recent study, Doyle and colleagues reported that the presence of a learning
disability does not directly influence the risk for ADHD from the genetic perspective (81).
The study also reported that the presence of LD and ADHD in a family member increased the
risk for comorbidity in other family members. There was also no evidence for nonassortative
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mating, or nonrandom pairing of individuals with ADHD and RD, in their sample, which
removed a potential confound in their results.

4. SUMMARY OF CONSISTENT FINDINGS

4.1. Common Cognitive Features of RD and ADHD

Research suggests that ADHD and RD are, in fact, separate and distinct disorders that fre-
quently co-occur (18,19, 40). Although symptoms of inattention are present in both disorders
(14,15) and reading performance may be impaired in both groups, the disorders can be differ-
entiated by their respective cognitive deficits (18): children with ADHD show impairments in
attention, behavioral disinhibition, and/or hyperactivity (14), whereas children with RD
show impairments in phonological processing. Furthermore, although both groups demon-
strate language impairments, in children with ADHD those impairments are related to execu-
tive functioning while in children with RD the deficits are in the verbal/phonological realm
(23). Memory deficits have been found in working memory in both groups, although in chil-
dren with RD the working memory deficits are limited to the verbal domain (28). Thus,
ADHD and RD can be differentiated by the different cognitive deficits found in each.

4.2. Common Social/Emotional Features of RD and ADHD

The evidence supporting increased prevalence rates of internalizing disorders, externalizing
disorders, and social skill deficits in ADHD is much stronger than evidence connecting those
disorders and RD. Further research focusing on the subtypes of LD is needed to elucidate the
relationship between internalizing disorders and RD.

4.3. Common Neurobiological Features of RD and ADHD

RD and ADHD share some of the same underlying neurobiological basis. The width of the
right frontal region (74), the length of the right insula (74), underactivation of the prefrontal
and frontal regions (77), and abnormal levels of the norepinephrine metabolite MHPG (52)
have all been found in groups of children with ADHD and LD. These areas correspond to
those that have been implicated in ADHD alone but not in RD alone. This may suggest that,
in individuals with the comorbid condition, the neurobiological basis of the disorder is con-
fined to the frontal lobes and thus, in that subgroup of individuals, reading problems result
from attention problems. However, more research on comorbid groups is needed to test this
hypothesis.

5. THEORETICAL IMPLICATIONS AND FUTURE DIRECTIONS

There are three subtypes of ADHD: the primarily inattentive type, characterized by a sole
significant dysfunction of attention; the hyperactive–impulsive type, characterized by deficits
in behavioral inhibition; and the combined type, which meets criteria for both the hyperac-
tive–impulsive and primarily inattentive subtypes (82). There has been some controversy
over the inclusion of the primarily inattentive subtype as Barkley (12,14) and other
researchers contend that this subtype is a distinct disorder from ADHD, one that is not related
to behavioral regulation or filtering/selection problems, but rather a group of individuals
whose poor attention stems from deficits in working memory and a slow cognitive style (14).
Barkley also contends that this subtype has more benign outcomes throughout development,
because of lower levels of impulsiveness and comorbidity with externalizing disorders, such
as CD and ODD (14).
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The proposed shift in conceptualization of ADHD will be extremely important to the
understanding of the relationship between ADHD and RD and the relationship between
ADHD and other forms of LD. If ADHD is reconceptualized as two disorders—one of attention,
sluggish cognitive tempo, and working memory deficits, and the other of behavioral disinhi-
bition—it is possible that the first disorder will have a very high concordance rate with lan-
guage-based LD, as those two disorders appear to share many features. Although many
studies have found that RD and ADHD are etiologically distinct disorders, research will be
necessary to determine if this is so for RD when compared with both subtypes of ADHD. In
addition, research comparing ADHD and LD needs to focus on creating homogenous groups
of individuals with LD, as evidence has shown that subtypes of LD may have very different
etiologies, symptoms, associated features, and developmental course (29). Finally, future
research will need to focus on the subtypes of ADHD and LD, the cognitive deficits,
social–emotional difficulties, and associated features of each, and how they may be interre-
lated and differentially treated.
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Attention Deficit Hyperactivity Disorder and the Brain

Evidence From Electrophysiological Studies

Alexandra P. Fonaryova Key, Melissa Ferguson,
and Dennis L. Molfese

1. INTRODUCTION

This chapter examines the electrophysiological correlates of attention deficit hyperactivity
disorder (ADHD) in children. As a growing number of children are diagnosed with this disorder,
researchers are increasingly interested in ADHD and the cognitive processes of affected chil-
dren. According to Schroeder and Gordon (1), ADHD is the most frequently diagnosed child-
hood disorder, with a prevalence of 3–7% among school-aged children (2). Although ADHD
affects adults as well, this chapter focuses on the occurrence of this disorder in children. The
sections below present brief diagnostic criteria of ADHD, according to the Diagnostic and
Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) (2), provide an explanation of
the diagnostic subtypes of the disorder, highlight comorbidity and subtype issues relating to
event-related potentials (ERPs), examine electrophysiological findings regarding attention in
children with the disorder, and investigate electrophysiological correlates of the disorder in
relation to drug interventions. (For additional in-depth reviews of ADHD and ERPs, see refs.
3 and 4).

2. DIAGNOSIS

According to the DSM-IV (2), ADHD is characterized by the existence of inattention and/or
hyperactivity–impulsivity. Inattention is characterized by carelessness, inattention to detail, dis-
tractibility, failure to listen, problems with organization, forgetfulness, and inability to follow
directions. The behaviors that characterize hyperactivity are fidgeting; failure to remain seated
in situations in which it is expected; inappropriate movement, such as running or climbing; dif-
ficulty staying quiet when it is expected; and excessive talking. Impulsivity is characterized by
difficulty in being patient and frequently interrupting others during conversations or activities.
Such patterns of behavior must occur at a level that is maladaptive for at least 6 mo and the
individual must exhibit at least one of the distinguishing categories of behavior: inattention or
hyperactivity–impulsivity. To be diagnosed with ADHD, the child must display at least six of
the nine specified symptoms of inattention or hyperactivity–impulsivity. The symptoms of
ADHD must begin before 7 yr of age and interfere in at least two settings, such as school and
home. In addition, for a diagnosis of ADHD, the presenting symptoms cannot be explained by
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the existence of schizophrenia, pervasive developmental disorder, psychotic disorder, or any
other mental disorder (2).

3. SUBTYPES OF ADHD

When diagnosing ADHD, there are three subtypes that can be specified based on the main
symptoms that the child has displayed over the previous 6-mo period. Although some children
may exhibit indicators of all the characteristic behaviors (inattentiveness, hyperactivity, and
impulsivity), the subtypes allow for the designation of the principal behaviors that cause impair-
ment in the child’s life (2). The subtypes are: combined type, predominantly inattentive type, and
predominantly hyperactive–impulsive type. When designating a predominant subtype, it is
important to consider the symptom presentation and the number of symptoms present for the
previous 6 mo. For example, if six or more symptoms of inattention have been present along
with fewer than six symptoms of hyperactivity–impulsivity, ADHD predominantly inattentive
type is diagnosed, and vice versa for ADHD, predominantly hyperactive–impulsive type. In the
case of ADHD, combined type, the most commonly diagnosed subtype in children and adoles-
cent populations, more than six symptoms of inattention and hyperactivity–impulsivity must
have occurred over the prior 6-mo period for this characterization to apply (2).

4. USE OF ERPs IN STUDY OF ADHD

ADHD is a disorder that may cause significant impairment in a child’s life, resulting in
academic, social, and interpersonal difficulties. Previous research has focused on the per-
formance of children diagnosed with ADHD on behavioral tasks assessing attention regu-
lation, memory, and inhibition that are thought to relate to these difficulties. As a result,
researchers are increasingly interested in the corresponding brain responses that accom-
pany such behaviors. One procedure used to determine the brain mechanisms utilized by
children with ADHD is the use of the ERP. The ERP recorded from the scalp is a synchro-
nized portion of the ongoing electroencephalographic pattern. It is usually represented as a
complex waveform made of positive- and negative-going peaks. Such waveforms are
thought to indicate changes in brain electrical activity overtime as reflected by changes in
the amplitude or height of the wave as well as the latency or timing of the peaks (5). What
distinguishes the evoked potential from the more traditional electroencephalogram (EEG)
measure is that the ERP is time-locked to the onset of some event in the person’s environ-
ment. The ongoing EEG activity reflects a wide range of neural activity related to a
plethora of neural and body self-regulating systems, as well as various sensory and cogni-
tive functions ongoing in the brain at that time. The ERP, on the other hand, because of this
time-locked feature, has been shown more likely to reflect both general and specific
aspects of the evoking stimulus and the individual’s perceptions and decisions regarding
that stimulus. It is this time-locking feature that enables researchers to pinpoint, with some
degree of certainty, portions of the electrical response that occurred while a person’s atten-
tion was focused on a discrete event.

The ERP is not an exact and completely stable pattern reflecting only those discrete neural
events directly related to the evoking stimulus, the task, or the response to such an event,
which begins at levels well below that of the cortex as the stimulus information is transformed
by the sensory systems and progresses through the brainstem, into the midbrain, and on
upward into the higher brain centers. Such signals that originate within the brain must travel
through a variety of tissues of different densities, conductivity, and composition (e.g., neurons,



glial cells, fiber tracts, cerebrospinal fluid, bone, muscle) before they reach the recording
electrodes placed on the scalp. Consequently, the final version of the ERP recorded at the
scalp is a composite of a variety of complex factors, some of which relate directly to the
stimulus situation and some of which do not. Moreover, as changes occur moment by
moment in these factors, changes will occur at the same time in the amplitude of the ERP
waveform, reflecting both these non-task-related changes, as well as changes in a variety of
task-related cognitive factors. Because of this moment-by-moment variability in the ERP,
which results in part from continuous changes in the physiology of the participant, many
researchers collect several ERPs to a stimulus within a single recording session, sum these
responses, and then calculate an average evoked response. It is reasoned that this averaged
response is more likely to have buried within it the repetitive activity that reflects the process-
ing of the stimulus from one time to the next. The non-stimulus-related activity that is not time-
locked to the onset of the stimulus would be expected to average out or be minimized in the
averaged waveform of the ERP. Subsequently, additional analyses are conducted on the aver-
aged waveforms. These analysis approaches offer a range of options including amplitude and
latency measures performed on various peaks of the averaged ERP, area measures, discrimi-
nant-function procedures, and other multivariate approaches such as principal components
analysis.

The ERP procedure has several strengths, among them its ability to employ identical pro-
cedures with all participants, regardless of age or species. Consequently, direct comparisons
can be made between various participant groups in terms of discrimination abilities.
Although the ERP wave shapes change from infancy to adulthood and differ across different
species, one can assess whether the brain responses recorded from these different populations
reliably discriminate among different stimuli, participant groups, and task characteristics.
These methods also provide information concerning both between-hemisphere, within-hemi-
sphere, and front–back brain differences. The procedure provides time-related data that iden-
tify the different points in time when such information is detected and processed. Finally,
under certain conditions, ERPs can be used to identify brain structures that generate these
responses. Because of these advantages, the ERP procedure is valuable in the investigation of
brain activity differences in ADHD children, as compared with other groups of children who
have not been diagnosed with the disorder.

5. ERPs AND ADHD

ERPs provide additional information that complements and supplements behavioral data
regarding the cognitive processes of children diagnosed with ADHD. Because the occurrence
of ADHD is hypothesized to have a biological basis, it is important to determine the underlying
brain activity that is involved in cognitive processing that distinguishes individuals with ADHD
from those without the disorder. ERPs offer valuable insight into information processing,
because this method facilitates the examination of cognition while children are engaged in
various tasks, allowing the detection of underlying neural processing from different brain
areas. Changes in neural activity, as evidenced by the ERP waveforms, reflect cognitive differ-
ences related to task demands. This technique extends the limitations of behavioral data in
assessing children with ADHD, allowing cognitive processing to become apparent, which
may not otherwise be observable with behavioral tasks alone

Through the combination of ERP and behavioral tasks, researchers have examined the
ERP waveforms of children diagnosed with ADHD, as compared with those of normal
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control children. Results established the existence of differences in brain activity between
such groups indicative of variations in the processing of information. Observed discrepan-
cies in brain responses imply different underlying cognitive processes in response to spe-
cific stimuli.

Many studies using ERP procedures to measure the impact of ADHD on children’s per-
formance largely focus their investigations on a single portion of the ERP, the component
known as the P3, or the third positive peak after stimulus onset. In fact, investigations of
the P3 characteristics across developmental and cognitive studies with normal and atypical
populations make it the most extensively researched ERP component.

The P3 is a pronounced positive peak in the ERP waveform that occurs in response to an
unexpected stimulus (also called a target) approx 300 ms following stimulus onset. Cur-
rently, the most typical paradigm for eliciting this P3 component, also known as P3b, is the
oddball paradigm where a target stimulus is presented infrequently (10–30% of trials)
among more frequently occurring distracter stimuli (nontargets). For a P3 to be elicited, the
subject must pay attention and respond to the stimuli and the ratio of target to distracter
stimuli must be low (the fewer targets, the larger the peak). P3 amplitude is affected by
attention (6,7), stimulus probability, and stimulus relevance as well as by the amount of pro-
cessing resources available, such as in single vs dual tasks (8), the quality of selection (9),
and attention allocation (10). P3 latency was reported to vary with stimulus complexity
(11), effectiveness of selection (12,13), and sustained attention (6). Further, P3 latency was
reported to be related to cognitive abilities, with shorter latencies associated with better per-
formance (14,15).

The functional interpretation of the classic P3 is diverse—some view it as an indicator
of memory updating (16) whereas others believe that it reflects a combination of pro-
cesses that vary by task and situation, including more elaborate active stimulus discrimi-
nation and response preparation (17). P3 latency is assumed to reflect the duration of
stimulus evaluation (16).

Sources of the P3 are not clearly identified but at least some are expected to be in the
medial temporal lobe (18), including the hippocampal region related to memory (19,20),
parahippocampal gyrus, amygdala, or thalamus (21). Lesion data suggest that there may
be multiple generators, including the temporoparietal junction (22). Tarkka et al. (23)
investigated the possible sources and reported that selecting only one region (e.g., hip-
pocampus or thalamus) resulted in poor model fit, but combining the different locations
produced a better model. Their findings are consistent with earlier observations using
magnetoencephalography analyses that located sources in the floor of sylvian fissure
(superior temporal gyrus), as well as deeper sources in the thalamus and/or hippocampus
(24,25).

However, no single ERP peak corresponds to a single cognitive function; instead, multiple
components may be associated with any given cognitive process. The following sections out-
line a series of studies investigating ERP correlates of ADHD.

6. ADHD AND ATTENTIONAL PROCESSES

ADHD is commonly thought of as increased distractability, or difficulty sustaining attention
during a specific task. However, the reasons for these frequently observed difficulties are less
clear. Investigating various forms of attentional processes in children with ADHD, such as
orientation, selection, and allocation, can shed more light on the disorder.



6.1. Orientation

Perchet et al. (26) investigated different stages of attention such as anticipatory process-
ing, priming, target detection, and response selection in 24 children with ADHD, aged 6–10.5
yr (mean = 8.5 ± 1.4 yr) and 13 controls, aged 6–9 yr (mean = 7.4 ± 0.8 yr) using a Posner’s
attention-orienting paradigm with valid (60%), invalid (20%), and no-cue (20%) conditions.
ERPs were recorded from 19 electrodes but only three sites were analyzed (Cz, Pz, Oc inter-
polated from O1 and O2). The researchers reported no group differences in ERP responses to
cues. For target stimuli, controls produced a larger P1 component to valid vs invalid or no-
cue trials, whereas the ADHD group showed no differences. On the other hand, children with
ADHD had shorter N2–RT intervals than controls, with the shortest interval occurring for
valid trials and longest interval for no-cue trials. Finally, the ADHD group had a substantially
smaller contigent negative variation (CNV)/readiness potential (RP) than controls. The
authors concluded that ADHD participants benefited less from trial cues, but target detection
was intact as evidenced by the lack of N2–P3 differences. Motor response selection was
abnormally accelerated and finished prior to complete stimulus processing. Finally, ADHD
children showed no anticipation for targets in no-cue trials, attributed to an overall deficit in
executive functions.

6.2. Selection

Robaey et al. (12) studied 12 boys with ADHD (n = 6, age <7.6 yr; n = 6, age >7.6 yr)
and an equal number of controls. ERPs were recorded from 14 electrodes in a series of
visual oddball tasks. Standard stimuli probability was 70%, whereas targets occurred 30%
of the time. The tasks involved responding to words or pictures that did not belong to the
“fruit” category. The other two tasks involved geometric shapes of various sizes or num-
ber sequences. Targets were stimuli where the shapes were arranged out of order for their
size or when the number sequences changed. ADHD children generated larger P250
(frontocentral) increases to targets for both classification and seriation tasks, whereas
larger N250 (parieto-occipital) and smaller P500 (parieto-occipital) occurred on the seri-
ation task. The classification task generated shorter P350 latencies. A discriminant analy-
sis indicated that P350 latency correctly classified 79.2% of the subjects. The authors
concluded that ADHD increased change-orienting reactions to targets, but that there was a
lack of automatic processing of saliency.

Karayandis et al. (27) recorded visual EPRs in 17 males with ADHD, aged 6–9 yr (mean
= 7.17 ± 0.82 yr) and the same number of controls (mean = 7.66 ± 1.11 yr) during a visual
choice task. The children had to respond differently to standard (75%) and deviant (25%)
stimuli (pictures of animals). ERPs were obtained from 30 electrodes (20 electrodes in
Electrocap plus 10 additional leads positioned at half-distance between them). The results
indicated no group differences in early components over the occipital regions. However,
latency of N1, P2, and N2 (left hemisphere) over frontal areas was delayed in ADHD. Fur-
ther, N2 amplitude was smaller in ADHD over right frontal areas. For the later compo-
nents, controls showed greater discrimination between frequent and rare stimuli as
evidenced by greater P450 amplitude differences over left parietal leads. Finally, the
ADHD group was characterized by an additional frontal N530 component, largest after the
rare stimuli, while this component was absent in the controls who showed positivity in that
range. Similarly, the negative slow wave was larger for rare stimuli in ADHD, whereas the
differences were smaller in controls.
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Lazzaro et al. (28) examined selection processes in 54 males with ADHD, aged 11–17 yr
(mean = 13.7 ± 1.4 yr) and sex- and age-matched controls (mean = 13.4 ± 1.5 yr). Twenty of
the ADHD group were on medication but withheld it for two or more weeks prior to testing.
ERPs were recorded from 19 sites during an auditory oddball where a 1000-Hz tone served
as the standard stimulus and a 1500-Hz tone was the deviant (probability = 15%). For group
comparisons the researchers chose only three midline sites (Fz, Cz, Pz). Overall, the ADHD
group had larger P2 and smaller N2 amplitudes. Latencies for N2 and P3 were significantly
delayed. However, using a similar paradigm, Johnstone and Barry (9) did not note any latency
differences but observed comparable amplitude effects. They examined 10 children with ADHD,
aged 74–164 mo (mean age = 124.5 ± 25.5 mo) and age-, sex-, and IQ-matched controls
(mean age = 128.2 ± 22.26 mo). ERPs were obtained from 17 electrodes (Electrocap) during
an auditory oddball task (target probability = 15%). Targets were 1500-Hz tones and standards
were 1000-Hz tones, presented in pseudorandom order with fixed interstimulus interval. The
researchers reported that compared with controls, ADHD children had smaller N2 over
frontal regions and larger N2 over the posterior areas in response to nontarget stimuli. Fur-
ther, the ADHD group exhibited larger P3b for target stimuli over frontal regions and smaller
p3b over posterior regions. The differences in findings may be attributed to a smaller number
of participants and a wider age range used in the study.

Satterfield et al. (29) used a multimodal selective attention task with 15 ADHD and 15
control children, tested at age 6 yr and again at age 8 yr. One of the modalities was to be
attended and responded to, whereas the other was to be ignored. In the auditory modality,
stimuli were 1000-Hz clicks 10 ms long with targets (25%) being louder (83 dB) than stan-
dards (75%; 75 dB). In the visual modality, the targets were brighter checkerboard flashes
(5.4 lux) among dimmer standard flashes (1.6 lux). Visual feedback was provided for correct
and incorrect responses and children earned or lost a nickel for each correct or incorrect
response, respectively. ERPs were obtained from 19 electrodes. The researchers indicated
that the N2 amplitude was smaller in ADHD boys at age 6 yr but not different from controls
at age 8 yr. For P3b, P350, and SP1, considered to be indicators of attention tuning (attended
minus unattended) amplitudes were consistently higher in controls at age 8 yr owing to larger
responses to attended auditory targets. Further, P350, SP1, and SP2 were sensitive to group
differences in responses to attended targets but not to unattended targets. Processing negativity
(NdL) differences were present at 6 yr of age but not at 8 yr at Fz. At Cz only controls had an
NdL component at age 8 yr. Finally, no peak latency group differences were significant. The
authors concluded that with age, control subjects demonstrated improvements in attentional
tuning (between modality channels) and attention to stimulus types (target vs standard),
whereas ADHD children showed no such change; instead, their ERPs indicated greater pro-
cessing of attended stimuli.

Jonkman et al. (30) tested 18 ADHD children (mean age = 10.6 ± 2 yr) and 18 controls
(mean age = 10 ± 1.2 yr) using a slightly different paradigm with attended and unattended
channels being of the same modality. For auditory task, stimuli (1000-Hz and 1100-Hz
tones) were presented separately but equiprobably to the left and right ear with probability
of standard stimuli 80% and deviants 20%. For the visual task, the stimuli were presented
in different colors and the orientation of diagonal gratings differed between standard and
deviant stimuli. Subjects were instructed to attend to one channel (ear or color) only and to
respond to target stimuli only. ERPs were recorded from four midline locations. The
results indicated that for auditory tasks, frontal N1 amplitude to unattended channel stimuli



was greater in controls. N2 amplitude was higher to unattended rather than attended
deviant stimuli in controls, and ADHD children showed no effect. P3b amplitude was
reduced in ADHD. Finally, controls had larger frontal and central NdL to standards over
central region. For deviants, controls showed greater frontal early positivity and lesser
negativity for attended deviants than ADHD children. For visual task, ADHD children had
larger P1 to deviant over standard stimuli. Frontal P3 was significantly larger for deviant
stimuli in controls for both attended and unattended channels. P3b was larger in controls
over Pz and Oz. Further, the authors examined the relationship between performance and
ERP measures and noted a correlation between P3b amplitude to targets and number of hits
(r = 0.80, p < 0.001 for auditory and r = 0.51, p < 0.03 for visual tasks).

Taylor et al. (13) studied visual search ability in 11 ADHD children aged 7–8 yr (mean = 8.04 yr)
and 10 children aged 9–10 yr (mean = 10.01 yr), as well as the same numbers of controls.
ERPs were recorded using 19 electrodes. One set of tasks assessed parallel processing using
change in size or color to identify targets (20% of trials), although other equally salient non-
target items could also be present (17% of target trials). The other set was focused on serial
processing where targets were characterized by conjunction of features (35% of trials). The
researchers reported no group effects on P3 latency for ADHD children except for the serial
task where controls had longer latencies. There were no group effects for P3 amplitude. The
results were interpreted to indicate no group differences in overall processing strategies
across tasks, but the ADHD group performed search in serial tasks as if they were parallel,
i.e., in many cases completing the selection based on an automatic pop-out of a single feature
rather than a conjunction of the target features.

Van der Stelt et al. (31) examined 24 boys with ADHD (aged 7–12 yr, mean = 9.1 ± 1.3
yr) and age-matched controls (mean = 9.3 ± 1.4 yr) using a more complicated visual
search task where targets were characterized by a different spatial arrangement of the
components (no gap), as well as color (task-relevant vs irrelevant). All stimulus types
were presented with equal probability (25%). ERPs were recorded using 29 electrodes.
When focusing on color, controls demonstrated frontal selection positivity at 190–290 ms
over frontopolar and frontal sites, whereas this effect was absent in ADHD children who
showed larger late processing negativity LPN over frontopolar sites because of larger late
positivity to irrelevant nontarget stimuli. For the target stimuli, ADHD children had
smaller P3b over T7 and P7 sites to relevant target and nontarget stimuli and demon-
strated greater hemisphere differences at these sites compared to controls. The authors
suggested that ADHD may impair selection based on color or more complex features but
not the discriminative processes.

6.3. Sustained Attention

Strandburg et al. (6) investigated differences in sustained attention using two versions of
Continuous Performance Task (CPT) with 16 ADHD children (mean age = 12.2 ± 2.4 yr)
and 16 controls (mean age = 12.9 ± 1.8 yr). In single CPT, children had to respond to the
target digit “8” (probability = 20%), whereas the same digit could appear among the dis-
tracters (probability = 36%). In the dual CPT, any digit repeated twice in a row was the tar-
get, whereas a nontarget digit could appear as a distracter on 41% of the trials. ERPs were
obtained from three midline leads (Fz, Cz, Pz) and from electrodes over the temporal, pari-
etal, and occipital regions in each hemisphere. There were no significant group differences
for CNV or P1/N1 components. Processing negativity showed right laterality for the ADHD
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children only, but there were no group differences in amplitude or latency. P3 amplitude
was reduced in ADHD for target stimuli in the single CPT but not in the dual CPT. P3
latencies were longer in ADHD for nontarget items. In the late portion of the wave (peaks
at 580 ms and 760 ms), controls were characterized by increased frontal negativity to tar-
get stimuli. Further, at 580 ms, greater group differences were present for the single CPT
compared with dual CPT. The authors concluded that there were no observable ADHD
effects on early stages of attentional preparation or the amount of resources needed for task
performance; however, ADHD did result in the reduced ability to detect targets and pro-
cess response-relevant information. Using a traditional CPT-AX, Overtoom et al. (7)
attempted to differentiate inattention and impulsivity in 16 boys with ADHD (mean age =
10.4 ± 1.4 yr) and 16 control children (14 boys; mean age = 10.3 ± 1.5 yr). ERPs were
obtained from four midline leads. Hit P3 amplitude was smaller in ADHD than in controls
over Pz. There were no differences in N2 responses to inhibition stimuli (AnoX) over Fz.
For additional analyses, the researchers compared data from six children with oppositional
defiant disorder (ODD) with controls and noted smaller N2, whereas the remaining 10
ADHD children were not different from the controls. The results indicated that ADHD
children had more problems with inattention rather than with impulsivity and only ODD
children showed deficits in the latter.

6.4. Allocation

Jonkman et al. (10) examined the attentional capacity of 14 children with ADHD, aged
7–13 yr (mean = 9.6 ± 2.2 yr) and matched controls using a probe paradigm where task-
irrelevant stimuli were inserted among the task stimuli in easy and hard tasks (identifica-
tion of specific color or sequence of colors, target probability 50%). The probes varied in
appearance (60% standard, 20% deviant in orientation, and 20% novel) and did not require
any response. ERPs were obtained from four midline leads. For the task stimuli, the results
indicated that the ADHD group showed no increase in P3 amplitude with the increase in task
difficulty. Further, ERPs of ADHD participants were characterized by smaller N1. Controls
displayed larger negative central component (NC) in easy vs hard task while ADHD chil-
dren showed no load effect. With regard to the probe stimuli, only P1 discriminated control
and ADHD children with the control children showing larger amplitudes for deviant probes
in the easy task. The authors concluded that ADHD children showed deficits not in atten-
tional capacity but in allocation of attention.

6.5. Inhibition

Pliszka et al. (32) used a visual stop-signal task requiring children to withhold a response on
25% of the trials to investigate inhibitory control in 10 ADHD children (mean age = 11 ± 1.2 yr)
and 10 controls (mean age = 11.3 ± 0.9 yr). Stop signals occurred with a random delay of
200–600 ms. ERPs were recorded with a 64-channel high-density electrode cap. Brain activity
of the control group was characterized by a large N2 over right anterior inferior region
elicited by the stop signal, although this component was significantly smaller in the ADHD
ERPs. Additionally, scalp topography of the slow positive wave on the “go” trials differed
between the two groups. For the controls, SPW was larger for failed than for successful inhi-
bition trials over the right frontal region. The ADHD group had smaller slow positive wave
(SPW) to failed inhibitions as compared with controls and showed no difference between suc-
cessful and failed inhibitions within the group.



Overtoom et al. (33) studied 16 ADHD boys, aged 7–12 (mean age = 10.4 ± 1.4 yr) and 16
controls (14 boys) of the same age (mean age = 10.3 ± 1.5 yr) using a variation of the “stop
task” where the task stimuli were visual and the stop signal was auditory (40% of trials).
Additionally, the stop signal was presented with two different delays (125 vs 200 ms) after
the trial stimulus. ERPs were obtained from four midline locations. Successful inhibition
effect was identified as a greater positivity within a 100–400 ms range. Using a shorter delay,
only controls showed differences in ERPs to successful vs failed inhibitions in 100–200 ms
range, while the ADHD group showed smaller differences beginning at a later point
(150–200 ms). Further, only the control group showed a significant inhibition effect over Fz
and Cz in the 250–400ms window, although ADHD children had an inhibition effect present
only at Cz and only at 250–300 ms. In the later portion of the wave (500–700 ms), failed
inhibitions were characterized by larger amplitudes in control than in ADHD children. The
authors concluded that ADHD children exhibited a specific impairment in reaction to the
stop signal. They noted that their observations of inhibition-related positivity differences
are not consistent with findings of other researchers but attributed that to the differences in
the modality of the stop signal.

In further support of processing differences among children with ADHD, Yong-Liang
et al. (34) examined inhibitory processes and behavioral measures in 21 boys with ADHD
and 21 control boys (age 6–9 yr). A go/no-go task (no-go: 33%) was completed either before
or after the stimulus-response compatibility task. Recordings were made from 30 electrode
sites. Results showed no differences in reaction time between the groups, but demonstrated
that control children made significantly more correct responses to the “go” condition, than
children with ADHD, who made more unnecessary responses to the “no-go” stimuli. Chil-
dren with ADHD, who completed go/no-go as the second task, had decreased frontal N2
amplitude. In contrast, right anterior frontal N2 amplitude was larger in control children
when they were presented with the go/no-go task as the second task, and it was larger when
the go/no-go task was presented first to the children in the ADHD group. In addition, the
P650 amplitude was smaller for all groups for the no-go condition, and this decrease in
amplitude was more prominent in the children with ADHD. The authors suggest the exis-
tence of difficulties with inhibition regulation in children diagnosed with ADHD, as a
result of the differences of N2 based on task order and the discrimination of go and no-go
conditions, as evidenced by the P3b.

6.6. Response Selection

Yong-Liang et al. (35) investigated the existence of a “response choice deficit” in children
with ADHD, using a stimulus–response compatibility paradigm and a go/no-go task. It was
hypothesized that a response choice deficit would result in extended reaction times, fewer
correct responses, and larger ERPs in response to the incompatible stimuli in the task, in
children with ADHD. ERPs were recorded from 30 electrodes, in 21 boys with ADHD and
21 control boys (age 6–9 yr). The behavioral results indicated no reaction-time differences
between the groups. ERP analyses revealed longer frontal N100 and occipital P100 latencies
in the children with ADHD. Larger frontal negativity (N360) was observed in the children
with ADHD, to the stimuli that were incompatible, in comparison with the normal control
children. Results indicated a difference in P3 for the children with ADHD, because of the
order of the presentation of the tasks. More specifically, when the children in the ADHD
group were presented with the stimulus–response compatibility task first, this group exhibited
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larger P330 amplitudes to the incompatible stimuli. In contrast, when the children with ADHD
completed another task (go/no-go) prior to the stimulus-response compatibility task, the
resulting P330 amplitude was smaller. Both groups exhibited larger parietocentral P650
amplitudes to the incompatible stimuli when the stimulus–response compatibility task was
presented first. Further, central P650 amplitude increases were observed in the ADHD group
when the stimulus–response compatibility task was completed following the go/no-go task,
whereas central P650 amplitude decreased in the control group. The authors concluded that
the behavioral data did not support a response choice deficit among children with ADHD,
due to the fact that children in this group did not exhibit slower or more inaccurate
responses than the children in the control group. The condition effect of task order suggests
that children with ADHD initially employ more means of processing stimuli in the stimu-
lus–response compatibility task, but when it was completed following the go/no-go task, the
children relied on different processing strategies of the task and the response. In this situa-
tion, the children are more familiar with the experimental conditions, suggesting that they are
more readily able to assess the situation and their responses to the presented stimuli.

6.7. Summary: Attention Processes

Examination of various attention processes in children with ADHD resulted in the conclu-
sion that basic orienting processes may not be impaired in children with ADHD and that the
modality of the stimulus (e.g., visual, auditory) generally does not have a significant effect.
Most of the deficits are attributed to later stages of information processing. Based on the
electrophysiological data, children with ADHD were characterized by greater processing of
attended stimuli and increased sensitivity to changes in the stimuli. However, they relied on
simpler selection strategies, especially when the task involved comparing multiple features
of complex stimuli, and often did not benefit from pretrial cues or the salient features of the
stimuli. In regard to inhibition and response selection, children with ADHD demonstrated no
differences in brain activity associated with successful and failed inhibitions. ERPs of the
ADHD group were characterized by reduced amplitudes and delayed latencies to failed inhi-
bitions compared with the controls. Further, inhibition effects were sensitive to the experi-
mental procedures and varied based on the order of the inhibition task among other tasks in
the testing sessions. The above studies provide evidence that task order may be a key consid-
eration in the assessment of ERPs of children with ADHD. Performance on certain tasks may
be hindered or assisted dependent on the order in which a child with ADHD completes each
task.

Across the tasks involving various attention processes, N2 and P3 components were most
frequently identified as sensitive to group differences. Both were typically characterized by
reduced amplitudes and delayed latencies (with exception of 12,13) compared with control
children. Attempt to relate ERP data to behavioral results indicated that P350 latency could
be used to discriminate children with ADHD from the controls. Further, ADHD-related
effects were also sometimes noted for amplitudes and latencies of other components, such as
P1, N1, SPW, and (L)PN, but the findings were less consistent (see Table 1 for an overview).

7. ERPs AND SUBTYPES OF ADHD

Because diagnosis of ADHD involves the differentiation of clinical subtypes dependent on
the predominant symptom presentation, researchers have become interested in investigating
ERP differences between such diagnostic groups.



DeFrance et al. (36) conducted a study to investigate ERP differences between 34 children
with ADHD, predominantly hyperactive/impulsive (ADHD-IM, mean age = 9.8 yr), 17 chil-
dren with ADHD, predominantly inattentive (ADHD-IA, mean age = 9.7 yr), and 20 normal
control children (mean age = 9.9 yr). The researchers used a go-go task consisting of a “pas-
sive” task, in which the children were instructed to visually observe the stimuli that were pre-
sented, and an “active” task, during which the children were instructed to press the right
mouse button when a “0” appeared on the screen, and to press the left mouse button for any
other number. The task was designed to differentiate between ERP activity that was a result of
effortful processing (37) and that which was owing to attention (38). ERPs were recorded
from 28 electrode sites. Results demonstrated larger P250 amplitudes in children in the ADHD
groups in the effortful phase of the task. In order to examine processing differences between
the passive and effortful phases of the experiment, the researchers used the difference wave-
form, which was determined by subtracting the passive wave from the effortful wave. The
authors used this procedure to identify differences in processing that were associated with
effortful cognition. The difference waveform reflected variations in processing between the
three experimental participant groups. The ADHD-IM (impulsive type) group had larger P250
amplitude and smaller P3b (P500) amplitude than the control group. In contrast, children with
ADHD-IA (inattentive type) exhibited smaller P500 amplitude, and more left hemisphere pro-
cessing of the P250 and P350 than the other two groups. According to this study, the aspect
that discriminated the ADHD-IM children from the ADHD-IA group was the left hemisphere
distribution for the ADHD-IA children for the P250 and P350. According to the authors, the
results of this study support the existence of distinct attentional disorder subtypes; the sub-
types were accurately classified by ERP data, in concordance with diagnostic criteria.

Group differences have also been demonstrated in auditory tasks using an oddball
paradigm. Kuperman et al. (39) conducted a study with elementary-school children, investi-
gating ERP differences in 12 children with ADHD, 16 children with undifferentiated ADD
(UADD) (children without hyperactivity), and 12 control children. ERPs were recorded from
18 electrode sites using an auditory oddball paradigm, in which the children were instructed
to attend to the number of rare auditory tones that were presented during the experimental
session. The results demonstrated group differences, with ADHD children displaying longer
N100 latencies to the common tone, and control children exhibiting greater P3 amplitudes to
the rare tone than the other two groups. P3 amplitude did not differ significantly between the
ADHD and UADD groups. Group hemisphere differences were also found. Children with
ADHD and UADD had smaller P3 left-hemisphere amplitude to the common tone; the
ADHD group had larger left-hemisphere N1 amplitudes to the common tone, and decreased
left hemisphere P3 latency to the rare tone. The researchers concluded that there are varia-
tions in ERPs among ADHD, UADD, and controls, and that the children with ADHD and
UADD may have difficulties in the judgment of stimuli and may employ fewer attentional
mechanisms than children from the other two groups.

8. ERPs AND COMORBIDITY

ADHD is a disorder that is often comorbid with other psychological disorders. Children
diagnosed with ADHD often have co-occurring learning and behavioral disorders. A number
of studies have attempted to determine whether the differences that are expressed by such
children are the result of ADHD or could be attributed to the existence of other psychological
problems (see Table 2 for an overview).
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8.1. ADHD and LD

Many researchers have focused on learning disabilities and ADHD, and have investigated
both the comorbidity of the two disorders, and the existence of each disorder alone, with no
second comorbid disorder. Frank et al. (40) assessed differences in ERPs between 18 children
with learning disabilities (LD) (mean age = 10.6 yr), 36 children with both LD and ADHD
(mean age = 11.9 yr), and 27 normal control children (mean age = 11.9 yr), using an oddball
auditory task, in which the children were instructed to count the rare tones. ERPs were
recorded from the Cz. The authors reported smaller P3 amplitudes to the rare, target stimuli
in the task in children with ADHD/LD, compared with normal children. There were no sig-
nificant differences found between the LD and ADHD/LD groups in P3 amplitude, implying
that ADHD did not largely contribute to the differences observed. The researchers concluded
that the results imply that the smaller P3 amplitude that was observed in the children with LD
and ADHD/LD is indicative of information processing differences and is not exclusively
associated with the attentional, impulsive or hyperactive characteristics of ADHD.

In a later study, Frank et al. (41) examined electrophysiological differences associated with
age and diagnosis. The study used an auditory oddball paradigm and included six participant
groups, with 29 adults without a diagnosis (mean age = 24.5 yr), 43 normal control children
(mean age = 11.8 yr), 12 children with ADHD (mean age = 9.5 yr), 33 children with LD (mean
age = 10.5 yr), 63 children with ADHD/LD (mean age = 9.1 yr), and 11 children with conduct
disorder (mean age = 10.5 yr). ERPs were recorded with electrodes placed on the scalp at Cz.
The results demonstrated longer P3 latencies and smaller P3 amplitude in children diagnosed
with ADHD/LD, as compared with normal children and children with conduct disorders. Nor-
mal control children had larger P3 amplitudes than ADHD/LD children. Age differences were
significant for amplitudes of N1 and N2, as well as for N4 latency in children 8–12 yr and
12–18 yr of age. In the LD group, N2 amplitude was positively correlated with age. In the
ADHD/LD group, there were also significant correlations for ERPs and age: latencies of N1
and N4 were negatively correlated with age, whereas P3 amplitude and amplitude difference
between rare and frequent responses were positively correlated with age. The authors sug-
gested that the results of this study imply that the variation in P3 amplitude and latency in the
groups of children diagnosed with LD and ADHD/LD is due to differences in processing, and
is not directly related to attentional difficulties. Because there were no significant differences
in the P3 between normal children and those diagnosed with ADHD only, this suggests that
the differences exist because of information processing dissimilarity, not problems with atten-
tion regulation. In addition, because there were no significant interactions between the diag-
nostic and age groups, the authors concluded that “electrophysiological abnormalities in LD
and ADHD do not significantly change with age during childhood.”

Overall, none of the reported studies were able to discriminate between children with
ADHD only and those with ADHD/LD. Both groups were characterized by smaller P3
amplitude, suggesting processing differences in children with ADHD and LD, as compared
to normal children. These findings imply that observed processing differences in children
with ADHD and comorbid LD may not be exclusively related to attentional problems but to a
larger common difference in information processing.

8.2. ADHD and Behavior Disorders

Not only is ADHD comorbid with learning disabilities, but studies have also been conducted
investigating the brain responses of children with ADHD and behavioral disorders. Linden et al.



(42,43) investigated ERPs and reaction time in children with ADHD, children with ADHD and
ODD, and control children, 5–12 yr of age, using an oddball paradigm. The results showed that
children with ADHD and ADHD/ODD had longer N2 and P3 latencies, P3 amplitude differ-
ences, and slower reaction times in comparison to the control group. Results also yielded an N1
amplitude group difference for the ADHD group and the children with ADHD/ODD.

In addition, the researchers examined age effects on the ERPs of the children that participated
in the study. Age differences were found for N1 and P2 latency of the children with ADHD and
the children with ADD/ODD. Such variations in the ERPs were no longer apparent with increas-
ing age. More specifically, the young children with ADHD only (aged 5–9 yr) had longer N1 and
P2 latencies, but in 12-yr-old children such differences were no longer observed. There was a
significant interaction of age and group, with the older children (10–12 yr of age) with ADHD
exhibiting smaller N1 amplitudes and the younger children with ADHD showing larger N1
amplitudes than the other groups that were included in the study. The 10–12-yr-old children with
ADHD/ODD and the 5–9-yr-old children with ADHD had greater P2 latencies. This study also
demonstrated an age effect that was not specific to subgroup. P2 amplitudes were greater for the
children in the older group than for the children in the younger group. The researchers concluded
that early components of the ERP waveform (N1, P2) distinguish the clinical groups from nor-
mal control children.

8.3. Summary: Comorbidity

Overall, ERP studies investigating comorbidity between ADHD and other learning and
behavioral disorders demonstrate that at the moment there are no clear indicators that would
allow to discriminate pure ADHD group from children with other concurrent disabilities.
These findings further suggest that observed ERP differences (e.g., reduced P3 amplitude)
between the ADHD and control groups may not be attributed solely to attention difficulties
and may indicate other deficiencies or contributions of other disorders.

9. ERPs AND IQ

Researchers have also been interested in the correspondence between the ERP waveforms and
the cognitive intelligence measures. Robaey et al. (44) investigated the relation of ERPs to ver-
bal and visuospatial intelligence measures on the Wechsler Intelligence Scale for Children-
Revised (WISC-R), and Piagetian intelligence measures in 19 children with ADHD (mean age =
7 yr 5 mo) and 30 control children (mean age = 7 yr 7 mo), using classification and seriation
tasks. Fourteen electrodes were used to record ERPs. Results demonstrated significant correla-
tions between verbal skills, visuospatial performance and conservation abilities, and ERP ampli-
tudes of the waveforms. For the control group, results showed a negative correlation between
verbal scores and ERPs, as demonstrated in decreased parieto-occipital P350 and parieto-occipi-
tal P500 amplitude with increasing verbal IQ. A negative correlation was also found for perfor-
mance measures and frontal P250 and parieto-occipital N250 amplitudes, with decreased P250
and N250 amplitudes related to higher visuospatial performance scores. Furthermore, for the
Piagetian intelligence measures a significant negative correlation was found for frontal P250
amplitude, whereas significant positive correlations were obtained for P500 amplitudes. Finally,
amplitude of the parieto-occipital P350 was also correlated with these measures, but the direction
of the relationship varied based on stimulus (target or distractor) and score type (raw vs scaled).

Some of the findings in this study for children with ADHD are similar to the findings for
normal control children, whereas others are inconsistent. In children with ADHD, a negative
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correlation was obtained between verbal skills and frontal P250 amplitude. Likewise, a neg-
ative correlation was found between verbal abilities and parieto-occipital P500 amplitude.
The correlations that were observed in the study for ADHD children on verbal skills were
greater for nontarget waveforms and significant over the right hemisphere. The correlations
between visuospatial performance and ERP amplitudes for the ADHD group were significant
on the right hemisphere for N250 to target stimuli and the right hemisphere for P500 to non-
target stimuli. More specifically, P250 and N250 waves were negatively correlated with
scores on picture arrangement, positively correlated with block design scores. In contrast to
the control group, the only significant correlation for the Piagetian measures in the ADHD
group was a negative correlation for N250 amplitude. As a result, the authors suggested that
distinct ERP patterns are apparent for different types and levels of intelligence. They con-
cluded that ERPs could be useful tools for evaluating the elements of intelligence. Robaey
and his colleagues proposed that different forms of intelligence utilize different processing
components of the brain, as evidenced by ERP waveforms.

More broadly, ERPs may be indicative of verbal and visuo spatial performance, as suggested
by the correlational findings. Because ERPs are reflective of underlying neural processing,
they may provide valuable information regarding complex cognitive processes, as revealed
by intellectual abilities and intelligence test performance.

10. SCALP TOPOGRAPHY STUDIES

Oades et al. (45) recorded auditory ERP and mismatch negativity (MMN) responses to
three tones from 19 scalp locations from 12 controls, 12 ADHD children, and 10 children
with Tourette’s syndrome (8–15 yr of age) during the standard oddball task. ADHD children
generated faster latency N1 components, suggesting that they process perceptual information
faster at an earlier stage of development. The scalp location for the largest P2 component was
shifted toward anterior electrode sites compared with controls (similarly reported by ref. 46;
but qualified by ref. 47). ADHD children also did not show the usual right-biased P3 asym-
metry or the frontal vs parietal P3 latency difference. This absence of P3-based hemisphere
differences has been noted in other studies for ADHD children (48).

Steger et al. (48) investigated bilateral neural processing in 15 ADHD and 16 age-matched
control boys (mean age for each group = 10.8 yr). Unlike a number of studies reviewed, mean
IQ was lower for ADHD (98.43) than control children (107.15). ERPs were recorded from 32
scalp locations. Overall, P3 amplitude to targets was smaller in ADHD children, a finding
consistent with other studies. Such a decrease could reflect reduced resource allocation to tar-
gets (see also ref. 10). The attenuation of the lateralized readiness potential for left-hand
responses of ADHD children supports a specific motor preparation deficit in ADHD. Addition-
ally, the decline in responding controlled by the right hemisphere resembles that noted earlier
by Oades et al. (45).

11. INFORMATION-PROCESSING STRATEGY

Frank et al. (49) assessed differences in short-term memory between normal developing
children and adults and ADHD children. Visual ERPs were recorded from 30 normal adults
(17–34 yr), 17 normal children (8–16 yr), and 14 children with ADHD (8–14 yr) during a
Sternberg memory search paradigm. Visual ERPs were recorded from electrodes at Cz, Pz,
and Oz sites in response to nonmeaningful visual geometric shapes followed by a fixation



point and then a test stimulus. On half the trials a test stimulus matched one item in the set.
Analyses that focused only on Cz noted that when the number of items increased from
two to four, the number of errors and RT increased, although P3 amplitude decreased,
suggesting a self-terminating strategy. That is, the ADHD children made their decision to
respond before reviewing the entire stimulus. The authors concluded that ADHD children
demonstrate a different pattern of information processing in comparison with normal children
and adults.

12. ATTENDING TO TARGETS TRIAL BY TRIAL

Lazzaro et al. (47) investigated P300 single trial-by-trial variability in 17 unmedicated ado-
lescents with attention deficit hyperactivity disorder. Using averaged ERPs, as well as the
response variance curve (RVC) to measure single-trial ERP variability relative to their average,
Lazzaro et al. recorded ERPs during an auditory oddball task. No differences in P300 amplitude
or latency were found between controls and the ADHD group. However, when patients were
initially placed on dextroamphetamine (mean daily dose = 0.5 mg/kg) and 10 patients switched
to methylphenidate (MPH) (mean daily dose = 0.75 mg/kg) because they exhibited aggressive
behavior, they showed a significant reduction in maximum RVC variability compared to their
unmedicated state. No other differences were found for overall P300 amplitude.

In a related study of time-on-task, Heinrich et al. (46) investigated both performance mea-
sures and endogenous ERP components in ADHD and healthy children during an auditory selec-
tive attention task. Investigators examined changes in brain responses on each successive
trial. Participants included 24 normal developing boys (mean age = 10 yr, 7 mo) and 24 boys
who met DSM-III-R criteria (mean age = 10 yr, 5 mo). Children responded to the higher of
two tones presented to the ear by pressing a button. ADHD children detected fewer targets
than did healthy children although both groups performed equally well in the beginning
(less than 1 min).

Subsequent analyses of the ERP data were conducted on a trial-by-trial basis. To obtain a
reliable estimate of the single trial ERP, a recursive wavelet node single-sweep training
algorithm was used. Thus, wavelet nodes with comparable time-frequency characteristics
like the nodes of the averaged ERP were obtained for each single trial response. No overall
effects were found between healthy and ADHD children for frontal negativity and parietal
positivity. However, healthy and ADHD children did differ in time-on-task dynamics for
frontal negativity. The increase in frontal negativity observed in both groups to target-
attended stimuli might indicate that more attention resources had to be allocated for ADHD
children to reach adequate performance and this increase in resources required that the child
spend more time on task. In ADHD children, this process started earlier compared to
healthy children. Moreover, ADHD children did not appear to mobilize more resources
during this task in contrast to healthy children who reached their maximum value around
the 30th target-attended trial. In contrast to the distinct quadratic course of frontal negativ-
ity in the control group, smaller higher-order fluctuations were present in the ADHD group.
This could be related to shorter attention spans and generally fluctuating cognitive behavior.
The lack of group differences in parietal positivity was interpreted to indicate that the
underlying neurophysiological processes (e.g., stimulus evaluation processes) were not
impaired in the ADHD children and that these processes did not contribute to their poorer
performance.
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13. DRUG EFFECTS
A review of many of these studies noted a focus on the use of MPH and its impact on

attention as indexed by both behavioral measures (reaction time [RT], number of correct
responses, error rates, etc.) and ERP measures, mainly the P3a and P3b ERP components. For
the most part, treatment studies that compare ADHD children treated with MPH with nontreated
ADHD children and normal controls report variations in peak amplitudes and latencies related to
drug interventions (see Table 3 for an overview).

In a relatively early ERP study investigating the effects of MPH on brain and behavior
responses, Miller et al. (50) recorded changes in the ERP when 19 boys with ADHD were
administered MPH and compared with 13 normal controls (8–10 yr). These ADHD children
comprised a special population that was described as free from any other identified handicapping
conditions including LDS. Although no differences were found on a selective attention Stroop
task, ERP components did differ between groups. Specifically in response to targets (infrequent
stimuli), ADHD boys produced larger P3b amplitude and shorter mean latencies compared with
controls. In contrast, controls generated shorter P3a peaks than ADHD boys to nontargets (see
also ref. 51).

With medication, however, effects changed. In general, for target stimuli, controls and
treatment groups produced shorter N1 latencies (i.e., responded faster) than the placebo
group in the retest condition compared to the baseline condition. In addition, N1 ampli-
tude was smaller for treated children than for controls. In contrast, treated children gener-
ated larger N2 amplitudes than controls. Peak amplitudes were also larger for the
treatment group for P1, P3a, and P3b, a finding consistent with many of the MPH treatment
studies.

The authors argued that the shorter target N1 latencies in ADHD boys suggested that they
are unable to selectively attend to the target events in the same manner as normals. However,
given the nature of the task, it is possible (as suggested by ref. 10) that the ADHD children
engaged a default strategy that precluded much of the encoding of the stimuli.

Given the behavior performance improvements (correct responses, RT) noted for both tar-
get and nontarget stimuli, it appears that MPH enhances early selective attention and stimulus
recognition.

Jonkman et al. (52) assessed the impact of MPH on attention using a probe ERP study to
investigate differences between children with and without ADHD. Visual ERPs and behavior
measures were obtained from 28 children (7–13 yr) from electrodes placed over Fz, Cz, Pz,
and Oz scalp locations. In the first experiment, during the easy task, participants pressed a
button whenever a blue rectangle was detected and another button to all rectangles of another
color. In the hard task, participants compared each rectangle with the preceding rectangle.
Although controls were more accurate across tasks, no differences were noted in RT between
the ADHD children and controls. However, although the P3 amplitudes for both groups were
comparable for the easy task, only controls showed a marked amplitude increase in the hard
task. The authors interpreted these findings to indicate that the ADHD were not able to assign
more attention capacity to the more demanding task. Thus they argued that ADHD children
experience a deficiency in capacity allocation and not simply capacity shortage.

The second experiment tested whether MPH would affect later performance for the
ADHD children and increase the amplitude of the P3 during the hard task. Overall, correct
responses increased but RT did not differ between the placebo and MPH conditions. In con-
trast P3 amplitude was larger for the MPH than the placebo condition. It did not differ,



though, between conditions. The authors continued to conclude that individuals with ADHD
experience a deficiency in capacity allocation.

In a series of well-designed and controlled studies, Sunohara and colleagues (53,54) inves-
tigated the effects of MPH on attention in children with ADHD. In the first study, Sunohara et al.
(53) compared ERPs recorded from 13 medication responders, 13 nonresponders, and 13 control
children in a double-blind study. Both ADHD groups were tested on four separate occasions
during a 4-wk double-blind, placebo-controlled assessment of MPH effectiveness. Each child
was tested on baseline, placebo, and lower and higher doses of MPH in random order. Psy-
choeducational and cognitive tasks were administered each week to assess child’s response to
medication. ERPs were recorded 1.5–3 h after midday administration of MPH or placebo from
a set of 13 electrodes during two oddball tasks: a visual feature detection task and a semantic
classification task. Mean age for all children was 11.47 yr. When off medication, no differ-
ences were noted between the two ADHD groups. However, when on MPH, longer latency
N2 and P3b responses were noted for the nonresponders than for responders. This finding par-
alleled cognitive performance differences between the two ADHD groups while on medica-
tion, with higher error rates occurring for the nonresponders.

Sunohara et al. (54) studied MPH effects in ADHD by recording ERPs during attention task
performance in 20 normal controls (mean age = 10.5 yr) and 20 children with ADHD under dif-
ferent dose conditions (mean age = 10.8 yr). Using a double-blind, placebo-controlled
crossover trial design across a consecutive 2-d period, the ADHD group was assessed off drug
(baseline) and on placebo, low (0.28 mg/kg), and high (0.56 mg/kg) dose levels of MPH. At
baseline, the ADHD children were more impulsive and inattentive than controls and had shorter
P2 and N2 latencies and longer P3 latencies. Low-dose MPH was associated with reduced
impulsivity (fewer false alarms) and decreased P3 latencies, whereas the higher dose level was
associated with reduced impulsivity and less inattention (more hits), as well as increased P2
and N2 latencies and decreased P3 latencies. No peak amplitude changes were noted. No
adverse effects of the higher dose were noted, for any of the children. These results suggest dif-
ferential dosage effects and a dissociation between dose levels and aspects of processing.

In a related study, Winsberg et al. (55) also recorded ERP differences in 14 hyperkinetic
MPH responders (mean age = 126.7 mo) and 14 control children (mean age = 126.7 mo).
Control IQs were higher than those of the hyperkinetic children. Responses on the Conners
Abbreviated rating scale and Conners Teacher’s rating scale were recorded twice per week.
EEG was then recorded beginning 1 h prior to administration of medication or a placebo and
finished within 18–24 h of administration of the last dose. Controls received no medication
or placebo treatments. Participants were involved in active and passive oddball tasks.

ERP peak amplitudes and latencies were measured for five separate peaks: for MMN, N1
at 50–150 ms, P2 at 150–250 ms, N2 at 150–250 ms, and P3 at 250–550 ms. Behavioral dif-
ferences were found between the two groups when the hyperkinetic children were not receiv-
ing MPH but disappeared following drug administration to the target group. Placebo-treated
ADHD children had significantly lower percent correct detections and slower RT to correct
detections than MPH-treated ADHD children.

As in the case of Sunohara et al. (54), Winsberg et al. also found an increase in P3 amplitude.
Following administration of MPH, a significantly earlier and larger peak was generated in
response to deviant stimuli in both the active and passive response conditions when compared
with the controls and placebo treatment conditions. The MPH group generated signifi-
cantly larger P3 amplitudes in response to standards in the active condition compared with
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the placebo and control groups. Additionally, a series of negative correlations occurred
between RT to correct detections and P3 amplitude for the ADHD–MPH group, but not for
placebo group.

Zillessen et al. (56) also assessed changes in the P300 component. They further repli-
cated the effects reported by Sunohara et al. (54) and Winsberg et al. (55). In a test of 17
right-handed boys (mean age = 9.5 yr), children were tested twice while unmedicated dur-
ing a CPT and twice in a medicated CPT condition. Children pressed a mouse button if
the letter “O” (80 times = 20%) occurred immediately before the letter “X”. They noted
that while receiving MPH, a larger P3a component occurred. No effects were seen in later
processes.

Not all studies report increased P3 amplitude effects with medication in ADHD children.
Taylor et al. (13) tested 21 ADHD children (16 males, 7–10 yr of age) and 21 control chil-
dren (14 males, 8–10 yr of age) in a series of serial and parallel processing tasks. Although
no P3 latency or amplitude effects were noted between groups, the current task did not
require sustained attention, thereby explaining the lack of significant P3 changes owing to
medication.

Across studies it appears that the lack of significant differences between MPH-treated and
normal control groups for the N1 and P2 components suggests that the basic physiological
components of the nervous system remain intact for the ADHD population. Under correctly
medicated conditions these children appear to encode and process sensory aspects of incoming
stimuli in a normal fashion. Likewise, the consistent finding of increased P3 amplitudes and
faster RT in MPH treated groups suggests that ADHD children are more physiologically alert
and accurate when receiving the medication. In fact, given larger P3 peak amplitudes resulting
from MPH treatment it appears that the child becomes physiologically hypervigilant. These
conclusions are tempered by some findings suggesting that not all children with ADHD-like
symptoms respond behaviorally or electrophysiologically in a manner that indicates hightened
vigilance as indexed by performance increases or increased P3 amplitudes (57).

14. SUMMARY

In general, across studies, control children typically produce larger ERP components (P1,
P3) than ADHD children who are not medicated. With medication, however, such peak
amplitude differences often disappear. A number of investigators conclude that overall per-
ceptual processes are intact in ADHD children and that these processes do not contribute to
their poorer performance. Furthermore, basic orienting processes, regardless of modality, do
not appear to be impaired in children with ADHD.

Most ADHD-related deficits are attributed to later stages of information processing. In
general, ADHD children rely on simpler selection strategies, especially when the task
involves comparing multiple features of complex stimuli. It appears that such children sel-
dom benefit from pretrial cues or increasing the salient features of stimuli. Concerning inhi-
bition and response selection, children with ADHD exhibited few differences in ERP brain
activity associated with successful or failed inhibitions. Later-occurring components, such as
N2 and P3 components, were most frequently identified as sensitive to differences between
ADHD children and controls. Both were typically characterized by reduced amplitudes and
delayed latencies (with the exception of 12,13) compared with control children. In this con-
nection, given the relation between ERPs and behavioral results it has been suggested that
P350 latency could be used to discriminate children with ADHD from controls in some tasks.
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17
Anatomical and Functional Neuroimaging Studies

of Children and Adolescents With Attention
Deficit Hyperactivity Disorder

Jonathan C. Pfeifer, Melissa DelBello, Scott Holland

1. INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is one of the most prevalent behavioral
disorders in pediatric populations (1,2). Researchers have hypothesized that ADHD has a
biological etiology (3). Indeed, twin studies have provided evidence to suggest that ADHD is
an inherited disorder (4) and a variety of genes have been identified, which have been associated
with an increased susceptibility to developing ADHD (5). The core characteristics of ADHD,
which include inattentiveness, impulsivity, and hyperactivity, are thought to be the result of
dysfunctional noradrenergic and dopaminergic pathways residing in discrete brain regions
(6,7). As a result of recent advances in neuroimaging technologies, there has been an increas-
ing number of neuroimaging studies investigating the neurophysiological basis of ADHD
(3). Some studies have concentrated on anatomical pathology, probing for variations in the
neuroanatomical structures of ADHD patients, such as differences in volumes of distinct brain
regions. In contrast, other studies have focused on physiological functions of the central ner-
vous system, such as regulation of blood flow, which may be responsible for the behavioral
manifestations of the disorder. The following chapter will begin with a brief review of neu-
roimaging techniques that have been utilized to investigate the neurobiological basis of
ADHD. Next, we will review the findings of structural and functional neuroimaging studies
involving children and adolescents with ADHD. We will also discuss recent findings from
functional neuroimaging studies that have begun to investigate the mechanisms of action of
pharmacological treatments for ADHD. Finally, we will examine some of the limitations of
existing studies and propose neuroimaging investigation that might help further clarify the
neurophysiology of ADHD.

2. NEUROIMAGING TECHNIQUES

2.1. Structural Neuroimaging
2.1.1. Computed Tomography

Computed tomography (CT), one of the first cross-sectional neuroimaging modalities, has
been utilized for more than 30 yr to examine the central nervous system (CNS). CT produces
two-dimensional views of multiple axial brain slices from numerous one-dimensional
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projections captured from varying angles (8). The attenuation of the X-rays on various paths
through the CNS causes contrast. This contrast creates lighter or darker areas seen on the
image, allowing one to discriminate between various anatomical sites. In medicine, CT has
traditionally been used to evaluate CNS lesions, such as tumors, infarction, or gross struc-
tural changes, as well as define areas of blood–brain barrier breakdown when used with
intravenous contrast (8). Although less expensive than magnetic resonance imaging (MRI),
CT is limited for several reasons (8). First, it exposes subjects to ionizing radiation, creat-
ing ethical concerns when used for solely for research purposes. Second, visualization of the
basotemporal cortex and posterior fossa may be obscured owing to artifacts in structures near
bone. Third, visualization of white-matter disease is poor, as is contrast resolution between
grey and white matter. Finally, there is risk of an allergic reaction to the iodine-based con-
trast that is commonly used. In addition to these restrictions, other confounding factors,
such as the diagnostic heterogeneity of the ADHD patients, has limited the interpretability
of early CT studies (9–12). However, these investigations helped define the framework of
methodologies that followed in later neuroimaging studies of ADHD patients.

2.1.2. Magnetic Resonance Imaging

MRI has been used for the majority of studies investigating anatomical differences
between youth with ADHD and healthy controls. MRI provides images with high resolu-
tion, without subjecting the patient to ionizing radiation (11). In addition, any plane of
view may be visualized, the most common being the sagittal, axial, and coronal. Because
of its safety profile, subjects can be scanned multiple times, allowing for longitudinal stud-
ies to be performed in which the time-dependent effects of such parameters as medical
treatment and development can be assessed. Furthermore, the low biological risk of MRI is
also justification for including healthy subjects in investigations that include pediatric
samples. In addition, MRI is superior for detecting white-matter lesions and avoiding bony
artifacts that may be associated with CT (8). Images are produced primarily using the mag-
netization of hydrogen nuclei in water molecules. Atomic nuclei with an odd number of
protons or neutrons have an innate spin, creating a magnetic dipole moment. When the
atoms comprising a subject’s brain tissue are placed within a strong magnetic field, the
nuclei attain their lowest energy state, so that their magnetic dipole moments are aligned in
a parallel fashion with respect to the magnetic field. The nuclei within the magnetic field
spin around the axis of the field (precession), which causes a release of energy. This energy
is localized and detected by the scanner in the form of radiofrequency electromagnetic
waves. An external radiofrequency pulse is then added to perturb the resonance of the
nuclei, displacing the dipoles from the plane parallel to the magnetic field. Upon removing
the external radiofrequency magnetic field pulse, the nuclei return to their lowest energy
state (relaxation), again becoming parallel to the magnetic field. Using magnetic field gra-
dients and Fourier transformation, the detected signals are converted into an image. The
resolution of some of the newer high-field MR scanners can reach approx 300 μM,
increasing the validity of studies quantifying brain regions as their borders become more
distinct. Although traditionally utilized to evaluate brain structures clinically, MRI has
evolved. Newer applications of MR technology, including magnetic resonance spec-
troscopy (MRS), functional magnetic resonance imaging (fMRI), and diffusion imaging,
have allowed investigators to probe into the biochemical and physiological (functional)
basis of ADHD neuropathology.
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2.2. Functional Neuroimaging
2.2.1. Single-Photon Emission Computed Tomography

One of the most widely used functional neuroimaging techniques for studying ADHD has
been single-photon emission computed tomography (SPECT). SPECT has the capacity to
measure regional cerebral blood flow (rCBF), as well as localize and determine the densities
of various receptors in vivo (8). rCBF is considered to be an indirect measure of neural activ-
ity and glucose metabolism in corresponding brain areas. Subjects participating in SPECT
studies are injected intravenously with a flow tracer conjugated to a radionuclide (99mTc is a
common example). The flow tracer may then localize to a receptor or where there is increased
blood perfusion. The concentration of the bound radionuclide is imaged by detecting fleeting γ-
rays, or photons, which are emitted as the radioisotope decays. The uptake of the tracer can
also be quantified accurately. Various molecules have been used to localize specific receptor
sites, such as TRODAT for the dopamine transporter (DAT-1). In addition to providing specific
receptor information, SPECT is relatively affordable because of the fact that a cyclotron is
not required for SPECT radioisotope production. The radioactive decay half-life of most
SPECT isotopes is relatively long, so the compounds may be manufactured in one location
and shipped for use in another.

Although SPECT has yet to be used in the diagnosis of patients with psychiatric disorders,
it is utilized clinically in the assessment of developmental anomalies, seizures, and tumors
(13). SPECT is not typically used for research purposes in pediatric populations, because it
utilizes ionizing γ-radiation.

2.2.2. Positron Emission Tomography

Positron emission tomography (PET) is an imaging technique that can measure rCBF,
oxygen and glucose metabolism, cerebral blood volume, and the extraction of water across
the blood–brain barrier (8). Neurological receptor binding may also be examined, with spe-
cific radiotracers designed for such targets as the D2 dopamine, 5-HT2 serotonin, glutamate-
N-methyl-D-aspartate, histamine, and opiate receptors. Images are based on the tracer’s
ability to emit a short-lived particle known as a positron. In order to manufacture
positron-emitting radioisotopes, a cyclotron is necessary to generate isotopes of carbon
(11C), nitrogen (13N), oxygen (15O), or fluorine (18F). During the process of imaging,
positrons collide with nearby electrons, and end up producing two photons that travel in the
exact opposite direction. The image is created by the detector, using a “coincidence circuit,”
which recognizes the simultaneous ionization. The spatial resolution of PET is between 5 and
6 mm. Because the energy of the γ-photons detected in PETs raises energy higher than those
used in SPECT, its sensitivity is somewhat higher. Additionally, because of the coincidence
detection, PET produces cross-sectional images inherently. Although a powerful and promising
technique with a higher sensitivity than SPECT, PET is expensive, and therefore, its availability
is limited. The typical positron-emitting isotopes are short-lived (several hours) and must be
manufactured near the site of usage.

2.2.3. Functional Magnetic Resonance Imaging

fMRI is a relatively new neuroimaging technique that permits investigators to simultaneously
produce high-resolution anatomical images as well as information regarding changes in
blood flow between an active and resting state. The advantages of fMRI compared with
SPECT or PET include that it is noninvasive and the subject is not exposed to ionizing radiation.
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Images of blood flow are based on the varying magnetic properties between oxyhemoglobin
and deoxyhemoglobin. When brain activity is increased beyond a certain threshold, the
amount of oxygen in the blood supply to that brain region surpasses the amount of oxygen
being utilized. The ratio of oxyhemoglobin to deoxyhemoglobin increases, which is the
parameter detected by the scanner. This method has commonly been referred to as the blood-
oxygen-level-dependent, or BOLD, technique. A variation of fMRI, T2 relaxometry, has
been utilized to evaluate steady-state perfusions of various brain regions over time (14).

2.2.4. Magnetic Resonance Spectroscopy

MRI is a neuroimaging technique that enables investigators to quantify chemical species
in the CNS in vivo. In contrast to SPECT, MRS directly measures the concentration of cer-
tain metabolites in the brain. This technique can be used to investigate the relative concentra-
tions of common biological isotopes, such as hydrogen (1H), lithium (7Li), carbon (14C),
fluorine (19F), sodium (23Na), and phosphorus (31P). To be observable by MRS, a nucleus
must have a nonzero spin property and be present in a sufficient concentration (≥ 100 nmol
typically). MRS can measure specific neurochemical compositions and concentrations within
a brain region. For example, chemicals noted in the proton spectrum, including choline,
N-acetylaspartate (NAA), creatine, glutamate/glutamine/γ-aminobutyric acid, and myoinositol
can be quantified in this fashion (15).

Using the aforementioned techniques, specific neuroanatomical and neurophysiological
abnormalities have been identified in children and adolescents with ADHD. There are several
diagnostic and rating instruments that have been used to evaluate pediatric patients with
ADHD, including the Diagnostic Interview for Children and Adolescents (16) and the Child
Behavior Checklist (17). Additionally, since group differences in IQ scores confound findings
from neuroimaging studies of ADHD youth, some investigators have used the Wechsler
Intelligence Scale for Children (18) to evaluate IQ scores in order to adjust for group differ-
ences. In addition, other investigators have correlated regional brain structure and/or function
with performance on neurocognitive tests, including those measuring attention and inhibi-
tion, to examine specific regional brain abnormalities in ADHD youth (19).

3. STRUCTURAL NEUROIMAGING OF ADHD YOUTH

3.1. Cerebrum and Frontal Cortex

MRI studies evaluating the neuroanatomical substrates of ADHD have revealed involvement
of the entire cerebrum, as well as several specific brain regions. Castellanos et al. have reported
reductions of almost 5% in total cerebral volume, as well as a variance of lateral ventricular
asymmetry in ADHD subjects vs controls matched for age and sex (20–22). Other groups report
8.3% reductions in total cerebral volume in boys with ADHD compared with controls (23).

One of the most consistent finding in ADHD youth has been abnormalities in frontostriatal
brain regions (11,24). Additionally, right-sided abnormalities are reported more commonly
than left-sided abnormalities (25). Indeed, one of the first MRI studies of ADHD youth
reported smaller right “anterior” width measurement as compared to age- and sex-matched
healthy controls (26). Also consistent with this theory, Filipek et al. reported smaller right
frontal regions in ADHD boys compared with healthy controls (27). Moreover, Casey et al.
reported significant correlations between performance on response inhibition tasks and
anatomical measures of the prefrontal cortex and caudate nuclei that were predominantly in
the right hemisphere, supporting a role of right frontostriatal circuitry in response inhibition
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and ADHD (19). In a study with similar findings, decreased right hemispheric white matter
was associated with poor performance on tasks requiring prolonged attention (28).

Recently, studies have examined histologically and functionally distinct subregions of
the frontal cortex. For example, Mostofsky et al. reported reduction in frontal white-matter
volume that was specific to the left hemisphere and bilateral reduction in frontal gray-matter
volume that was more specific to the right hemisphere. Subparcellation of the frontal lobe
revealed smaller prefrontal, premotor, and deep white-matter volumes, suggesting that
ADHD encompasses dysfunctions attributable to abnormal development of more than one
frontal cortical region. Kates et al. reported smaller prefrontal cortical gray- and white-matter
volumes in ADHD patients as compared with healthy controls (29). In contrast to the right-sided
dysfunction theory of ADHD, one study reported smaller left orbitofrontal cortical volumes
in adults with ADHD (30).

3.2. Subcortical Brain Regions

The basal ganglia, containing components, such as the caudate, putamen, and globus pallidus,
is intimately connected to various circuitries responsible for control of a wide range of activities,
including, motor and executive functioning. Several studies report decreased size of the
globus pallidus in ADHD youth (20,31). However, these reports vary as to whether the find-
ings are right- or left-sided. In general, reports have not found putamen volumes to differ
between ADHD youth and healthy controls (20,31), although posterior ventral putamen
lesions have been associated with an increased risk of ADHD symptomology in children (32).

Studies examining caudate structure in ADHD youth have produced conflicting results
(3,24). The caudate modulates input from frontal brain areas, such as the orbitofrontal and
dorsolateral cortices (33). Therefore, it has been viewed to play a role in regulation of atten-
tion and inhibition (28). Castellanos et al. reported a lack of normal caudate asymmetry, as
well as smaller right caudate volumes in ADHD boys compared with healthy controls (34).
Other studies have reported normal asymmetry to be left greater than right caudate volume
(11,24,27,28,35,36) and that this pattern was reversed in ADHD subjects (27,35). Semrud-
Clikeman et al. reported that left caudate head size was associated with higher scores on the
externalizing scale of the Child Behavior Checklist; subjects with ADHD demonstrated
elevated scores and smaller left caudate heads (28). Furthermore, reversed asymmetry (right
[R] > left [L]) of the caudate was associated with poorer performance on the Stroop test,
which measures the capacity for response inhibition. The majority of subjects with reversed
asymmetry were ADHD patients. Pineda et al. assessed caudate volume differences among
healthy controls, inattentive ADHD patients, and combined ADHD patients, and found that
subjects in all three groups demonstrated left > right caudate volumes, and no differences in
volumes were found among groups (37). In contrast, Schrimsher et al. found that ADHD
symptomology is predicted by the degree of right > left caudate asymmetry (38). Decreased
caudate size in ADHD patients has been reported to diminish with age, suggesting that per-
haps delayed development of the caudate may cause an increased risk of exhibiting ADHD
symptoms (21). However, this finding may be the result of trends for caudate volume to
decrease with age being more apparent in controls than in ADHD subjects (34,39). Smaller
caudate has also been seen in patients with a monozygotic twin not diagnosed with this disor-
der, indicating that environmental factors may play a large role in one’s neuroanatomical
make up (40). Further investigation is required to correctly define “normal” asymmetry, as
well as to determine the role of the caudate in the pathophysiology of ADHD (27).
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The corpus callosum, the “connector” of the two hemispheres of the cortex, has been
speculated to be involved in ADHD. This structure is one of the most recognizable brain
structures in MR images, and is usually identified in midsagittal sections (11). One study
reported a smaller midsagittal cross-sectional area of two anterior regions of the corpus
callosum, the rostrum and the rostral body, which correlated with teacher and parent ratings of
ADHD symptoms (41). A second study reported that children with Tourette’s syndrome had
increased area of the corpus callosum as compared with controls; however, the rostral body was
again found to be smaller in ADHD children (42). The rostral body has interconnections with
the premotor cortex, caudate, and orbital prefrontal region, all of which are thought to be
involved in regulation of inhibition (41). Other areas of the corpus callosum have been shown
to be smaller in children with ADHD, including the genu, isthmus, and the splenium (43–45).
Together, these studies indicated that corpus callosal abnormalities are associated with ADHD.

It is increasingly recognized that in addition to its role of coordinating motor activities, the
cerebellum is also involved in regulating cognitive functions. The cerebellum has neural pro-
jections to other brain areas that are involved in regulation of emotion and attention (46).
Castellanos et al. have reported decreased cerebellar volumes in ADHD patients (20–21).
Specifically, two studies have reported decreased size of the inferior posterior lobe (lobules
VIII-X) of the posterior vermis (22,46). Decreased size of the posterior inferior lobe has also
been reported by Berquin et al. (47). Evidence of cerebellar morphological deviation, in
conjunction with such findings as decreased white matter in the parietal-occipital regions of
ADHD patients (27), suggests that pathologies of posterior brain regions are involved in the
neuropathophysiology of ADHD (46).

4. FUNCTIONAL NEUROIMAGING OF ADHD YOUTH

Typically, functional neuroimaging studies in ADHD patients have been performed in
conjunction with a cognitive task. During functional imaging studies it is important that
cognitive stimuli activate brain regions thought to be deficient in a specific disorder (48). The
neuroanatomical studies described in the previous section provide a guide to appropriate
designs for functional imaging studies targeted to be involved in ADHD. Paradigms commonly
used in subjects with ADHD include go/no-go tasks, continuous performance tasks, and the
Stroop test, which are designed to measure attention and inhibition by factoring parameters
such as response time or correct motor responses. Therefore, investigators using functional
imaging techniques have attempted to measure differences in task performance and regional
brain activation between patients with ADHD and healthy controls.

Some of the initial functional neuroimaging studies of ADHD youth used 18 [F] fluor-
2-deoxy-D-glucose PET to determine cerebral blood flow and found an 8% decrease in
global metabolism in adult patients with childhood-onset ADHD as compared with healthy
controls. Specifically, they identified decreased rates of metabolism in several prefrontal and
premotor areas (49). However, the authors were unable to replicate these results in a sample
of adolescents with ADHD (50). Using a go/no-go task, Durston et al. demonstrated that subjects
with ADHD had a more profuse pattern of activation as compared with controls (51).
Controls showed greater activation in the area of the left caudate; however, in several other
brain regions, such as the superior frontal gyrus, the precuneus, and the inferior parietal lobe,
ADHD subjects had increased activation.

A SPECT study reported by Amen and Carmichael observed that 65% of ADHD patients
had decreased perfusion to the prefrontal cortex during task performance, whereas only 5%
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of controls demonstrated this pattern of response (52). The majority of ADHD patients whose
perfusion did not decrease in this study exhibited decreased prefrontal perfusion at rest.
Likewise, Kim et al. reported decreased perfusion of prefrontal and temporal regions of the
right cerebral hemisphere during rest (53). Consistent with the hypothesis of decreased function
of right prefrontal regions in patients with ADHD, Rubia et al. documented decreased
function of the right mesial prefrontal cortex in ADHD boys during stop and delay tasks,
suggesting that this area may regulate motor output that is not task-specific (54). In this
study, brain regions that were hypofunctional during the stop task only included the right
inferior prefrontal cortex and left caudate, indicating that abnormalities in the right prefrontal
cortex and its connections to the basal ganglia underlie the neurophysiology of ADHD.
Abnormal asymmetry of blood perfusions (left > right) in the prefrontal regions of ADHD
subjects during response-inhibition tasks has been reported, suggesting that deficits in the
right frontal lobes of ADHD patients may be secondary to increased blood flow to the left
hemisphere (55). Finally, decreased activation of the anterior cingulate cortex, thought to be
associated with stimulus and response selection, has been reported in ADHD patients during
tasks of attention (56).

Alterations in blood flow of the striatum have also been observed in patients with ADHD.
For example, decreased blood flow to the putamen was observed in ADHD subjects as compared
with healthy controls using T2 relaxometry (14). Decreased blood flow to the striatum may
also cause disturbances in attention towards verbal stimuli (57–58). Perhaps the striatal
deficits are responsible for the clinical manifestation of “not listening.”

Although abnormalities in the caudate and prefrontal regions are most consistently implicated
in the neurophysiology of ADHD, other brain regions have also been identified to have
abnormal perfusion patterns in ADHD patients. For example, Kaya et al. reported that
decreased perfusion of the right medial and lateral temporal cortices in ADHD children was
present during resting conditions and was associated with higher ratings on both the DuPaul
teachers’ questionnaire and Conners’ ratings for hyperactivity and restlessness (59). Kim et al.
have shown decreased cerebellar perfusion at rest in ADHD patients, again indicating its
likely involvement in the pathology of ADHD (53). Increased perfusion of the posterior
occipital and parietal lobes has also been documented in ADHD patients during rest (53).
Interestingly, left > right asymmetrical perfusion has been observed in these regions in
ADHD patients with severe symptoms while performing tasks of inhibition (55).

Endophenotypes associated with ADHD are now being realized to perhaps have an etiology
defined at the receptor level. Dougherty et al. stated a 70% increase in density of DAT in
adult patients with ADHD relative to 30 controls, suggesting that varying levels of DAT are
involved in the molecular pathology of ADHD (60). Increased binding of TRODAT-1 to
DAT has also been demonstrated in adult populations with ADHD controls (61,62). How-
ever, another study using [123I]2β-CIT has shown no differences in DAT levels between
ADHD patients and controls (63). It is theorized that such examples of increased DAT levels
could either be an accommodation to long-term excess dopamine levels, or the result of a consti-
tutively overactive expression of DAT causing there to be lower levels of synaptic dopamine
(6). Although these studies have managed to find differing patterns of activation and protein
expression among various phenotypes, the majority have neglected investigation into the
genotype of this disorder. To better assess the contribution of inheritance and genetics to
the molecular pathology of ADHD, future investigators should consider the genotype of the
patients in imaging studies. Preliminary findings indicate that ADHD patients homozygous for
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the 10-repeat allele at the DAT1 gene to have increased perfusion in the left basal ganglia and
medial frontal areas as compared with ADHD patients without this repeat (64). Other studies
have reported no significant difference in brain morphometry between ADHD subjects with
and without the dopamine 4 receptor (DRD 4*7) repeat allele (65).

5. MRS STUDIES IN ADHD YOUTH

There have been relatively few MRS studies of ADHD youth. McMaster et al. reported
that ADHD youth have increase in frontostriatal glutamatergic tone as compared with
healthy volunteers (66). In a follow-up study, the same group studied ADHD children medica-
tion-naïve and after treatment and reported that the glutamate/glutamine/γ-aminobutyric-acid
to creatine/phosphocreatine ratio significantly decreased in the striatum (67). Consistent with
these findings, Courvoisie et al. recently reported increased glutamate/glutamine in frontal
regions bilaterally and increased NAA and choline in the right frontal area of ADHD children
compared with healthy controls (68). Other MRS studies have reported decreased NAA, a
putative marker of neuronal function, in the striatum of ADHD boys, which was not altered
following one dose of methylphenidate (MPH) (69). In contrast, another study reported NAA
decrease in the dorsolateral prefrontal cortex that was specific to girls with ADHD (70). In a
study of adults, decreased NAA in the dorsolateral prefrontal cortex was reported in the
ADHD group as compared with healthy controls (71). To date, MRS studies in ADHD youth
have been limited by their small sample size and primarily examining only frontostriatal
regions of interest. Future investigations using MRS and examining other regions of interest
and medication effects in larger samples are necessary.

6. FUNCTIONAL NEUROIMAGING AND PSYCHOPHARMACOLOGY
IN ADHD YOUTH

Medications are the mainstay of treatment for ADHD (72). Specifically, psychostimulants
such as MPH are effective for the treatment of ADHD. MPH is hypothesized to exert its
effects by modifying neuronal activity of dopaminergic and noradrenergic pathways (73).
Recent imaging studies are beginning to demonstrate how and where MPH work within the
CNS. Moreover, not only is MPH a very efficacious treatment for ADHD, but evidence also
exists that medications may lead to normalization of structural abnormalities. For example,
unmedicated patients have been shown to have smaller total white-matter volumes vs medi-
cated ADHD patients and controls (21).

Blood perfusion patterns within the CNS are also modified by stimulants, often in con-
junction with improvement in psychological assessments. One of the first imaging studies to
evaluate the effects of stimulants on glucose metabolism revealed no change in ADHD
patients taking MPH or D-amphetamine on a long-term basis, even though clinical ratings
illustrated symptom improvement (75). In the same study, 60 specific brain regions were
analyzed and there were no significant changes in patients taking D-amphetamine. However,
patients taking MPH exhibited decreased metabolism in the right anterior putamen and
increased metabolism right posterior frontal region. In a previous study carried out by the
same group, global glucose metabolism was not observed after short-term administration of
stimulants (75). However, several brain regions had increased or decreased blood flow in
comparison with the later study, which demonstrates the importance of evaluating the tem-
poral effects of stimulants on neurofunction in patients with ADHD. A study utilizing
SPECT evaluated rCBF in boys with ADHD pre- and post-8 wk of MPH treatment and
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found greater blood supply in the caudate, frontal lobes, and thalami following treatment,
which was associated with significant improvement on behavior rating scales (76), suggest-
ing that MPH improves blood flow specifically in frontostriatal-thalamic circuits (76). In
contrast, Langleben et al. reported that MPH decreases blood perfusion in brain areas impli-
cated in ADHD (77). In this study, ADHD patients 36 h following discontinuation of MPH
had increased rCBF in the premotor, motor, and anterior cingulate cortices, although they
were taking their prescribed dosage of MPH, suggesting that MPH might inhibit these
regions, which may correspond to its therapeutic effects of inhibiting motor hyperactivity.
However, it is unknown whether the findings of this study the result of the therapeutic
effects of MPH, or simply a withdrawal phenomenon (39,77). MPH may also regulate
motor hyperactivity in some patients with ADHD by altering perfusion to the cerebellar
vermis, which receives dopaminergic projections from the ventral tegmental area. One
study reported that high doses of methylphenidate increase T2 relaxation time in the vermis
in hyperactive ADHD patients, and conversely, reduce T2 relaxation time in patients with-
out hyperactivity (78).

Other studies that have assessed the effects of MPH in non-ADHD controls demonstrate
that the effects of MPH may be both similar and different in controls than in ADHD patients.
For example, fMRI studies have revealed that MPH increases activation in frontal regions
and decreases activation in striatal regions in patients with ADHD and controls (79), consistent
with the hypothesis that the motor and cognitive symptoms of ADHD may be explained as
the consequences of excess dopamine activity in subcortical structures and a deficiency of
dopamine in the cortex, respectively (80).

Neuroimaging methodologies also have the potential to show the manner in which the
expression of certain proteins involved in the pathogenesis of ADHD may be downregulated
in response to pharmacological interventions. For example, Dressel et al. found that
untreated adult ADHD patients had an increased striatal binding of 99mTc TRODAT-1 to the
DAT in comparison to age-matched controls (61). After methylphenidate treatment, specific
binding decreased, complementing clinical improvement in these same patients. The authors
speculated that the downregulation of DAT in response to MPH would increase dopamine in
the synaptic gap, and possibly lead to improvement in clinical symptoms. Similarly, Krause
et al. have shown that 4 wk of MPH treatment can significantly decrease density of DAT by
almost 30% (62). D2 dopamine receptors may also be downregulated in response to MPH,
and it has been reported that patients with higher baseline levels of D2 receptors respond
more favorably to MPH treatment (81). Vles et al. have also reported decreased expression of
the D2 receptor and DAT in response to MPH treatment, and postulate that decreased expression
of D2 receptors may be the result of decreased DAT expression, and the resulting increase of
dopamine in the synaptic cleft (82).

7. CONSIDERATIONS FOR FUTURE NEUROIMAGING STUDIES 
OF ADHD YOUTH

In summary, neuroimaging studies have yielded differences primarily in three brain
regions: the frontal lobe, the basal ganglia, and the cerebellum. Furthermore, there are a
number of studies reporting abnormal asymmetry and differences in global brain volume.
However, localized frontal and striatal abnormalities have been consistently detected in
childhood ADHD, leading investigators to hypothesize that an abnormal frontostriatal net-
work is involved in the pathophysiology of ADHD.
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There are several limitations of prior neuroimaging studies of ADHD youth that may guide
the design of future investigations. For example, the small sample size of most studies has
resulted in reduced statistical power, limiting the interpretation of the results. Studies with small
sample sizes of children and adolescents, which present during various developmental stages
will likely result in high variability in structural and functional studies. Because the effects of
ADHD on brain size and function are apparently subtle, these abnormalities might not be identi-
fied in small studies. Future multisite studies may be helpful to obtain data on larger samples in
order to make adjustments for clinical and demographic variables in small sample sizes.

Additionally, many studies have included only males. Although the prevalence of ADHD
is greater in males, future studies evaluating the neurostructural and neurofunctional
abnormalities in ADHD girls are necessary. Indeed, prior investigations have reported gen-
der differences in cerebral function of ADHD subjects. For example, Ernst et al. reported that
girls with ADHD had a 19.6% decrease in cerebral metabolism as compared to boys with
ADHD, and a 15% decrease in metabolism as compared to healthy control girls (83).
Another study by the same group evaluated the effect of aging on cerebral glucose
metabolism in ADHD subjects and reported that older age was associated with decreased
cerebral metabolism in women with ADHD, but not in men with ADHD or controls of ether
sex (84), suggesting that this trend may be secondary to sex hormone differences between
males and females that are associated with development. In a more recent study, Castellanos
et al. evaluated a group of 50 female ADHD patients and 50 female controls and found
smaller total cerebral volumes and posterior-inferior cerebellar vermal volumes in ADHD
females (22). In contrast, some of the findings of previous studies of male ADHD subjects,
such as caudate asymmetry, were not identified, suggesting that there may be sex differences
in the neuroanatomy of ADHD.

Another limitation of studies has been the variability among investigations in controlling for
motion artifact, especially considering that there is an increased risk of subject restlessness when
studying ADHD populations. Bite-bars (79) have been used in the past, but more effective meth-
ods to decrease movement are needed. Future studies must also consider age of onset of ADHD
and address abnormalities in developmental trajectories. For example, levels of dopamine con-
taining neurons, dopamine metabolites, and DAT all reportedly decrease with age of ADHD
patients.

The effects of medications should also be considered when designing future neuroimaging
studies (27). Specifically, MRS may be useful to identify neurochemical predictors of
treatment response and neurochemical effects of treatments.

Finally, few studies have examined the differential neurobiology of the patients with the
different subtypes of ADHD. Future functional and structural neuroimaging studies may be
helpful to determine the differential neurobiology between subtypes of ADHD. In order to
establish a more biologically based classification scheme, further studies should try to
demonstrate whether the clinical subtypes of ADHD show distinct structural or functional
differences. Moreover, neuroimaging studies may be useful is establishing the differential
neurobiology of pediatric ADHD and bipolar disorder, which may lead to more accurate
diagnoses and, therefore, more effective interventions (85).

Although there are many neuroimaging investigations in subjects with ADHD, there are
numerous inconsistencies in the results of these studies (3). Thus specific biological markers
of ADHD have yet to be defined and the clinical applications of such findings are not yet
regimented. It is unlikely that neuroimaging will be the diagnostic standard for ADHD in the
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near future. Nonetheless, future prospective longitudinal neuroimaging studies, using newer
technologies such as diffusion tensor imaging, may allow us to identify the neurostructural,
neurofunctional, and neurochemical abnormalities, as well as abnormal neuronal pathways,
that occur in children and adolescents with ADHD. Large sample sizes are likely to be neces-
sary to unequivocally identify candidate brain regions that are involved in ADHD. Additionally,
these investigations will allow us to begin to understand how the neurodevelopmental trajec-
tories of ADHD youth differ from normal.
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State Regulation and Attention Deficit 

Hyperactivity Disorder

Jaap van der Meere

1. INTRODUCTION

Parents, teachers, and clinicians continue saying that the behavior of children with atten-
tion deficit hyperactivity disorder (ADHD) can be extremely variable. For activities that are
of interest (i.e., watching television), the children can sit still and maintain attention for
hours. Their performance accuracy declines rapidly, however, if the task at hand is not
appealing, which may happen during (neuro) psychological testing. Here, the clinician needs
all his or her experience to keep the child on track in order to estimate the child’s true poten-
tial. Once the requirements for testing are finally met (i.e., the child sits still, listens carefully,
and is motivated), the clinician is exhausted, and the child shows “no deficits.” This huge
variability of behavior may lead to confusing interpretations in our research field. For
instance, on the one hand, many researchers consider the classroom to be an optimal condi-
tion to study the effects of methylphenidate (MPH) on impulsive and overactive behavior,
whereas on the other hand, children with ADHD have more daytime sleep episodes than the
norm (1). The role of behavioral variability in ADHD is also emphasized by genetic stud-
ies, showing that variable responding during reaction-time (RT) tests mediates the genetic
effects, not ability factors per se, including delay aversion (2) or stopping an intended
response (3).

In sum, there are reasons to claim that insight into the source of behavioral variability pro-
vides an essential key to the understanding of ADHD. However, having arrived at this point,
the question emerges as to which cognitive model research has to be carried out when the
intimate relationship between behavior and its biological/motivational context is not a favor-
able subject in the field of neurocognitive science.

2. WHICH MODEL TO CHOOSE TO STUDY ADHD

For decades behavior scientists have been interested in phenomena, such as overt and
covert attention, filtering relevant from irrelevant information, memory, motor-presetting,
inhibition, and so on. In line with this, the development of information-processing models
has been impressive, becoming increasingly precise and well-specified, especially with
regard to models linking psychophysiological indices (i.e., evoked potentials and neuroimag-
ing data) with overt behavior, which provide promising data on what takes place in the brain
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between perception and action. However, although no one would deny that factors, such as
sleep loss, stress, fatigue, noise, incentives, punishment, time on task, time of day, knowl-
edge of results, supervision, presentation rate of stimuli, temperature, and alcohol, affect the
quality of information processing, the influence of these so-called energetic factors has rarely
been considered in the current cognitive theories. On the contrary, these factors are generally
seen as confounding factors. At best they are considered modulatory. This could well be the
result of the modern Zeitgeist: the dominance of the metaphor of the computer, in which
computational mechanisms are emphasized and motivation and energetics ignored (4). Nev-
ertheless, it is obvious that in order to model real-life cognitive performance any comprehen-
sive account of cognition would ultimately have to incorporate the effects of energetic
factors.

In this spirit, leading researchers in the field of experimental psychology met in Les Arcs,
France, from August 23 through 28, 1985. The meeting was sponsored by the North Atlantic
Treaty Organization Scientific Affairs Division and provided a perfect forum to discuss the
possibilities of a marriage between the 20th century computer metaphor and the 19th
century energy metaphor (e.g., energy mobilization; ref. 5), or to use their own words, to
restate one of the classic problems of psychology—that of accounting for motivational or
intensive aspects of behavior (6–10)—as opposed to structural or directional aspects. The
results were put together in a pièce de resistance titled Energetics and Human Information
Processing, edited by Hockey, Coles, and Gaillard (11). An important conclusion made by
the forum was that the original assumption of a unitary, nonspecific process based on activa-
tion of the brain stem reticular formation was too simple, given that work in the field of neu-
robiology had demonstrated evidence of discrete neurotransmitter systems with quite specific
information-processing functions and central roles in regulation of behavior. In contrast,
there were strong arguments to differentiate between different types of energetic supply. A
key model discussed in Les Arcs was the cognitive energetic model by Sanders (4,12–14),
together with its counterpart: the neurophysiological oriented model by Pribram and
McGuinness (15); see Fig. 1.

In this model, task efficiency is considered as a product of elementary cognitive stages
(level 1) and their energy distribution (levels 2 and 3). The elementary stages at level 1 are
stimulus encoding, memory search, binary decision, and motor preparation. These stages
may be seen as structural processes, i.e., processes that mediate between stimulus and
response. They are assumed to function serially and discretely, meaning that contingent
stages operate in strict succession, with each stage finishing before the next can begin. The
stages are involved in executive functioning, such as divided and focused attention (16,17)
and (motor) set shifting (18). The availability of the elementary (computational) stages at
level 1 is related to the arousal and activation levels of the subject (level 2).

Arousal is defined as a time-locked phasic physiological response to input (15).
McGuinness and Pribram (19) related the arousal system to the amount of information in the
stimulus and to surprise, novelty, or complexity levels in selective attention tasks. In short,
the arousal system refers to the “what is it?” reaction. In addition, they speculated that the
arousal system is related to emotional reactivity. The core brain system associated with
arousal extends from the spinal cord through the brainstem reticular formation including the
hypothalamic sites. The amygdala and related frontal cortical structures are involved in the
control of the core brain arousal system. The dominant neurotransmitters in the arousal sys-
tem are serotonin and noradrenaline (20,21).
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The activation system refers to a tonic long-lasting voluntary readiness for action: the
“what is to be done?” reaction. Structures involved in the activation system are the dorsal
thalamus and the basal ganglia with, in particular, the corpus striatum of the forebrain
(15,19). Dopamine is the most important neurotransmitter (22).

The effort system (level 3) is under control of an evaluation mechanism, which scans the
momentary state of the arousal and activation levels. A suboptimal state of arousal and/or
activation is compensated through the effort mechanism by either activating or inhibiting the
arousal and/or activation pool/resources. Thus, unlike the traditional activation theory, in
which the energetical processes are essentially stimulus-driven (10,23), in the view of Pri-
bram and McGuiness the energetic resources may be controlled through strategic resource-
management decisions. Therefore, in essence the Pribram and McGuiness model builds on
the work of Broadbent (24) and Kahneman (25), wherein motivation is not only a driving or
energizing force but also a key factor involved in the initiation, maintenance, and regulation
of action.

In sum, state monitoring means checking for discrepancies between an individual’s actual
state and his required (target) state. If there is a discrepancy, it is evaluated and action is
taken to restore equilibrium. Within this perspective, Hockey (26) formulated the following
four different types of actions:

1. Active regulation of the individual’s actual state, which is influenced by stressors, such as time-
on-task.

2. Change of the criteria for optimal performance, so that the individual’s required state is closer to
his or her actual state (and, as a result, accepting errors).

3. Action oriented toward direct control of the environmental influences on the individual’s actual
state (for instance, closing windows to shut out the noise of traffic).

4. No action.
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Only the first type of action may attract costs to physiological subsystems: primarily the
limbic system in a circuit involving the cingulate cortex, hippocampus, septal nuclei, and the
anterior hypothalamus, with the hippocampus playing the major role in this circuit (15).

It is to be noted here that the earlier-discussed marriage between the 20th century com-
puter metaphor and the 19th century energy metaphor is reflected in Sanders’ model (4) by
the linkage of level 1 with levels 2 and 3, wherein the quality of elementary cognitive steps is
dependent upon the energetic (arousal and activation) state of the subject.

Using Sternberg’s additive factor method (18), Sanders showed that the processing stages
at level 1, as well as the energetic levels 2 and 3, could be separately influenced by so-called
task manipulations. For instance, when the task duration is short and when subjects are moti-
vated, stimulus degradation, set size, and response compatibility manipulations affect the
stages of, respectively, stimulus encoding, central processes, and motor preparation. Arousal
is influenced by noise (overarousal) and stimulus repetition (underarousal). Motor activation
is influenced by stimulus uncertainty (i.e., varying the presentation rate of stimuli) and
amphetamine. Effort, in turn, is affected by factors, such as knowledge of results and time-
on-task. Sleep loss affects both arousal and activation.

In summary, based on the outcome of reaction-time studies, Sanders created an impressive
body of knowledge on the effects of energetic state on the quality of input and output stages
of the information-processing chain. Given the theme of the current chapter, the first question
is how direct effects on computational stages (level 1) can be distinguished from indirect
effects, which depend on variations in energetic supply (levels 2 and 3). The rule of thumb is
that direct computational factors usually have their effects on all the individual trials during
reaction-time tests, and, hence, shift the whole distribution of reaction times. Characteristic
for energetic factors, on the other hand, is that their effect varies strongly between individual
trials. Therefore, their effect will be most pronounced at the higher end of the distribution
and may indeed be absent in the lower end (27). Within this context, Leth-Steensen et al. (28)
performed a detailed statistical analysis of the response times of children with ADHD vs
control children, fitting the ex-Gaussian distributional model to the individual response time
data. The children with ADHD showed a large amount of abnormally slow responses. This
was considered as a typical feature of a deficient allocation of energetic resources (the effort-
ful maintenance of optimal activation levels needed for maintaining a consistent state of
motor preparation). However, before discussing in detail research findings in terms of the
Sanders’ model, time is ripe to compare the model with the attention framework of Posner
and colleagues, which is currently among the most influential models in the United States.

Posner and colleagues (29–32) have postulated three distinct but interconnected neu-
roanatomical networks. The posterior attention system (PAS) is particularly involved in
selective attention, i.e., shifting attention to a target in space. The posterior parietal lobe has
been shown to play an active role in disengaging attention. Also part of this system are the
superior colliculus of the midbrain, involved in moving attention to another location, and the
pulvinar nucleus of the thalamus, associated with engaging attention at a new location. The
PAS receives noradrenergic input from arousal modulating structures in the medulla, among
which the locus coeruleus (LC) is the most important (33).

The anterior attention system is involved in detecting and comparing events and selecting
appropriate responses. Broadly speaking, it is considered to exercising executive control and
bringing an object into conscious awareness (31). The network is involved in effortful atten-
tion processing of stimuli and training. The gyrus cingulate is associated with these functions.
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The third system is the vigilance or alertness system, which refers to maintaining a sus-
tained state of alertness. The right frontal and right parietal areas are part of this network. The
LC is also part of this network, as the structure strongly controls right frontal areas.

It is unfortunate that it is as yet unclear whether generalization from the cognitive-ener-
getic framework to the concepts of Posner’s theory is actually justified. Neither has there
been a proper analysis of Pribram’s predominantly limbic structures as compared to Posner’s
cortical structures. Yet it is interesting that evidence for a functional distinction between an
input system (Posner’s posterior structure), an output system (Posner’s frontal lobe struc-
ture), and a central control system (Posner’s anterior structure) emerge in all current descrip-
tions of attention mechanisms (4). For example, we may consider the alertness network,
which has the function of maintaining an alert state to correspond with the noradrenergic
arousal system as described by Pribram and McGuinness (15). Another correspondence
could be the fact that the vigilance network, defined as levels 2 and 3 in Sanders’ model,
influences both the posterior and anterior network involved in executive functioning.

Reviews written from the energetic perspective (34–39) have underlined that there is little,
if any, evidence that pure ADHD is associated with a divided or focused attention distur-
bance, with a response inhibition deficit, or with an inability to shift from controlled processing
into automatic processing. However, children are delayed in their motor preparation and inhi-
bition processes especially when the presentation rate of the stimuli is slow. In terms of the
Sanders model this could indicate poor state regulation: i.e., underactivation and poor effort
allocation. The findings make Posner’s PAS and anterior attention system networks unlikely
candidates to be associated with ADHD; this could be different with regard to Posner’s vigi-
lance network as a difficulty in remaining in an alert state. In Section 3, a series of RT studies
will be discussed suggesting that children with ADHD have difficulties remaining in an alert
state, particularly in conditions with a slow presentation rate of stimuli.

3. EVENT RATE FINDINGS

According to Sanders’ theory, the signal rate of the go/no-go signals may alter the state of
the subject, a fast condition may induce “overactivation,” resulting in fast-inaccurate
responding, whereas the slow condition may induce “underactivation,” resulting in slow-
inaccurate responding. Therefore, to counteract a decrement in task efficiency, subjects have
to correct their state in the fast and slow conditions. With this in mind, the working hypothesis
in our research was, “If children with ADHD do not effectively change (adapt) their state then
task inefficiency will be most pronounced in the fast and slow conditions, wherein state regu-
lation is assumed to be essential, whereas the effect of signal rate on task performance will be
less pronounced in control children who effectively correct their state.”

It appeared that the effect of signal rate on the test performance in the ADHD group was
most pronounced in the slow condition. Children with ADHD were slow and variable
responders to go signals and at the same time showed poor impulse control toward no-go tri-
als. The findings were interpreted that children with ADHD are easily underactivated. In
other words, when the test is boring (as is evidently the case when stimuli are slowly pre-
sented) they are the first to show poor task efficiency. When the test is activating (which is
the case with a fast presentation rate) the children with ADHD are (almost) indistinguishable
from controls (40). A developmental study indicated that the ability of state control is at least
2 yr delayed in children with ADHD (41). Potgieter et al. (42) have replicated these findings.
They compared a control group with prematurely born children with and without ADHD
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using the same go/no-go instrument. It appeared that the prematurely born children had no
problems with response inhibition compared to the control group. However, prematurely
born children with ADHD showed slow and variable responses to go signals and had a prob-
lem inhibiting their responses to no-go signals in the slow condition, not in the fast condition.

With respect to the discriminant validity problem it is of importance to emphasize that per-
formance is disproportionately impaired by a fast event rate condition in adults with high-
functioning autism (HFA), whereas no differences in RT performance are observed between
these individuals and the control group in the slow event rate condition. This finding is
explained in terms of overactivation in HFA, which normalizes under a slow event rate (43),
whereas poor RT performance (including poor response inhibition) occurred independently
of task event rate in children with combined ADHD and comorbid tic disorder (40), in chil-
dren with early and continuously treated phenylketonuria (44), in learning-disabled children
without ADHD (45), and in children with mild mental retardation plus conduct disorder (46).
Thus, poor response inhibition in such populations is not associated with a state regulation
deficit. It is most likely that a cognitive deficit located at the first level of the information pro-
cessing chain of Sanders’ model provides a better explanation for the decreased task perfor-
mance in these populations.

The finding that the task performance improves in conditions with a fast presentation rate
and declines in conditions with a slow presentation rate has also been reported in studies in
which other paradigms were used. Sheres et al. (47) administered the stop paradigm using
similar event rate conditions as used in the go/no-go studies by van der Meere and col-
leagues. They too found a significant relationship between slow event rate and poor task per-
formance (i.e., slow RT, not poor response inhibition) in children with ADHD with or
without, oppositional defiant disorder. Similarly, Purvis and Tannock (48), using the Conners
Continuous Performance Test in which letters were presented with interstimulus intervals of
either 1, 2, or 4 s, showed that children with ADHD were similar to children without ADHD
at 1-s intervals but were slower than children without ADHD at the other intervals. Walker
and colleagues (49) studied adults with ADHD. They demonstrated that although the pre-
dictive power of a diversity of impulsivity tests was poor in discriminating ADHD from
other psychiatric disorders, the ADHD group displayed a slower and more variable RT per-
formance especially in slow event rate conditions. Finally, Sonuga-Barke (50) found that the
task performance of children with ADHD on a computerized version of the Matching
Familiar Figure Test was lower than the controls on the trial conditions of 5 and 15 s, but
similar to the controls on the 10-s trials.

Clearly the aforementioned studies used different tasks and different stimulus presentation
rates. This may have produced slightly different results—i.e., some studies reported
decreased RT efficiency in children with ADHD in a condition with a presentation rate of 4 s,
and others during a presentation rate of 8 s. However, in spite of the fact that the effect of pre-
sentation rate on RT performance is probably highly idiosyncratic, it seems reasonable to
suppose that children with ADHD are poor performers (i.e., slow and variable responses with
many errors) when the presentation rate is low. They perform much better when the presen-
tation rate is high, because a high presentation rate compensates their under activated motor
state. In this context, van der Meere et al. (51) investigated response inhibition during a self-
paced condition in children with ADHD. In this condition a go or no-go signal appeared on
the display as soon as the child had pressed the response button. It appeared that the ADHD
and the normal control group speeded up their responses producing an interstimulus interval
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of about 600 ms. This speeding up led to an increase in errors to the same extent in both
groups.

The robustness of the event rate effect remains also under sustained attention conditions of
more than 30 min. Here, children with ADHD were found to have a rapid decline in task effi-
ciency over time with a slow presentation rate, but not with a fast presentation rate (34). This
finding is also explainable in terms of the activating effect of the high event rate. Behavioral
observations during sustained attention demands suggested that the excessive motor activity
in children with ADHD (52,53), including visual behavior (54,55) could be a strategy used to
stay awake and alert.

4. STATE REGULATION AND ITS PSYCHOPHYSIOLOGICAL COSTS

The reaction time findings showed that the task performance of the normal control group
remained remarkably stable as a function of event rate manipulation, and the earlier dis-
cussed energetic control framework argues that the maintenance of performance stability is
an active process under control of the individual, requiring the management of cognitive
resources through the mobilization of mental effort. In the last decades, several psychophysi-
ological indices of effort allocation have been formulated, such as amplitudes of evoked
potentials, heart rate variability, respiration, electrodermal activity, pupil diameter, rate and
amplitude of eye blinks, endocrine responses (catecholamines and cortisol), and muscle
activity. The reader is referred to Mulder (56) for an extensive review on these indices in relation
to the cognitive-energetic model of Sanders. The following subheadings will be confined to
heart rate variability issues and event-related potentials.

4.1. Heart Rate Variability

Spectral analysis of the heart rate time series allows us to examine the sympathetic and
parasympathetic neural modulation of the heart. Modulation at frequencies from 0.03 to 0.15
Hz (the so-called midfrequency band) corresponds primarily to baroreceptor-mediated regu-
lation of blood pressure. This frequency band involves modulation by both sympathetic and
parasympathetic (vagal) influences. Modulation at frequencies greater than 0.15 Hz are respi-
ration-modulated, and are defined as the high-frequency component. A plethora of research
has shown that the more effective the compensatory state regulation is in the protection of
performance, the more decreased the amplitude of the frequencies from 0.03 to 0.15 (the
midband) (56–60).

In view of the earlier discussed event rate findings, the compensatory control model pre-
dicts that the midband will be higher in children with ADHD and HFA relative to the normal
control group. This is indeed what empirical research has found. Borger and van der Meere
(55) evaluated the midfrequency band during fast and slow presentation rates. As expected,
with fast stimulus presentations the speed and variability of responding by the children with
ADHD was similar to the controls. However, with slow stimulus presentations, reactions of
the ADHD group became slower and more variable than the control children. Further analysis
showed that the ADHD group had a higher amplitude in the midfrequency band than the con-
trol group in the slow condition, whereas no between-group differences were found in the
fast condition. It was concluded that children with ADHD allocated less effort in the slow
condition. With respect to time-on-task effects, two studies (61,62) reported that children
with ADHD and children diagnosed with pervasive developmental disorder not otherwise
specified both had problems remaining motivated in order to maintain a stable performance
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throughout a memory recognition task. Both groups expressed a performance decline over
time and higher amplitudes in the midfrequency band relative to a normal control population.
Consequently, reduced vagal modulation, reflecting poor state regulation, was suggested in
both children with ADHD and children falling into the autism spectrum. However, in view of
the behavioral data discussed earlier, it is assumed that the ADHD group has problems in
enhancing their underactivated state during a boring condition, whereas the pervasive devel-
opmental disorder not otherwise specified group may have problems in decreasing an ele-
vated activation level during a state-enhancing condition.

4.2. Evoked Response Potentials

It has been argued that more effort allocation is related to a larger parietal P300 amplitude
(56). So, the general finding of psychophysiological research focused on ADHD, reviewed
by van der Meere (34), that the amplitude of this component is reduced in such children indi-
cates that they allocate less effort to remain in an optimal state. Recent evoked-potential
research carried out on the lines of the cognitive energetic model (63) demonstrated that chil-
dren with ADHD responded slower in a go/no-go condition with a slow presentation, which
was accompanied by a diminished P300 amplitude, suggesting less effort allocation. No dif-
ferences in speed of responding and P300 amplitudes were found between children with
ADHD and a peer control group. In the fast condition, the children with ADHD made more
errors of commission, which was associated with an enlarged P200 amplitude, suggesting
overarousal (56). In sum, the results are compatible with the state regulation deficit hypothesis
showing that children with ADHD have a small optimal state window: they are easily under-
activated and overactivated. A developmental study indicated that the ability to regulate state,
expressed in amplitudes of evoked potentals, increased as function of age (64).

5. NEUROANATOMICAL STRUCTURES
AND THE CARDIOVASCULAR SYSTEM

This section describes the neuroanatomical structures and physiological mechanisms
involved in the interaction between the brain and the cardiovascular system in order to main-
tain an optimal blood flow, and, as a consequence, an optimal supply of energy and oxygen to
all the components of the body. A key mechanism in this domain is the baro reflex. Figures 2
and 3 are schematic presentations of the direct (dotted) and indirect (dashed) afferent connec-
tions of the anterior cingulate cortex and the insular cortex to the important structures in the
baroreflex.

The parasympathetic (or vagal) system controls about 75% of the fastest effector (i.e.,
heart rate) in the baro reflex. The sympathetic system controls the remaining 25% of this
effector and further controls the maximum elastance of the heart, the venous volume, and the
systemic resistance. The larger parts of the vagal projections to the heart originate in the
nucleus ambiguous (NA), which is located in the medullary part of the reticular formation.
The NA begins posterior of the facial nucleus and extends caudally to the first cervical level
of the spinal cord, from the perspective of the afferents from the nervus tractus solitarius,
which functions as a control center. The figures show that the LC and the NA are important
structures with respect to cardiac reactivity. The former structure is closely linked to vigilance
performance (65,66), and the latter has a major role in the polyvagal theory of Porges (67) and
is, because of its interaction with the facial nerve, believed to mediate complex behaviors
such as attention, motion, emotion, and communication.
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That the NA plays an essential role in ADHD was recently suggested by van der Meere
and Borger (68). They evaluated children’s midfrequency band in association with their
facial movements, measured using the Facial Action Coding System (69), during sus-
tained attention demands. Movements of eyebrow, eyes, lips, tongue, and so on are inner-
vated by the facial nerve. The source nucleus of the facial nerve is the border of the NA,
which as discussed earlier, together with the nucleus tractus solitarius forms the rostral
ventrolateral medulla and the vagal dorsal motor nucleus, the cardiac control center of the
brain. In view of this, the study’s main prediction was that facial expressions were cou-
pled to the visceromotor regulation of the cardiac function by through the NA vagal efferents.
This was indeed the case in the control group. The correlation between facial expressions
and the midband amplitude was 0.60. This suggested that the more effort allocated to reg-
ulate state, the lower the amplitude in the mid frequency band and the more facial expres-
sions. In the ADHD group, however, such correlations were absent. It was concluded that
more research is needed to examine the role of the NA in the field of ADHD.

6. INTERIM CONCLUSION

Research findings based on Sanders’ cognitive energetic model of information processing
leads to the conclusion that ADHD is associated with brainstem injury, probably located at
the LC and NA. It is to be noted that these structures play a central role in the alertness and
vigilance network, as defined by Posner. However, it is important to emphasize at this point
that many of the associations between structure and function discussed above are often based
on indirect evidence and are always biased by the relatively artificial definitions of the sug-
gested psychological processes. Whether or not the model of poor state regulation in ADHD
turns out to be completely correct, it undoubtedly could play a major role in coordinating
research efforts in our field and in serving as a foundation for future, more accurate, theory
building.

With this in mind, one of the problems that has to be resolved in future research is that a
variety of disorders other than ADHD has been repeatedly suggested to be accompanied by
deficient parasympathetic (vagal) modulation processes, such as anxiety-related disorders
(70,71), major depression (72), and schizophrenia (73,74). On the one hand, one may argue
that this overlap is not surprising, given that ADHD is considered as a precursor for maladap-
tive behavior at a later age. On the other hand, most of the studies just mentioned have eval-
uated cardiac control during steady-state conditions, which makes them difficult to interpret
in terms of cardiac adaptivity. Thus, experimental designs contrasting such disorders and tap-
ping cardiac reactivity are strongly recommended.

The suggestion that HFA might also be associated with brainstem injury fits well with the
ideas of Rodier (75), who claimed, on the basis of research findings in adults exposed to
thalidomide while still in the womb, that autism may originate in the early weeks of preg-
nancy. Others have also emphasized in the past that a defective motivational framework may
explain the attentional deficits in children with autism (76). This being said, the dissociation
between ADHD and HFA as presented in Fig. 3 calls for a direct comparison, given the many
failures to differentiate both disorders at a cognitive level (77).

In the following final headings of this chapter, factors will be discussed that may
enhance the underactivated state in children with ADHD, i.e, methylphenidate, reward, and
monitoring.
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7. MPH AND STATE REGULATION

The effect of MPH on the behavior of children with ADHD is generally evaluated by
questionnaires. As stated by Rapport et al. (78), one of the most serious difficulties with the
use of rating scales to assess the effects of medication is that they fail to provide information
on associated changes in adaptive functioning. From this perspective, our research group has
carried out several continuous performance tests, showing that MPH enhances task perfor-
mance in children with ADHD (79) and in children with epilepsy and ADHD (80). Findings
were interpreted as follows: time-on-task triggers underactivation in subjects and MPH is
lifting the activation state, which in turn results in enhanced task performance. Thus, MPH
improves the task performance when conditions are boring (slow event rate). But what hap-
pens when children on MPH are executing a test with a high presentation rate of stimuli,
which leads to overactivation? Our research group carried out two studies to answer this
question. In the first study we used a double-blind crossover design in which 109 children
with ADHD were randomly assigned without replacement to placebo, MPH, and clonidine.
The primary dependent variables were reaction time and errors on the earlier discussed
go/no-go test with interstimulus intervals of 1, 4, and 8 s. As expected, performance of the
ADHD children was worst in the condition with a slow event rate. But surprisingly, no dif-
ference in task efficiency was found between the three groups in either the fast or slow condi-
tion. So we had to conclude that the state regulation deficit in ADHD is resistant to MPH and
clonidine (81). The MPH dosage was 0.6 mg/kg in a twice-a-day schedule with a dosage at
breakfast of 0.3 mg/kg. In our second study (82), we investigated the effects of MPH using
the same go/no-go test but in contrast to the former experiment, the MPH dosage was not
similar for each child but titrated on the basis of parent interviews. Findings indicated that
MPH improved the reaction time profile during the condition with a slow event rate. How-
ever, errors increased dramatically in the condition with a fast presentation rate. Thus, the
two energizers together, MPH plus a fast presentation rate, induced a reduction in the chil-
dren’s task efficiency. Findings are easily understood in terms of the stimulus shift hypothesis
of Kinsbourne (83), i.e., MPH raises the baseline activation level producing a decline in task
performance because the fast condition is the most activating condition. Overall, findings
may be compatible with Bergman et al. (84), who claimed that MPH has its maximal impact
on cognitive areas that are least impaired, and minimal impact on cognitive areas that are
most impaired, i.e., poor state regulation in the opinion of the author of the current chapter.

8. REWARD AND STATE REGULATION

The question whether reward lifts the underactivated state toward a more optimal state has
yet to be settled. The empirical results are equivocal. First, we have the important work by
Sonuga-Barke and colleagues who postulated that children with ADHD are delay-aversive,
rather than reward maximizers (85,86). Similarly, Solanto (87) reported that reward is not a
crucial factor in ADHD. She showed that the number of anticipatory responses during
delayed response learning in children with ADHD and in control children is equally affected
by reinforcement and response costs. Using the stop task, Oosterlaan and Sergant (88) also
found that the impact of reward and response costs on response inhibition is the same in chil-
dren with ADHD and control children. However, Slusarek and colleagues (89), in contrast,
found that reward interfered with the ability to withhold responding during the stop test in
children with ADHD. Two studies of our research group suggest that task efficiency of
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ADHD children with comorbid oppositional defiant disorder and children with conduct
disorder (delinquent type) is sensitive for reward, but that the task efficiency of children with
pure ADHD is not (51,90). The findings underline the need to differentiate between ADHD
and disruptive behavior (91) and await further research.

9. MONITORING AND STATE REGULATION

Van der Meere et al. (79) determined whether supervision would have a positive influence
on the sustained attention abilities in children with ADHD. They found that the drop in per-
formance efficiency over time was prominent in children with ADHD especially when work-
ing in the absence of the experimenter. When the experimenter was silently sitting behind the
child who executed the continuous performance test, the decline in task efficiency over time
was less pronounced, suggesting that even passive monitoring affects reallocation of effort
during task performance.

This said, it is to be emphasized that in our field surprisingly little research has looked at
the influence of the presence of other people on the task efficiency of children with ADHD.
This is the more surprising given that historically the study of social facilitation and inhibition
belongs to classic topics of experimental social psychology. The work of Zajonc (92) in par-
ticular teaches us about the potential arousal value others may have. He suggested a theoreti-
cal framework to account for the observation that the presence of others leads to an
increment of general drive. However, as is the case with every theory, Zajonc’s drive-theoret-
ical explanation was substantially criticized. As a cognitive alternative to the drive-theoreti-
cal explanation, Duval and Wicklund (93) and Wicklund (94) proposed a theory of objective
awareness. Here, specific stimuli such as mirrors, cameras, and the presence of another per-
son are believed to focus the subject’s attention inward (upon oneself) as the subject gets
aware of his or her status. This inward focusing would give rise to an evaluation of possible
discrepancies between the subject’s intrinsic level of aspiration (the ideal self) and the sub-
ject’s actual level of performance (the actual self), in terms of salient performance criteria.
The eventually noted discrepancy between the ideal self and the actual self leads to an
increasing motivation to reduce this discrepancy. For the careful reader it is obvious that
these concepts come close to the earlier discussed actual and required state proposed by
Hockey (26). At this point, it is worthwhile to mention that the mere presence of others has a
lowering effect on the midfrequency band (95).

A merger of knowledge derived from both social psychology and our field would possibly
facilitate more precise questions concerning the social conditions triggering the symptoms of
ADHD. It is speculated here that the study of the effects of different modes of supervision
executed by different persons (e.g., caretakers, peers) on state regulation in children with
ADHD may offer promising intervention alternatives in the near future.

10. ETIOLOGY OF POOR STATE REGULATION

Family, adoption, and twin studies all have provided important insights into the etiology
of ADHD. Similarly, the role of early caregiving in the development of ADHD is likely to be
more significant than was previously assumed. Therefore, it seems safe to conclude that there
are multiple pathways to ADHD (96). In this perspective, longitudinal research focusing on
state regulation is needed to get more insight into the developmental pathway of ADHD.

State control in neonates and infants has a large tradition in the field of ethology and neuro-
biology. For instance, Wolff (97) formulated different behavioral states in infants on the basis
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of prolonged observations using indices such as respiration, body movements, gaze behavior,
and eyes open/closed. The behavioral states, in turn, were associated with different levels of
responsiveness of the infant. Prechtl (98) elaborated on the issue of behavioral states and devel-
oped a diagnostic tool for assessing the quality of the nervous system of newborn, preschool,
and school-aged children. More recently, Porges (99) argued that baseline vagal tone, derived
from the respiratory component of heart rate variability, constitutes an important index of self-
regulatory autonomic and behavioral responsiveness of the neonate, and that the measure is
associated with dimensions of temperament: reactivity, self-regulation and expressivity (100).

Given the topic of the current chapter, the study of Izard et al. (100) is important because
they found that heart rate variability was higher in insecurely attached infants than in
securely attached infants. Although it would be premature to suggest that insecure attach-
ment is a precursor of ADHD (101), the similarities in cardiovascular findings suggest that
the midfrequency band may be seen as a promising measure in longitudinal research. The
measure really awaits application in longitudinal research on well-known risk factors involv-
ing caretakers, such as alcoholism and depression, but also on less-recognized factors, such
as maternal rigidity. For instance, Butcher et al. (102) showed that maternal rigidity, mea-
sured in the first year of preterm children, was strongly associated with children’s mental per-
formance at 7.5 yr of age. It was concluded that rigidity limits the mother’s ability to adapt
her parenting behavior to her child’s needs. It is well-recognized that children born preterm,
like children with ADHD, are less predictable and less readable than their full-term age
mates.

11. STATE REGULATION AND THE CHILD’S ENVIRONMENT

It is well-recognized that the behavior of children with ADHD may drive parents, teach-
ers, and peers into despair. What is particularly puzzling for the child’s environment is the
variability of behavior: some situations elicit normal behavior, whereas others don’t. What
might be even more irritating is the fact that a particular situation has never been a problem
for the child in the past, but now it suddenly is. The concept of (poor) state regulation might
provide caretakers a framework for understanding these sudden changes in behavior.

For parents it would be important to know that ethological observations of children with
ADHD during social interaction with a nonfamiliar adult (e.g., a student) indicated that these
children act on their environment in order to trigger verbal and nonverbal temporal stimulation,
i.e., structure providing behavior to enhance their nonoptimal state (103). What makes these
findings so interesting is that it took the children only a few minutes to trigger these struc-
ture-providing behaviors in the student who had no established emotional relationship with
the child. In fact, the student was unaware of the purpose of the study. In view of this, it is
easy to imagine that the task of parenting a child with ADHD is much more demanding and
time-intensive than parenting a child without the disorder. In the context of stimulation-seeking
behavior the studies of Antrop et al. (104, 105) are of importance. Here children with ADHD
and a control group were observed during a waiting period of 15 min. The results indicated
that children with ADHD showed a greater decline in behavior in the presence of stimulation
of touching objects and movement of trunk, and that those who underestimated the time of
the waiting period were more apt to seek additional stimulation than those who overesti-
mated the waiting period.

For teachers it may be instructive to know that ethological studies of gaze behavior during a
reaction-time test indicated that children with ADHD were looking away from the stimulus
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source (i.e., a TV screen) about 60 times every 4 min. However, a microanalysis of their visual
behavior indicated that they timed their looking-away behavior strategically—that is, they
looked away from the monitor only in the interval between two successive trials (106,107). It
was concluded that children’s gazing behavior, rather than constituting inattentive and inappro-
priate behavior, was an attempt to increase their activation state in order to fulfill the test require-
ments. This conclusion comes close to claims made by Palm et al. (52) and Weinberg and Harper
(53), who suggested that the excessive motor activity of children with ADHD could be a strategy
to stay awake and alert. In fact, in terms of Hockey’s model of state control these behaviors may
be seen an example of actions oriented toward direct control of the environmental influences on
the individual’s actual state.

12. CONCLUSION

The idea that motivation is an important mediator in the behavioral problems in many
children with ADHD is not new (108–111). The same holds for the nonoptimal arousal con-
cept in ADHD (112,113). However, much of the research so far has been primarily task-
driven rather than theory-driven, and the concepts of motivation and arousal were loosely
defined and used interchangeably. In order to overcome these shortcomings, the aim of this
chapter was to redefine the concepts along the lines of Sanders’ and Hockey’s model of state
regulation. We concluded that ADHD is associated with poor state regulation with the LC
and especially the NA as important structures. The tonic firing rate of the cardiac vagal motor
neurons located at the NA is described by Porges (67,114) as the smart vagus because of its
association with attention, motion, emotion, and communication.

The author is aware that there are many competing hypotheses on the brain areas
involved in ADHD. One is the frontal lobe hypothesis, suggesting that ADHD is the result
of a general disorganization in behavior linked to problems of inhibition that are mediated
by a genetically based abnormality in the functioning of the frontal structures responsible
for so-called executive functions (115). And indeed, there are well-documented changes in
the structure and function of the right frontal cortex in ADHD (116). However, multiple
studies did not unequivocally support such dysfunctions, neither behaviorally nor electro-
physiologically (117).

The hypothesis that ADHD is associated with brainstem injury has rarely been considered
because the brain stem (on a simplistic level) is associated by many neurobiologists with
basic functions, such as breathing, eating, balance, motor coordination, and so forth, whereas
many of the characteristics of ADHD, such as poor attention and poor impulse control, are
believed to be controlled by higher-level regions of the brain. Because empirical evidence is
emerging that attention and impulse control abilities in children with ADHD are closely
related to their activation state, we hope that future neurobiological research will concentrate
more on basic functions than is the case today. Such research may drastically change the way
the disorder is conceptualized. We must not forget that the postulated brain stem involvement
is far from incompatible with the postulated dopaminergic hypothesis in ADHD (117), given
that the LC is one of the most important noradrenergic structures of the brain (33). In addi-
tion, in the Sander’s model of state regulation and energy allocation, the term “energy” was
merely used as a metaphor and was not intended to refer to physical energy. However, evi-
dence is growing that on a local level, the regional blood flow and glucose consumption of
the brain appear to depend on neuronal structures involved in mental activities related to the
earlier discussed cognitive paradigms of Sternberg, Shiffrin and Schneider, and Sanders
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(118). From this perspective, it is hypothesized that at least some form of ADHD may be
viewed as cortical, energy-deficit syndromes secondary to catecholamine-mediated hypo-
functionality of astrocyte glucose and glycogen metabolism, which provides activity-dependent
energy to cortical neurons (119).

Besides evaluating the psychophysiological and neural circuitry, an attempt has been
made to place the concept of poor state control in a social context. We would like to empha-
size that the study of the midfrequency band has demonstrated that it constitutes a useful
parameter for studying emotional processes and temperament (120). As such the midfre-
quency band may hopefully also provide an essential tool for studying another hallmark
characteristic of the disorder, i.e., the social skill deficits observed in many of these children,
most dramatically expressed by their disturbed peer relations. Reasoning along these lines,
we must never forget the outcome of the classic follow-up study of Cowen et al. (121) show-
ing that negative nominations by third-grade classmates was, relative to teacher ratings and
psychometric results, by far the best predictor of later psychiatric problems.
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Sleep and Attention Deficit Hyperactivity Disorder

Louise M. O’Brien and David Gozal

1. INTRODUCTION

A growing number of studies have addressed the prevalence of sleep problems among
children with attention deficit hyperactivity disorder (ADHD). As the major symptoms of
ADHD (i.e., inattention, impulsiveness, and restlessness) are also characteristic of sleep
deprivation, the role of sleep in ADHD is the focus of many investigations. Parental reports
of sleep disturbances are common in children with ADHD (1–8), and as such they were so
widely presumed to be an intrinsic part of the clinical phenotype of ADHD that sleep problems
were included as one of the previous Diagnostic and Statistical Manual of Mental Disorders,
3rd edition (DSM-III) diagnostic criteria for ADHD (9). However, none of the more recent
diagnostic manuals (10,11) have included sleep disturbance as a symptomatic criterion for
ADHD. Therefore, because parental perception of sleep disturbance helped to define ADHD
previously, it is not surprising that studies using earlier diagnostic criteria found a significant
association between ADHD and sleep problems.

Sleep arousal disturbances include difficulties in falling asleep, in awakening, and in
maintaining adequate alertness for daily activities; such disturbances are frequently reported
in children with ADHD. Sleep difficulties have generally been attributed to core difficulties
in regulation of arousal. Difficulty in staying alert when not engaged in stimulating activity is
commonly reported by children with ADHD, particularly ADHD of the inattentive type.
Alertness difficulties are reported even when sufficient sleep has been obtained the night
before, and many individuals with ADHD become aware that they have to keep moving
around or changing activities in order to maintain wakefulness. Conversely and as a fre-
quently reported phenomenon, a sudden improvement in alertness will occur when children
with ADHD start moving around. In such cases, the report is not that they do feel fatigued, as
would be anticipated if they had not slept enough, but rather it is perceived as an inability to
maintain a sufficient level of alertness or arousal unless engaged in stimulating activities.
Such descriptions have occasionally led to the mislabeling of such individuals as having
narcolepsy. Conversely, Navelet et al. (12) and Dahl et al. (13) have reported that some chil-
dren with narcolepsy were misdiagnosed as having ADHD. Thus, there seems to be a logical
association between the physiology of sleep and the presence of sleep disorders in ADHD, as
sleep is an autonomically governed process reflecting cyclical changes in brain arousal (14),
while ADHD may result from irregular arousal functioning (15). In 1996, Dahl inferred that
the prefrontal cortex may have a critical role in integrative regulation of arousal, sleep,
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affect, and attention (16). Indeed, previous neuroimaging studies of regional brain glucose
consumption in adult subjects with childhood-onset ADHD documented relatively hypoactive
cortical functioning in the frontal lobes concurrent with decreased alertness (17). Similarly,
positive associations between physiological indices of arousal obtained during the day and a
history of sleep disturbance were reported in a study of children with ADHD (18).

In addition to the potential implications of the putative mechanisms underlying wakefulness
and alertness in the context of behavior, attention, and executive function, objective assessment
of sleep problems in ADHD may be particularly important because objective disturbances of
sleep, such as sleep disordered breathing (SDB) (2,19–23), narcolepsy (24), and periodic limb
movement disorder of sleep (PLMS) (25–29) may all present daytime behavioral symptoms
that resemble ADHD.

Therefore, in this chapter, we will review the literature pertaining to the subjectively
reported and objectively documented sleep characteristics in children with ADHD and con-
versely examine the effects of specific sleep disorders on behavior and cognition.

2. SUBJECTIVE MEASURES OF SLEEP DISTURBANCE IN ADHD

The majority of studies investigating the relationships between sleep and ADHD are based
on parental reports, and as such are not only markedly subjective, but also convey the inherent
bias derived from the interpretation by the parent of their child’s manifestations. Notwith-
standing such major limitations in all these studies, the consistent conclusion from such stud-
ies indicates a high prevalence of sleep complaints among children with ADHD compared
with control children (1,3,5,7,8,30,31). Such sleep complaints are manifest as increased bed-
time resistance (7,8), difficulty in falling asleep (1,5,7,8), more frequent nighttime awaken-
ings (1,7), and the presence of sleep-related anxiety (3,7), and are commonly reported not
only by the parents but also by the ADHD patients themselves. In fact, a relatively recent
comprehensive review of the literature (4) revealed that parents of children with ADHD were
five times as likely to report that their children have sleep problems compared with parents of
healthy children. Often, the child is unwilling to go to bed at night but will also object to tak-
ing a nap even when clearly exhausted during daytime. Nonetheless, the inability of children
with ADHD to fall asleep either during the day or during the evening hours may reflect a
multitude of underlying issues. For example, the absence of a consistent bedtime routine is
usually a frequent impediment to regular sleep latencies in healthy children, and the inability
to implement this behavioral pattern before sleep may clearly and adversely affect the period
between bedtime as imposed by the parents and the actual sleep onset. Another likely and
frequent scenario is the occurrence of oppositional behaviors rather than a physiological
alteration in the sleep-wake regulatory mechanisms during the evening hours. Intrinsic issues
to the child that may generate difficulty in the onset of sleep include amplification of under-
lying processes, such as anxiety, which may be linked to fear of separation or of darkness. In
addition, disruption of sleep itself through recurring nightmares may trigger an anticipatory
objection to the bedtime routine. Therefore, all of these and many other confounding factors
make it very difficult to determine the exact nature of the true relationships between ADHD
and sleep initiation. A summary of subjective assessments of sleep disturbance in ADHD is
shown in Table 1.

Using the revised DSM-III manual (DSM-III-R) (10) to minimize subject selection bias,
Ball and colleagues (3) studied 102 children who met criteria for ADHD and 78 control children.
The control group comprised children who had been referred to neuropsychology assessment
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center for evaluation but who did not fulfill criteria for ADHD. A retrospective review of
sleep-related items from the Conners Parent Rating Scale (36) and the Personality Inventory
for Children—Revised (7) was conducted. The authors found that significantly more parents
of the children with ADHD answered positively to the general question from the Conners
scale “problems with sleep,” and also to the more specific question “often up at night” from
the Personality Inventory. These results supported those of Kaplan et al. (1) who found that
parents of children diagnosed with ADHD by their pediatricians were more likely to be per-
ceived as obtaining an inadequate amount of sleep when compared to children without any
reported behavior problems who were recruited from local day care centers. However, in the
study by Kaplan et al., the authors acknowledged that the children with a diagnosis of ADHD
may represent a unique subgroup of children who were taken to a physician for treatment.
Therefore, these investigators conducted a second phase of this study, wherein they recruited
children from local day care centers who were believed to be more active or more inattentive
than normal and compared this group with a control group of children with no reported
behavioral problems. All of the children with reported behavioral disturbances and none of
the control children met DSM-III criteria for ADHD (9). Parents answered the following four
questions regarding their child’s sleep:

1. Difficulty falling asleep.
2. Wakes during the night.
3. Wakes early.
4. Cries out during the night.

Highly significant differences were observed for each of the four questions between the
children with ADHD and the controls. Nonetheless, Kaplan et al. suggested the possibility
that parents of children who are unusually active may be more sensitive to their sleep prob-
lems. In a third and last phase of their study they attempted to address this issue by obtaining
daily logs of sleep habits for three consecutive weeks. Information recorded included bed-
time, sleep time, number of times the child got out of bed both before falling asleep and fol-
lowing any awakenings, enuresis, night sweats, sleep duration and time out of bed in the
morning. This third phase showed that children with ADHD had significantly shorter nap
durations, longer sleep time, more awakenings during the night, more bed-wetting episodes,
and more night sweats than control children. Taken together, these data further support the rela-
tionship between ADHD and sleep disturbance, even when some objective measures are intro-
duced. However, although one of the strengths of the study by Kaplan et al. was the attempt to
record objective sleep measurements, sleep diaries are still highly prone to reporting biases
because they are reliant on parental report. For example, if parents of children with ADHD
are more sensitive and more acutely aware to their child’s sleep disturbance, they may be less
able to sleep at night, may be more likely to wake up during otherwise insignificant and
physiological awakenings, and therefore will be more likely to be aware of their child’s
behaviors and to report them in the diaries.

3. OBJECTIVE ASSESSMENT OF SLEEP IN CHILDREN WITH ADHD

To prevent the potential problems imposed by parental reporting, objective measures of sleep
disturbance were necessary. Several investigators have utilized actigraphs—i.e., small watchlike
accelerometer recording devices that permit somewhat accurate derivation of sleep-wake state,
latency to sleep onset, duration of sleep, and other sleep-related measures—to document sleep in
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children with ADHD. In addition, the gold-standard test, overnight polysomnography, was also
used, and although labor-intensive and expensive, has provided valuable information and allow
investigation of sleep architecture and sleep stage distribution in ADHD patients.

Despite the high frequency of sleep-related complaints, earlier objective assessments of
sleep in children with ADHD have shown inconsistent findings, such that a very nebulous
picture emerges from such studies. Furthermore, small sample sizes and inconsistent criteria
in subject inclusion, as well as in the incorporation of control subjects, make comparisons of
these studies difficult. The disparity between subjective and objective findings is best high-
lighted by Corkum et al. (8), who compared 25 children with ADHD with 25 age-matched
controls (mean age = 9 yr) utilizing parent and child reports of sleep quality and 7-d acti-
graphic recordings. Parents of children diagnosed with ADHD reported significantly more
problems with sleep onset, morning awakenings, restless sleep, and bedtime resistance than
children in the control group. However, when both actigraphy recordings and the children’s
reports of their own sleep were analyzed, the only variable that was significantly different
between the two groups was bedtime resistance. Corkum and colleagues hypothesized that
the significant difficulties that parents of children with ADHD report with their children’s
sleep may be related to the difficult and often oppositional behaviors manifesting as bedtime
resistance rather than representing primary sleep disorders in ADHD. In addition, these
objective-subjective incongruencies could also be related to differences introduced by retro-
spective and prospective collection of sleep measures.

In their review of the published literature on objective sleep characteristics in ADHD,
Corkum et al. (4) inconsistent findings were the rule. Indeed, there was either an absence of
any discernible differences in sleep variables among ADHD subjects and controls, or instead
significant changes emerged in the sleep parameters. Contrary to information gained from
studies utilizing subjective data, increased sleep onset latency is not commonly found.
Although studies using sleep diaries (1,8) and actigraphy (38) reported longer sleep duration
in children with ADHD, use of electroencephalogram (EEG) to determine sleep times
yielded conflicting results. For example, Ramos Platon et al. (39) found prolonged sleep
duration in ADHD, whereas Greenhill et al. (40) reported longer sleep duration in children
who were medicated, but did not find any differences in nonmedicated children. Longer sleep
onset latencies have been found in studies on both medicated (40–42) and nonmedicated
children (38); shorter sleep latencies have also been reported in two studies in nonmedicated
children (39,41). Despite the heterogeneous definitions of ADHD employed in these studies
(ranging from formal psychological assessment to reports on a parent-based rating scales),
and the medication status of the children, no consistent alterations in sleep onset latency have
been found in the vast majority of the studies (8,32,35,43–49). A summary of objectively
assessed sleep disturbances are shown in Table 2.

Clinically, parents of children with ADHD complain of hyperactive and oppositional
behaviors that occur throughout the day and into the evening. The extension of these
behaviors to bedtime is the most likely explanation for the higher probability that parents
of children with ADHD will report that their children have bedtime resistance and sleep-
onset delay. Thus, children with ADHD may be displaying oppositional behaviors that pre-
vent them from following rules and engaging in appropriate bedtime behaviors. On the
basis of the aforementioned findings, the overall higher frequency of bedtimes and sleep-
related problems appears to reflect more sleep limit-setting issues rather than representing
sleep disorders per se.
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4. SLEEP ARCHITECTURE IN ADHD

The proportion of time spent in different sleep stages in children with ADHD has been
investigated in a number of studies dating back to the 1970s. Nahas and Krynicki (50) found
a decreased percentage of rapid-eye-movement (REM) sleep and stage 4 sleep (Δ sleep) in
nonmedicated hyperactive males when compared with published values in normal children.
These changes were accompanied by a reciprocal elevation of stage 2 sleep. Conversely,
increased Δ sleep was reported by Ramos Platon et al. (39) in a group of 13 medication-free
attention deficit disorder children in comparison to published data. Clearly, the use of pub-
lished normative values for comparison of findings in selected ADHD cohorts is not very
valuable and does not allow for assessments of real differences that may exist in sleep archi-
tecture between the ADHD and control children. Notwithstanding these considerations,
reported differences in REM sleep between ADHD and control children appear to be more
reliably present. Indeed, Busby et al. (43) performed overnight polysomnography in a small
number of children with ADHD (n = 11) and controls (n = 11) and found that REM sleep
latency was significantly increased in the ADHD group, a finding that is in agreement with
those of Haig et al. (42) and Feinberg et al. (44). In contrast, Kahn (51) found decreased
REM sleep latencies, and Ramos Platon et al. (39) found no significant differences in hyper-
active and control children. Further, the studies by Haig et al. (42) and Feinberg et al. (44)
found that the increase REM latency was present only in children who were medicated with
stimulants. Despite such findings, it needs to be emphasized that a first-night effect could be
one of the factors that may affect REM sleep latency, such that the putatively prolonged
REM sleep latency among ADHD children could essentially reflect the fact that ADHD chil-
dren are more sensitive to changes in the environment, and therefore more prone to develop a
first-night effect in the sleep laboratory. However, when sleep EEG dynamics were followed
in ADHD children for four consecutive nights, there was a tendency to maintain prolonged
REM sleep latency across all nights (43). In addition, the proportion of time spent in REM
sleep has been found to decrease (39,50) in nonmedicated children with ADHD. More
recently, in a series of more extensive studies from our laboratory, we confirmed that a pro-
longed REM latency is clearly present in children with significant symptoms suggestive of
ADHD (35), and that such delayed onset of REM findings were still present in children with
reports of a diagnosis of ADHD obtained from both a clinical population and a community
population (49). Furthermore, O’Brien, et al. (48) also found a trend toward a longer REM
latency in medicated children with ADHD compared with controls. Interestingly, we found
on all three of these studies that the proportion of REM sleep as a function of total sleep
duration was decreased in the ADHD groups. What are the implications of such findings?
O’Brien et al. (35) found significant correlations between the magnitude of REM sleep dis-
turbance and the degree of disturbance in neurocognitive measures, particularly in those
associated with executive function. Such associations suggest that disruption of REM sleep
may exert small effects on daytime functioning, a not-so-surprising finding, given that REM
sleep plays important roles in memory consolidation of learned tasks (55).

5. SDB AND ADHD: TRUE, FALSE OR UNRELATED?

A large body of evidence has now documented that children with either snoring or SDB
often present with problems of attention and behavior that are remarkably similar to those
observed in children with ADHD (2,7,8,23,56–58). In addition, three separate population
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surveys encompassing almost 3300 children showed the presence of daytime sleepiness,
hyperactivity, and aggressive behavior in children who snored (2,59,60). It has been further
suggested that up to one third of all children with frequent, loud snoring will display signifi-
cant hyperactivity and inattention (2). Based on the available literature, the relatively high
prevalence of SDB (3% of children) and ADHD (5–6%) would predict that their coexistence
may also be relatively frequent. However, the actual prevalence of SDB in children with
ADHD far exceeded that predicted by the simple probability if these two disorders were
mechanistically unrelated coexisting disorders. In fact, it has been suggested that up to 25%
of children with a diagnosis of ADHD may actually have SDB (23). Although such rather
elevated figure estimates of the overlap between SDB and ADHD is probably less prominent
if medication status and psychiatric comorbidity are accounted for in the analysis, the phe-
nomenon still holds true but only for a subgroup of children with hyperactivity. In a recent
study by our team (35), we found that the prevalence of SDB in a cohort of children with
ADHD does not appear to differ from the prevalence in the general population. However, an
unusually high frequency of SDB was found among children with mild-to-moderate
increases in hyperactivity, who did not meet the more stringent criteria necessary for the
diagnosis of ADHD. This suggests that although SDB may induce significant behavioral
effects manifesting as increased hyperactivity and inattention, it will not overlap with true
clinical ADHD when the latter is assessed by more objective tools than just parental perception.

6. EFFECT OF STIMULANT MEDICATION ON SLEEP IN ADHD

Stimulant medications have long been the first line of treatment for children with ADHD,
and routinely yield clear benefits in both behavioral patterns and attention deficits, indepen-
dent of whether the assessments are part of laboratory research or field trials (31). In addition
to the improvements in the cardinal symptoms of inattention, impulsivity, and hyperactivity,
substantial cognitive improvements have also been noted (61). However, many of the puta-
tive sleep problems in children with ADHD have been attributed to the use of stimulants.
Insomnia has long been reported to be a side effect of stimulant therapy despite the fact that
the majority of studies have been based on parental report, rather than truly assess sleep
latency and maintenance. Stein (6) found that almost one third of families with stimulant-
treated children reported insomnia or increased sleep latency compared with 10% of
untreated children with ADHD. Similarly, both Barkley (31) and Ahamenn et al. (62) found
that stimulant medication was associated with insomnia. In contrast, Pataki et al. (63) did not
find insomnia to be reported with significantly greater frequency in children medicated with
methylphenidate compared to baseline or placebo periods.

There is some evidence that the medication schedule may influence sleep measures
(64–66). For example, delays in the first REM period and decreased proportion of REM sleep
have been reported following nocturnal administration of stimulants (64). Additionally, the
type and dosage of the stimulant may affect sleep characteristics in children. Efron et al. (67)
conducted a double-blind, crossover trial of methylphenidate and dexamphetamine, and
reported that the latter caused more severe insomnia that methylphenidate. Tirosh et al. (45)
reported that only sleep duration was affected (reduced) by methylphenidate hydrochloride
compared with placebo, whereas others have reported prolongation of REM latency (41,44),
increases in the number of REM cycles (40), or decreased proportion of REM (64). We
recently examined the potential effect of stimulants on objective sleep measures and found no
differences in sleep parameters between children taking methylphenidate or dexamphetamine



compared with nonmedicated children (48). These results support earlier findings of Haig et al.
(42) and Nahas and Krynicki (50), who found no differences in sleep parameters in a small
group of children before and during stimulant therapy. Thus, if stimulant medication is
indeed associated with disrupted sleep, the disruptions are likely to be minimal and of little
clinical consequence. Moreover, some of observed sleep disturbances could be related to
drug rebound effects rather than medication effects per se.

The relationship(s) between ADHD, medication, and sleep is far from being a trivial one.
However, small sample sizes, lack of control subjects, and skewed clinical populations
drawn from tertiary referral centers potentially detract from the validity of any of the potential
findings, and make it difficult if not impossible to compare across studies. Furthermore, these
obstacles are further compounded by not knowing whether studies on nonmedicated children
were conducted in children who never received psychostimulants vs children who had previ-
ously been on stimulant therapy, in whom sleep characteristics may have been influenced by
residual medication effects. As a result of all these methodological issues, whether psychos-
timulant use is associated with sleep disturbance remains an unanswered question despite the
widespread use of such medications for the treatment of ADHD symptoms.

7. SLEEP MOTOR HYPERACTIVITY AND ADHD

Studies using both actigraphy (32,52), overnight polysomnography (41,43), and more
recently video analysis of nighttime motion (47) have reported that hyperactive children
show an increased frequency of body movements during sleep. PLMS has been reported in
greater frequency among children with ADHD compared to controls (26,27), raising the
speculation that PLMS and ADHD may share neurobiological mechanisms (27,28). Indeed,
children with PLMS are reported to have hyperactive behavior (25) and PLMS may be com-
mon among hyperactive children (26–28,60). In one study by Picchietti et al. (27), 15 out of
16 children with frequent PLMS (>25 per hour of sleep) had ADHD. Chervin and Archbold
(68) further reported a dose-dependent association between hyperactivity, measured by the
Conners Parent Rating Scale (36) and PLM index. Furthermore, treatment of PLMS will
often lead to substantial behavioral improvements in hyperactivity (69). However, most of
these studies were conducted in tertiary-referral patient cohorts (25–28,60,68). To further
examine the possibility that skewed ADHD populations may lead to an overrepresentation of
PLMS, O’Brien et al. (49) studied a community sample of children diagnosed with ADHD
and compared it to both a group of control children and to a group of children referred for
subspecialty evaluation at a tertiary medical center. Although this study did not find an
increase in PLMS in the community sample of ADHD children, PLMS was found in 40% of
children referred to the tertiary clinic. Of interest almost half of these children had arousals
associated with PLMS events. These findings further raise the question of whether those chil-
dren attending the clinical setting actually represent a subgroup of children with ADHD who
are also more likely to have a nighttime disorder (i.e., PLMS). In other words, ADHD chil-
dren referred to a tertiary specialty clinic may represent a subset of ADHD children who are
at high risk for PLMS and associated sleep fragmentation, which in turn may exacerbate day-
time behavior. This possibility is further substantiated by data from Crabtree et al. (29) who
found that children with PLMS and ADHD had significantly more PLMS events associated
with arousals than children without ADHD. As such, the number of arousals elicited by
PLMS events during sleep may be more directly linked with hyperactivity rather than the
overall number of PLMS per se. As such, children who exhibit an elevated PLMS index may

450 O’Brien and Gozal



have a reduced risk of presenting symptoms of ADHD if the PLMS events are not associated
with arousals.

An alternative possibility may be that children presenting to sleep disorders centers are more
likely to exhibit PLMS, whether or not they are diagnosed with ADHD. In this context, PLMS-
associated arousals could be a result of the underlying pathophysiology of ADHD, rather than
represent a pathophysiological mechanism facilitating the emergence of hyperactive behaviors
and attention deficits. Chervin and Archbold (68) found that 26% of children presenting to their
sleep disorders center who underwent polysomnography had a PLMS index greater than or
equal to 5, and found no association between PLMS and inattention–hyperactivity in children.
Conversely, Picchietti and Walters (27) found that 91% of children with PLMS in their clinic had
a diagnosis of ADHD. The disparities among the various studies are therefore difficult to recon-
cile, and further support the need for additional research on the prevalence and significance of
PLMS in children with ADHD.

8. ADHD, COMORBIDITY, AND SLEEP

In a setting of ADHD, comorbid psychiatric diagnoses, such as anxiety and behavioral
disorders, may impose significant effects on the occurrence of sleep disturbances as
reported by parents. However, the data are scanty on this issue, and the few studies available
have not consistently included a clinical comparison group. Furthermore, the results of such
studies are conflicting. Day and Abmayr (70) found that ADHD children with comorbid
conditions were more likely to report problems with settling and going to sleep, as well as
disruptions during sleep, whereas Marcotte et al. (33) found that the frequency of sleep-
related problems did not differ between children with ADHD and those with a learning dis-
order. Corkum et al. (34) attempted to unravel the potentially complex relationships
between ADHD comorbidities and medication status and sleep. These investigators reported
that although children with ADHD were more likely to have more problematic sleep issues
than their normally developing peers, they were not different from other children with psy-
chiatric diagnoses (anxiety disorder, depression, conduct disorder, oppositional defiant dis-
order). The combined subtype of ADHD (presence of both hyperactive and inattentive
behaviors) was associated with the presence of dyssomnias and sleep-related involuntary
movements. However, post hoc analyses revealed that the dyssomnias were associated with
stimulant medication and oppositional defiant disorder rather than ADHD per se, whereas
sleep-related involuntary movements were highly associated with anxiety. More recently,
Mick et al. (71) have provided additional data supportive of the findings by Corkum et al.
(34), and have suggested that the majority of sleep difficulties observed in ADHD children
are accounted for by comorbid anxiety and pharmacotherapy with stimulants. Furthermore,
comorbid anxiety was associated with a decreased likelihood of going to bed willingly, of
falling asleep easily, and also with an increased likelihood of waking during the night.
These findings suggest that bedtime struggles often reported in ADHD may be more closely
related to the presence of comorbidities than ADHD per se. Thus, the relationship between
ADHD and sleep disturbance is complex, and may depend on numerous factors that include
the type of sleep problem, the presence of comorbidity, and the medication status. Further
studies that include control groups recruited from psychiatric or neurologic subspecialty
clinics may provide additional information on the sleep characteristics of these children,
and help determine whether the differences observed are unique to ADHD or are shared by
neuropsychiatric diseases in general.
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9. SUMMARY

In conclusion, the associations between sleep disturbance and ADHD are complex and
quite poorly defined at present. Parental report-based studies invariably yield findings of sig-
nificantly more reported sleep disruptions in children with ADHD, whereas objective assess-
ments have yet to uncover striking and consistent differences. Despite such considerations, it
seems prudent to assess children with ADHD for the presence of sleep disturbances because
identification of specific sleep disorders may facilitate improved control of ADHD-ascribed
symptoms in these children. Future studies utilizing large sample sizes of rigorously diag-
nosed children and appropriately matched controls are required and need to include careful
selection processes that incorporate information on comorbid disorders and medication history
and schedules.
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Neuropsychological Performance in Adults 

With Attention Deficit Hyperactivity Disorder

Lisa Lee Weyandt

1. INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is characterized by developmentally
inappropriate levels of attention, impulsivity, and overactivity; it is estimated to affect
5–10% of children and adolescents and 3–4% of adults (1,2). ADHD was previously consid-
ered a disorder of childhood; however, follow-up studies suggest that the majority of individ-
uals continue to exhibit ADHD symptoms throughout adolescence and adulthood.
Longitudinal studies also indicate that these individuals are at greater risk for academic, social,
and behavioral difficulties during childhood, adolescence, and adulthood, as well as psychi-
atric comorbidity (e.g., antisocial behavior, drug use, mood disorders) (3–7). Relative to
what is known about ADHD in children and adolescents, less empirical information is avail-
able concerning ADHD in adults. In fact, some researchers have questioned the validity of
adult ADHD and have asserted that ADHD typically remits in adulthood (8). Many others,
however, disagree with this notion and attest to the persistence of ADHD throughout adoles-
cence and adulthood (9,10). Recently Faraone et al. (11) sought to determine whether ADHD
is a valid disorder in adulthood, using the validity criteria of Robins and Guze (12). Faraone et
al. reviewed clinical, family, psychopharmacological, neurobiological, and adult ADHD out-
come studies and concluded that adult ADHD is a valid disorder, although the authors empha-
sized that additional studies are needed to clarify the specific nature of ADHD in adulthood.

One factor that fuels the controversy surrounding ADHD in adulthood is that the precise
etiology of ADHD is unknown. Findings from genetic, neurochemical, neuroimaging, and
neuropsychological studies, however, collectively support a neurobiological basis for the
disorder. For example, twin and adoption studies have demonstrated that genetic factors are
etiologically important in the expression of ADHD (13), and recently Willcutt, et al. (14)
reported that monozygotic twins were significantly more likely than dizygotic twins to meet the
criteria for ADHD (78% and 35%, respectively). Familial studies have found that individuals
with ADHD are more likely to have siblings or parents with ADHD relative to families with no
history of ADHD (15). Genetic studies have found that despite shared environmental influences,
ADHD is primarily influenced by genetic factors (16). Neuroanatomical, neurochemical, and
neuroimaging studies collectively have supported a physiological basis for ADHD, although
some findings have been inconsistent. Several studies, for example, have reported differences
in size and symmetry of anatomical brain structures (e.g., corpus callosum, cerebellum, striatum)
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when comparing individuals with and without ADHD, whereas other studies have not replicated
these findings (17–22). Numerous neurotransmitter, neurometabolite, cerebral blood flow, and
glucose metabolism studies have also reported differences between those with and without
ADHD, although the mechanism responsible for these differences remains elusive (23–27).

2. NEUROBIOLOGICAL THEORIES AND EXECUTIVE FUNCTIONS

Several neurobiological theories have been advanced to explain the underlying pathophys-
iology of ADHD and most converge on abnormalities of frontal-subcortical networks and
structures. As Teeter and Semrud-Clikeman suggested (28), these theories can be classified
into two groups: those that focus on abnormalities of subcortical structures and regions such
as the basal ganglia, and those that focus on abnormalities of frontal and prefrontal cortices.
Recent studies have also focused on the role of the right hemisphere in ADHD (29), and others
have found size differences in the cerebellum of children with and without ADHD (17,30).
The precise etiology of the structural and functional abnormalities implicated in ADHD is
unknown but is likely resulting from interactions among genetic, physiological, and
environmental factors that ultimately affect brain development and neuronal functioning. For
example, evidence suggests that ADHD may be owing in part to polymorphisms in dopamine
genes that modulate neurotransmission in subcortical and cortical regions (31). It is also
plausible that prenatal factors such as exposure to teratogens and other risk factors result in
morphological abnormalities within the frontal-subcortical region (32). These morphological
abnormalities may contribute to the dysregulation of cognitive and behavioral systems that
mediate the core behaviors deficient in ADHD, such as self-regulation, motor behavior, and
higher-order neuropsychological processes known as executive functions (33).

Executive functions are broadly defined as higher-order cognitive abilities that allow for
strategic planning, cognitive flexibility, self-regulation, goal-directed behavior, and impulse
control. Neuroanatomically, executive functions have been ascribed to the frontal lobes and,
more specifically, the prefrontal cortex (34). As noted by Fletcher, however, the physiological
substrates that underlie executive functions are complex and likely involve intricate neural
networks interconnected with numerous brain regions (35). Supporting this notion is the fact
that damage to brain regions other than the prefrontal lobes, such as the basal ganglia, can
result in executive function deficits. Nevertheless, the prevailing neurobiological and neuropsy-
chological theories of ADHD is focus on frontal-subcortical structures and circuitry (36).
These theories arose in part from the earlier “dysfunctional frontal lobe hypothesis” of ADHD.

Wender and colleagues (37–38) were among the first to suggest that ADHD symptoms were
caused by dysfunction of the frontal-subcortical systems, and Mattes (39) specifically asserted
that ADHD is the result of frontal lobe dysfunction. This theory was based on research with
humans and experimental animals who had sustained frontal lobe damage, and subsequent to
the damage exhibited symptoms analogous to ADHD: hyperactivity, distractibility, and prob-
lems with self-regulation and goal-directed behavior (40–42). From this body of literature, it
was deduced that the frontal lobes, in particular the prefrontal regions, play a primary role in
executive functioning processes. More recent studies using Functional magnetic resonance
imaging (fMRI) with normal subjects have revealed that the prefrontal cortex increases in
activation during higher-order cognitive processing such as working memory, and the anterior
cingulate cortex increases during neuropsychological task performance (Continuous Perfor-
mance Test [CPT]) (43,44). With regard to ADHD, neuroimaging research has found both
structural and functional differences in individuals with ADHD relative to controls, such as
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decreased blood flow in the striatum and prefrontal regions (25,45–47). fMRI studies have
revealed that these brain regions increase in activity as a result of stimulant medication (48).
These findings, in conjunction with other neurobiological research and research with experi-
mental animals, support a mediating role of the prefrontal cortex in executive functions.

With regard to the development of executive functions, research suggests that executive
functions follow a multistage process of development, with older children performing better
on executive function tasks than younger children (49). Executive functions have also been
studied in child clinical samples, such as children with early brain damage. Christ et al. for
example, recently investigated the effect of early brain damage and compromised prefrontal
brain development on executive function performance in children with bilateral spastic cerebral
palsy (SCP) (50). Their results indicated that children with SCP performed more poorly on
neuropsychological tasks relative to controls. Executive function performance has also been
investigated in children with phenyl ketonuria, Tourette’s syndrome, autism, learning disabili-
ties, and conduct disorder (51–53). In adult samples, executive functioning has been studied in
a variety of disorders such as Alzheimer’s disease, multiple sclerosis, and schizophrenia
(54,55,56), to name a few. Results of these studies have been mixed in terms of the presence
and extent of executive function deficits, as well as the type and severity of neuropsychological
deficits characteristic of each sample. Relative to other clinical groups, executive functions
have been studied most often in those with ADHD.

Given the similar pattern of behavioral and cognitive deficits observed in those with docu-
mented frontal lobe damage and those with ADHD, researchers have hypothesized that
ADHD symptomology may be the result of frontal-subcortical dysfunction that ultimately
causes impairment in neuropsychologicial functioning, i.e., deficits in executive functions. A
large number of neuropsychological studies have been conducted comparing the performance
of children with and without ADHD on a variety of neuropsychological measures. As noted
by Weyandt (56a), results from these studies are inconclusive but, relative to other child clin-
ical samples, executive function deficits appear more consistently and the level of impair-
ment tends to be more severe with children with ADHD, especially in the area of motor
response inhibition (51). Fewer studies have addressed neuropsychological functioning in ado-
lescents with ADHD and among those that have, some studies have found group differences
on neuropsychological executive function tasks, whereas others have not found these differ-
ences (47,57–60). Barkley et al. reviewed 22 neuropsychological studies that investigated
frontal lobe functioning in children and adolescents with ADHD and concluded that most of
these instruments do not reliably discriminate between those with and without the disorder
and hence have poor clinical utility (61).

3. NEUROPSYCHOLOGICAL FUNCTIONING IN ADULTS WITH ADHD

Recently researchers have begun to explore neuropsychological functioning in adults with
ADHD. Some have argued that neuropsychological tests are objective measures and conse-
quently can provide further evidence of the validity of adult ADHD, and can be useful in the
diagnosis of ADHD in adults (63,64). From this perspective, if ADHD is a developmental
disorder and symptoms persist into adulthood, the neuropsychological deficits, characteristic
of children and adolescents with ADHD may be predictive of neuropsychological deficits in
adulthood. Given that neuropsychological deficits, particularly executive function deficits,
have been found (albeit inconsistently) in children with ADHD, researchers have hypothe-
sized that parallel deficits would be present in adults with the disorder.
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Similar to the child literature, studies investigating neuropsychological functioning in
adults with ADHD have focused primarily on intelligence and executive function tasks. The
purpose of the remainder of this chapter is to review select literature concerning neuropsy-
chological performance in adults with ADHD. This chapter is not meant to be exhaustive but
rather to summarize the general findings, methodological problems, and implications con-
cerning neuropsychological studies with adults with ADHD.

For organizational purposes neuropsychological tasks have been categorized under
subheadings that do not necessarily reflect the construct validity of the tasks (e.g., planning,
inhibition). For simplicity and flow, ADHD is used throughout this chapter even when the
diagnostic nomenclature may have been different at the time some of the studies were
conducted. Table 1 summarizes the neuropsychological studies reviewed with respect to
authors, measures, findings, and sample characteristics.

4. INTELLIGENCE MEASURES

Intelligence tests, or IQ screening measures, have been included in many adult ADHD
studies for a variety of purposes: to investigate whether intelligence of adults with ADHD
differs from controls, to determine whether certain subtests (e.g., freedom from distractibility
index) can predict group memberships, or for covariate or matching purposes. The findings
have been mixed but in general, consistent with the child literature, IQ tests do not appear to
be a reliable tool for discriminating adults with and without ADHD.

Although some studies have reported differences in IQ (65–67) and Freedom from Dis-
tractibility (66,68,69) in adults with and without ADHD other studies have not found these
differences (63,70–76). Several studies have investigated subtest differences (e.g., digit span,
digit symbol, arithmetic) and again, these findings have been inconsistent (71,77–79). It is diffi-
cult to draw conclusions about these findings, as it is plausible that executive function deficits
influence IQ test performance. It is equally plausible that intellectual capacity influences perfor-
mance on executive function tasks. Denckla has suggested that there is a “complex overlap”
between general intelligence and neuropsychological performance, specifically executive
function performance (80). She has also pointed out that despite high levels of intelligence,
individuals may exhibit various types of executive function deficits. Murphy et al. have argued
that that ADHD shares a portion (i.e., 10%) of the variance with IQ, that executive function per-
formance is negatively correlated with ADHD symptom severity, and that executive function
performance is positively correlated with IQ (78). Indeed, Murphy et al. found that perfor-
mance differences attenuated on several neuropsychological tasks when IQ was controlled for in
subjects with and without ADHD. Given these findings, Murphy et al. suggested that future
studies should report and control for IQ group differences. Weyandt et al. investigated the rela-
tionship between Wechster Adult Intelligence Scaled-Revised performance and an executive
function task (CPT) and found that intelligence was not correlated with neuropsychological
performance in a group of young adults with and without ADHD (73).

Thus, several issues require further study and clarification with regard to intelligence and
neuropsychological performance in adults with ADHD. Specifically, the relationship between
intelligence and other measures of neuropsychological functioning needs to be better understood
(e.g., do some measures correlate positively with intelligence while others have an inverse
relationship?). The issue of whether intelligence test subtests can reliably discriminate
between adults with and without ADHD, as well as whether certain subtests can reliably
discriminate adult ADHD from other clinical disorders, needs to be elucidated. Of course,
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it is possible that the inconsistencies across studies reflect true sample differences; however,
given the methodological confounds and differences across studies, it appears more likely
that these factors are contributing to the disparate findings.

5. ATTENTION AND BEHAVIORAL INHIBITION MEASURES

A variety of neuropsychological tasks have been used as executive function, behavioral
inhibition measures. Examples of these tasks include the Matching Familiar Figures Test
(MFFT), Embedded Figures Test, Benton Facial Recognition Test, Posner Visual Orienting
Task, stop-signal task, and CPTs. Gualtieri et al. (81) and Klee et al. (77), for example,
reported that adults with ADHD performed similar to controls on the MFFT, a test that
purportedly measures impulsivity. Hopkins et al. (117), however, found that adults with
ADHD made significantly more errors than controls on the MFFT, but their reaction time did
not differ from controls. Hopkins et al. also found that adults with ADHD took more time to
complete the Embedded Figures Tests and made significantly more errors on the EFT than
control subjects. The Benton Facial Recognition Test requires subjects to match unfamiliar
faces, and Murphy et al. reported that adults with and without ADHD performed similarly on
this task (117).

With regard to response inhibition, Dinn, Robbins, and Harris found that adults with ADHD
performed more poorly on the Object Alternation Test (89). Epstein et al., however, did not find
differences between subjects with and without ADHD on two impulsivity measures (Posner
Visual Orienting Task; PVOT, stop-signal task) (97). Murphy, however, found that adults with
ADHD demonstrated deficits in inhibitory control using the stop-signal paradigm (83).

5.1. Continuous Performance Tests

Several CPTs are available (e.g., Gordon Diagnostic System, tests of variables of attention,
Conners Continuous Performance Test); in general they are designed to measure vigilance
and behavioral inhibition using a series of visual and/or auditory stimuli. The findings have
been inconsistent across studies, with some studies reporting significant differences between
adults with and without ADHD with respect to commission (70,78) and omission errors,
(63,70,73,77) vigilance, distractibility, and variability measures (65,78), and reaction time
(76,84), whereas other studies have not found these differences (65,74,85–87). Similarly,
Silverstein et al. reported that adults with ADHD made more errors than controls on a perceptual
speed test, but did not differ from controls with respect to omission or commission errors
(75). Even within a study, results have revealed significant differences on some aspects of the
CPT (e.g., vigilance number correct, omission errors) but null findings on other CPT measures
(e.g., commission errors, delay conditions) (63,65,73,74,77,83). Furthermore, the clinical
utility of CPTs is dubious as they have not been found to reliably discriminate among clinical
groups (88). Walker et al., for example, investigated the CPT performance of adults with
ADHD relative to a psychiatric group and a control group and found that adults with ADHD
made more errors of omission and commission compared with controls, but no significant
differences were found between the clinical groups (79). Similarly, Weyandt et al. did not
find significant differences on commission errors between young adults with ADHD and
developmental reading disorder (85). Riccio et al. reviewed the diagnostic efficacy of CPTs
for numerous disorders in adulthood and concluded that “the symptoms detected are compo-
nents of many disorders and these processes are disturbed in many of the psychopathologies
listed in the DSM-IV” (88).
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One approach to interpreting the discrepant findings across studies is to identify CPT measures
that most often produce significant results. This approach is problematic, however, as the
studies differ with respect to CPT measures employed, task parameters, and CPT-dependent
variables. As noted by Riccio et al., “research findings may not be generalizable across even
minor variations in tasks, and generalizability across these variations cannot be assumed but
must first be proven” (88). What can be concluded is that in some studies, adults with ADHD
perform more poorly than controls, and that CPTs do not appear to reliably discriminate clinical
groups. Additional research is needed, however, to investigate the relationship between various
task parameters and CPT performance in adults with ADHD. Research is also needed to further
investigate the CPT performance of various clinical groups and to determine whether a single
CPT, or CPT variable(s) can differentiate clinical groups.

5.2. Stroop Neuropsychological Screening Test

The stroop neuropsychological screening test (SNST) is thought to measure selective
attention, distractibility, and response inhibition and is commonly used as an executive function
measure. Studies comparing adults with and without ADHD have produced conflicting
results with some studies reporting differences on color, interference, or number completed
measures (67–69,74,78,79,82,89). but not on the word, number completed measures, interfer-
ence or total errors (67,74,78,79,90,91). Weyandt et al. investigated the SNST performance of
college students who were classified as having significantly high or low ADHD symptoms,
and found that these two groups did not differ significantly on the SNST (92). Walker et al.
recently investigated the performance of adults with ADHD relative to a psychiatric group
and controls and reported that those with ADHD performed significantly worse on the SNST
Color, Word, and Color/Word measures but not on the interference measure (79). No differences
were found between the ADHD and psychiatric groups which, consistent with other neu-
ropsychological tasks, suggests that the SNST is useful in identifying normal from aberrant
performance but may not be useful in differentiating clinical groups.

6. VERBAL FLUENCY TASKS

Various verbally mediated tasks appear in the literature. One that is used rather frequently
is the Controlled Oral Word Association Test (COWAT). The COWAT purportedly measures
set maintenance, interference, and word initiation. Some studies have found that adults with
ADHD perform more poorly on this task relative to controls (68,69,71,78,79). Dinn et al. for
example, reported that adults with ADHD produced fewer words relative to control participants
(89). Other studies have not found differences on the COWAT (74,76). Similar to the CPT
literature, preliminary findings suggest that efficacy of verbal fluency tasks in discriminating
clinical groups is questionable (79).

7. COGNITIVE FLEXIBILITY AND PLANNING MEASURES

7.1. Trail Making Tests

Trail Making Tests Part A is thought to measure visual scanning and numerical sequencing
abilities, as well as perceptual-motor speed, and Part B is designed to measure cognitive
flexibility. The results have been mixed within and across studies. Some studies have
reported that adults with ADHD performed more poorly on Part B (68,74) but similar to controls
on Part A (74,76). Other studies have found the opposite pattern of performance (65,70),

Adult Neuropsychology 473



whereas other studies have found that adults with ADHD perform more poorly than controls
on Parts A and B (68,69,82). Still others have compared the performance of adults with
ADHD to normative data and did not find they were significantly impaired on this task (75,89).
Recently, Walker et al. reported that adults with ADHD, a psychiatric group, and a control
group performed similarly on Parts A and B (79). Taylor and Miller also compared adults
with ADHD to a psychiatric group and a control group and did find that the ADHD and psy-
chiatric groups performed significantly worse than the control group on both trails. No differ-
ence was found between the ADHD and psychiatric groups (67).

7.2. Wisconsin Card Sorting Test

The Wisconsin Card Sorting Test (WCST) is frequently included as a measure of cogni-
tive flexibility. A number of measures can be examined, including categories completed, per-
severation and nonperseveration errors, and failure to maintain set. One study reviewed
reported WCST performance differences between adults with and without ADHD (67) and
on a related task, the Category Test, Horton found that adults with ADHD demonstrated
impaired performance (90). Most studies have not found WCST performance differences
in adults with ADHD relative to controls (65,70,71,74,85). More robust differences are
found with cases with documented frontal lobe damage according to a recent meta-analytic
review by Demakis, who reported a WCST composite effect size of small to medium (−0.33)
(93). One interpretation of the lack of consistent deficits on the WCST among adults with
ADHD is that the WCST is sensitive to more severe frontal dysfunction and less able to
detect relatively milder impairments such as those that may characterize adults with
ADHD.

Additional planning and motor tasks have been used in a few studies. For example,
Gansler et al. included the Progressive Planning Test, but did not find differences between
adults with and without ADHD (70).

7.3. Rey-Osterreith Complex Figure

The Rey-Osterreith Complex Figure (ROCF) purportedly measures visuospatial and orga-
nizational abilities and has been used more frequently in the child literature than in the adult
literature. Rapport et al. and Seidman et al. did not find differences in ROCF performance in
adults with and without ADHD (63,74). Schreiber et al. used the Boston Qualitative Scoring
System to investigate whether adults with ADHD performed differently on the ROCF rela-
tive to controls (94). Results revealed that groups did not differ on the overall 36-point score,
however differences were found on three indices: configural accuracy, planning, and perse-
veration. Using a regression model, the sensitivity and specificity in discriminating ADHD
from control subjects was 75 and 81%, respectively.

7.4. Tower of Hanoi

The Tower of Hanoi (TOH) is regarded as an executive function task that measures planning
and problem-solving skills and has been used extensively in the child literature. Murphy
found that adults with ADHD relative to controls were less efficient on the TOH and took
significantly more moves to solve the puzzles (82). The groups did not differ with respect to
time required to complete the task or number of errors. Weyandt et al. did not find TOH
performance differences in adults with ADHD relative to adults with developmental reading
disorder or to control participants (85).
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8. MEMORY TASKS

Various memory tasks have been used to explore the performance of adults with and without
ADHD and similar to other neuropsychological tasks, the findings have been mixed. For
example, letter-number span is a task that purportedly measures working memory, which has
been described as an important component of executive functioning (95). Rapport et al. did
not find differences between adults with ADHD relative to a control group on the letter-number
span task (74). Similarly, Gansler et al. compared the performance of adults with and without
ADHD on logical memory and visual reproduction tasks and found no significant group
differences in performance on these short-term memory tasks (70). Horton, however,
reported that adults with ADHD exhibited impaired memory skills on the Wechsler Memory
Scale (89). Additionally, Arcia and Gualtieri found that adults with ADHD performed more
poorly than control subjects on visual and auditory memory tasks (84).

The California Verbal Learning Test (CVLT) has also been included in several adult
ADHD studies. The CVLT was designed to measure various aspects of memory and learning
and is frequently described as an executive function task. Research by Holdnack et al.
reported that adults with ADHD demonstrated acquisition deficits on the CVLT despite average
to above-average IQ (65). They interpreted their findings as adults with ADHD having
search-and-retrieval difficulties as well as poor strategic planning. Seidman et al. found that
adults with ADHD performed significantly more poorly than controls on total words learned,
semantics, and recall measures of the CVLT and similar findings were reported by Woods et al.
and Jenkins et al. (63,69,71). In the study by Woods et al., no differences were found between
groups on the rate of forgetting measure (69). Lovejoy et al. did not find group differences in
performance on this measure between adults with and without ADHD (68).

9. ADDITIONAL NEUROPSYCHOLOGICAL TASKS

A number of neuropsychological tasks were used less frequently in the literature. For
example, Gansler et al. used the Auditory Consonant Trigrams and did not find differences
between adults with and without ADHD (70). However, Jenkins et al. included the Paced
Auditory Serial Addition Test in a battery on neuropsychological tests and found that adults
with ADHD performed more poorly than controls (71). Corbett and Stanczak, and Downey et al.
reported that adults with ADHD performed more poorly on an auditory processing measure
compared to controls (91,96).

Murphy et al. included tasks, such as the Simon game (nonverbal working memory), digit
span, and object use test (cognitive flexibility) and smell identification task (78). Murphy et al.
found that adults with ADHD performed more poorly than controls on the Simon game and
digit span, but similar to controls on the object use test (78). Himelstein and Halperin investi-
gated the information processing performance of adults with and without ADHD using a tar-
get orientation task and a competing motor program task (86). The results indicated that
adults with ADHD had significant difficulty with motor output and response organization
rather than sustained attention problems. Similar results were reported by Dinn et al. using a
go/no-go task when examining the performance of adults with ADHD and by Jenkins et al.
using the error measure of the Luria motor task (71,89).

Horton used a battery of neuropsychological tasks and reported that adults with ADHD
performed in the normal range on most of the tasks; rhythm test, speech sounds, and finger
tapping (90). Downey et al. and Arcia and Gualtieri also found that adults with ADHD did
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not differ from controls on a finger tapping test (84,96). Arcia and Gualtieri did find, however,
that adults with closed head injuries performed more poorly than controls on the finger-
tapping test (84). Last, odor identification has also been investigated with adults with ADHD.
For example, Murphy et al. found that adults with ADHD made more errors on an odor
identification task, and Gansler et al. reported that adults with ADHD predominantly inatten-
tive type made more odor identification errors than adults with the hyperactive–impulsive
subtype (70,78). Errors in odor identification are of course not unique to ADHD and have
been found in other clinical disorders with known frontal neuropathology, such as
Alzheimer’s disease (54).

10. DISCUSSION
It is impossible to speculate on the meaning of the adult ADHD studies without first

addressing the various methodological limitations that characterize many of the studies
discussed in this chapter.

10.1. Subject Issues

First, the studies differ with respect to diagnostic methods and inclusionary criteria. For
example, some studies relied primarily on clinical interviews, although others relied on
self-report instruments to document the presence of adult ADHD. Studies also differed to the
degree to which they assessed and examined comorbidity and ADHD subtypes. For example,
many studies did not control for comorbidity or if comorbidity was addressed, small sample
sizes limited the degree to which the effects of this factor could be assessed. Research
consistently indicates a high level of psychiatric comorbidity in adults with ADHD, which
can be a potential confound when interpreting abnormal neuropsychological task performance
in adults with ADHD. Whether comorbidity contributes to executive function deficits is
unclear. Several studies have suggested that comorbidity does contribute to neuropsychological
deficits (67,75); however, other studies suggest that executive function deficits may be
independent of comorbidity. Specifically, Seidman et al. demonstrated that when comorbidity
was controlled for, significant neuropsychological task performance differences remained
between adults with and without ADHD on several, but not all, executive function tasks (63).
Murphy et al. also reported that comorbidity did not account for group differences in neu-
ropsychological task performance (78).

With respect to subtypes, Gansler et al. reported that adults with with ADHD performed
differently on several neuropsychological tasks depending on their subtype (70). Taylor and
Miller, Murphy et al., and Epstein et al., however, did not find subtype differences (67,78,97).
Additional studies are needed to further explore the relationship between comorbidity and
subtypes and neuropsychological task performance.

Studies also differed with respect to gender and representation of ethnic groups. Because
of the issue of small sample size, few studies explored the role of these variables in task
performance. The few adult studies that examined gender differences were contradictory in
findings. Medication usage was an additional variable that may have influenced the results
and interpretation of several studies. Some studies, for example, included only participants
who were taking stimulant medications (68), whereas others excluded participants who were
taking medication (79,86) and still others included both participants who were and who were
not taking medication (85,89). Although efforts were sometimes made to explore whether
individuals taking medication differed in performance from those not taking medication,
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studies were not able to assess potential differential effects of type or dose of medication.
Furthermore, comparisons of those taking and not taking medication reveals nothing about
task performance had the individuals not been medicated.

A related issue is that most adults participating in the studies self-referred and tended to
come from higher socioeconomic status (SES) and higher levels of education. This adult
ADHD profile is inconsistent with follow-up studies that suggest adults with ADHD attain
lower levels of formal education, are more likely to have employment difficulties, and are at
greater risk for legal problems (5,6). Perhaps self-referred adults with ADHD have milder
neuropsychological impairments than most adults with ADHD.

10.2. Design Issues

With regard to research design, many adult ADHD studies use between-subject, cross-
sectional designs; consequently, these investigations do not provide information about the
neuropsychological course of ADHD. In addition, by using cross-sectional designs it is
impossible to determine whether null findings are the result of attenuation of symptoms or
whether neuropsychological deficits were absent earlier in life. Some have suggested that
disinhibition deficits of children with ADHD attenuate with age but inattention and cognitive
restlessness persist (9,79). Weyandt et al. recently found that young adults with ADHD
reported significantly higher levels of internal restlessness; however, this study also found
that internal restlessness ratings did not correlate significantly with executive function
performance as measured by a CPT (98).

Although purely speculative, it is possible that lack of significant findings on neuropsy-
chological tasks may be partially explained by early treatment interventions. Research with
adult depression, for example, has found that adults who are treated with antidepressants or a
combination of antidepressants are more likely to reach remission than those who are not
treated with antidepressants (114). Stahl has suggested that untreated depression may have
irreversible neuropathological effects on the brain, which likely leads to recurrent relapse and
worsening of symptoms in adulthood (114). With regard to ADHD, recent ADHD outcome
studies have found that children who are treated with stimulant medications often fair better
later in life than children with ADHD who have received stimulant treatment (113). Perhaps
at a physiological level, early treatment prevents further degradation of the systems responsible
for ADHD symptomology; therefore, fewer neuropsychological deficits are observed in
adulthood relative to childhood. This idea is conjectural but warrants further investigation.
To resolve the issue of the types of neuropsychological deficits that may or may not persist
into adulthood, longitudinal studies are sorely needed.

Another problematic issue is that most of the studies adopt an exploratory approach and
few are theory-driven. In other words, rather than designing a study to test a neuropsycholog-
ical theory of ADHD (99,100), most studies use a battery of neuropsychological tests and
examine whether groups perform differently on these tests. This approach is inductive rather
than deductive and tends to result in the use of multiple dependent variables. The use of mul-
tiple dependent variables can be informative but, when accompanied by small sample sizes
(as is characteristic of most studies reviewed), statistical power is encumbered and Type I
error rate is increased. A related issue is that effect sizes are rarely reported that would assist
in the interpretation of the findings. Some studies, however, have reported modest to large
effect sizes (0.08–0.18) on executive function response inhibition measures and very small
effect sizes on verbally mediated executive function tasks (0.00–0.01) (74). More research
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is needed in this area to better understand and interpret the meaning of between-group dif-
ferences.

10.3. Neuropsychological Task Issues

Perhaps the greatest limitation in interpreting the meaning of the adult ADHD studies con-
cerns the psychometric properties of the neuropsychological tasks. Many of the measures lack
age-appropriate norms and may have floor and ceiling effects. For example, Seidman et al.
investigated the performance of adults with and without ADHD and used the same executive
function battery that they had previously used with children (63). Although Seidman et al.
found that adults with ADHD performed more poorly than controls on several executive func-
tion measures, they also found that groups did not differ on the ROCF, WCST, and SNST. Perhaps
these null findings were an accurate reflection of the executive functioning of these groups or
perhaps, as Rapport suggested about the WCST, the tests were too easy for adults (74).

In addition, some of the neuropsychological tasks used in the studies have questionable
reliability and validity. For example, with regard to the construct validity of executive func-
tion tasks, many of the tasks are heterogenous and have not been validated as executive func-
tion measures. Moreover, executive function is a simply a construct, broad in scope, and it
has been interpreted and described differently across disciplines. Definitions have varied
from vague to more explicit (40,101). Factor analysis studies suggest that executive function
may be characterized by three dimensions (verbal working memory, cognitive flexibility, and
motor inhibition) in child clinical and nonclinical populations (102). Denckla, Barkley,
Borkowski and Burke, and others have advanced additional models of executive function
(80,99,100). Future research is needed to clarify the number and nature of the components of
executive functions, especially with the adult clinical and nonclinical adult populations.

An additional factor that likely contributes to the inconsistent findings among adult
ADHD studies is that many of the neuropsychological tasks used in the studies reviewed
involve multiple executive function processes, as well as nonexecutive function processes.
Because of their lack of precision, neuropsychological tasks have been criticized for lacking
sensitivity and specificity. Sensitivity refers to the number of individuals with ADHD who
perform in the impaired range on a neuropsychological instrument, whereas specificity refers
to the number of individuals who do not have ADHD but perform in the impaired range on
the same instrument. As noted by Alexander and Stuss, “even modern frontal tasks have both
sensitivity and specificity problems” (103). Research with ADHD and other clinical popula-
tions indicates that executive function tasks do not reliably detect executive function deficits,
and executive function deficits may be influenced by multiple brain regions. For example,
individuals with documented frontal lobe damage do not always perform poorly on measures
of executive function and those without localized frontal lobe damage may perform poorly
on measures of executive function (104). This is problematic in general, but with regard to
ADHD in adults, normal scores on executive function measures do not necessarily indicate
an absence of ADHD. Furthermore, studies often do not report specificity and sensitivity
rates of the neuropsychological tasks. Of those that have addressed this issue, the overall
findings are unimpressive (68,74). Epstein et al., for example, found that nearly half the
ADHD subjects would not have been classified as having ADHD based on their CPT perfor-
mance (97). Overall, these findings are consistent with the children’s literature that has found
many neuropsychological tasks to have fair positive predictive power in accurately identifying
children with ADHD, but poor negative predictive power (105–108).
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Another problem in the literature is an apparent confirmation bias. In other words, in most
studies there is a tendency to focus on significant findings and largely disregard null findings.
Even when null findings emerge more frequently than significant findings within a study, the
results are typically interpreted as supporting executive function and frontal theories of
ADHD. For example, Kovner et al. included 38 neuropsychological dependent measures with
a sample size of 29, and found significant differences on only a set of three variables (109).
The main conclusion of the study, however, was that adults with ADHD may have circum-
scribed neuropsychological deficits, and little attention was given to the implications of the
nonsignificant measures. Other studies included in this chapter have also focused on signifi-
cant findings and paid scant attention nonsignificant results. One of the most frequently cited
explanations for null findings in the adult ADHD literature is poor statistical power because of
small sample sizes. One approach to help make sense of null (and significant) findings is to
examine studies that did have adequate statistical power (110). Murphy et al. conducted the
largest study reviewed, with 105 adults with ADHD and 64 control subjects (78). To maximize
statistical power, the 105 ADHD subjects were not divided into subtypes and served as one group.
After controlling for IQ, results revealed that adults with ADHD performed more poorly than
controls on six of 14 dependent measures and no differences were found on the remaining
eight neuropsychological tasks. Although effect sizes were not provided in this study, previous
research that has found moderate to small effects on executive function tasks (74) therefore
with adequate statistical power group differences should have been detected had they existed
on the eight executive function tasks that were nonsignificant.

The issue of small sample size is difficult to address on a practical level. Most of the studies
reviewed in this chapter including ADHD groups composed of 20–30 subjects, which suggests
that this number is achievable, whereas larger numbers may be unattainable for most
researchers. Ideally investigators would estimate the anticipated effect size for the neuropsy-
chological variables, select an appropriate α-level given the number of dependent variables,
and then calculate the necessary sample size needed for adequate statistical power (111).
Unfortunately, given the large number of dependent variables typically used in adult ADHD
studies, large sample sizes are generally required. Perhaps what would enhance the quality of
the studies and results is an increase in multisite collaboration using standard diagnostic proto-
cols for inclusionary criteria, methods, and procedures. This approach would enhance sample
size, power, interpretation, and generalizability of the findings. Gender, subtypes, and ethnicity
issues could be adequately addressed as well.

Whether adults with ADHD retain extensive or select executive function deficits remains
unresolved. Taylor and Miller, Lovejoy et al., Woods et al., and Murphy et al. (67–69,78)
interpreted their findings as evidence of broad executive function deficits, whereas others
reported impaired performance on only a few neuropsychological tasks (63,70,74,85). To
enhance the diagnostic sensitivity of neuropsychological tests, Woods et al. advocate for a
discrepancy analysis approach using IQ and executive function scores (69). Of course, it is
possible that the executive function tests measure vastly different aspects of neuropsycholog-
ical functioning and therefore select differences emerge depending on the tasks included in
the study (62). Piatt et al. for example, found that verbal fluency performance was unrelated
to other executive function measures in a group of healthy, elderly subjects (112). The
authors interpreted their findings as evidence that some tasks of executive function measure
different cognitive processes. Clearly more research is needed to better understand the rela-
tionship among neuropsychological tasks. If large sample sizes were possible, multivariate

Adult Neuropsychology 479



statistical procedures, such as principal components analysis and factor analysis would be
useful in elucidating the relationship among neuropsychological tasks.

It is important to note that impairments in executive function are not unique to ADHD and
have been found in other clinical samples such as autism, Tourette’s syndrome, learning
disabilities, schizophrenia, Alzheimer’s disease, Parkinsion’s disease, and phenylketonuria
(51,54,55,116). The majority of these research studies have compared a clinical group to a
control group. Future research would benefit from double-dissociation designs using an adult
ADHD group, one to several clinical groups, and a control group. In this manner, the issue of
whether specific types of executive function deficits are characteristic of many or few disor-
ders could be addressed. A few studies that have compared child clinical groups and execu-
tive task performance suggest that executive function performance may differ within and
across clinical groups (51,106). Pennington and Ozonoff, for example, concluded that execu-
tive function deficits are found in both children with ADHD and children with autism but not
in children with Tourette’s syndrome or conduct disorder (51). Pennington and Ozonoff also
suggested that impairments in motor inhibition are more characteristic of ADHD than
autism, although impairments in working memory are more characteristic of autism than
ADHD. Such interpretations of the adult studies are tenuous at best. Several investigators
have posited that adults with ADHD demonstrate neuropsychological deficits in response
inhibition, sustained attention, and working memory relative to control subjects, however
these deficits have not been demonstrated consistently across studies. Only a handful of studies
have compared the performance of adults with ADHD to a clinical group and those that have
suggest that, overall, neuropsychological tasks have poor ability to discriminate clinical
groups. For example, Katz et al. used a large battery of neuropsychological tasks and found
that a reduced set of tasks discriminated between adults with ADHD and adults with depres-
sion with 81% accuracy (72). On further analysis, however, it was revealed that although
most ADHD subjects were correctly classified, 60% of those with depression were inaccu-
rately classified into the ADHD group. Walker et al. compared the performance of adults
with ADHD, a psychiatric group, and a control group and found no significant differences
between the ADHD and psychiatric groups on any of the 18 neuropsychological variables
(79). In a recent review article, Woods et al. reported that the majority of studies investigat-
ing neuropsychological functioning of adults with ADHD found differences between adults
with ADHD and controls on at least one executive function measure, but concluded that
these tests have limited predictive validity (115). Despite findings such as these, neuropsy-
chological tests continue to be recommended in the assessment of ADHD in adulthood (107).

11. CONCLUSION

Overall, research indicates that adults with ADHD do not exhibit a unique neuropsychologi-
cal profile. Rather, the studies collectively suggest that adults with ADHD may exhibit mild
neuropsychological deficits on some tasks, particularly executive function tasks that measure
response inhibition and working memory. These findings do not appear to be accounted for by
comorbidity but may be influenced by intelligence. Importantly, neuropsychological impair-
ments have not been consistently found across measures or across studies. Furthermore, neu-
ropsychological tasks do not appear to have diagnostic utility as they do not reliably
discriminate adults with ADHD from other clinical groups. Additional research is needed to
further investigate the construct of executive function, the validity and reliability of executive
function tasks, the role of task parameters, gender, ethnicity, comorbidity, and subtypes
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on neuropsychological task performance. To enhance the interpretation and generalizability of
adult ADHD findings, research would benefit from studies that are theory derived and method-
ologically robust. The study of adult ADHD is in its infancy, and future studies will likely
reveal the complexities that characterize neuropsychological functioning in adults with ADHD.
Ultimately these complexities will be best understood when they are considered in conjunction
with neurobiological models of ADHD, neurophysiological, and neuroimaging findings.
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Psychostimulants in Attention Deficit 

Hyperactivity Disorder
Theoretical and Practical Issues for the Community Practitioner

Daniel F. Connor

1. INTRODUCTION

The clinical use of stimulants for behavioral disturbances in children and adolescents first
began in 1937 at the Emma Pendleton Bradley Home for Children in Rhode Island. Charles
Bradley, a psychiatrist, was working with brain-injured children who had received a pneu-
moencephalogram as part of a standard clinical diagnostic workup. This procedure com-
monly resulted in severe headache for the children. Bradley decided to use an amphetamine,
Benzedrine, in an attempt to ameliorate the headache pain. When given amphetamine, the
children demonstrated immediate improvements in their disruptive behaviors. Bradley also
noted improved academic performance, better self-control, and improved attention to task.
Bradley published his findings in 1950 after using amphetamines for two decades to treat
hyperactivity, impulsivity, and moodiness in clinically referred children (1).

In the 1960s the first double-blind placebo-controlled clinical trials of dextroamphetamine
and methylphenidate were completed and confirmed Bradley’s initial clinical impressions.
Since then, more than 200 controlled trials of stimulants have been completed (2). These
studies demonstrate the efficacy of the stimulants in improving the core symptoms of atten-
tion deficit hyperactivity disorder (ADHD) and enhancing behavioral, academic, and social
functioning in about 50% to 95% of children treated. Variability in response rates is largely
because of the presence of comorbid psychiatric and developmental disorders (3–5).

Historically, most of the individuals for whom stimulants were prescribed were school-
aged children between 5 and 12 yr of age (6). However, longitudinal studies in ADHD con-
sistently demonstrate the persistence of symptoms and impairment across multiple domains
of daily life functioning into adolescence and adulthood in the majority of children diagnosed
with ADHD (7,8). Increasingly, stimulants are being prescribed for adolescents and adults
meeting criteria for ADHD (9).

Despite the overwhelming amount of research documenting the efficacy of stimulants for
the symptoms of ADHD, the stimulants should rarely be the only form of therapy provided to
individuals with ADHD. For some cases of mild ADHD, enhanced organizational skills, cog-
nitive behavioral therapies, education about the disorder, and/or school or occupational sup-
ports may be sufficient to lessen the impact of the disorder on daily life. However, it is
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important to recognize that stimulants are the only treatment modality to date that are known
to normalize symptoms of inattention, impulsivity, and overactive behavior in individuals
with ADHD (10). Furthermore, the effect size of stimulants has been found to be greater than
the effect size of psychosocial therapies for the core symptoms of ADHD, at least over peri-
ods of time up to 14 mo (11).

The purpose of this chapter is to review recent advances in stimulant therapy for ADHD,
review pharmacodynamic and pharmacokinetic actions of stimulants, and review safety and tol-
erability data for stimulant use. The emphasis in this chapter is clinical with the overall goal of
enhancing the practitioner’s safe and effective clinical use of stimulant medications, particularly
in the treatment of ADHD.

2. STIMULANTS

Stimulants are referred to as such because of their ability to activate the level of activity,
arousal, or alertness of the central nervous system (CNS). Stimulants in clinical use
include racemic methylphenidate, dextromethylphenidate, dextroamphetamine, mixed
amphetamine salts (a combination of D-amphetamine and amphetamine), and magnesium
pemoline. Pemoline is rarely used because of elevated risk of liver toxicity and is consid-
ered a second-line agent for the treatment of ADHD; therefore, it will not be discussed further.
Other CNS stimulants, such as caffeine and deanol, are not discussed here because they
have not been found to be nearly as effective as the CNS stimulants, and cannot be recom-
mended for clinical use.

2.1. Indications for Use of Stimulant Medications
2.1.1. Established Indications

Established indications for stimulants include ADHD in children, adolescents, and adults.
Stimulants are helpful in treating age-inappropriate and impairing symptoms of inattention to
task, impulsive behavior, and motor hyperactivity that are not owing to another cause, such
as depression, bipolar disorder, anxiety disorders, or psychotic disorders, and are persistently
severe enough to cause impaired functioning in school, work, home, or the community. All
three subtypes of ADHD (combined, hyperactive-impulsive, and inattentive types) respond
to stimulant therapy (3). Narcolepsy is also an established indication for stimulant medica-
tions but will not be further discussed here.

2.1.2. Probable Indications

Probable indications for stimulants include the treatment of symptoms of ADHD in
preschool children and children with comorbid conditions, such as mental retardation, autism
spectrum disorders, head trauma, and seizure disorders (12–21).

Seven out of eight randomized, controlled clinical trials demonstrate the efficacy of stimu-
lants for symptoms of ADHD in 3- to 6-yr old children (12). Compared with older ADHD
children, the efficacy of stimulant treatment is more variable, and there is a higher rate of side
effects, especially sadness, irritability, clinging behavior, insomnia, and anorexia (22). Stimulant
therapy for preschool children should be reserved for particularly severe cases of ADHD, and
only after parent management training, family behavioral therapy, and preschool educational
supports have been unsuccessful or are unavailable.

Stimulants may be effective for symptoms of ADHD in children with mental retarda-
tion. Recent studies support the use of stimulants in the treatment of ADHD symptoms in
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these youngsters, especially if the IQ is greater than 50 and the mental age is greater than
4.5 yr (13–15). However, for youths with more severe mental retardation stimulant medi-
cations may not be well tolerated (14,15).

According to the Diagnostic and Statistical Manual of Mental Disorders, 4th edition
(DSM-IV) criteria, ADHD is excluded as an additional diagnosis when autism or pervasive
developmental disorders are present. The symptoms of ADHD are then thought to be part of
the autistic disorder and not thought to warrant an additional diagnosis of ADHD. However,
the target symptoms of distractibility, impulsivity, and hyperactivity may respond to stimu-
lants in children or adults with autism (16). Careful clinical monitoring of autistic individuals
on stimulants is indicated because adverse events may be hidden among all the other symp-
toms autistic patients may have and make medication side effects difficult to recognize.

Neurological injury may cause hyperactivity, distractibility, and/or impulsivity especially
if the frontal cortex sustains injury. Randomized controlled studies suggest the efficacy of
stimulant medications for brain-damaged children or adults with trauma-acquired symptoms
of ADHD (17).

Finally, attention deficit can be a frequent symptom of epilepsy in children, adolescents, and
adults. It is unclear whether the symptoms of ADHD are caused by the epilepsy, are exacer-
bated by anticonvulsant medications, or are a separate, comorbid disease. A few controlled
studies have investigated the safety and efficacy of methylphenidate in children with the dual
diagnosis of ADHD and epilepsy (18–21). These studies generally conclude that stimulant ther-
apy is safe when epilepsy is stable on anticonvulsant therapy. No influence of methylphenidate
on the plasma level of antiepileptic drugs is documented (21). What remains unclear is the
effect of stimulants on seizure thresholds in epileptic patients who are untreated or are poorly
controlled on antiepileptic therapy. In such patients, there is evidence that methylphenidate may
lower the seizure threshold and exacerbate the risk of seizures (20).

2.2. Pharmacoepidemiology of Stimulant Use

Stimulant use among children and adolescents in the United States has grown substan-
tially over the past 15 yr. Between 1987 and 1996 the prevalence of stimulant use among
youths less than 18 yr old increased three- to sevenfold (23). This growth also includes
increased prescribing rates of stimulants for preschool children. Since 1990 there has been a
threefold increase in stimulant prescriptions for 2- to 4-yr-old children (24). This growth
takes place within the context of a threefold overall increase in total psychoactive medication
prescribing for youngsters across all classes of psychiatric medication since 1991 (23).

Among stimulants, methylphenidate use ranked foremost among children and adolescents,
accounting for 77–87% of all stimulant prescriptions since 1991. A dramatic increase in
amphetamine prescribing occurred with the introduction of mixed amphetamine salts
(Adderall®, Shire US, Inc., Florence, KY) in 1996. Over the past decade, a seven- to 14-fold
increase in amphetamine prescriptions has been observed in both Medicaid and in health
maintenance organizations (23,25). Because of warnings about elevated risk of hepatic failure,
pemoline use has declined in youngsters over this same time period (26).

With growing recognition that ADHD persists into adulthood in the majority of children
diagnosed in elementary school, physicians are beginning to use stimulants to treat ADHD
across the lifespan (2,27). To date, there have been no pharmacoepidemiological studies of
stimulant use for ADHD in adulthood. However, with growing recognition of the ADHD
diagnosis in adults, stimulant use in this population is expected to grow.
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Stimulants are often combined with other psychiatric medications for the treatment of
ADHD and comorbid conditions and the use of combined treatment is also increasing in the
United States. In a national sample of physician office visits for youths less than 18 yr old,
the rate of combined stimulant and antidepressant use increased from 4% in 1994 to 29% in
1997. This reflects a sevenfold increase over 3 yr (28). On the basis of Medicaid claims data,
it was reported that 30% of youths receiving a selective serotonin reuptake inhibitor (SSRI)
antidepressant also had a stimulant prescription during the same year, strongly suggesting
combined use (29). A particularly common concomitant psychotropic medication combina-
tion for youths has been methylphenidate and clonidine. Estimates from a national pharma-
ceutical market source found that 41% of surveyed youths in 1994–1995 who were receiving
methylphenidate were also receiving clonidine (30). In clinical practice, stimulants are often
combined with atypical antipsychotic medications in the treatment of the highly aggressive
ADHD child. However, no data on the prevalence of this practice is presently available.

Although stimulants have been shown to be highly effective in the treatment of the core
symptoms of ADHD (11), their use is not without controversy. During the 1990s concerns
were expressed over the increased prevalence of use among school-aged children, the uncer-
tainty surrounding the implications of long-term use in children, and studies showing geo-
graphical variation in prevalence of use (31). Particular concern was expressed about
overmedication of children with stimulants (32). However, pharmacoepidemiological
research has reported both overprescribing and underprescribing of stimulants to youths in
the United States (25,32–35). Furthermore, marked geographic variation in stimulant pre-
scribing rates has been reported, even after controlling for differences in predictors such as
age and gender. Compared to children living in the western region of the United States, chil-
dren living in the Midwest and South appear more likely to be prescribed a stimulant medica-
tion (36). The reasons for geographic variation appear complex. Sources of variation may
include differences in the populations studied by different pharmacoepidemiological
researchers, differences in research methodology across studies, and differences in the way
different specialty physicians identify and diagnose ADHD (35,36).

2.3. Basic Pharmacology of Stimulants

Stimulants are structurally similar to the monoaminergic CNS neurotransmitters. There
are two prevailing hypotheses regarding the underlying neurophysiology of ADHD that
involve neural systems that are subserved by the catecholamines, dopamine and nore-
pinephrine. The focus on dopamine was derived from the fact that stimulant medications are
known to alter the transmission of dopaminergic neurons in the CNS. This hypothesis has
been further substantiated by neuroimaging studies that have consistently identify alterations
in the structure and functioning of dopamine-rich regions of the CNS, such as the prefrontal
cortex, striatum, basal ganglia, and cerebellum, in children and adults meeting clinical crite-
ria for the ADHD phenotype (37,38). However, stimulants also affect noradrenergic neuro-
transmission and an alternative noradrenergic model has been proposed to explain the effects
of stimulants in ADHD. This model focuses on the inhibitory influences of frontal cortical
circuits, which are predominantly noradrenergic, acting on striatal structures to indirectly
alter dopaminergic activity (39). This model is further supported by the presence of an ante-
rior CNS attentional system in the prefrontal cortex, and a posterior CNS attentional system
located in prefrontal, posterior, and parietal-locus ceruleus neuronal networks, both of which
involve noradrenergic transmission (40).
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2.3.1. Mechanism of Action

The primary mode of action of stimulants is to enhance catecholamine activity in the CNS,
probably by increasing the availability of norepinephrine and dopamine at the synaptic cleft
(41). Preclinical studies have shown that methylphenidate and amphetamine block the reup-
take of dopamine and norepinephrine into the presynaptic neuron (1,3,39,42). The stimulants
largely exert their action by reversibly binding to the presynaptic transporter protein with
resultant inhibition of catecholamine reuptake into the presynaptic neuron, increasing concen-
trations of catecholamines in the extraneuronal space, and thus presumably enhancing postsy-
naptic CNS catecholaminergic neurotransmission (43). Amphetamine also increases the
release of dopamine from presynaptic cytoplasmic storage vesicles and blocks the uptake of
dopamine into neuronal cytoplasmic storage vesicles, making dopamine more available in the
presynaptic cytoplasm for release into the synaptic cleft. These slightly differing mechanisms
of action of amphetamine and methylphenidate suggest that they are not identical and that
both types of stimulants should be tried if a patient does not have a satisfactory response to an
initial stimulant trial (44). A meta-analysis of 141 subjects showed that 40% of the patients
responded equally well to either methylphenidate or D-amphetamine, but 26% responded bet-
ter to methylphenidate, and 35% had a superior response to D-amphetamine (45).

Thus, it appears that alterations in both dopaminergic and noradrenergic function occur
and may be necessary for clinical efficacy of the stimulants in treating ADHD (39,46,47).

2.3.2. Absorption and Metabolism

In clinical practice, stimulants are given orally. Absorption is rapid and complete from the
gastrointestinal tract. Stimulants reach their maximal clinical effect during the absorption phase
of the kinetic curve, approx 2 h after ingestion (48). Stimulants cross the blood–brain barrier and
are taken up into the CNS. The absorption phase parallels the acute release of neurotransmitters
into CNS synaptic clefts, supporting theories of stimulant mechanism of action on CNS cate-
cholamines in ADHD (46). Methylphenidate slow release has a more variable and less complete
absorption, which may explain its diminished efficacy compared to more rapidly and completely
absorbed stimulants (49,50). Methylphenidate and amphetamine are metabolized in the body by
different mechanisms. After absorption, methylphenidate undergoes extensive first-pass hepatic
metabolism predominately by hydrolysis. The predominant route of metabolism is de-esterifica-
tion to inactive ritalinic acid, which is readily excreted and accounts for 80% of the dose. The
remaining 20% of the drug is oxidized by a hepatic mixed-function oxidase (51).

Amphetamine is metabolized by side-chain oxidative deamination and ring hydroxylation
in the liver (46,51,52). The majority of amphetamine is excreted unchanged in the urine
(∼80%), along with benzoic acid, hippuric acid, and hydroxyamphetamine catabolites (52).
Because amphetamine is a highly basic compound, urinary excretion is dependent on urinary
pH. Urine acidification (i.e., by ingestion of ascorbic acid or orange juice) results in a short-
ened plasma half-life and increased amphetamine clearance. Acidification of the urine is use-
ful to facilitate amphetamine clearance in overdose and subsequent toxicity (51). Patients
receiving amphetamines for ADHD who note decreasing clinical efficacy should be moni-
tored for vitamin C (ascorbic acid) consumption (46).

2.3.3. Pharmacokinetics and Preparations

There are two theories that relate pharmacokinetics to stimulant efficacy in ADHD. The
first theory is called the ramp effect. It has been theorized that the more rapidly the brain
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concentration of stimulants increases, the greater the effect on improved vigilance or reduc-
tion of hyperactivity. In this model, stimulant efficacy with regards to the symptoms of ADHD
are proportional to the rate of stimulant absorption into the CNS (53). This model argues that
stimulants with a rapid rate of absorption will be more effective than stimulants with a slower
rate of absorption. The second theory relates the maximal plasma concentration of stimulant to
efficacy in ADHD. This theory is called the “threshold model” (54). In this model, stimulant
efficacy is proportional to peak stimulant brain concentrations. At present, it is unclear
whether the rate of absorption (ramp effect) or the peak plasma or brain concentration of stim-
ulants (threshold effect) accounts for stimulant efficacy in ADHD.

Table 1 shows the varying durations of action of the available stimulant formulations.

2.3.3.1. IMMEDIATE-RELEASE PREPARATIONS

Immediate-release stimulants include both methylphenidate and amphetamine compounds.
Methylphenidate has a rapid onset of action within 20–60 min and a peak plasma concentration
within 1–2 h post ingestion, with an elimination half-life of 3–6 h (46,51). Its plasma half-life is
1–3 h, but concentrations in the CNS exceed those in plasma (51). Dextromethylphenidate is the
optically pure stereoisomer of racemic methylphenidate and has pharmacokinetic parameters
similar to D,L-methylphenidate (55). Amphetamine compounds include D-amphetamine and
mixed amphetamine salts. These agents have a rapid onset of action with peak clinical effects
occurring within 1–2 h. They have a serum half-life and a behavioral half-life of 4–6 h, slightly
longer than methylphenidate preparations.

2.3.3.2. INTERMEDIATE-ACTING PREPARATIONS

Methylphenidate is available in intermediate-acting preparations. These compounds are
designed to last longer than immediate-release preparations and have a somewhat slower
onset of action. Newer formulations such as Metadate® CD and Ritalin-LA® have a bimodal
clinical effect designed to mimic the actions of immediate release methylphenidate given
twice daily (56).

2.3.3.3. ONCE-DAILY PREPARATIONS

Once-daily stimulant formulations are available as Concerta® and Adderall XR®. Concerta
encapsulates methylphenidate in an oral osmotic-release drug delivery system (OROS) that
is similar to immediate release methylphenidate given three times daily. The duration of
action of Concerta is 10–14 h (57). Concerta demonstrates an ascending methylphenidate
plasma concentration curve throughout the day. Research has shown that rising
methylphenidate plasma levels are necessary for stimulants to retain their efficacy over the
course of the day. In contrast, flat methylphenidate dosing regimens (indicative of older slow
release methylphenidate preparations) lose about 40% of their efficacy by the afternoon. This
is owing to the phenomenon of tachyphylaxis, or acute tolerance, to methylphenidate that can
develop under multiple daily dosing conditions. An ascending dose curve overcomes this
acute tolerance and maintains methylphenidate efficacy throughout the day (46,58,59).
Adderall XR contains a bead technology consisting of 50% immediate release and 50% slow
release XR beads (60). The immediate release beads release stimulant medication immedi-
ately after ingestion, whereas the XR beads release 4 h later. The 50/50 ratio of immediate
release to XR beads allows for therapeutic effects to begin within a time frame comparable to
shorter-acting formulations, with ascending stimulant plasma levels facilitating ADHD
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symptom relief over an extended time period (61,62). Adderall XR is designed to mimic the
actions of immediate release Adderall given twice daily (62).

2.3.3.4. TRANSDERMAL PATCHES

Not included in Table 1 is a methylphenidate transdermal skin patch system under devel-
opment called MethyPatch® (Noven Pharmaceuticals) (63). This is an embedded drug adhe-
sive transdermal patch, worn on the hip, in which methylphenidate is solubilized in a silicone
and acrylic adhesive diffusion technology. Each patch provides duration of ADHD treatment
for up to 12 h.

2.3.3.5. STIMULANT ENANTIOMERS

Numerous psychotropic drugs exist as a mixture of two mirror-image stereoisomers of each
other; each is called an enantiomer (e.g., dextro [D] and levo [L]) and the mixture is called a
racemate. Enantiomers are new drugs made by removing one mirror-image stereoisomer from a
mixture of two contained in the original drug. Often the drug can be improved when only one
of the enantiomers is clinically administered. Improvements may include lessened side effects,
reduced drug–drug interactions, and better efficacy including a better relationship between effi-
cacy and a reduced drug dose (64).

Methylphenidate contains a 50/50 racemic mixture of the D-threo and L-threo isomers of
methylphenidate. Research shows that D-threo-methylphenidate is the pharmacologically active
enantiomer (65). Recent advances in stereo-specific manufacturing allow commercial prepara-
tions of optically pure D-threo-methylphenidate (D-methylphenidate, dexmethylphenidate), and a
preparation containing only this enantiomer could provide a better therapeutic index in ADHD
than a racemic mixture. An immediate release enantiomer of methylphenidate called Focalin®

(dextromethylphenidate) has been released by Novartis (66). Compared with placebo, Focalin
is effective for the symptoms of ADHD. However, its advantages over other immediate release
stimulant preparations are presently not clear.

2.3.4. Clinical Effects of Stimulants

More than 200 randomized, controlled studies exist on the effects of the stimulants on the
core symptoms of ADHD (2,10,46,67). Most of these studies have been conducted with
methylphenidate. The vast majority of research reports on studies of 6–12-yr-old ADHD
children. However, preschool children, adolescents and adults have been shown to respond to
stimulants as well (12,46,68,69).

In general, studies indicate that between 73 and 77% of ADHD children initially treated
with a stimulant are described as improved in their symptoms (3,67). Between 25 and 30% of
ADHD children do not respond or do not tolerate initial stimulant medication. If a second
stimulant is clinically tried, response rates increase (44,70). As stated previously, both a
methylphenidate and an amphetamine preparation should be tried before other classes of
agents are considered. Research has identified a group of ADHD children with preferential
responses to methylphenidate, another group who responds to amphetamine, and a third
group that responds to both stimulants (45). It is important to note that placebo response rates
in ADHD are generally low. Controlled efficacy studies of stimulants examining differences
between stimulants and placebo in ADHD report placebo responses ranging from 2 to 39%
(67,71). In the recent large multimodal treatment study of children with ADHD, placebo
response rates of about 13% were reported (11).
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2.3.4.1. EFFECTS ON BEHAVIOR

Impulsive aggressive and hyperactive behavior commonly accompanies ADHD in child-
hood and adolescence and may have large consequences for the affected individual (72).
Explosive outbursts of temper to common everyday frustrations are often difficult for fami-
lies of ADHD youths to cope with and mange and often lead to a deterioration in familial
functioning. In adolescence, impulsive and hyperactive behaviors contribute to social func-
tioning problems, higher risk for antisocial behavior, increased risk of cigarette smoking, and
automobile driving accidents (73–76). In adulthood, impulsivity and poor judgment con-
tribute to higher mortality rates from automobile accidents, vulnerability to antisocial behaviors,
and increased risk for substance abuse (76–79).

Stimulants have robust effects on these age inappropriate behaviors that commonly cause
impairment on a daily basis for individuals with ADHD. These behaviors often include
impulsivity, disruptiveness, noncompliance, talking out of turn and out-of-seat behaviors,
restlessness, and impulsive displays of aggression (80–82). Stimulant dose effects are gener-
ally linear and positive on core behavioral problems in ADHD, such that higher doses might
be more effective than lower doses (82). However, dose must be individualized for each
ADHD patient. A meta-analysis of stimulant effects on aggressive behavior in ADHD, sepa-
rate from effects on the core symptoms of inattention, impulsivity, and hyperactivity, found
large effect sizes for stimulant treatment on symptoms of overt and covert aggression (83).
This suggests that ADHD may amplify or increase conduct problem behaviors in some chil-
dren, and that treatment of ADHD symptoms with stimulants may reduce vulnerability to
antisocial and aggressive behaviors (84).
2.3.4.2. EFFECTS ON COGNITION, LEARNING, AND ACADEMIC PERFORMANCE

Numerous studies have found that stimulants enhance performance on measures of vigi-
lance, impulse control, fine motor coordination, and reaction time (3,10,85–87). Higher
stimulant doses tend to be associated with more robust responses, and clinicians should
beware of underdosing. Positive drug effects have been obtained on measures of short-term
memory and learning of paired verbal or nonverbal material (88,89). Performance on both
simple and complex learning paradigms appears to be enhanced, and perceptual efficiency
and speed of symbolic and verbal information retrieval is facilitated (90,91). Stimulant ther-
apy improves school-based academic productivity and accuracy in treated ADHD children
(3,92–94). Studies support positive dose response relationships on cognitive measures asso-
ciated with learning in the classroom (95). ADHD laboratory school-based data suggest that
positive medication effects in the classroom enhancing vigilance, attention focus, and
impulse control do not adversely affect children’s spontaneous play activities at recess (46).

Despite beneficial effects on learning in ADHD children, stimulants do not enhance func-
tioning on more traditional measures of cognitive potential and academic ability such as intel-
ligence tests (67). In general, stimulants seem particularly salient in school situations that
require children to inhibit their behavior and focus on assigned tasks. It remains to be deter-
mined if these acute effects of stimulants on cognition, learning, and academic performance
translate into enhanced academic success for ADHD children over the long term (3,10).
2.3.4.3. EFFECTS ON INTERPERSONAL AND SOCIAL RELATIONSHIPS

Treatment with stimulant medication has been found to improve the quality of social inter-
actions between children with ADHD and their parents, teachers, and peers (10). In young
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ADHD youths, stimulants increase children’s compliance with parental commands, decrease
hostile and negative responses, and enhance the ADHD child’s responsiveness to the interac-
tions of others (22,96,97). Beneficial effects of stimulant treatment have also been docu-
mented in the interactions between ADHD children and their teachers (98). Stimulant
medications not only directly alter the behavior of children with ADHD but also indirectly
affect the behaviors of important adults and peers toward the ADHD child. When these rela-
tionships improve, they may contribute further to a positive treatment response in the child.

Improvements in interpersonal and social relationships with stimulant treatment of the
adolescent with ADHD and adult have not been studied as thoroughly as in children with
ADHD. However, improvements in social judgment and interpersonal relationships with
clinical treatment of the adolescent with ADHD and adult are beginning to be documented
(2,7,9,27,79,99,100).

3. LIFE-SPAN AND ADHD SYMPTOMS

3.1. Preschool ADHD Children

Because current diagnostic criteria require an early age of onset (<7 yr old) for a diagnosis
of ADHD, children in the preschool age range (3–6 yr old) may come to clinical attention for
accurate diagnosis and treatment. For example, in one study of 300 children consecutively
referred to an ADHD clinic, mothers reported 202 children (67%) as having an age-of-onset
of ADHD symptoms that interfered with daily functioning at age 4 yr or younger (101).
Thus, the physician who treats children with ADHD will be asked to evaluate and treat
preschool children for ADHD.

Stimulants should not be the first line treatment for the symptoms of ADHD in the very
young child. Parent-management behavioral methods using a compliance training model
meet criteria for evidenced-based treatment for childhood ADHD, disruptive behavior, non-
compliance, and oppositional–defiant behavior, and should always be tried first (12,102,103).
However, for the severely hyperactive youngster, or the ADHD preschool child for whom
parent-management training methods have been tried and failed, stimulant therapy is some-
times considered.

Currently, nine controlled clinical trials of stimulants in ADHD preschool children 3–6 yr
old are reported in the clinical literature. These studies appear in Table 2.

Eight controlled studies evaluate preschool ADHD children with normal cognition and one
study evaluates ADHD in preschool children with developmental disabilities (104). Random
assignment to treatment occurred in 78% of these studies, and 89% (8 of 9) of studies support
efficacy of stimulants for the symptoms of ADHD in the preschool age range. Only
methylphenidate has been studied in preschool ADHD. Doses are generally low, ranging
between 2.5 and 30 mg/d. Studies generally support linear dosing effects in the preschool age
range, with higher doses improving inattention, impulsivity, and academic productivity com-
pared with lower doses (105). Children less than 3 yr old have not been studied. Side effects
of stimulants are generally reported as elevated in the preschool ADHD child compared with
treated older ADHD children (106). Response rates may be more variable in this population
compared with older children receiving stimulants (12).

Rising rates of prescriptions for psychotropic medications given to US children aged 2–5 yr
have raised concerns that not enough is known about the safety and efficacy of these agents
in preschoolers (24,107). The majority of these prescriptions are stimulants used for the
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treatment of very early onset ADHD (25). In response to these concerns, the National Institute
for Mental Health is currently funding the Preschool ADHD Study, a multisite clinical trial
now under way to determine the safety and efficacy of methylphenidate in preschoolers with
ADHD (107).

3.2. Adolescents With ADHD

In the past many clinicians believed that stimulant treatment lost its therapeutic effects
after puberty. This view contributed to a common clinical practice of discontinuing stimu-
lants at puberty. Current research demonstrates that stimulants continue to have efficacy for
ADHD symptoms in adolescence, and that their effects are equivalent to the stimulant benefits
seen in younger children with ADHD (108,109). The current standard of care is to continue
to treat ADHD with stimulants in the postpubertal years.

Although more is presently known about stimulant efficacy in ADHD adolescents, less
research has been completed in this age group compared to research in the school age popula-
tion. Seven controlled trials of stimulants for ADHD in adolescents are described in Table 3.

The majority of controlled studies (six of seven studies, 85.7%) support the continued effi-
cacy of stimulants in the treatment of adolescents with ADHD. Most of these studies investi-
gate methylphenidate preparations. Linear dosing effects are described in some studies of
adolescents (110,111), but not in other studies (112,113). Currently, it remains unclear if ado-
lescents with ADHD respond better to low or to high stimulant doses. Therefore, treatment
must be individualized. Overall, studies show a stimulant response rate of about 60–75%,
indicating that medication is effective in teenagers with ADHD (46). In these studies no
abuse or tolerance to stimulants were noted (2).

3.3. Adults With ADHD

ADHD in adults is poorly recognized in most clinical settings and is a frequently missed
clinical diagnosis. Comorbid psychiatric diagnoses, such as depression, substance abuse,
anxiety, or antisocial behaviors frequently cloud the clinical picture and contribute to missing
the diagnosis of ADHD in referred adults (114). Current research indicates that between 30
and 70% of children with ADHD will continue to have symptoms of ADHD in adulthood
(115). The estimated prevalence of ADHD in all adults is 4.5% (9). Unlike ADHD in children,
in adults with ADHD outward signs of hyperactivity/impulsivity are replaced by a subjective
sense of inner restlessness accompanied by cognitive disorganization, inattention to task,
distractibility, forgetfulness, and impulsive decision-making (79,116). This makes the task of
clinical diagnosis more difficult for the clinician treating ADHD in adults. However, ADHD
is important to recognize and treat in adulthood as continuing symptoms may impair adult
functioning across a variety of domains (117).

The role of stimulant medications in treating adults with ADHD is no different than it is
with children and adolescents. Adults with ADHD respond to stimulants with improved
attention span, decreased distractibility, diminished restlessness, and lessened impulsivity, in a
similar fashion to younger patients with ADHD (69). Controlled studies of stimulants in adults
with ADHD are listed in Table 4.

In comparison with the large database that exists on the efficacy of stimulants for ADHD
in children, only nine controlled stimulant trials have been reported in adult ADHD. These
trials have examined methylphenidate, dextroamphetamine, and pemoline. In contrast to the
robust and consistent 70% response rates reported for children with ADHD, controlled studies
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in adults report more equivocal response rates. With the exception of the Spencer et al. (27)
study, response rates in adults range between 25 and 58%.

Variability in adult ADHD response rates may be related to several factors. These include
difficulty recognizing the adult ADHD phenotype with subsequent enrollment of heterogeneous
subjects into clinical trials (118–120), high rates of comorbidity in adults with ADHD (9,121),
and the low doses of stimulants used in many clinical trials of ADHD adults. For example, in
controlled studies limiting methylphenidate to doses less than 0.7 mg/d, response rates range
from 25 to 57% (118,120,122). However, Spencer and colleagues report a much higher response
rate of 78% when higher doses of methylphenidate are used, up to 1 mg/kg/d (27). For adults
with ADHD, response rates may become more robust when higher stimulant doses are used.

4. TREATMENT OF ADHD IN THE PRESENCE 
OF COMORBID PSYCHIATRIC DISORDERS

In children and adolescents with ADHD, higher rates of comorbid oppositional defiant
disorder (ODD), conduct disorder (CD), major depressive disorder (MDD), and anxiety dis-
orders are found compared with control youths without ADHD (5,10,123,124). In adults with
ADHD higher rates of antisocial personality disorder, substance abuse, bipolar disorder
(BPD), MDD, and anxiety disorders are found compared to controls without ADHD
(79,125). This section reviews stimulant use for ADHD when the diagnosis is complicated by
psychiatric comorbidity.

4.1. ADHD and ODD/CD

About 50% of ADHD children will meet criteria for either ODD or CD. The prevalence of
the association between ADHD and ODD/CD will vary with the age of the child. Children
under the age of 12 yr who meet criteria for ODD or CD will almost always meet criteria for
ADHD (126). In adolescent samples, pure CD is more common and only about 33% of
teenage CD patients will also meet criteria for ADHD (126).

Many studies have compared the response of ADHD + CD and ADHD-alone children to
stimulant medications. When stimulant is compared with placebo in controlled clinical trials,
ADHD + CD youths show an equally robust response to stimulant as do ADHD-without-CD
children (84,127,128). ADHD children with ODD/CD show the same reductions in inattention,
impulsivity, and hyperactivity as do noncomorbid ADHD children. Thus childhood antisocial
behavior does not seem to attenuate stimulant response for ADHD symptoms.

In ADHD youngsters with comorbid conduct disorder and aggression, stimulants appear to
reduce antisocial behaviors in addition to their effects on the core symptoms of ADHD. In a
meta-analysis of 28 controlled stimulant studies for ADHD, stimulants reduced symptoms of
overt aggression (effect size = 0.84) and covert aggression (effect size = 0.69) (83). Although it is
not clear whether stimulants help impulsive aggression in children without ADHD, they can help
decrease the frequency and intensity of aggressive outbursts in children with ADHD. The effects
of stimulants on adults with ADHD and antisocial personality disorder have not been studied.

4.2. ADHD and Depression

It is not uncommon to encounter children who are demoralized or dysphoric about the
consequences of their impulsive ADHD behaviors. Such children appear depressed, but the
depression is short-lived and generally occurs only after a frustration or a disciplinary event.
Thus brief episodes of depressed or irritable mood may be common in the ADHD child,
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occur many times a day, and do not necessarily meet the criteria for a major depressive
disorder (MDD). This demoralization will get better as the ADHD is treated.

The syndrome of MDD, identified by a persistently depressed, sad, or irritable mood, dif-
ferent from the child’s usual personality, lasting for days to weeks, and accompanied by guilt,
anhedonia, social withdrawal, and suicidal thoughts, occurs in between 15 and 30% of
ADHD children and adolescents (123,124,129–131). True ADHD comorbidity with MDD
requires treatment of both the ADHD and the depression.

No studies have compared stimulant response in a group of children with the diagnosis of
ADHD and a group with the psychiatric diagnoses of ADHD + MDD. However, several stud-
ies have investigated stimulant response in ADHD accompanied by the symptoms of depres-
sion (internalizing psychopathology, not the psychiatric diagnosis of MDD). There are hints
that symptoms of depression may reduce the clinical response to stimulants in ADHD. For
example, DuPaul and colleagues studied 40 children with ADHD and divided the sample into
three groups based on the severity of comorbid internalizing symptoms. Differential effects
of three doses of methylphenidate (5, 10, and 15 mg) were evaluated in a controlled method-
ology using multiple outcome measures across home, school, and clinic settings. Results
showed that ADHD children with comorbid internalizing symptoms were less likely to
respond to methylphenidate than children without comorbid internalizing psychopathology
(132). In the large multimodal treatment studies for children with ADHD (MTA) study,
ADHD children with anxiety/depression seemed to do best in the combined treatment arm
(stimulants and behavioral therapy) rather than the stimulant arm alone (133). In contrast,
Gadow and colleagues found no diminished response rate to stimulants for the symptoms of
ADHD when children had comorbid anxious and depressive psychopathology (134).

The clinician treating patients with ADHD must be vigilant for comorbid depressive disor-
ders. If present, both ADHD and depression should be treated. Stimulants have been safely
combined with SSRIs, such as fluoxetine, in children, adolescents, and adults (135,136).

4.3. ADHD and Bipolar Disorder

The prevalence of childhood bipolar disorder in children with ADHD is a topic of controversy
and debate. This controversy arises out of a lack of consensus as to how to identify the bipolar
child. Part of the problem is the high degree of symptom overlap between ADHD and bipolar
symptoms (e.g., irritability, mood lability, aggression, hyperactivity/agitation, sleep disturbance).
In primary care practice, the prevalence of childhood bipolar disorder is rare. Among ADHD
children a few may have early onset bipolar disorder. For example, after screening many refer-
rals Geller et al. identified 60 prepubertal children with bipolar mania. All had comorbid ADHD.
Factors that most differentiated manic children from ADHD children were grandiosity, exces-
sively elated mood, racing thoughts, hypersexuality, and decreased need for sleep (137,138).

If the child is acutely manic as well as having ADHD, mood stabilization with lithium, dival-
proex sodium, and/or an atypical antipsychotic is indicated before treatment with a stimulant.
Once the acute manic symptoms have stabilized, the clinician should reassess the patient for
ADHD. If ADHD symptoms continue to be problematic, stimulants may be added to a mood
stabilizer to treat continuing ADHD symptoms (139).

4.4. ADHD and Anxiety Disorders

About 25–30% of children with ADHD will meet criteria for an anxiety disorder com-
pared with 5–15% of comparison youths (140,141). Initial studies suggested that the
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response of ADHD children to stimulant medications was less when comorbid anxiety
disorders were present. For example, in a study of 43 ADHD children treated with
methylphenidate under controlled conditions, more than 80% of the nonanxious ADHD
children were stimulant responders, whereas only 30% of ADHD/anxiety children bene-
fited from the medication (142). In an unselected group of ADHD children, low anxiety
ratings predicted a good response to stimulants (143). These earlier studies suggested that
anxiety disorders or symptoms could diminish ADHD stimulant response rates.

However, more recent studies have not supported diminished stimulant responses in anx-
ious ADHD youths. In a short-term controlled trial, anxious and nonanxious ADHD children
had equally robust responses to methylphenidate (144). In the large MTA study, more than
100 children received a double-blind, placebo-controlled trial of methylphenidate, and more
than one third of subjects had comorbid anxiety disorders. Anxiety did not predict a poorer
response to stimulant medication (11). However, in the MTA study anxious ADHD children
seemed to benefit more from a combination of psychosocial treatment and medication than
nonanxious ADHD children.

In clinical practice, the anxious ADHD child should be treated for ADHD first. Since the
response to stimulant medication can be assessed quickly and anxious/ADHD children do
not generally worsen on stimulant medications, a stimulant trial is the first intervention.
Should anxiety continue to be a problem, a psychosocial intervention or a trial of an SSRI for
anxiety could be implemented in addition to stimulant medication (145).

4.5. ADHD and Tic Disorders

Tic disorders are common in non referred children assessed in the community. In large
samples of children ascertained in the community the prevalence of motor tics is about 21%
(146). Motor tics appear more commonly than vocal tics. Tic prevalence appears to vary with
gender and age of the child. Tics are more common in boys than girls, and are more common
in preschool children than in older children (147). For example, in a large nonclinical com-
munity study of more than 3000 children and adolescents, the prevalence of tic disorders in
3- to 5-yr-old children was six times the prevalence rate in 12- to 18-yr-old teenagers (147).
The prevalence of tic disorders may vary by the season of the year. One study of 553 children
in kindergarten through sixth grade found that the incidence of motor tics increased in the
winter months and diminished in the summer months (148).

Controlled studies have demonstrated an association between tic disorders and ADHD that
occurs at a rate greater than expected by chance alone (146,147,149). In clinical samples of
boys with tic disorders, Tourette’s syndrome co-occurs with ADHD in between 21 and 54% of
cases (5,124,150). In samples of ADHD children tic disorders are found at a lesser rate. For
example, in the MTA study of 579 ADHD children, 10.9% had a comorbid tic disorder (11).

Methodologically controlled studies have shown that stimulant medications are highly
effective for ADHD symptoms, aggression, and social skill deficits in children with
Tourette’s syndrome or chronic tic disorders (147,151–155). These studies show that the rate
of tic disorders in children with ADHD with preexisting tic disorders treated with stimulants
are not different from rates of tics in placebo treated ADHD + tic children (152,154,155).

However, numerous clinical observations have reported that stimulants exacerbate tic
frequency and intensity in children with ADHD with preexisting tic disorders (156). This has led
clinicians to undertreat ADHD in children with tic disorders. There is now a much greater under-
standing that the consequences of untreated ADHD are much greater than the consequences of
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mild to moderate tic disorders on the child’s social, behavioral, interpersonal, and academic
development. Although stimulants may exacerbate a preexisting tic disorder, the frequency and
intensity of tics generally return to baseline after several months of stimulant treatment. In
children who develop severe tics with the use of stimulants, most tics will remit after the stimu-
lant is discontinued (46). There is little evidence that tic disorders are created de novo by the
introduction of stimulants in children who are not already vulnerable to tic disorders (generally
on a heritable basis).

The current standard of care has now evolved to a recommendation to treat moderate to
severe ADHD in children with mild to moderate tic disorders. Careful informed consent with
parents and close monitoring of tic frequency and severity are necessary aspects of treatment.
Should tics become problematic controlled studies support the use of clonidine (155) or
guanfacine (157) in the treatment of comorbid ADHD and tic disorders.

4.6. ADHD and Learning Disabilities

An overlap between ADHD and learning disabilities is frequently reported in both children
and adults (158,159). Learning disabilities include expressive and receptive language delays,
auditory processing difficulties, and reading disabilities. A wide range of overlap was
reported in some studies of between 10 and 92% of ADHD children also having learning dis-
abilities (160). More recent studies report a smaller overlap of ADHD and learning disabili-
ties of between 20 and 25% (150). The wide disparity in comorbidity is probably owing to
different definitions of learning disabilities used in various studies.

Research supports independence of learning disabilities and ADHD as two separate disorders,
although they may frequently co-occur. The two disorders are transmitted independently in
families (161). Neuropsychological testing supports different deficits in ADHD and learning
disabilities (158).

Stimulants are not a treatment for specific learning disabilities. These disabilities typically
require specialized psychoeducational interventions. However, in ADHD children with
comorbid learning disabilities, treatment of ADHD symptoms with stimulants can be helpful
as part of an overall treatment plan.

4.7. ADHD and Substance Use Disorders

Despite stimulants’ documented efficacy in the treatment of ADHD, there continues to be
public concern that stimulant use in childhood and adolescence increases the risk for substance
use disorders. Some lay groups such as the Church of Scientology’s Citizens Commission on
Human Rights have capitalized on public concerns to suggest that prescribing stimulants to
ADHD children predisposes them to greater substance abuse risk in adolescence and young
adulthood (162).

There may be two reasons for this public concern. The first is that stimulants such as
methylphenidate may be chemically similar to cocaine, and therefore may be highly addic-
tive and abusable (like cocaine), especially when inhaled or injected intravenously. However,
evidence shows that stimulants and cocaine possess distinctly different pharmacodynamic
and pharmacokinetic properties. Methylphenidate enters and clears the brain much more
slowly than does cocaine, eliciting a slow and steady dopamine release from dopamine-
containing neurons. These characteristics are associated with clinical benefits and limit the
abuse potential of stimulants. In contrast, cocaine enters the brain rapidly, clears the brain
quickly, and elicits a large and fast release of dopamine from neurons. These characteristics
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are associated with the reinforcing properties of cocaine and contribute to its abuse potential
(43,163). The second reason for public concern comes from evidence that stimulants lead to
increased sensitization to later stimulant exposure in preclinical animal models. Intermittent
stimulant dosing in mammal models suggests that repeated stimulant exposure leads to sub-
sequently greater craving and self-administration of stimulants in animals (164).

However, the evidence to date on the actual risks of substance use and abuse in stimulant
treated ADHD children is relatively weak. To date, there are 14 studies that address this issue
(for review, see refs. 165 and 166). Only one study found support for the sensitization
hypothesis of increased risk for later substance abuse in stimulant-treated ADHD children
(167). This study did not control for comorbid conduct disorder in their ADHD sample, which is
known to increase the risk of substance abuse independently of ADHD or stimulant treat-
ment. Thirteen studies found no evidence that stimulant treatment increases risks for later
substance abuse. Indeed, many studies find that stimulant treatment of ADHD actually
reduces the risks for later substance abuse (166,168,169). In a meta-analysis of six studies
including 674 stimulant treated subjects and 360 unmedicated subjects followed for at least 4 yr,
the pooled estimate of the odds ratio indicated a 1.9-fold reduction in risk for substance
abuse in stimulant-treated ADHD youths (166). Thus, it appears that stimulant treatment of
ADHD actually reduces the risk of later substance use disorder.

A separate clinical challenge is the treatment of ADHD in an adolescent or young adult
who is already a substance abuser. In uncontrolled environments active substance abuse is a
relative contraindication to prescribing stimulant medications. Antidepressants with known
efficacy for the treatment of ADHD and limited abuse potential, such as bupropion or atom-
oxetine, should be used (170,171).

5. LONG-TERM TREATMENT

The vast majority of studies report on the short-term effects of stimulant medications.
Clinical trials generally last 2 to 8 wk. There is a paucity of studies on the long-term (>4 mo)
efficacy and safety of stimulants. Longer studies are important because ADHD is generally a
chronic disorder, and it is important to know whether stimulants continue to be effective and
safe over extended treatment periods.

Three controlled and one open-label study have examined the efficacy and safety of stimu-
lants over 4- to 15-mo extended treatment durations (11,93,172,173). All are studies of children
with ADHD. Schachar and colleagues investigated methylphenidate in 91 children over a 4-mo
clinical trial compared to placebo. ADHD children continued to demonstrate benefits to
methylphenidate over the 16-wk trial. Lack of weight gain was a side effect documented in the
treatment group (172). The MTA study examined 579 children with ADHD and compared stim-
ulant medication management with behavioral therapy, combined medication and behavioral
therapy, or routine community care over 14 mo. Results showed children assigned to stimu-
lant treatment (medication management and combined treatment) to have greater improve-
ments than the other two groups (behavioral treatment alone and routine community care) (11).
Stimulant benefits were maintained over 14 mo. Gillberg and colleagues investigated
amphetamine treatment on symptoms of ADHD in 62 children over 15 mo (93). Amphetamine
was clearly superior to placebo in reducing the core symptoms of ADHD over the 15 mo. The
stimulant drug appeared well tolerated and side effects are reported as relatively few and mild
(93). In a 12-mo open-label study, Wilens and colleagues investigated the efficacy and tolerabil-
ity of OROS (long-acting) methylphenidate (Concerta) in 289 children, aged 6–13 years, with
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ADHD (173). Stimulant effectiveness on the core symptoms of ADHD was maintained over the
12-mo clinical trial as assessed by teachers, parents, and clinicians. OROS methylphenidate was
well tolerated over the year, with minimal impact on sleep quality, tics, blood pressure, pulse, or
height. Only 2% of children reported weight loss as a significant side effect (173).

These longer-term results include data from 1021 stimulant-treated children. Both
methylphenidate and amphetamine preparations have been studied in these longer-duration
clinical trials. The data are encouraging in that stimulants continue to be effective for the core
symptoms of ADHD and appear well tolerated more than a 4–15-mo treatment duration.
Future studies need to examine long-term tolerability and effectiveness of stimulants in
ADHD adolescents and adults.

6. SIDE EFFECTS

6.1. Common, Short-Term, Acute Side Effects

Stimulant medications are generally well tolerated. Side effects do occur but are generally
mild and can be managed by dose adjustment or changing the timing of medication intake. In
a study of the prevalence of parent- and teacher-reported side effects to two doses (i.e.,
0.3 and 0.5 mg/kg) of methylphenidate given twice daily in a sample of 82 children with
ADHD more than half the sample exhibited decreased appetite, insomnia, anxiousness, irri-
tability, and/or proneness to crying with both doses of methylphenidate. However, many of
these apparent side effects were present during a placebo condition, and may actually repre-
sent characteristics of the disorder rather than its treatment (174). Clinically, it is important to
ascertain parent-reported medication side effects at baseline before the child is put on stimu-
lant medication, and then again at full dose. Many of the reported medication side effects
may actually be aspects of the disease and get better with treatment. Severe side effects were
reported much less frequently than mild side effects. In this study, side effects were linearly
related to dose, with higher doses associated with more reported side effects. Only 3.6% of
children had side effects severe enough to warrant methylphenidate discontinuation (174).
Pooled side effect data from five pivotal clinical trials (four trials of methylphenidate and one
trial of mixed amphetamine salts) are presented in Table 5.

In this table, side effects of subjects receiving active drug are compared to adverse events
reported in subjects receiving placebo for six common acute stimulant side effects. Note that
side effects are reported on placebo. For the clinician to obtain an accurate picture of stimu-
lant treatment emergent side effects, a baseline evaluation before medication is initiated
should be completed. Side effects are generally higher on active drug, but stimulants are gen-
erally well tolerated in these clinical trials.

In special populations there may be a higher incidence of stimulant-related side effects.
Preschool ADHD children treated with stimulants may experience a higher rate of adverse
effects than older ADHD children. This may especially be true of mood side effects and
social withdrawal (12). Children with developmental delay, such as autism or mental retardation,
may experience elevated rates of stimulant side effects (14,15). These populations require
increased clinical attention to monitor stimulant-related side effects.

Stimulants are sympathomimetic drugs. Theoretically, they can raise blood pressure and
pulse rate. This has led to concerns over their cardiovascular safety in children. However, the
cardiovascular effects of stimulants in healthy children, adolescents, and adults are minimal
and do not appear clinically significant (175,176). Routine blood pressure and pulse checks
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on healthy ADHD youths receiving stimulants are not indicated (46). Studies of normoten-
sive adults receiving stimulants report elevations of 4 mmHg of systolic and diastolic blood
pressure and pulse increases of less than 10 beats per minute associated with treatment (27).
In adults at risk for hypertension higher increases in blood pressure might be noted. Given
the high prevalence of hypertension in adults, blood pressure and pulse rate should be moni-
tored in ADHD adults receiving stimulants.

Given the short half-life of many immediate-release stimulants, deterioration in behavior
and ADHD symptom control can occur in the afternoon and evening following earlier admin-
istration of stimulant medication. The deterioration may exceed that expected from baseline
ADHD symptoms. This phenomenon is referred to as rebound and has been described in pre-
vious stimulant research (177). However, other studies of immediate-release stimulants have
not found deterioration in evening ADHD symptoms over and above baseline (178). Should
rebound occur, the use of longer-acting stimulant preparations, or the addition of a small dose
of immediate-release stimulant 1 h before the onset of symptom exacerbation, reduces rebound
symptoms late in the day.

6.2. Rare, Acute Side Effects
6.2.1. Tics

As noted above, stimulants can exacerbate the frequency and intensity of motor and vocal
tics in ADHD children with preexisting tic disorders. In a study of 1520 children diagnosed
with attention deficit disorder and treated with methylphenidate, existing tics were exacerbated
in six children (0.39%) and new tics developed in 14 cases (0.92%). After discontinuation of
methylphenidate, all six of the tics that had worsened returned to their baseline intensity, and 13
of 14 new tics remitted completely (179). Although there has been concern that stimulant-
induced tic disorders may be severe and not remit with discontinuation of stimulant medication,
these cases appear rare (180). Most stimulant-induced tics are mild and transient. There are few
subjects (about 0.1%) in whom tics do not diminish after stopping the medication (179,181).

Concern has also been expressed that stimulant medications might cause the development of
new tics de novo in ADHD children. Shapiro and Shapiro reviewed the relationship between
treating attention deficit disorder with stimulants and the precipitation of new tics and
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Table 5
Common Short-Term Stimulant Side Effectsa

Side effect Methylphenidate Placebo Mixed amp salts Placebo

Body as a whole
Abdominal Pain 11.3% 7% 14% 10%
Headache 13% 8.4% — —

Digestive system
Anorexia 14% 6.4% 22% 2%
Vomiting 3.5% 3.2% 7% 4%

Nervous system
Insomnia 7.8% 7.2% 17% 2%
Nervousness 13.4% 17.4% 6% 2%

aPooled data from four methylphenidate clinical trials and one mixed amphetamine salts clinical trial
(56,59,66,229,230).



Tourette’s syndrome in children (182). They concluded that the evidence suggests that stimu-
lants do not cause new tic disorders, although high doses of stimulants can cause or exacerbate
tics in children already predisposed to tic disorder or Tourette’s syndrome. This issue was fur-
ther investigated in a longitudinal study comparing ADHD children treated with stimulants and
ADHD children treated with placebo over the course of 1 yr. At the end of 1 yr 19.6% of stimu-
lant-treated children and 16.7% of placebo treated children developed a new onset tic (183).
This was a nonsignificant difference and supports data suggesting that stimulants do not cause
new tic disorders in children who are not already predisposed to develop a tic disorder. These
data support the clinical recommendation to treat ADHD with stimulants when mild to moder-
ate tic disorder comorbidity is present and after a careful risk-benefit discussion with the family.
Close clinical monitoring of the tics during ongoing stimulant therapy is recommended.

6.2.2. Psychosis

Stimulants can cause psychosis in vulnerable individuals with a preexisting psychotic dis-
order such as schizophrenia or vulnerability to mania, and can cause psychosis as an acute
manifestation of stimulant toxicity such as that occurring upon overdose of stimulant med-
ications. Approximately 20 cases of stimulant-induced psychosis have been reported in the
clinical literature (184,185). Individuals with a psychotic reaction to stimulants should be
clinically monitored for a recurrence or development of a psychotic illness.

6.3. Long-Term, Chronic Adverse Events
6.3.1. Effects on Growth

Stimulants routinely produce anorexia, appetite suppression, and weight loss. Weight loss
is generally mild and is not permanent. When stimulants are discontinued, weight catches up
to its usual developmental trajectory. Ultimate adult weight is generally unaffected by stimu-
lant use. Weight should be monitored routinely during stimulant treatment. In the few chil-
dren with more serious weight loss as a function of stimulant treatment, the clinician may
have to alter the stimulant dose schedule or schedule a stimulant drug holiday to allow for
catch-up weight gain. Another clinical strategy is to feed the child before bedtime, when the
anorexic effects of stimulants are decreasing and the appetite may rebound.

Stimulant effects on height are less certain. Initial reports suggested that there was a per-
sistent decrease in growth of height in stimulant-treated children (186). However, other
reports have failed to replicate this finding (175,187–189). More recent studies conclude that
ultimate height is unaffected by stimulant treatment during the developing years (190).

Another possibility is that height differences between children with ADHD and control
youths may be because of the disorder itself and not stimulant treatment. In a recent longitudi-
nal study, data suggested that growth deficits in ADHD children may represent a temporary
delay in the tempo of growth (e.g., dysmaturity of growth), but that final adult height is not to
compromised (189). This effect may be mediated by ADHD and not stimulant treatment (46).

The issue of stimulant “medication holidays” to counteract the possible growth deficits
associated with stimulant treatment remains unresolved. This practice rests on the premise
that there exists a “growth rebound” during the time off stimulants (191). For example, Klein
and Mannuzza found a significant positive effect on height in stimulant treated ADHD chil-
dren who did not receive stimulant medication over two summers (191). However, not all
studies support the possibility of “growth rebound” off stimulants. In a controlled trial of 58
ADHD children no major differences in growth were found in children receiving chronic
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stimulant treatment with and without summer drug holidays (188). In considering a “medication
holiday” clinicians and parents must balance the risks of being off stimulant medication with
the slight risks to growth of continuing medication. Given the negative impact of untreated
ADHD across multiple domains in the ADHD child’s daily life, this decision must be made
with care.

7. CLINICAL USE OF STIMULANTS

7.1. General Principles

Treatment with stimulant medications should always be part of an overall psychoeduca-
tional treatment plan for the child and adolescent with ADHD. Consideration should be given
to all aspects of the youngster’s and family’s life. Stimulants are rarely the only treatment
prescribed for the ADHD youth. Some adults with ADHD will receive medication as part of
their treatment plan in the absence of other forms of treatment. However, even with the
ADHD adult, education about the disease and its treatment should be given to both the
patient and the immediate family or spouse. National organizations, such as Children and
Adults with Attention-Deficit/Hyperactivity Disorder (www.chadd.org) are important
sources of information for patients and families.

Treatment should always be preceded by a careful evaluation of the ADHD individual and
his or her family. Evaluation should include attention to psychiatric, social, cognitive, and
educational/occupational aspects of the patient. A recent screening physical examination
should be available to rule out medical illness or sensory impairments, such as hearing loss
that may contribute to symptoms or influence treatment decision-making. Special attention
should focus on issues of comorbidity with learning disorders that may also contribute to edu-
cational or occupational underperformance. Comorbid learning disabilities are important to
identify because they do not respond to stimulant medications and require supplemental edu-
cational remediation. Attention should also be given to issues of psychiatric comorbidity that
may influence symptom presentation, treatment response, and prognosis. In the ADHD child,
psychiatric comorbidity may include CD/ODD, anxiety disorders, and/or depression. In the
ADHD adolescent additional attention should be paid to possible alcohol and substance use
disorders and risk-taking behaviors. In the ADHD adult, these comorbidities, as well as inter-
personal conflicts with spouses, children, and/or co-workers should also be inquired about. In
those of driving age, it is recommended that a driving history be obtained, as ADHD can seri-
ously impair judgment and performance related to operating a motor vehicle (75).

In the evaluation of the families of children with ADHD attention must be paid to the pos-
sibility that a parent or sibling has ADHD. ADHD is a highly heritable disorder (heritability
rates ~70%), and first-degree biological relatives of the identified patient frequently have
ADHD (192). The presence of parents or siblings with ADHD may complicate the family
picture and must be taken into account during treatment planning. Another focus of evalua-
tion is the question of possible substance use disorder in family members of the identified
ADHD patient. In this case, stimulant medication should not be prescribed, as there exists a
risk of its illicit use or sale. Nonstimulant medications to treat ADHD, such as bupropion or
atomoxetine, can be considered in these cases.

Parental and child attitudes about pharmacotherapy must be evaluated. Some parents are
simply not supportive of drug therapy for their child and alternative psychoeducational therapies
for these ADHD children must be identified. Divorced parents may disagree about treating their
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child with stimulants. The clinician must be careful not to insist on stimulant therapy or coerce
parents into agreeing to pharmacotherapy, as this may inadvertently undermine the efficacy and
sustainability of the intervention. With older children and adolescents, it is important that the use
of medication is discussed with them and its rationale in the treatment of ADHD be explained.

7.2. Goals of Stimulant Treatment for ADHD

Over the years, a change has occurred in the way ADHD is perceived by clinicians and
researchers. Historically, ADHD was thought to be a disorder of childhood, confined to the 6-
to 12-yr-old age range. Because hyperactivity generally diminishes at puberty, many clinicians
thought ADHD disappeared at puberty as well. Stimulant treatment was confined to the ele-
mentary-school-aged child and stimulants were generally discontinued at puberty. In the past,
the clinical goal of stimulant therapy was to help the disruptive, inattentive ADHD child dur-
ing the school day. To meet this goal, stimulants were generally prescribed on a twice-daily
basis (10).

Over the past three decades, however, longitudinal research has demonstrated that ADHD
is generally a lifelong disorder that continues in 30–70% of individuals meeting ADHD crite-
ria in elementary school (7,117,193–198). Although overt hyperactivity generally diminishes
in adolescence, inner restlessness, impulsivity, inattention, distractibility, forgetfulness, cogni-
tive disorganization, and fidgetiness may continue to impair functioning across the ADHD
individual’s lifespan (193). Research has demonstrated that ADHD impairs not only academic
performance, but also multiple social, interpersonal, school, occupational, family, leisure, cog-
nitive, and behavioral domains in an affected individual’s life, with a poor lifetime prognosis
and much comorbid psychopathology across the life-span if untreated (7,117,196,199).

This research has led clinicians to a better understanding of ADHD treatment. With this
greater understanding, the clinical goal of stimulant therapy in the treatment of ADHD has
evolved and changed. The two new goals are:

1. In the individual with continuing ADHD symptoms, treat ADHD throughout the life-span. Do not
stop stimulant treatment just because an ADHD patient has achieved puberty and is less overtly
hyperactive. Stimulants work for the adolescent and adult with ADHD in a similar manner as for
the child with ADHD. Evaluate the patient for continuing cognitive signs of ADHD and continue
to treat if necessary.

2. Stimulant coverage for ADHD now emphasizes extended treatment of symptoms throughout the
day. The new clinical goal is to lessen the symptoms of ADHD in multiple areas of the patient’s
daily life. It is no longer sufficient to treat ADHD only during the school day or during work hours.
Clinicians are now encouraged to reduce the overall daily burden of ADHD on the patient’s life.

These treatment goals are more ambitious than historical treatment goals, and require broader
ADHD coverage by stimulant medications. Consistent with these wider clinical goals, long-acting
stimulant preparations are rapidly becoming the standard of care. When used, immediate release
stimulants are now often prescribed three times a day, or are used to supplement the action of
long-acting stimulants. To reduce the overall burden of ADHD on the child’s development, stimu-
lants are frequently prescribed 7 d a week, and often during the summer months.

7.3. Choice of Preparation

Table 6 shows the different stimulant preparations and dosing strengths. Immediate-
release stimulants must be given at least twice daily, and preferably three times daily if
ADHD coverage is to extend into the after-school hours. Intermediate-release stimulants are
designed to mimic the action of immediate-release preparations given twice daily. They are
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useful for the ADHD youth who has difficulty in school, but not in after-school activities.
Long-acting stimulants are designed to provide ADHD treatment throughout the day. They
should be considered for the ADHD child with difficulty in and out of school. Intermediate
and long-acting stimulant preparations can be supplemented with immediate-release formu-
lations to sculpt the dose for break through ADHD symptoms.
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Table 6
Stimulant Preparations for ADHD

Preparation Active agent Dose availability Dosing schedule

Immediate-release for 4- to 6-h coverage

Adderall® Neutral sulfate salts of 5, 7.5, 10, 12.5, bid to tid
tablets dextroamphetamine 15, 20, 30 mg

saccharate and 
D,L-amphetamine
aspartate

Desoxyn® Methamphetamine 5 mg bid to tid
tabletsa HCl
Dexedrine® Dextroamphetamine 5 mg bid to tid
tablets sulfate
Dextrostat® Dextroamphetamine 5, 10 mg bid to tid
tablets sulfate
Focalin™ Dexmethylphenidate 2.5, 5, 10 mg bid to tid
tablets HCl
Ritalin® HCl Methylphenidate 5, 10, 20 mg bid to tid
tablets HCl

Intermediate-acting for 8-h coverage

Dexedrine® Dextroamphetamine 5, 10, 15 mg bid
spansule sustained release
Metadate® CD Methylphenidate 20 mg bid

HCl extended release
Metadate® ER Methylphenidate 10, 20 mg bid

HCl extended release
Ritalin-slow Methylphenidate HCl 20 mg bid
release sustained release

Long-acting for 10- to 12-h coverage

Adderall XR® Neutral salts of 5, 10, 15, 20, Q AM
capsules dextroamphetamine 25, 30 mg

and amphetamine 
with dextroamphetamine 
saccharate and 
D,L-amphetamine
aspartate monohydrate 
extended release

Concerta™ Methylphenidate HCl 18, 27, 36, 54, 72 mg Q AM
tablets extended release

bid, twice a day; tid, three times a day, QAM, everyday before noon.
aHigh abuse potential.



Initiation of stimulant therapy with long-acting agents is now the accepted standard of care.
Treatment may begin with either methylphenidate or amphetamine preparations as the first
choice. Prior to initiation of stimulants, baseline measures of ADHD symptoms and potential
medication side effects should be obtained and repeated when the child is on the drug. Objec-
tive data regarding the efficacy of stimulants for the individual’s ADHD symptoms should
always be collected across several different doses, given variability in each individual’s
responses to stimulant medications (200). Stimulants are introduced in low dose and titrated
weekly to achieve optimum clinical response and tolerability. In our clinic we tell parents that a
stimulant trial to determine the child’s most effective and well-tolerated dose will last about 1
mo. Although body weight has not been shown to be related to stimulant drug response, using it
as a rough guideline for determining a starting dose continues to be recommended (3). For the
individual child, titrate the stimulant (for methylphenidate preparations) through low (0.3–0.5
mg/kg/dose), intermediate (0.6–0.8 mg/kg/dose), and high (0.9–1.2 mg/kg/dose) doses on a
weekly basis and monitor efficacy, tolerability, and side effects. Amphetamine preparations are
twice as potent as methylphenidate preparations and so are given in half the dose range (i.e.,
0.2–0.6 mg/kg/dose). Determine the best final dose for each individual with ADHD. Immedi-
ate-release stimulants may be used as supplements to target break through ADHD symptoms.

Once an effective and well-tolerated stimulant dose is achieved, routine monitoring is rec-
ommended. In the large MTA study, children with ADHD assigned to the stimulant treatment
arm were seen in monthly follow-up visits. Even though most of the ADHD children assigned
to community treatment as usual also received stimulants, their clinicians saw them much less
frequently. The children followed monthly by their physicians did better, suggesting that regu-
lar follow-up of stimulant-treated ADHD children is clinically helpful (11). Routine clinical
monitoring should inquire about continuing stimulant efficacy and side effects. Height and
weight should be ascertained twice yearly. In the healthy child, routine monitoring of pulse
and blood pressure is not indicated during stimulant therapy. Monitoring of the electrocardio-
gram is not necessary for the ADHD child on stimulants. Routine blood work, such as chem-
istry, liver function tests, and hematological indices are not indicated for routine stimulant use
in the healthy child. The clinician and family should think about stimulant therapy in “school
year units.” That is, once a stable dose of stimulant has been achieved, treatment should con-
tinue for the duration of the school year. At the end of the school year clinical assessment and
consultation with the family should determine whether the child continues stimulants over the
summer or discontinues them until the start of the next school year.

7.4. Management of Stimulant-Induced Side Effects

As noted earlier, common clinical side effects of stimulants include insomnia, anorexia,
nausea, abdominal pain, headache, mood lability, irritability, sadness, moodiness, and
weight loss. In the face of a satisfactory clinical response to stimulants, it is important to
attempt to manage side effects clinically, without having to discontinue stimulant medica-
tion. Many of these treatment emergent side effects occur early in the course of stimulant
treatment and decline in intensity with time. It is important to distinguish between true
stimulant side effects and or returning ADHD symptoms late in the day, when stimulant med-
ications are wearing off. The time course of reported side effects may be helpful. Treatment-
emergent side effects developing 1–2 h post-stimulant administration may represent true
medication adverse events. Side effects reported as developing late in the day may represent
ADHD rebound phenomena, and occur as stimulant efficacy is diminishing. If symptoms
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represent ADHD rebound, giving a small supplemental dose of stimulant late in the after-
noon may help. Suggestions for the management of common stimulant side effects are
included in the following Subheadings.

7.4.1. Gastrointestinal Symptoms

Administering the medication with meals can help anorexia, nausea, and abdominal pain
that sometimes may occur with taking stimulants. For persistent distress despite administer-
ing medication with meals, it may be necessary to change stimulant preparations.

7.4.2. Weight Loss

Appetite may rebound in the evening when stimulants are wearing off. Offering a high-
caloric snack before the child’s bedtime may be helpful. Do not force the child to eat. If rou-
tine growth monitoring reveals more than 25th percentile decrement on standardized growth
curves in weight for age since the start of stimulant medication, a medication holiday may be
indicated.

7.4.3. Insomnia

It is important to determine if sleep difficulties are a true stimulant side effect or are actu-
ally a part of ADHD. It is well-known that children with ADHD have more sleep difficulties
compared with controls regardless of stimulant treatment (201). If insomnia represents a true
side effect, give stimulant medication earlier in the day or switch to a shorter-acting prepara-
tion. Discontinue late afternoon or evening doses of stimulants. Consider supplementing stim-
ulants with clonidine, imipramine, or mirtazapine to help induce sleep in the evening (202).

7.4.4. Dizziness

It is important to monitor blood pressure to help rule out cardiovascular causes of dizziness.
Reducing stimulant dose or switching to a long-acting formulation may be helpful.

7.4.5. Rebound Phenomena

Overlapping stimulant doses at least 1 h before rebound appears may be useful. Changing
to a long-acting formulation may diminish the intensity of rebound symptoms. Consider
changing to a longer-acting non stimulant ADHD medication, such as atomoxetine or bupro-
pion, with or without concurrent stimulant supplementation.

7.4.6. Irritability and Mood Lability

Determine whether these symptoms are truly stimulant adverse events (occur 1–2 h after
administration) or represent ADHD rebound symptoms (occur late in the day when stimulant
efficacy is wearing off). A co-occurring mood disorder needs to be assessed if these symp-
toms are persistent and severe. If symptoms are a stimulant adverse event, consider changing
to a different agent (i.e., methylphenidate to amphetamine) or a nonstimulant, such as atom-
oxetine or bupropion.

7.4.7. Growth Impairment

Consider a medication holiday. Consider switching to a nonstimulant medication.

7.4.8. Stimulant Tolerance

It remains unclear whether behavioral tolerance develops with chronic administration of
stimulants. Research indicates that failure to maintain a clinical response at a given dose is
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more likely to occur at higher stimulant doses and with chronic use (i.e., more than 6 mo of
continuous use) (3). When parents call to complain about ineffective doses that were for-
merly effective, physicians should first evaluate whether new stressful family events are
occurring. If no stressful precipitating event is found to account for the loss of stimulant effi-
cacy, consider a dose increase or changing the stimulant formulation. If a stimulant effect on
ADHD symptoms is truly lost, consider changing to a nonstimulant medication, such as
bupropion or atomoxetine.

7.4.9. Emergence of Tics

If a successfully stimulant-treated ADHD child demonstrates onset of a tic disorder, the
clinician should first assess the persistence of tics. After a period of time, tics may subside
to a baseline frequency and severity. An informed-consent discussion should take place
with the patient and family to assess whether the benefits of stimulant treatment remain
worth the risk of possible tic exacerbation. If tics continue to be problematic, the addition of
an α-adrenergic agent, such as clonidine (155) or guanfacine (157) may be added to ongo-
ing stimulant treatment. Alternatively, the stimulant can be discontinued and treatment with
clonidine, guanfacine, desipramine, nortriptyline, or atomoxetine can be initiated
(155,157,170,203,204). These alternative medications are effective in ADHD and do not
exacerbate tic disorders.

7.5. Contraindications to Stimulant Use

Known hypersensitivity to stimulants is a contraindication. Stimulants can exacerbate nar-
row-angle glaucoma and should not be used in this condition. In vulnerable individuals or in
overdose (toxicity) stimulants can cause psychotic symptoms. Stimulants are relatively con-
traindicated in children and adolescents with schizophrenia or other psychotic disorders
because they may worsen these conditions in some cases. Severe tic or Tourette’s disorder
remains a relative contraindication to the use of stimulants. However, as noted above, stimu-
lants may be used in more mild cases of tics when accompanied by impairing symptoms of
ADHD. ADHD patients with unstable hypertension should not receive stimulants until their
high blood pressure is treated and controlled. Stimulants have the potential to be abused.
They should not be prescribed to patients with active substance abuse or when there is likeli-
hood that family members or friends will abuse the medication. Stimulants have the potential
to precipitate hypertensive crises when used with monoamine oxidase inhibitors (MAOIs).
They should not be prescribed concurrently with a MAOI or within 14 d after a MAOI has
been discontinued.

7.6. Management of Stimulant Overdose

Between 1993 and 1999 the American Association of Poison Control Centers Toxic Exposure
Surveillance System identified 759 cases of stimulant overdose and abuse in youths aged 10
through 19 yr (205). The majority concerned methylphenidate. Rising rates of methylphenidate
abuse were noted comparing rates in 1999 with rates in 1993. The majority of cases who
required health care facility management experienced clinical toxicity. Only seven cases of
severe toxicity were identified. These cases occurred in adolescents with polydrug overdoses
(i.e., stimulants plus other drugs/alcohol). For cases involving stimulants alone, the majority
of symptoms included cardiovascular (tachycardia, hypertension) and/or CNS (agitation,
irritability) toxicity. There were no deaths reported.
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Signs and symptoms of acute overdose result from overstimulation of the central nervous
system and from excessive sympathomimetic effects. Symptoms of stimulant toxicity
include vomiting, agitation, tremor, convulsion, confusion, hallucinations, hyperpyrexia,
tachycardia, arrhythmias, hypertension, paranoid delusions, and delirium. Treatment consists
of prompt medical referral and appropriate supportive measures. The patient must be pro-
tected from self-injury and from environmental overstimulation that would aggravate height-
ened sympathomimetic arousal. Chlorpromazine has been reported to be useful in decreasing
CNS stimulation and drug-induced sympathomimetic effects. If the patient is alert and con-
scious, gastric contents may be evacuated by induction of emesis or gastric lavage. For intox-
ication with amphetamine, acidification of the urine will increase amphetamine excretion.
For severe overdose, intensive care must be provided to maintain adequate cardiopulmonary
function and treat hyperpyrexia. The efficacy of peritoneal dialysis or extracorporeal
hemodialysis for stimulant toxicity has not been established.

7.7. Stimulant Drug Combinations

In clinical practice stimulants are increasingly combined with other psychiatric medications
for the treatment of comorbid psychiatric conditions, such as anxiety or depression, the man-
agement of side effects, such as insomnia or stimulant rebound, and to bolster a partial thera-
peutic response to stimulant monotherapy. Few controlled studies are presently available to
assess the safety and efficacy of stimulant combinations, and scientific data to guide the clin-
ician in this practice remain sparse.

7.7.1. Combined Stimulant/Antidepressant Therapy

Stimulants have been combined safely with SSRI antidepressants, such as fluoxetine, in the
treatment of ADHD and depression (136). Combinations of tricyclic antidepressants and stim-
ulants have been evaluated. In a study of the separate and combined effects of desipramine
and methylphenidate on ADHD symptoms and comorbid affective disorders, both medica-
tions alone produced reductions in ADHD symptoms and the combination produced positive
effects on learning over and above the efficacy of each single agent (206). The combination
was associated with more side effects than either medicine alone, yet there was no evidence
that the combination was associated with any unique or serious treatment emergent side
effects (207). Because little data from controlled studies are available on the combination of
antidepressants and stimulants, close clinical monitoring is recommended in these cases.

7.7.2. Combined Stimulant/α-Adrenergic Agents

Clonidine and guanfacine are presynaptic α-adrenergic agents that downregulate endogenous
norepinephrine outflow from the brain. They are frequently combined with stimulants in off-
label use to manage severe hyperactive and aggressive symptoms or comorbid tic or
Tourette’s syndrome, or to help treat insomnia associated with stimulant therapy or ADHD
(155,208,209). Adrenergic antagonists do not improve attention span as dramatically as stim-
ulants, but may be helpful in decreasing overarousal that contributes to behavior problems in
these children. Clonidine is more sedating than guanfacine. Both may lower blood pressure
and pulse; monitoring the vital signs is important when these agents are used with stimulants.

The clinical practice of combining stimulants with clonidine has been the subject of
some controversy. In July 1995 National Public Radio reported that sudden death had
occurred in three children taking the combination of methylphenidate and clonidine. Sub-
sequent reviews and commentary in the scientific literature concluded that there was no

Stimulants in ADHD 515



convincing evidence of an adverse methylphenidate–clonidine interaction in any of these
cases and that other factors were more proximally related to these three deaths (210,211).
Subsequent controlled studies have not reported increased serious adverse events with this
combination compared with clonidine or methylphenidate alone (155,209). Currently, the
combination is considered usually safe and the available clinical literature does not support
discontinuation of such combined therapy in patients experiencing significant clinical ben-
efit (212). However, clonidine may cause a withdrawal syndrome and rebound hyperten-
sion if discontinued abruptly without tapering the dose. In overdose clonidine can cause
bradycardia and hypotension. Thus, careful clinical monitoring is important when this
combination is used (212).

7.8. Non-First Line or Ineffective Stimulants
7.8.1. Magnesium Pemoline (Cylert®)

Pemoline has been associated with life-threatening hepatic failure. Since it was first
marketed in 1975, 15 cases of acute hepatic failure have been reported to the Food and
Drug Administration. Twelve of these cases resulted in death or liver transplantation sec-
ondary to massive hepatic necrosis. This is four to 17 times the base rate expected in the
general population (213). Although the Food and Drug Administration allows use of pemo-
line, it is not a first-line drug and has a black box warning of potential acute liver failure.
Liver function tests are required biweekly. With newer and safer long-acting stimulant for-
mulations readily available, it is doubtful whether any ADHD patient should currently be
treated with pemoline.

7.8.2. Caffeine

Caffeine is a weak stimulant drug. A review of the literature had concluded that caffeine is
not a therapeutically useful drug in the clinical treatment of ADHD (214).

8. SUMMARY

This survey of the clinical effects and side effects of stimulant medications suggests the
following conclusions.

1. Up to 70–80% of children with carefully diagnosed ADHD appear to demonstrate a positive
response to stimulants. Effects can be expected on improvement of attention span and the reduc-
tion of impulsive behavior including aggression. Social interactions and compliance with author-
ity figure commands may improve. Academic improvements in work productivity and accuracy
may occur. Stimulant dose should be individualized. Long-acting preparations are now the accepted
standard of care.

2. Adolescents and adults with ADHD also respond to stimulant therapy. Stimulants should not be
discontinued at puberty in an adolescent with ADHD with continuing impairment. Treatment can
continue into the teenage years. Adults can respond to stimulants. The lower response rate to stim-
ulant medications in adults with ADHD may be resulting from relative underdosing.

3. Stimulants do not cure ADHD. Rather, they are an intervention that must be used in conjunction
with other psychoeducational interventions as part of an overall treatment plan.

4. Stimulant side effects are generally mild and the medication is well tolerated. A baseline, before
medication, evaluation of potential stimulant side effects is recommended before stimulant treat-
ment begins. Side effects attributed by parents to the stimulant may actually be part of ADHD.

5. Stimulants do not cause increased risk of substance abuse. Rather, the risk of substance abuse is
conferred by ADHD. Appropriate treatment of ADHD, including use of stimulants, may actually
decrease the risk of future substance use disorders.
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6. In the treatment of ADHD it is important for the prescribing clinician to be aware of the high
comorbidity rate between ADHD and depression, anxiety, learning disabilities, tic disorder, and
conduct/oppositional disorders. The possibility of comorbid conditions needs to be considered in
treatment planning for the ADHD individual.

In conclusion, the stimulants are first-line agents of choice for ADHD given their efficacy,
safety, and tolerability. The treatment of ADHD should emphasize the clinical goals of
diminishing the overall burden of ADHD on the individual’s daily life and continued treat-
ment of ADHD where necessary across the life-span.

REFERENCES

1. Pliszka SR. Neuroscience for the mental health clinician. New York: Guilford Press, 2003;279.
2. Spencer T, Biederman J, Wilens T, Harding M, O’Donnell D, Griffin S. Pharmacotherapy of

attention-deficit hyperactivity disorder across the life cycle. J Am Acad Child Adolesc Psychiatry
1996;35:409–432.

3. Barkley RA, DuPaul GJ, Connor DF. Stimulants. In: Werry JS, Aman MG, eds. Practitioner’s
guide to psychoactive drugs for children and adolescents. New York: Plenum Medical Book
Company, 1999;213–247.

4. Spencer T, Biederman J, Wilens T. Attention-deficit/hyperactivity disorder and comorbidity.
Pediatr Clin North Am 1999;46:915–927.

5. Pliszka SR, Carlson CL, Swanson JM. ADHD with comorbid disorders: clinical assessment and
management. New York: Guilford Press, 1999.

6. Barkley RA, Murphy KR. Attention deficit hyperactivity disorder: a clinical workbook. New
York: Guilford Press, 1998;133.

7. Hechtman L, Weiss G, Perlman T. Young adult outcome of hyperactive children who received
long-term stimulant treatment. J Am Acad Child Adolesc Psychiatry 1984;23:261–269.

8. Mannuzza S, Gittleman-Klein R, Bessler A, Malloy P, LaPadula M. Young adult outcome of
hyperactive boys almost grown up: Educational achievement, occupational rank, and psychiatric
status. Arch Gen Psychiatry 1993;50:565–576.

9. Faraone SV, Biederman J, Spencer T, et al. Attention-deficit/hyperactivity disorder in adults: an
overview. Biol Psychiatry 2000;48:9–20.

10. Barkley RA. Attention-deficit hyperactivity disorder. Sci Am 1998;279:66–71.
11. Multimodal Treatment of ADHD Group. Moderators and mediators of treatment response for

children with attention-deficit/hyperactivity disorder: the Multimodal Treatment Study of chil-
dren with attention-deficit/hyperactivity disorder. Arch Gen Psychiatry 1999;56:1088–1096.

12. Connor DF. Preschool attention deficit hyperactivity disorder: A review of prevalence, diagnosis,
neurobiology, and stimulant treatment. Dev Behav Pediatrics 2002;23:S1–S9.

13. Pearson DA, Santos CW, Roache JD, et al. Treatment effects of methylphenidate on behavioral
adjustment in children with mental retardation and ADHD. J Am Acad Child Adolesc Psychiatry
2003;42:209–216.

14. Handen BL, Breaux AM, Janosky J, McAuliffe S, Feldman H, Gosling A. Effects and noneffects
of methylphenidate in children with mental retardation and ADHD. J Am Acad Child Adolesc
Psychiatry 1992;31:455–461.

15. Aman MG, Marks RE, Turbott SH, Wilsher CP, Merry SN. Clinical effects of methylphenidate
and thioridazine in intellectually subaverage children. J Am Acad Child Adolesc Psychiatry
1991;30:246–256.

16. Handen BL, Johnson CR, Lubetsky M. Efficacy of methylphenidate among children with autism
and symptoms of attention-deficit hyperactivity disorder. J Autism Dev Dis 2000;30:245–255.

17. Mahalick DM, Carmel PW, Greenberg JP, et al. Psychopharmacologic treatment of acquired
attention disorders in children with brain injury. Pediatr Neurosurg 1998;29:121–126.

18. Feldman H, Crumrine P, Handen R, Alvin R, Teodori J. Methylphenidate in children with
seizures and attention-deficit disorder. Am J Dis Child 1989;143:1081–1086.

Stimulants in ADHD 517



19. McBride MC, Wang DD, Torres CF. Methylphenidate in therapeutic doses does not lower seizure
threshold. Ann Neurol 1986;20:428.

20. Hemmer SA, Pasternak JF, Zecker SG, Trommer BL. Stimulant therapy and seizure risk in chil-
dren with ADHD. Pediatr Neurol 2001;24:99–102.

21. Weber P, Lutschg J. Methylphenidate treatment. Pediatr Neurol 2002;26:261–266.
22. Barkley RA. The effects of methylphenidate on the interactions of preschool ADHD children

with their mothers. J Am Acad Child Adolesc Psychiatry 1988;27:336–341.
23. Zito JM, Safer DJ, dosReis S, et al. Psychotropic practice patterns for youth: a 10-year perspec-

tive. Arch Pediatr Adolesc Med 2003;157:17–25.
24. Zito JM, Safer DJ, dosReis S, Gardner JF, Boles M, Lynch F. Trends in the prescribing of psy-

chotropic medications to preschoolers. JAMA 2000; 283:1025–1030.
25. Zito JM, Safer DJ, dosReis S, Magder LS, Gardner JF, Zarin DA. Psychotherapeutic medication

patterns for youths with attention deficit/hyperactivity disorder. Arch Pediatr Adolesc Med
1999;153:1257–1263.

26. Willy ME, Manda B, Shatin D, Drinkard CR, Graham DJ. A study of compliance with FDA
recommendations for pemoline (Cylert). J Am Acad Child Adolesc Psychiatry
2002;41:785–790.

27. Spencer T, Wilens T, Biederman J, Faraone SV, Ablon JS, Lapey K. A double-blind, crossover
comparison of methylphenidate and placebo in adults with childhood-onset attention-deficit
hyperactivity disorder. Arch Gen Psychiatry 1995;52:434–443.

28. Bhatara VS, Feil M, Hoagwood K, Vitiello B, Zima BT. Concomitant pharmacotherapy in youths
receiving antidepressants or stimulants. Abstracts of Posters Presented at the 47th Annual Meet-
ing of the American Academy of Child and Adolescent Psychiatry, Washington, DC, 2000.

29. Rushton JL, Whitmire JT. Pediatric stimulant and SSRI prescription trends: 1992–1998. Arch
Pediatr Adolesc Med 2001;155:560–565.

30. Swanson JM, Connor D, Cantwell D. Combining methylphenidate and clonidine: Ill-advised. J
Am Acad Child Adolesc Psychiatry 1999;38:617–619.

31. Safer DJ, Zito JM, Fine EM. Increased methylphenidate usage for attention deficit disorder in the
1990s. Pediatrics 1996;98:1084–1088.

32. Angold A, Erkanli A, Egger HL, Costello EJ. Stimulant treatment for children: a community per-
spective. J Am Acad Child Adolesc Psychiatry 2000;39:975–984.

33. Jensen P, Kettle L, Roper MT, et al. Are stimulants overprescribed? J Am Acad Child Adolesc
Psychiatry 1999;38:797–804.

34. Jensen PS, Bhatara VS, Vitiello B, Hoagwood K, Feil M, Burke LB. Psychoactive medication
prescribing practices for U.S. children: gaps between research and clinical practice. J Am Acad
Child Adolesc Psychiatry 1999;38:557–565.

35. Wolraich ML, Lindgren S, Stromquist A, Milich R, Davis C, Watson D. Stimulant medication
use by primary care physicians in the treatment of attention deficit hyperactivity disorder. Pedi-
atrics 1990;86:95–101.

36. Cox ER, Motheral BR, Henderson RR, Mager D. Geographic variation in the prevalence of stim-
ulant medication use among children 5 to 14 years old: Results from a commercially insured US
sample. Pediatrics 2003;111:237–243.

37. Jensen PS. ADHD: Current concepts on etiology, pathophysiology, and neurobiology. Child Ado-
lesc Psychiatr Clin N Am 2000;9:557–572.

38. Levy F. The dopamine theory of attention deficit hyperactivity disorder (ADHD). Aus N Zea J
Psychiatry 1991;25:277–283.

39. Zametkin A, Liotta W. The neurobiology of attention-deficit/hyperactivity disorder. J Clin Psy-
chiatry 1998;59:17–23.

40. Posner MI, Raichle ME. Images of mind (revised). Washington, DC: Scientific American Books,
1996.

41. Solanto MV. Neuropsychopharmacological mechanisms of stimulant drug action in attention-
deficit hyperactivity disorder: a review and integration. Behav Brain Res 1998;94:127–152.

518 Connor



42. Faraone SV, Biederman J. Neurobiology of attention-deficit hyperactivity disorder. Biol Psychia-
try 1998;44:951–958.

43. Volkow ND, Wang GJ, Fowler JS, et al. Relationship between blockade of dopamine transporters
by oral methylphenidate and the increases in extracellular dopamine: Therapeutic implications.
Synapse 2002;43:181–187.

44. Elia J, Borcherding B, Rapoport J, Keysor C. Methylphenidate and dextroamphetamine treat-
ments of hyperactivity: are there true non-responders? Psychiatry Res 1991;36:141–155.

45. Greenhill LL, Abikoff H, Arnold LE, et al. Medication treatment strategies in the MTA study: rel-
evance to clinicians and researchers. J Am Acad Child Adolesc Psychiatry 1996;35:1304–1313.

46. Wilens TE, Spencer TJ. The stimulants revisited. Child Adolesc Psychiatr Clin N Am
2000;9:573–603.

47. Pliszka SR, McCracken JT, Maas JW. Catecholamines in attention-deficit hyperactivity disorder:
current perspectives. J Am Acad Child Adolesc Psychiatry 1996;35:264–272.

48. Diener RM. Toxicology of ritalin. In: Greenhill LL, Osman BB, eds. Ritalin theory and patient
management. New York: Mary Ann Liebert, Inc., 1991:35–43.

49. Pelham WE, Jr., Sturges J, Hoza J, et al. Sustained release and standard methylphenidate effects on
cognitive and social behavior in children with attention deficit disorder. Pediatrics 1987;80:491–501.

50. Pelham WE, Jr, Swanson JM, Furman MB, Schwindt H. Pemoline effects on children with
ADHD: a time-response by dose-response analysis on classroom measures. J Am Acad Child
Adolesc Psychiatry 1995;34:1504–1513.

51. Hoffman BB, Lefkowitz RJ. Catecholamines, sympathomimetic drugs, and adrenergic receptor
antagonists. In: Hardman JG, Limbird LE, Molinoff PB, Ruddon RW, Gilman AG, eds. The phar-
macological basis of therapeutics. New York: McGraw-Hill, 1996:199–248.

52. Caldwell J, Sever PS. The biochemical pharmacology of abused drugs. Clin Pharmacol Ther
1974;16:625–638.

53. Greenhill LL. Attention deficit hyperactivity disorder: the stimulants. Child Adolesc Psychiatr
Clin N Am 1995;4:123–168.

54. Birmaher B, Greenhill LL, Cooper TB, Fried J, Maminski B. Sustained release methylphenidate:
pharmacokinetic studies in ADDH males. J Am Acad Child Adolesc Psychiatry 1989;28:768–772.

55. Ding YS, Fowler JS, Volkow ND, et al. Chiral drugs: Comparison of the pharmacokinetics of
[11C]d-threo and l-threo-methylphenidate in the human and baboon brain. Psychopharmacol
1997;131:71–78.

56. Novartis Pharmaceuticals. Ritalin LA product monograph. East Hanover, NJ: Novartis Pharma-
ceuticals, 2002.

57. Pelham WE, Gnagy EM, Burrows-Maclean L, et al. Once-a-day Concerta methylphenidate versus
three-times-daily methylphenidate in laboratory and natural settings. Pediatrics 2001;107:1–15.

58. Swanson JM, Gupta S, Guinta D, et al. Acute tolerance to methylphenidate in the treatment of
attention deficit hyperactivity disorder in children. Clin Pharmacol Ther 1999; 66:295–305.

59. McNeil Pharmaceuticals. Concerta product monograph. 2001:2–28.
60. Grcevich S. SLI381: a long-acting psychostimulant preparation for the treatment of attention-

deficit hyperactivity disorder. Expert Opin Investig Drugs 2001;10:2003–2011.
61. Michaels MA, Weston IE, Zhang Y, Tulloch SJ. Pharmacokinetics of SLI381, a two-component

extended-release formulation of mixed amphetamine salts, administered in fasted and fed states,
and sprinkled on food. New Drug Clinical Evaluation Unit, Phoenix, AZ, May 29, 2001.

62. Shire Pharmaceuticals. Adderall XR data on file. Shire US, Inc., 2001.
63. Greenhill LL, Pelham WE, Lopez FE, et al. Once-daily transdermal methylphenidate improves

teacher, parent, and CGI-I ratings. 49th Annual Meeting of the American Academy of Child and
Adolescent Psychiatry, San Francisco, CA, 2002.

64. Stahl SM. Mirror, mirror on the wall, which enantiomer is fairest of them all? J Clin Psychiatry
2002;63:656–657.

65. Eckerman DA, Moy SS, Perkins AN, Patrick KS, Breese GR. Enantioselective behavioral effects
of threo-methylphenidate in rats. Pharmacol Biochem Behav 1991;40:875–880.

Stimulants in ADHD 519



66. Novartis Pharmaceuticals. Focalin product monograph. 2002:5–19.
67. Barkley RA. A review of stimulant drug research with hyperactive children. J Child Psychol Psy-

chiatry 1977;18:137–165.
68. Greenhill LL, Group AS. Efficacy and safety of OROS MPH in adolescents with ADHD. 49th

Annual Meeting of the American Academy of Child and Adolescent Psychiatry, San Francisco,
CA, 2002.

69. Wilens TE, Biederman J, Spencer TJ, Prince J. Pharmacotherapy of adult attention deficit/hyper-
activity disorder: a review. J Clin Psychopharmacol 1995;15:270–279.

70. Elia J, Rapoport J. Ritalin versus dextroamphetamine in ADHD: both should be tried. In: Green-
hill LL, Osman BB, eds. Ritalin: theory and patient management. New York: Mary Ann Liebert
Publishers, 1991:69–74.

71. Varley CK. Effects of methylphenidate in adolescents with attention deficit disorder. J Am Acad
Child Adolesc Psychiatry 1983;22:351–354.

72. Goldman L, Genel M, Bezman R, Slanetz PJ. Diagnosis and treatment of attention-deficit/hyper-
activity disorder in children and adolescents. JAMA 1998;279:1100–1107.

73. Milberger S, Biederman J, Faraone SV, Chen L, Jones J. Further evidence of an association
between attention-deficit/hyperactivity disorder and cigarette smoking. Findings from a high-risk
sample of siblings. Am J Addict 1997;6:205–217.

74. Milberger S, Biederman J, Faraone SV, Chen L, Jones J. ADHD is associated with early initiation of
cigarette smoking in children and adolescents. J Am Acad Child Adolesc Psychiatry 1997;36:37–44.

75. Barkley RA, Guevremont DC, Anastopoulos AD, DuPaul GJ, Shelton TL. Driving-related risks
and outcomes of attention deficit hyperactivity disorder in adolescents and young adults: a 3- to
5-year follow-up survey. Pediatrics 1993;92:212–218.

76. Barkley RA, Murphy KR, Kwasnik D. Motor vehicle driving competencies and risks in teens and
young adults with attention deficit hyperactivity disorder. Pediatrics 1996;98:1089–1095.

77. Milberger S, Biederman J, Faraone SV, Wilens T, Chu MP. Associations between ADHD and
psychoactive substance use disorders. Findings from a longitudinal study of high-risk siblings of
ADHD children. Am J Addict 1997;6:318–329.

78. O’Donnell D, Biederman J, Jones J, et al. Informativeness of child and parent reports on sub-
stance use disorders in a sample of ADHD probands, control probands, and their siblings. J Am
Acad Child Adolesc Psychiatry 1998;37:752–758.

79. Murphy K, Barkley RA. Attention deficit hyperactivity disorder adults: comorbidities and adap-
tive impairments. Compr Psychiatry 1996;37:393–401.

80. Whalen CK, Henker B, Granger DA. Social judgment processes in hyperactive boys: effects of
methylphenidate and comparisons with normal peers. J Abnorm Child Psychol 1990;18:297–316.

81. Swanson JM, Granger D, Kliewer W. Natural social behaviors in hyperactive children: dose
effects of methylphenidate. J Consult Clin Psychol 1987;55:187–193.

82. Rapport MD, Stoner G, DuPaul GJ, et al. Attention deficit disorder and methylphenidate: A mul-
tilevel analysis of dose-response effects on children’s impulsivity across settings. J Am Acad
Child Adolesc Psychiatry 1988;27:60–69.

83. Connor DF, Glatt SJ, Lopez ID, Jackson D, Melloni RH Jr. Psychopharmacology and aggression.
I: A meta-analysis of stimulant effects on overt/covert aggression-related behaviors in ADHD. J
Am Acad Child Adolesc Psychiatry 2002;41:253–261.

84. Klein RG, Abikoff H, Klass E, Ganeles D, Seese LM, Pollack S. Clinical efficacy of
methylphenidate in conduct disorder with and without attention deficit hyperactivity disorder.
Arch Gen Psychiatry 1997;54:1073–1080.

85. Rapport MD, Kelly KL. Psychostimulant effects on learning and cognitive function in children
with attention deficit hyperactivity disorder: Findings and implications. In: Matson JL, ed.
Hyperactivity in children: a handbook. New York: Pergamon, 1991.

86. Rapport MD, Quinn SO, DuPaul GJ, et al. Attention deficit disorder with hyperactivity and
methylphenidate: the effects of dose and mastery level on children’s learning performance. J
Abnorm Child Psychol 1989;17:669–689.

520 Connor



87. Vyse SA, Rapport MD. The effects of methylphenidate on learning in children with ADDH: the
stimulus-equivalence paradigm. J Consult Clin Psychol 1989;57:425–435.

88. Swanson JM, Kinsbourne M. The cognitive effects of stimulant drugs on hyperactive children.
In: Hale GA, ed. Attention and cognitive development. New York: Plenum, 1978;249–274.

89. Bergman A, Winters L, Cornblatt B. Methylphenidate: effects on sustained attention. In: Green-
hill LL, Osman BB, eds. Ritalin: theory and patient management. New York: Mary Ann Liebert,
1991;223–232.

90. Swanson JM. What do psychopharmacological studies tell us about information processing
deficits in ADDH? In: Bloomingdale LM, Sergeant JA, eds. Attention deficit disorder: criteria,
cognition, intervention. New York: Pergamon Press, 1988, pp. 97–116.

91. Sergeant JA, van der Meere J. Ritalin effects and information processing in hyperactivity. In:
Greenhill LL, Osman BB, eds. Ritalin: theory and patient management. New York: Mary Ann
Liebert, 1991, pp. 1–13.

92. Schachar R, Tannock R. Childhood hyperactivity and psychostimulants: a review of extended
treatment studies. J Child Adolesc Psychopharmacol 1993:81–97.

93. Gillberg C, Melander H, von Knorring AL, et al. Long-term stimulant treatment of children with
attention-deficit hyperactivity disorder symptoms. A randomized, double-blind, placebo-controlled
trial. Arch Gen Psychiatry 1997;54:857–864.

94. Famularo R, Fenton T. The effect of methylphenidate on school grades in children with attention
deficit disorder without hyperactivity: a preliminary study. J Clin Psychiatry 1987;48:112–114.

95. Rapport MD, Jones JT, DuPaul GJ, et. al. Attention deficit disorder and methylphenidate: group
and single-subject analyses of dose effects on attention in clinic and classroom settings. J Clin
Child Psychol 1987;16:329–338.

96. Barkley RA. The use of psychopharmacology to study reciprocal influences in parent-child inter-
action. J Abnorm Child Psychol 1981;9:303–310.

97. Barkley RA. Hyperactive girls and boys: stimulant drug effects on mother-child interactions. J
Child Psychol Psychiatry 1989;30:379–390.

98. Whalen CK, Henker B, Dotemoto S. Methylphenidate and hyperactivity: Effects on teacher
behaviors. Science 1980;208:1280–1282.

99. Barkley RA, Anastopoulos AD, Guevremont DC, Fletcher KE. Adolescents with attention deficit
hyperactivity disorder: mother-adolescent interactions, family beliefs and conflicts, and maternal
psychopathology. J Abnorm Child Psychol 1992;20:263–288.

100. Seidman LJ, Biederman J, Weber W, Hatch M, Faraone SV. Neuropsychological function in
adults with attention-deficit hyperactivity disorder. Biol Psychiatry 1998;44:260–268.

101. Connor DF, Edwards G, Fletcher KE, Baird J, Barkley RA, Steingard RJ. Correlates of
comorbid psychopathology in children with ADHD. J Am Acad Child Adolesc Psychiatry
2003;42:193–200.

102. Pisterman S, McGrath P, Firestone P, et al. Outcome of parent-mediated treatment of preschool-
ers with attention deficit disorder. J Consult Clin Psychol 1989;57:628–635.

103. Forehand R, McMahon RJ. Helping the noncompliant child: a clinician’s guide to parent train-
ing. New York: Guilford Press, 1981.

104. Handen BL, Feldman HM, Lurier A, et al. Efficacy of methylphenidate among preschool chil-
dren with developmental disabilities and ADHD. J Am Acad Child Adolesc Psychiatry
1999;38:805–812.

105. Musten LM, Firestone P, Pisterman S, et al. Effects of methylphenidate on preschool children
with ADHD: cognitive and behavioral functions. J Am Acad Child Adolesc Psychiatry
1997;36:1407–1415.

106. Firestone P, Monteiro-Musten L, Pisterman S, et. al. Short-term side effects of stimulant medica-
tion are increased in preschool children with attention-deficit/hyperactivity disorder: a double-
blind placebo-controlled study. J Child Adolesc Psychopharmacol 1998;8:13–25.

107. Greenhill LL, Jensen P, Abikoff H, et al. Developing strategies for psychopharmacological stud-
ies in preschool children. J Am Acad Child Adolesc Psychiatry 2003;42:406–414.

Stimulants in ADHD 521



108. Pelham WE, Vodde-Hamilton M, Murphy DA, Greenstein JJ, Vallano G. The effects of
methylphenidate on ADHD adolescents in recreational, peer group, and classroom settings. J
Clin Child Psychol 1991;20:293–300.

109. Smith BH, Pelham WE, Gnagy E, Yudell RS. Equivalent effects of stimulant treatment for attention-
deficit hyperactivity disorder during childhood and adolescence. J Am Acad Child Adolesc Psy-
chiatry 1998;37:314–321.

110. Coons HW, Klorman R, Borgstedt AD. Effects of methylphenidate on adolescents with a child-
hood history of attention deficit disorder: II. Information processing. J Am Acad Child Adolesc
Psychiatry 1987;26:368–374.

111. Klorman R, Coons HW, Borgstedt AD. Effects of methylphenidate on adolescents with a child-
hood history of attention deficit disorder: I. Clinical findings. J Am Acad Child Adolesc Psychia-
try 1987;26:363–367.

112. Evans SW, Pelham WE, Smith BH, et al. Dose-response effects of methylphenidate on ecologi-
cally valid measures of academic performance and classroom behavior in adolescents with
ADHD. Exp Clin Psychopharmacol 2001;9:163–175.

113. Smith BH, Pelham WE, Evans S, et al. Dosage effects of methylphenidate on the social behavior
of adolescents diagnosed with attention-deficit hyperactivity disorder. Exp Clin Psychopharma-
col 19986:187–204.

114. Spencer T, Biederman J, Wilens TE, Faraone SV. Adults with attention-deficit/hyperactivity dis-
order: a controversial diagnosis. J Clin Psychiatry 1998;59:59–68.

115. Silver LB. Attention-deficit/hyperactivity disorder in adult life. Child Adolesc Psychiatr Clin N
Am 2000;9:511–523.

116. Faraone SV, Biederman J, Mick E. Symptom reports by adults with attention deficit hyperactivity
disorder: are they influenced by attention deficit hyperactivity disorder in their children? J Nerv
Ment Dis 1997;185:583–584.

117. Fischer M, Barkley RA, Smallish L, Fletcher K. Young adult follow-up of hyperactive children:
self-reported psychiatric disorders, comorbidity, and the role of childhood conduct problems and
teen CD. J Abnorm Child Psychol 2002;30:463–475.

118. Wood DR, Reimherr FW, Wender PH, Johnson GE. Diagnosis and treatment of minimal brain
dysfunction in adults. Arch Gen Psychiatry 1976;33:1453–1460.

119. Wender PH, Reimherr FW, Wood DR. Attention deficit disorder (minimal brain dysfunction) in
adults. Arch Gen Psychiatry 1981;38:449–456.

120. Wender PH, Reimherr FW, Wood DR, Ward M. A controlled study of methylphenidate in the
treatment of attention deficit disorder, residual type, in adults. Am J Psychiatry
1985;142:547–552.

121. Faraone SV, Biederman J, Chen WJ, Milberger S, Warburton R, Tsuang MT. Genetic heterogene-
ity in attention-deficit hyperactivity disorder (ADHD): gender, psychiatric comorbidity, and
maternal ADHD. J Abnorm Psychol 1995;104:334–345.

122. Mattes JA, Boswell L, Oliver H. Methylphenidate effects on symptoms of attention deficit disor-
der in adults. Arch Gen Psychiatry 1984;41:1059–1063.

123. Brown TE. Attention-deficit disorders and comorbidities in children, adolescents, and adults.
Washington, DC: American Psychiatric Press, 2000.

124. Biederman J, Newcorn J, Sprich S. Comorbidity of attention deficit hyperactivity disorder with
conduct, depressive, anxiety, and other disorders. Am J Psychiatry 1991;148:564–577.

125. Biederman J, Faraone S, Spencer T, et al. Patterns of psychiatric comorbidity, cognition, and psy-
chosocial functioning in adults with attention deficit/hyperactivity disorder. Am J Psychiatry
1993;150:1792–1798.

126. Szatmari P, Boyle M, Offord DR. ADDH and conduct disorder: degree of diagnostic overlap and
differences among correlates. J Am Acad Child Adolesc Psychiatry 1989;28:865–872.

127. Barkley RA, McMurray MB, Edelbrock CS, Robbins K. The response of aggressive and nonag-
gressive ADHD children to two doses of methylphenidate. J Am Acad Child Adolesc Psychiatry
1989;28:873–881.

522 Connor



128. Klorman R, Brumaghim JT, Salzman LF, et al. Effects of methylphenidate on attention-deficit
hyperactivity disorder with and without aggressive/noncompliant features. J Abnorm Psychol
1988;97:413–422.

129. Spencer T, Wilens T, Biederman J, Wozniak J, Harding-Crawford M. Attention-deficit/hyperac-
tivity disorder with mood disorders. In: Brown TE, ed. Attention deficit disorders and comorbidi-
ties in children, adolescents, and adults. Washington, DC: American Psychiatric Press,
2000:79–124.

130. Biederman J, Lapey KA, Milberger S, Faraone SV, Reed ED, Seidman LJ. Motor preference,
major depression and psychosocial dysfunction among children with attention deficit hyperactiv-
ity disorder. J Psychiatr Res 1994;28:171–184.

131. Biederman J, Mick E, Faraone SV. Depression in attention deficit hyperactivity disorder (ADHD)
children: “true” depression or demoralization? J Affect Disord 1998;47:113–122.

132. DuPaul GJ, Barkley RA, McMurray MB. Response of children with ADHD to
methylphenidate: interaction with internalizing symptoms. J Am Acad Child Adolesc Psychi-
atry 1994;33:894–903.

133. Jensen P, Hinshaw SP, Swanson JM, et al. Findings from the NIMH multimodal treatment study
of ADHD (MTA): implications and applications for primary care providers. J Dev Behav Pediatr
2001;22:60–73.

134. Gadow KD, Nolan EE, Sverd J, Sprafkin J, Schwartz J. Anxiety and depressive symptoms and
response to methylphenidate in children with attention-deficit/hyperactivity disorder and tic dis-
order. J Clin Psychopharmacol 2002;22:267–274.

135. Findling RL. Open-label treatment of comorbid depression and attentional disorders with co-
administration of serotonin reuptake inhibitors and psychostimulants in children, adolescents,
and adults: a case series. J Child Adolesc Psychopharmacol 1996;6:165–175.

136. Gammon GD, Brown TE. Fluoxetine and methylphenidate in combination for treatment of atten-
tion deficit disorder and comorbid depressive disorder. J Child Adolesc Psychopharmacol
1991;3:1–10.

137. Geller B, Zimerman B, Williams M, DelBello MP, Frazier J, Beringer L. Phenomenology of pre-
pubertal and early adolescent bipolar disorder: examples of elated mood, grandiose behaviors,
decreased need for sleep, racing thoughts, and hypersexuality. J Child Adolesc Psychopharmacol
2002;12:3–9.

138. Geller B, Zimerman B, Williams M, et al. DSM-IV mania symptoms in a prepubertal and early
adolescent bipolar disorder phenotype compared to attention-deficit hyperactive and normal con-
trols. J Child Adolesc Psychopharmacol 2002;12:11–25.

139. Scheffer RE. Combination pharmacotherapy in pediatric bipolars-treating comorbid ADHD.
Presented at the 49th Annual Meeting of the American Academy of Child and Adolescent
Psychiatry, San Francisco, CA, October 2002;22–27.

140. Cohen P, Cohen J, Kasen S, et al. An epidemiological study of disorders in late childhood and
adolescence: I. age and gender specific pattern. J Child Psychol Psychiatry 1993;34:851–867.

141. Bird HR, Gould MS, Staghezza BM. Patterns of diagnostic comorbidity in a community sample
of children aged 9 through 16 years. J Am Acad Child Adolesc Psychiatry 1993;32:361–368.

142. Pliszka SR. Effect of anxiety on cognition, behavior, and stimulant response in ADHD. J Am
Acad Child Adolesc Psychiatry 1989;28:882–887.

143. Buitelaar JK, van der Gaag RJ, Swaab-Barneveld H, et. al. Prediction of clinical response to
methylphenidate in children with attention-deficit hyperactivity disorder. J Am Acad Child
Adolesc Psychiatry 1995;34:1025–1032.

144. Diamond IR, Tannock R, Schachar R. Response to methylphenidate in children with ADHD and
comorbid anxiety. J Am Acad Child Adolesc Psychiatry 1999:402–409.

145. Research Units on Pediatric Psychopharmacology (RUPP) Group. Fluvoxamine for the treatment
of anxiety disorders in children and adolescents. N Engl J Med 2001;344:1279–1285.

146. Kurlan R, Como PG, Miller B, et al. The behavioral spectrum of tic disorders: a community-
based study. Neurology 2002;59:414–420.

Stimulants in ADHD 523



147. Gadow KD, Nolan EE, Sprafkin J, Schwartz J. Tics and psychiatric comorbidity in children and
adolescents. Dev Med Child Neurol 2002;44:330–338.

148. Snider LA, Seligman LD, Ketchen BR, et al. Tics and problem behaviors in school children:
prevalence, characterization, and associations. Pediatrics 2002;110:331–336.

149. Sukhodolsky DG, Scahill L, Zhang H, et al. Disruptive behavior in children with Tourette’s syn-
drome: association with ADHD comorbidity, tic severity, and functional impairment. J Am Acad
Child Adolesc Psychiatry 2003;41:98–105.

150. Pliszka SR. Comorbidity of attention-deficit/hyperactivity disorder with psychiatric disorder: an
overview. J Clin Psychiatry 1998;59:50–58.

151. Castellanos FX, Giedd JN, Elia J, et al. Controlled stimulant treatment of ADHD and comorbid
Tourette’s syndrome: effects of stimulants and dose. J Am Acad Child Adolesc Psychiatry
1997;36:1–8.

152. Gadow KD, Nolan EE, Sverd J. Methylphenidate in hyperactive boys with comorbid tic disorder:
II. Short-term behavioral effect in school settings. J Am Acad Child Adolesc Psychiatry
1992;31:462–471.

153. Gadow KD, Nolan EE, Sverd J, Sprafkin J, Paolicelli L. Methylphenidate in aggressive-hyperac-
tive boys: I. Effects on peer aggression in public school settings. J Am Acad Child Adolesc Psy-
chiatry 1990;29:710–718.

154. Gadow KD, Sverd J, Sprafkin J, et al. Efficacy of methylphenidate for attention-deficit hyperac-
tivity disorder in children with tic disorder. Arch Gen Psychiatry 1995;52:444–455.

155. Tourette’s Study Group. Treatment of ADHD in children with tics: a randomized controlled trial.
Neurology 2002;58:527–536.

156. Riddle MA, Lynch KA, Scahill L, DeVries A, Cohen DJ, Leckman JF. Methylphenidate discontinu-
ation and reinitiation during long-term treatment of children with Tourette’s disorder and attention-
deficit hyperactivity disorder: a pilot study. J Child Adolesc Psychopharmacol 1995;3:191–205.

157. Scahill L, Chappell PB, Kim YS, et al. A placebo-controlled study of guanfacine in the treatment
of children with tic disorders and attention deficit hyperactivity disorder. Am J Psychiatry
2001;158:1067–1074.

158. Purvis KL, Tannock R. Language abilities in children with attention deficit hyperactivity disor-
der, reading disabilities, and normal controls. J Abnorm Child Psychol 1997;25:133–144.

159. Murphy KR, Barkley RA, Bush T. Young adults with attention deficit hyperactivity disorder: subtype
differences in comorbidity, educational, and clinical history. J Nerv Men Dis 2002;190:147–157.

160. Semrud-Clikeman M, Biederman J, Sprich-Buckminster S, Lehman BK, Faraone SV, Norman D.
Comorbidity between ADDH and learning disability: a review and report in a clinically referred
sample. J Am Acad Child Adolesc Psychiatry 1992;31:439–448.

161. Faraone SV, Biederman J, Lehman BK, et al. Evidence for the independent familial transmission
of attention deficit hyperactivity disorder and learning disabilities: results from a family genetic
study. Am J Psychiatry 1993;150:891–895.

162. Citizens Commission on Human Rights (CCHR). Ritalin: a warning to parents. Los Angeles,
CA: Church of Scientology, 1987.

163. Volkow ND, Ding YS, Fowler JS, et al. Is methylphenidate like cocaine? Studies on their phar-
macokinetics and distribution in the human brain. Arch Gen Psychiatry 1995;52:456–463.

164. Robinson TE, Berridge KC. The neural basis of drug craving: an incentive-sensitization theory of
addiction. Brain Behav Rev 1993; 18:247–291.

165. Barkley RA, Fischer M, Smallish L, Fletcher K. Does the treatment of attention-deficit/hyperac-
tivity disorder with stimulants contribute to drug use/abuse? A 13-year prospective study. Pedi-
atrics 2003;111:97–109.

166. Wilens TE, Faraone SV, Biederman J, Gunawardene S. Does stimulant therapy of attention-
deficit/hyperactivity disorder begat later substance abuse? A meta-analytic review of the litera-
ture. Pediatrics 2003;111:179–185.

167. Lambert NM, Hartsough CS. Prospective study of tobacco smoking and substance dependencies
among samples of ADHD and non-ADHD participants. J Learn Disabil 1998;31:533–544.

524 Connor



168. Biederman J, Wilens T, Mick E, et al. Is ADHD a risk factor for psychoactive substance use dis-
orders? Findings from a four-year prospective follow-up study. J Am Acad Child Adolesc Psychi-
atry 1997;36:21–29.

169. Biederman J, Wilens T, Mick E, Spencer T, Faraone SV. Pharmacotherapy of attention-
deficit/hyperactivity disorder reduces risk for substance use disorder. Pediatrics 1999;104:e20.

170. Michelson D, Faries D, Wernicke J, et al. Atomoxetine in the treatment of children and adoles-
cents with attention-deficit/hyperactivity disorder: a randomized, placebo-controlled, dose-
response study. Pediatrics 2001;108:e83.

171. Riggs PD. Clinical approach to treatment of ADHD in adolescents with substance use disorders
and conduct disorder. J Am Acad Child Adolesc Psychiatry 1998;37:331–332.

172. Schachar RJ, Tannock R, Cunningham CE, Corkum PV. Behavioral, situational, and temporal
effects of treatment of ADHD with methylphenidate. J Am Acad Child Adolesc Psychiatry
1997;36:754–763.

173. Wilens T, Pelham WE, Stein MT, et al. ADHD treatment with once-daily OROS methylphenidate:
interim 12-month results from a long-term open-label study. J Am Acad Child Adolesc Psychiatry
2003;42:424–433.

174. Barkley RA, McMurray MB, Edelbrock CS, Robbins K. Side effects of methylphenidate in chil-
dren with attention deficit hyperactivity disorder: a systemic, placebo-controlled evaluation.
Pediatrics 1990;86:184–192.

175. Rapport MD, Moffitt C. Attention deficit/hyperactivity disorder and methylphenidate. A review
of height/weight, cardiovascular, and somatic complaint side effects. Clin Psychol Rev
2002;22:1107–1131.

176. Brown RT, Wynne ME, Slimmer LW. Attention deficit disorder and the effect of methylphenidate
on attention, behavioral, and cardiovascular functioning. J Clin Psychiatry 1984;45:473–476.

177. Rapoport J, Buchsbaum MS, Zahn TP, et al. Dextroamphetamine: cognitive and behavioral
effects in normal prepubertal boys. Science 1978;199:560–562.

178. Johnston C, Pelham WE, Hoza J, et al. Psychostimulant rebound in attention deficit disordered
boys. J Am Acad Child Adolesc Psychiatry 1988;27:806–810.

179. Denckla MB, Bemporad JR, MacKay MC. Tics following methylphenidate administration: a
report of 20 cases. JAMA 1976;235:1349–1351.

180. Bremness AB, Sverd J. Methylphenidate-induced Tourette syndrome: case report. Am J Psychia-
try 1979;136:1334–1335.

181. Lipkin P, Goldstein I, Adesman A. Tics and dyskinesias associated with stimulant treatment in
attention-deficit hyperactivity disorder. Arch Pediatr Adolesc Med 1994;148:859–861.

182. Shapiro AK, Shapiro E. Do stimulants provoke, cause, or exacerbate tics and Tourette syndrome?
Compr Psychiatry 1981;22:265–273.

183. Law SF, Schachar R. Do typical clinical doses of methylphenidate cause tics in children treated
for attention-deficit hyperactivity disorder? J Am Acad Child Adolesc Psychiatry 1999;38:44–51.

184. Koehler-Troy C, Strober M, Malenbaum R. Methylphenidate induced mania in a prepubertal
child. J Clin Psychiatry 1986;47:566–567.

185. Bloom AS, L.J. R, Weisskopf B, et al. Methylphenidate-induced delusional disorder in a child
with attention deficit disorder with hyperactivity. J Am Acad Child Adolesc Psychiatry
1988;27:88–89.

186. Safer DJ, Allen R, Barr E. Depression of growth in hyperactive children on stimulant drugs. N
Engl J Med 1972;287:217–220.

187. Gross M. Growth of hyperkinetic children taking methylphenidate, dextroamphetamine, or
imipramine/desipramine. Pediatrics 1976;58:423–431.

188. Satterfield JH, Cantwell DP, Schell A, et al. Growth of hyperactive children treated with
methylphenidate. Arch Gen Psychiatry 1979;36:212–217.

189. Spencer TJ, Biederman J, Harding M, O’Donnell D, Faraone SV, Wilens TE. Growth deficits in
ADHD children revisited: evidence for disorder-associated growth delays? J Am Acad Child
Adolesc Psychiatry 1996;35:1460–1469.

Stimulants in ADHD 525



190. Gittelman R, Mannuzza S. Hyperactive boys almost grown up: III. Methylphenidate effects on
ultimate height. Arch Gen Psychiatry 1988;45:1131–1134.

191. Klein RG, Mannuzza S. Hyperactive boys almost grown up: III. Methylphenidate effects on ulti-
mate height. Arch Gen Psychiatry 1988;45:1131–1134.

192. Biederman J, Faraone SV, Mick E, et al. High risk for attention deficit hyperactivity disorder
among children of parents with childhood onset of the disorder: a pilot study. Am J Psychiatry
1995;152:431–435.

193. Biederman J. Attention-deficit/hyperactivity disorder: a life-span perspective. J Clin Psychiatry
1998;59:4–16.

194. Biederman J, Faraone S, Milberger S, et al. A prospective 4-year follow-up study of attention-
deficit hyperactivity and related disorders. Arch Gen Psychiatry 1996;53:437–446.

195. Faraone SV, Biederman J, Mennin D, Gershon J, Tsuang MT. A prospective four-year follow-up
study of children at risk for ADHD: psychiatric, neuropsychological, and psychosocial outcome.
J Am Acad Child Adolesc Psychiatry 1996;35:1449–1459.

196. Fischer M, Barkley RA, Edelbrock CS, Smallish L. The adolescent outcome of hyperactive chil-
dren diagnosed by research criteria: II. Academic, attentional, and neuropsychological status. J
Consult Clin Psychol 1990;58:580–588.

197. Fischer M, Barkley RA, Fletcher KE, Smallish L. The stability of dimensions of behavior in
ADHD and normal children over an 8-year follow-up. J Abnorm Child Psychol 1993;21:315–337.

198. Mannuzza S, Klein RG, Addalli KA. Young adult mental status of hyperactive boys and their
brothers: a prospective follow-up study. J Am Acad Child Adolesc Psychiatry 1991;30:743–751.

199. Fischer M, Barkley RA, Fletcher KE, Smallish L. The adolescent outcome of hyperactive chil-
dren: predictors of psychiatric, academic, social, and emotional adjustment [see comments]. J
Am Acad Child Adolesc Psychiatry 1993;32:324–332.

200. Barkley RA, DuPaul GJ, McMurray MB. Attention deficit disorder with and without hyperactiv-
ity: clinical response to three dose levels of methylphenidate. Pediatrics 1991;87:519–531.

201. Chatoor I, Wells KC, Conners CK, Seidel WT, Shaw D. The effects of nocturnally administered
stimulant medication on EEG sleep and behavior in hyperactive children. J Am Acad Child Ado-
lesc Psychiatry 1983;22:337–342.

202. Wilens TE, Biederman J, Prince J, et al. Six-week, double-blind, placebo-controlled study of
desipramine for adult attention deficit hyperactivity disorder. Am J Psychiatry 1996;153:1147–1153.

203. Spencer T, Biederman J, Kerman K, Steingard R, Wilens T. Desipramine treatment of children
with attention-deficit hyperactivity disorder and tic disorder or Tourette’s syndrome. J Am Acad
Child Adolesc Psychiatry 1993;32:354–360.

204. Spencer T, Biederman J, Wilens T, Steingard R, Geist D. Nortriptyline treatment of children with
attention-deficit hyperactivity disorder and tic disorder or Tourette’s syndrome. J Am Acad Child
Adolesc Psychiatry 1993;32:205–210.

205. Klein-Schwartz W, McGrath J. Poison centers’ experience with methylphenidate abuse in pre-
teens and adolescents. J Am Acad Child Adolesc Psychiatry 2003;42:288–294.

206. Rapport MD, Carlson GA, Kelly K, Pataki CS. Methylphenidate and desipramine in hospitalized
children: I. Separate and combined effects on cognitive function. J Am Acad Child Adolesc Psy-
chiatry 1993;32:333–342.

207. Pataki CS, Carlson GA, Kelly K, Rapport MD, Biancaniello T. Side effects of methylphenidate
and desipramine alone and in combination in children. Am J Psychiatry 1993;32:1065–1072.

208. Prince JB, Wilens TE, Biederman J, Spencer TJ, Wozniak JR. Clonidine for sleep disturbances
associated with attention-deficit hyperactivity disorder: a systematic chart review of 62 cases. J
Am Acad Child Adolesc Psychiatry 1996;35:599–605.

209. Connor DF, Barkley RA, Davis HT. A pilot study of methylphenidate, clonidine, or the combina-
tion in ADHD comorbid with aggressive oppositional defiant or conduct disorder. Clin Pediatr
(Phila) 2000;39:15–25.

210. Popper CW. Combining methylphenidate and clonidine: Pharmacologic questions and news
reports about sudden death. J Child Adolesc Psychopharmacol 1995;5:157–166.

526 Connor



211. Fenichel RR. Combining methylphenidate and clonidine: the role of post-marketing surveillance.
J Child Adolesc Psychopharmacol 1995;5:155–156.

212. Swanson JM, Flockhart D, Udrea D, Cantwell D, Connor D, Williams L. Clonidine in the treat-
ment of ADHD: questions about safety and efficacy (letter). J Child Adolesc Psychopharmacol
1995;5:301–304.

213. Shevell M, Schreiber R. Pemoline-associated hepatic failure: A critical analysis of the literature.
Pediatr Neurol 1997;16:14–16.

214. Klein RG. Pharmacotherapy of childhood hyperactivity: an update. In: Meltzer HY, ed. Psy-
chopharmacology: the third generation of progress. New York: Raven Press, 1987:1215–1224.

215. Schleifer M, Weiss G, Cohen N, et al. Hyperactivity in preschoolers and the effect of
methylphenidate. Am J Orthopsychiatry 1975;45:38–50.

216. Conners CK. Controlled trial of methylphenidate in preschool children with minimal brain dys-
function. Int J Ment Health 1975;4:61–74.

217. Cunningham CE, Siegel LS, Offord DR. A developmental dose-response analysis of the effects
of methylphenidate on the peer interactions of attention deficit disordered boys. J Child Psychol
Psychiatry 1985;26:955–971.

218. Barkley RA, Karlsson J, Strzelecki E, Murphy JV. Effects of age and Ritalin dosage on the
mother-child interactions of hyperactive children. J Consult Clin Psychol 1984;52:750–758.

219. Mayes SD, Crites DL, Bixler EO, et al. Methylphenidate and ADHD: influence of age, IQ, and
neurodevelopmental status. Dev Med Child Neurol 1994; 36:1099–1107.

220. Monteiro-Musten L, Firestone P, Pisterman S, et al. Effects of methylphenidate on preschool
children with ADHD: cognitive and behavioral functions. J Am Acad Child Adolesc Psychiatry
1997;36:1407–1415.

221. Byrne JM, Bawden HN, DeWolfe NA, et al. Clinical assessment of psychopharmacological treat-
ment of preschoolers with ADHD. J Clin Exp Neuropsychol 1998;20:613–627.

222. Brown RT, Sexson SB. A controlled trial of methylphenidate in black adolescents. Clin Pediatr
1987;27:74–81.

223. Barkley RA, Connor DF, Kwasnik D. Challenges to determining adolescent medication response
in an outpatient clinical setting: Comparing Adderall and methylphenidate for ADHD. J Atten
Dis 2000;4:102–113.

224. Bostic JQ, Biederman J, Spencer TJ, et al. Pemoline treatment of adolescents with attention
deficit hyperactivity disorder: a short-term controlled trial. J Child Adolesc Psychopharmacol
2000;10:205–216.

225. Gualtieri CT, Ondrusek MG, Finley C. Attention deficit disorders in adults. Clin Neuropharmacol
1985;8:343–356.

226. Wilens TE, Biederman J, Spencer TJ, et al. Controlled trial of high doses of pemoline for adults
with attention-deficit/hyperactivity disorder. J Clin Psychopharmacol 1999;19:257–264.

227. Paterson R, Douglas C, Hallmayer J, Hagan M, Krupenia Z. A randomized, double-blind,
placebo-controlled trial of dexamphetamine in adults with attention deficit hyperactivity disor-
der. Aus NZ J Psychiatry 1999;33:494–502.

228. Schubiner H, Saules KK, Arfken CL, et al. Double-blind placebo-controlled trial of
methylphenidate in the treatment of adult ADHD patients with comorbid cocaine dependence.
Exp Clin Psychopharmacol 2002;10:286–294.

229. Greenhill LL, Findling RL, Swanson JM, et al. A double-blind, placebo-controlled study of mod-
ified-release methylphenidate in children with attention-deficit/hyperactivity disorder. Pediatrics
2002;109:e39.

230. Biederman J, Lopez F, Boellner S, Chandler M. A randomized, double-blind, placebo-controlled,
parallel-group study of SLI381 (Adderall XR) in children with attention-deficit/hyperactivity dis-
order. Pediatrics 2002;110:258–266.

Stimulants in ADHD 527



22
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Drug Interactions
Methylphenidate, Amphetamine, or Atomoxetine in ADHD

John S. Markowitz and Kennerly S. Patrick

1. INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is the most commonly diagnosed neurobe-
havioral disorder and one of the most prevalent chronic health problems afflicting school-aged
children in the United States (1). ADHD has a prevalence rate estimated to range from 4 to 9%
of children and adolescents (1–3). Multimodal treatment approaches—those that combine
medication treatment with psychotherapeutic, environmental, educational, and school-based
interventions—are generally recommended to treat the disorder. Pharmacotherapy is estab-
lished as both a common and an effective intervention (2,4,5). Although recently published
practice guidelines, algorithms, and consensus statements support the judicious use of medica-
tion as a fundamental treatment for ADHD (2,6,7), pharmacotherapy is not universal. A recent
survey performed by the US Centers for Disease Control and Prevention reported that only
approx 54% of children 6–11 yr of age diagnosed with ADHD receive prescription medica-
tion, with this number increasing to 61% among children with ADHD and a learning disorder
(8). Other data have suggested that these estimates may be conservative.

ADHD cases account for as many as 30–50% of all mental health services referrals for
children. Once thought to be a disorder largely limited to childhood, and self-resolving on
reaching adolescence, it now appears that up to 75% of children or adolescents diagnosed
with ADHD have symptoms persisting into adulthood (9). For a significant number of indi-
viduals, ADHD represents a lifelong disorder that requires treatment, often with pharma-
cotherapy, well into adult life (9,10).

Drug–drug interactions are a considerable source of concern in all medical disciplines and
subspecialties owing to their association with therapeutic failure, potential toxicity, and
increased morbidity and mortality. Additionally, adverse drug reactions and interactions are
not infrequently a source of litigation. A number of factors suggest that patients with ADHD
are highly likely to receive more than a single therapeutic agent during the course of their
treatment, potentially placing them at risk for drug–drug interactions. These factors include
frequent comorbid psychiatric illnesses (11), and the recent recognition that a substantial
number of patients continue to have symptoms of the disorder into adulthood. The latter factor
results in the concomitant use of ADHD medications with a variety of drugs typically associ-
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ated with adult patient populations rather than children or adolescents. Examples of such medi-
cations include maintenance pharmacotherapy for diabetes, hyperlipidemia, and hypertension.

Individuals with ADHD are at a greater risk for a variety of comorbid psychiatric disorders
including oppositional defiant disorder, conduct disorder, depression, anxiety disorders, and
bipolar disorder, many of which are also amenable to treatment with psychotherapeutic agents
(12,13). Over the last decade there has been an increasing trend in the use of combination phar-
macotherapy with psychopharmacologic agents in child, adolescent and adult clinical psychi-
atric practice (14,15). Recent reports and survey data, as well as analyses of health maintenance
organization and prescription drug databases, suggest that 14–90% of children and adolescents
are concurrently treated with a psychostimulant such as methylphenidate (MPH) or
amphetamine (AMP) and one or more other psychotropic medication (11,16–19). Additionally,
some recently published guidelines recommend the use of combination drug therapy in patients
with ADHD and other comorbid conditions, such as tic disorder or intermittent explosive disor-
der (20). It has also been noted that greater risks of tobacco and substance abuse are present rel-
ative to non-ADHD peers (21,22). Use of these substances may also lead to significant
drug–drug interactions. Finally, recent studies indicate that overall health care utilization and
costs for children and adolescents with ADHD are significantly higher than in those without the
disorder that further suggests the potential for increased utilization of other medications
(23,24). Together, the recognized persistence of ADHD, the frequent occurrence of comorbid
psychiatric conditions treated with medications, and the overall increased likelihood of clinic or
hospital visits for other medical reasons suggests that the use of combinations of prescription
and/or over-the-counter (OTC) medication(s) with ADHD pharmacotherapy on an acute or
chronic basis is highly likely. The present chapter seeks to provide a comprehensive review
of the drug interaction potential of medications used to treat ADHD with other therapeutic
agents. While the list of potential drug–drug interactions with medications utilized in the
treatment of ADHD appears quite lengthy on consultation of product information inserts or
texts such as the Physicians’ Desk Reference, systematic reviews of the pertinent biomedical
literature finds the majority of these precautions to be without firm support, and essentially,
few that have been verified through formal study (25,26). A discussion of only those interac-
tions that appear to have a firm foundation from a clinical or theoretical perspective will be
discussed in this chapter.

2. POTENTIAL TYPES AND MECHANISMS OF DRUG–DRUG INTERACTIONS

Drug interactions are generally viewed as falling into one of three main categories: phar-
maceutic, pharmacodynamic, and pharmacokinetic. Pharmaceutic drug interactions typically
involve problems of incompatibility of medications in parenteral products, such as intra-
venous fluids, and are generally governed by the physiochemical properties of the various
drugs, nutritional additives, and/or diluents, and may involve such processes as drug com-
plexation or precepitation. These types of interactions are rarely of clinical concern with
regard to the medications utilized to treat ADHD.

2.1. Pharmacodynamic Drug–Drug Interactions

Pharmacodynamic interactions are those that alter the pharmacological activity of therapeutic
agents resulting in antagonistic, additive, or potentially synergistic effects upon one or more
interacting medication. Because these interactions are not associated with an alteration in
plasma, urine, or tissue concentration of drugs, they are often suspected on the basis of
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diminished (if antagonistic), exaggerated, or toxic (if additive or synergistic) effects in a
patient previously maintained satisfactorily on a given medication regimen. Evidence of a
pharmacodynamic interaction, as in ethanol given with diazepam, relies primarily on clinical
observations and objective measures of drug pharmacological effects (e.g., respiratory
depression owing to additive central nervous system [CNS] effects).

2.2. Pharmacokinetic Drug–Drug Interactions

Pharmacokinetic interactions may alter one or more of the aspects affecting drug absorption
and disposition (distribution, metabolism or biotransformation, and elimination). Changes in
absorption may occur when some medications are administered with high-fat meals or antacid
formulations. Changes in distribution, which typically result from protein-binding displace-
ment reactions, increase the amount of one or both medications’ free or bioavailable form and
were once widely thought to substantially contribute to changes in drug disposition. Protein-
binding interactions are now seen as significant for only a few psychotropic medications (27).
It appears that the most important aspect governing clinically relevant drug–drug interactions
is that of metabolic interactions (28). The inclusion of information on metabolic interactions
in both package inserts and new drug applications (NDAs) to the US Food and Drug Adminis-
tration (FDA) has increased dramatically in the last decade, with the largest percentage of
clinical drug interaction studies involving neuropharmacologic agents (29).

Drug metabolic pathways are generally subdivided into two phases. Phase I (functional-
ization) reactions result in products containing new or modified functional groups. Oxida-
tive pathways dominate phase I processes—for instance, the metabolism of AMP to
p-hydroxyAMP (see Fig. 1). Reductive pathways are also included in phase I reactions as
illustrated by the metabolic reduction of the ketone in the structure of the antidepressant
(and third-line ADHD medication) bupropion. This biotransformation pathway yields one of
the corresponding active affecting drug metabolism alcohol metabolites of bupropion. Phase
I metabolism also includes hydrolysis reactions, such as the de-esterification of MPH to an
amino acid (see Fig. 2). The majority of marketed medications are metabolized to varying
extents by the cytochrome P450 (CYP) mixed-function oxidase system. The CYP enzyme
system is a supergene family with more than a dozen prominent enzymes (30). The primary
isoforms of interest in human drug metabolism include CYP1A2, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, and CYP3A4. The majority of these enzymes may be induced or inhibited
to varying degrees by different medications, dietary compounds, and environmental factors.
Expression of CYPs are known to differ during fetal, newborn, and neonatal developmental
stages, although few major age-related differences have been reported after reaching early
childhood (31). The recognition of genetic polymorphisms influencing the CYP system, as
well as other metabolic enzymes that can significantly affect the disposition of, and response
to, different medications has led to the development of specific programmatic research in
pharmacotherapy, such as pharmacogenetics/pharmacogenomics (32).

Phase II metabolism (conjugation) involves those processes generating addition products
of drugs with biochemical substrates. The prototype conjugation reaction is glucuronidation
involving the coupling of endogenous glucuronic acid with a drug, and/or drug phase I
metabolite(s), to yield a glucuronide adduct. Unlike phase I products, the phase II conjugates
only rarely contribute to the overall pharmacodynamic response to an administered drug. The
highly CNS-active morphine-6-glucuronide represents a notable exception. Both phase I and II
metabolic reactions usually result in more polar, highly water-soluble metabolites. The
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enzymes involved are frequently subject to either metabolic induction or inhibition by these
other substrates or by genetic and environmental factors (33). As with the CYP450 system, a
number of genetic polymorphisms in the expression of specific phase II conjugative enzymes
have been identified that are relevant to psychotherapeutic agents (33).

Phase III drug interactions are transporter-mediated and have been the recent subject of
intense study due to the potential of one drug to profoundly influence the bioavailability, tissue
distribution, and elimination rate of another drug. Drug efflux transport proteins intercalated
in cellular membranes influence gut uptake, biliary and renal secretion, as well as transport
across the blood–brain barrier. Prominent among these is the ATP-binding cassette (ABC)
transporter, P-glycoprotein (34). As with most other metabolic processes, genetic polymor-
phisms are in evidence.

This chapter examines the clinical pharmacokinetics of the most commonly used ADHD
medications in the context of dispositional and pharmacodynamic interactions associated
with polytherapy. Documented, as well as theoretically possible, interactions are discussed
and recommendations for avoidance or management of such interactions offered.
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3. PHARMACOTHERAPY OF ADHD

The primary pharmacotherapies utilized to treat ADHD are the psychostimulants MPH,
d-AMP (35), and mixed isomers of AMP (36–38) (containing 75% d-AMP and 25% l-AMP
[39,40], Adderall®). These agents account for approx 90% of ADHD drug treatment. The
various formulations of MPH account for 70% of drug therapy. Interestingly, of the “new”
FDA-approved medications introduced into US clinical practice over the past decade,
approx 90% represent reformulations of MPH or AMP, agents that have been in clinical use
for nearly 50 and 80 yr, respectively.

Atomoxetine (AMX), the most recently FDA-approved medication for ADHD, and the
only nonstimulant approved for this indication, has emerged as an alternative to traditional
stimulant therapy. Accordingly, AMX, in addition to the psychostimulants, will receive primary
attention in this pharmacological review. Among the traditional psychostimulants, i.e., MPH
and AMP formulations, recently established practice guidelines, algorithms, and consensus
statements on the pharmacotherapy of ADHD have not identified an agent of first choice
(6,7,20,41), and no major guidelines have been set forth or published since the clinical avail-
ability of AMX.
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4. METHYLPHENIDATE

4.1. MPH Pharmacodynamics

MPH is widely viewed as the “gold standard” treatment, as indicated by its choice as a
comparator agent in numerous clinical trials of other medications for ADHD, including
pivotal trials involving AMX, and its selection for the MTA study (5). The beneficial
behavioral effects of MPH appear to be elicited primarily through an inhibition of the
presynaptic dopamine (DA) transporter (43–45), with a minor influence on the nore-
pinephrine (NE) transporter. This blockade amplifies neurotransmission (46–48) by
increasing synaptic cleft residence time of impulse-released DA (48–50). An opposing
action of MPH on DA tone may relate to dopamine reuptake inhibition increasing the stim-
ulation of presynaptic inhibitory autoreceptors (48,50,51). The phenethylamine pharma-
cophore, common to the structures of MPH, DA, and NE, provides for transporter receptor
docking recognition as MPH competes with DA (52,53). MPH binds with the DA trans-
porter, but does not possess the intrinsic activity required to induce the conformational
change for translocation of the substrate, and binding site, to the cytoplasm. Thus, unlike
AMP (53,54), MPH cannot drive the release of cytoplasmic dopamine into the synaptic
cleft as the transporter returns to its former conformation. MPH appears to only block DA
synaptic clearance (49).

Until the recent introduction of enantiopure the d-MPH product (threo-R,R-d-MPH,
dexmethylphenidate, Focalin™), all marketed MPH formulations contained a racemic (50:50)
mixture of threo-R,R-d-MPH (Fig. 2) and its mirror image threo-S,S-l-MPH. The ADHD psy-
chotherapeutic effects (55,56), and unfortunately, the cardiovascular (53,57,58) and anorexic
side effects (59,60), reside primarily in the d-enantiomer. However, the l-MPH isomer of racemic
formulations may not necessarily represent a passive component in view of recent efforts to
develop l-MPH as an antidepressant (61). High-dose toxicity studies in rats found the racemate
to be approximately half as toxic as d-MPH (62).

A MPH enantiomer–enantiomer interaction has been associated with the neuropharma-
cology of racemic MPH. Davids and associates (63) assessed the activity of the separate
MPH enantiomers in a rat model of ADHD and found that d-MPH was more than three
times more active in reducing motor activity than was racemic MPH. A twofold reduction
would be predicted if l-MPH were merely an inactive component. Additionally, pretreat-
ment of the rats with l-MPH attenuated the motor activity response d-MPH. Comparative
behavioral effects of l-MPH and d-MPH in rats revealed that females were more sensitive
than males to some effects of the l-isomer, and more sensitive to both isomers in other ele-
ments of an observational battery (63).

4.2. MPH Pharmacokinetics

The facile deesterification of MPH to the inactive (65) metabolite ritalinic acid (67–69)
(Fig. 2) limits the absolute bioavailability to 11–53% (69). Plasma concentrations of ritalinic
acid far exceed those of the parent drug (70–73) and urinary elimination of ritalinic acid
accounts for 60–80% of the dose (67–69). This hydrolysis pathway appears primarily medi-
ated by the carboxyesterase-1 isoform CES1A1(74). The deesterification is an enantioselec-
tive process resulting in higher plasma concentrations and a longer t1/2 for d-MPH. With few
exceptions (75), therapeutic drug monitoring studies of MPH have been limited to nonenan-
tiospecific analytical approaches, i.e., reporting only pooled d- and l-MPH concentrations
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(52). This lack of enantiospecific analyses may be of little clinical relevance in view of the
much lower relative peripheral concentration of l-MPH in plasma and in dopaminergic
regions of the human brain (45). The area under the plasma concentration-time curve
(AUC)inf value for the (l)-isomer has been reported to reach only 1% that of d-MPH (72).
However, radiolabeled l-MPH (or metabolite) has recently been reported to be taken up into
the brain more readily than d-MPH after oral administration in rats or baboons (76). Other
minor urinary elimination products of MPH include the pharmacologically inactive lactam
(<1%) (67), the deesterified lactam (5–12% of dose) (66), the active, yet minor metabolite p-
hydroxy-MPH(77) (Fig. 2), and the unchanged parent drug (<1%) (66–68).

The pharmacokinetics of MPH have not been found to differ significantly between
children, adolescents, or adults, although a recent study evaluating normal adults indi-
cated that the absolute bioavailability of MPH was greater in men than in women (78).
There is little evidence that variability in the bioavailability within a single subject is of
the magnitude seen between subjects (78,79). The extent of absorption of essentially all
MPH dosage forms is unaffected by food intake, although consumption of a high-fat meal
may result in a delay in the time to reach peak plasma concentration (Tmax). Actual peak
plasma concentration (Cmax) may also be either increased or decreased after a high-fat
meal, so inconsistent responses in some patients may be related to dietary fat intake. MPH
is formulated as the highly water-soluble hydrochloride salt. In solution, MPH is rapidly
and extensively absorbed from the intestine to the colon (67,81). The governing factor
controlling MPH absorption from immediate-release (IR) dosage forms is most likely
gastric emptying time; for the various extended-release dosage forms, it is the programmed
drug release and dissolution pattern. Because of extensive first-pass metabolism, the sys-
temic exposure of unchanged drug (i.e., the absolute bioavailability) after oral dosing is low
and variable (82).

MPH is rapidly distributed to the various tissues with a steady-state volume of distribution
(Vd) of approx 2 L/kg (79). Oral clearance (ClO) of MPH is also rapid with little or no accu-
mulation of the drug from day to day, even with the extended-release formulations (71). At
higher doses there is some evidence of nonlinearity, which may be related to saturation of the
first pass metabolism. The t1/2 of MPH is reported to range from approx 2–6 h, with most
studies reporting an average of 2–3 h. With regard to the pharmacokinetics of the single-iso-
mer formulation, d-MPH, clinical development and study doses utilized 50% that of racemic
MPH. There were no significant differences observed in measured parameters such as Cmax,
Tmax, and t1/2 (83,84).

4.3. MPH Drug Interactions

Package insert materials for all MPH-containing formulations suggest at least the poten-
tial for numerous drug–drug interactions, primarily of the pharmacokinetic type. These
precautions largely reflect various case reports, early research abstracts reporting results of
limited in vitro studies, and rodent studies that have accumulated following approximately
half a century’s clinical use of the drug. Little formal assessment in the way of drug inter-
action potential was required prior to the initial marketing of MPH (or AMP) formulations.
However, a systematic review of the available MPH literature finds that very few of the
case reports present convincing data, and essentially none have been verified when formal
clinical studies were conducted with the medication in question in normal research subjects
(25,26).
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4.3.1. MPH Pharmacodynamic Drug Interactions

MPH prescribing information carries a labeled contraindication regarding the initiation of
MPH within 14 d of the use of a monoamine oxidase inhibitor (MAOI). Stimulant–MAOI
combinations were employed in the past largely in an effort to obtain a therapeutic response
in treatment-resistant depression in an era in which fewer therapeutic options were available.
Contraindications between MAOIs and MPH are not surprising given the predisposition
toward a hypertensive crisis when combining sympathomimetic agents. At least one published
case report has documented symptoms consistent with a hypertensive crisis (e.g., occipital
headache, hyperventilation) following the combination of MPH with the MAOI tranyl-
cypromine, although blood pressure (BP) measurements were not reported (85). The con-
comitant use of MPH and MAOIs, such as tranylcypromine or phenelzine, should be
regarded as one of the few strict contraindications with MPH (26).

The α2-adrenergic agonist antihypertensive agent clonidine is known to be useful in the
treatment of some symptoms of ADHD as well as a number of conditions known to fre-
quently co-occur with ADHD (86). As a consequence, clonidine is frequently coadminis-
tered with psychostimulants such as MPH. In the mid-1990s a series of cases came to light
involving adverse cardiovascular effects experienced in children prescribed MPH-clonidine
combinations and questions regarding the safety of this combination arose (87). However, a
review of the available cases contained within the FDA MedWatch database indicated that
three of the four reported cases that resulted in fatalities were complicated by extenuating
circumstances, whereas the fourth case may have been attributable to clonidine alone (26).
Two recent trials assessing the safety and efficacy of the MPH–clonidine combination in the
treatment of comorbid Tourette’s syndrome (88) and oppositional defiant disorder (89)
revealed no significant adverse effects associated with this combination. Nevertheless, the
seriousness of the suspected reaction and/or outcome, as well as the relatively limited num-
ber of patients studied in drug combination trials, suggests that some degree of vigilance
should be maintained when using this combination. The hypotensive effects of the antihy-
pertensive ganglionic-blocking agent guanethidine have been found to be attenuated or
abolished by MPH administration. Although such an interaction could have clinical signifi-
cance in select patients, guanethidine is rarely used in the management of hypertension
today, and the likelihood of coadministration with MPH appears to be fairly remote (26). A
double-blind study conducted in ADHD subjects suggests that the antipsychotic (i.e., anti-
dopaminergic) medication haloperidol may diminish the positive cognitive effects of psy-
chostimulants (90). The implications for general clinical use of these two therapeutic
classes together are not clear but suggest the possibility of mutually antagonistic effects
depending on the dosage of the respective agent.

Although the use of psychostimulant combinations (e.g., MPH + AMP) is not advocated in
even recalcitrant cases of ADHD, or in any published ADHD treatment recommendations or
algorithms, antecdotal reports suggest that the practice is sometimes undertaken. With this in
mind, known pharmacodynamic interactions based on early clinical pharmacology studies
follow.

Both enantiomers of AMP found in the mixed salt formulations (Adderall®) produce approxi-
mately equal elevation in BP, whereas the d-isomer increases heart rate to a greater degree
than l-AMP (91). The pressor effects of MPH reside almost exclusively in the d-isomer (53).
Based on imaging studies in humans (92), physiological mechanisms underlying cardiovascular
side effects of MPH are associated with alterations in both brain DA and circulating NE. In
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intravenous dosing experiments with dogs, the hypertensive effect of AMP subsides abruptly
after MPH administration, and pretreatment with MPH blocks the pressor response of AMP
altogether (93–95). Related observations have been reported regarding the antagonism of
tyramine induced hypertension by cocaine (96). (Note: cocaine acts at the DA transporter in a
fashion mechanistically indistinguishable to that of MPH [44,52,54]). This oppositional
action of MPH to the pressor response to AMP supports the pharmacodynamic model out-
lined above, i.e., MPH blocks the transporter without serving as an uptake substrate, unlike
AMP, which requires transport preceding DA release. It follows that AMP requires a func-
tional transporter that MPH decommissions. The intravenous route of administration and the
rapid time course of responses largely avoids pharmacokinetic considerations in interpreting
the basis of this preclinical AMP–MPH drug interaction.

4.3.2. MPH Pharmacokinetic Drug Interactions

Though the majority of MPH is hydrolyzed by esterases, biotransformation to the lactam
occurs through oxidative metabolism. The specific isoform(s) mediating this pathway has not
been identified. A pilot clinical study (n = 6), utilizing the prototypic CYP2D6 inhibitor
quinidine did not support a role for 2D6 (97). Additionally, this quinidine study provides an
indication that MPH may not be a substrate of the drug efflux transporter P-glycoprotein, as
quinidine is a known inhibitor of P-glycoprotein (98); this study found no differences in
MPH pharmacokinetic parameters at baseline versus after quinidine coadministration. It is
noted that the 50-mg quinidine dose used was modest (97).

Early literature reports of pharmacokinetic drug interactions of MPH have generally only
suggested an influence of MPH on the disposition of other drugs, rather than an influence of
other drugs on MPH pharmacokinetics (25,26). Relatively few clinically significant phar-
macokinetic interactions with MPH have been confirmed through formal clinical study
despite extensive precautions in MPH package labeling (25,26). Although package labeling
states that MPH should be used cautiously in patients treated with tricyclic antidepressants,
a review of published case reports reveal that there is essentially no firm evidence support-
ing a pharmacokinetic interaction with desipramine and any purported effects on
imipramine are highly questionable (25,26). Surveillance studies do not indicate that coad-
ministration of MPH and the anticonvulsants carbamazepine, valproic acid, ethosuximide,
vigabatrin, phenytoin, or phenobarbital result in any peturbations in the anticonvulsant con-
centrations (26). However, it is unclear whether these and/or other anticonvulsants may
influence the disposition of MPH. Although MPH does not appear to be a significant sub-
strate of any CYP isoform, its role as a potential inhibitor of one or more metabolic
enzymes is less clear. The potential for racemic MPH, and its major metabolite ritalinic
acid, to inhibit CYP enzymes was explored in an in vitro study utilizing human microsomes
and pointed to a modest inhibition of CYP2D6 and 2B6 by racemic MPH, but not of 1A2,
2C19, 2E1, or 3A (99). In the same study, ritalinic acid exhibited minimal effects on all
enzymes assessed.

In contrast, another more recent in vitro study found that neither d-, l-, nor racemic MPH
were likely to inhibit CYP1A2, 2C9, 2C19, 3A4, or 2D6 (100). Likewise the prescribing infor-
mation for d-MPH indicates that it was not found to be an inhibitor of any major CYP
enzymes (84). A study conducted in Swiss Webster mice (a nontransgenic model) found signifi-
cantly decreased hepatic CYP3A, 1A, and 2E1 activity following large intraperitoneal (ip)
doses of MPH designed to model MPH abuse. With lower oral doses, more consistent with
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“therapeutic” amounts were administered, only the activity of CYP1A was significantly
diminished (101). The ability to generalize these findings to that likely to occur in human
subjects is limited.

A drug interaction between MPH and ethyl alcohol has recently been reported and
involves the formation of an active metabolite, ethylphenidate (Fig. 2), identified initially in
individuals who intentionally overdosed on MPH and ethanol (102). Subsequently, the novel
metabolite was identified in healthy volunteers who were systematically dosed with MPH
and alcohol (103). It is theorized that ethylphenidate is formed through an esterase-mediated
transesterification pathway analogous to that known to be involved in the formation of
cocaethylene following ethanol and cocaine co-ingestion. The possible pharmacodynamic
significance of ethylphenidate formation is presently under investigation. As with the most
predominant metabolic pathway of MPH (i.e., deesterification of MPH to ritalinic acid), the
transesterification of MPH to ethylphenidate appears to occur with enantioselectively, favor-
ing the l-MPH isomer as a substrate (104). Further, the relative importance of polymorphism
and expression of esterases (105), as well as the potential for competitive inhibition of MPH
deesterification by other ester-containing drugs (e.g., enalapril, meperidine), or by ethanol
(106), have not been explored. A number of broad metabolic inducers such as phenobarbital
and rifampin appear to also be capable of inducing carboxylesterase enzymes (105) and their
potential to increase the clearance of MPH via metabolic induction cannot be excluded.

5. AMPHETAMINE

5.1. AMP Pharmacodynamics

Both AMP and MPH provide therapeutic effects at the level of the dopamine transporter
but are believed to differ in the specific mechanism. Current theory holds that MPH only
inhibits synaptic clearance of DA by blocking the access of DA to the transporter binding site.
Conversely, AMP serves as an actual substrate for transport into the presynaptic terminal (49).
Membrane transporters, while being gated, do not possess the architecture of membrane
pores or channels, i.e., DA does not have direct access to both sides of the membrane simul-
taneously. Two sodium ions and one chloride ion serve as cosubstrates with DA and supply
the transport energy based on their transmembrane concentration gradients. AMP and sodium
ions dock within the 12 membrane spanning regions of the transporter, as envisioned in a
pocketlike model where this receptacle first faces the extraneuronal biophase, and then, upon
chloride binding, a protein conformational change translocates the binding regions to face
the intraneuronal biophase. Subsequent unloading of AMP, and the cosubstrates, from the
transporter exposes the vacant DA binding site that then binds cytoplasmic DA. Return of the
transporter to its former conformation state ultimately releases DA into the synaptic cleft (107).

5.2. AMP Pharmacokinetics

Both isomers of amphetamine are well absorbed orally and there appears to be little effect of
food on the extent of absorption of at least d-AMP in either IR (108) or sustained-release (SR)
formulations (109). Plasma protein binding is at approx 16% and the Vd is similar for both
isomers (110). The Tmax of AMP generally occurs within 2–3 h, though substantial intersubject
variability has been reported. The Tmax is 3–6 h for the SR formulation (109). The mean Cmax
after 0.25 or 0.5 mg/kg doses of AMP are approx 40 and 70 ng/mL, respectively (108). A t1/2 of 7
h is typical (111). The t1/2 of d-AMP appears to be slightly shorter than that for l-AMP, and it has
been postulated that stereoselective differences in metabolic deamination account for this
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difference (110). Although both enantiomers accumulate in the brain, d-AMP may attain higher
concentrations (112).

AMP is eliminated primarily as benzoic acid and its corresponding glycine conjugate, hippuric
acid (Fig. 1). Metabolism of AMP proceeds primarily through oxidative deamination forming
the intermediate phenylpropanone, part of which is eliminated as a sulfate conjugate (113).
Aromatic hydroxylation appears to be medicated by CYP2D6 (26). Rodent studies in which
animals were pretreated with quinidine have suggested that inhibition of CYP2D6 may result
in doubling of AMP plasma AUCs (26). However, no systematic studies have been per-
formed in humans evaluating the potential for CYP2D6 inhibitors or other agents to elevate cir-
culating AMP concentrations. Approximately one third of a dose is excreted unchanged at
an unadjusted urinary pH. Less than 10% of an oral dose is converted into the pharmaco-
logically active metabolites, p-hydroxyamphetamine and phenylpropanolamine (Fig. 1)
(114). Although p-hydroxylation is not a major metabolic pathway in man, there is evi-
dence that d-AMP, but not l-AMP, may be metabolized to p-hydroxynorepinephrine. This
metabolite has been implicated in the depletion of CNS NE and post-AMP treatment clinical
depression (115).

5.3. AMP Drug Interactions

5.3.1. AMP Pharmacodynamic Interactions

As with MPH, coadministration of AMP formulations with MAOIs probably represents
one of the few absolute contraindications—and, indeed, fatalities secondary to adverse car-
diovascular effects have been documented with these combinations (25,26). There is some
evidence that AMP may antagonize the intended hypotensive effects of some centrally acting
antihypertensive agents (26). A pharmacokinetic component to the interaction of MAOIs
with AMP is based on the reduced metabolic clearance of AMP resulting from inhibition of
the AMP deamination pathway by MAOIs.

5.3.2. AMP Pharmacokinetic Interactions

Urinary acidifying agents, e.g., ascorbic acid or ammonium chloride, dramatically
increase AMP urinary excretion and reduce t1/2. Conversely, urinary alkalinizing agents, such
as acetazolamide facilitate renal tubular reabsorption and extend t1/2 (116).

AMP has only recently undergone formal in vitro study assessing its potential inhibitory
activity on a battery of CYP isoforms. DeVane and associates (100) assessed d-, l-, and
racemic AMP for their inhibitory capacity utilizing human liver microsomes. Neither indi-
vidual isomer, nor the racemic mixture, produced significant inhibitory effects on the activi-
ties of the enzymes studied: CYP1A2, 2C9, 2C19, 2D6, or 3A4 (100). Although this study
suggests that AMP is unlikely to produce clinically relevant interactions medicated by these
major drug metabolism isoforms, clinical studies assessing the potential for AMP to inhibit
metabolism have not been performed to date. AMP formulations are commonly coadminis-
tered with selective serotonin reuptake inhibitors (SSRIs) to patients with comorbid condi-
tions and several case reports suggest the combinations may be well-tolerated. However,
several animal studies suggest that the disposition of AMP, a compound at least partially
metabolized through the CYP2D6 pathway, may be influenced (i.e., brain concentrations are
increased) by the coadministration of SSRIs such as fluoxetine that are moderate to potent
inhibitors of this enzyme (26). No study has been performed in human subjects to assess the
potential for such an interaction.
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6. ATOMOXETINE

6.1. AMX Pharmacodynamics

Atomoxetine (AMX) exhibits high NE transporter inhibitory activity and relatively minor DA
transporter activity. It was initially developed as an antidepressant (117). AMX was recently
introduced as the first nonstimulant agent to gain Food and Drug Administration approval for the
treatment of ADHD and was the first agent of any class to carry a labeled indication for adult
ADHD. The drug was originally known generically as tomoxetine during earlier development as
a selective noradrenergic antidepressant, but this designation was later modified to avoid poten-
tial prescribing and dispensing errors due to confusion with other agents of sound-alike names,
primarily tamoxifen.

The exact mechanism of action of AMX in the treatment of ADHD is unknown. However,
unlike traditional stimulant agents currently approved for the treatment of ADHD in children that
are thought to exert therapeutic effects via inhibition of DA uptake in the neural synapse (52,107),
the therapeutic action of AMX appears to result from the selective inhibition of the presynaptic
NE transporter, thereby elevating levels of impulse released NE (117,118). There appears to
be little affinity for cholinergic, histaminergic, serotonergic, or α-adrenergic neurotransmitter
receptors.

6.2. AMX Pharmacokinetics

AMX is rapidly and extensively absorbed from the gastrointestinal tract following oral
administration. Significant differences are noted in the disposition of AMX and its principal
metabolites between genetically extensive metabolizers (EM) of CYP2D6 substrates vs
genetically poor metabolizers (PM). These are outlined in Table 1. For instance, the absolute
bioavailability of AMX in EMs is 63 vs 94% in PMs (119). In single- and multidose studies,
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Table 1
Comparison of Atomoxetine Pharmacokinetic Parameters Between Extensive 
and Poor Metabolizers of CYP2D6

Parameter Extensive metabolizer Poor metabolizer

Atomoxetine (parent compound)
Bioavailability 94% 63%
Tmax 1–2 h 3–4 h
t1/2 ~5 h ~22 h

Principal metabolites
4-hydroxyatomoxetine
t1/2 6–8 h 35–40 h
AUC (μga h/mL)a 2.74 (13.6) 0.935 (17)
Percent of circulating 1% 0.1%

atomoxetine concentration
N-desmethylatomoxetine
t1/2 6–8 h 34–40 h

AUC (μga h/mL)a 0.618 (86.4) 2.82 (41.2)
Percent of circulating 5% 45%

atomoxetine concentration

aBased on values determined after multiple 20-mg doses of Atomoxetine administered twice daily.



the Cmax of AMX was reached in 1–2 h after dosing in EM subjects and approx 3–4 h in PM
subjects (120,121). The absolute bioavailability of AMX is not significantly affected by food.
Although the administration of AMX following the ingestion of a standardized high-fat meal
did not affect the extent of absorption, it did decrease the rate of absorption (1) and resulted in a
37% lower Cmax and a delayed Tmax of approx 3 h (119). In PMs, the steady state concentration
of AMX in the plasma is three fold higher after multiple doses compared to a single dose (121).
In pharmacokinetic studies comparing both single dosing and multiple twice-daily dosing in
EMs, the steady-state plasma concentration (Css) profiles of patients administered twice-daily
dosing were similar to those who received once-daily dosing, suggesting that the Cmax is unaf-
fected following multiple daily dosing (122). The distribution of AMX is primarily into total
body water with a Vd of 0.85 L/kg. AMX is 98% protein-bound, whereas the principal and
active metabolite, 4-hydroxyatomoxetine, is approx 67% protein-bound (122). The 4-hydroxy-
atomoxetine metabolite is equipotent to the parent compound in terms of NE reuptake inhibi-
tion but low circulating concentrations found in pediatric patients (e.g., 1% and 0.1% in EMs
and PMs, respectively) indicate that its effects are unlikely to be of clinical significance (121).

AMX is predominantly metabolized in the liver via the CYP enzyme system—primarily
the CYP2D6 isoform. The degree of CYP2D6 metabolism in pediatric patients compared
with adults is similar (121,123), suggesting little difference in CYP2D6 activity in 7–14-
yr-olds vs adults. Based on single- and multiple-dose pharmacokinetic studies in EMs, it
appears that the primary mechanism of clearance (Cl) is by oxidative metabolism followed
by conjugation (i.e., glucuronidation) (121,123). Studies performed in healthy adults have
also shown that AMX’s pharmacokinetics are influenced by the genetic polymorphism of
CYP2D6 (123).

AMX undergoes three major phase I metabolic pathways: aromatic ring hydroxylation,
benzylic oxidation, and N-demethylation (Fig. 3) (120,122). The primary phase I metabolite,
4-hydroxyatomoxetine, is conjugated to 4-hydroxyatomoxetine-O-glucoronide. The forma-
tion of another phase I metabolite, N-desmethylatomoxetine, appears to be mediated by the
CYP 2C19 pathway. The N-desmethyl metabolite is considerably less active pharmacologi-
cally than 4-hydroxyatomoxetine (Fig. 3) (122). Low plasma concentrations of the demethy-
lated metabolite were detected in EM patients, possibly as a result of further oxidative
metabolism to N-desmethyl-4-hydroxyatomoxetine and its corresponding glucuronide
(Fig. 3) (122). Pharmacokinetic studies have indicated that individuals who are PMs display
a significantly higher Css of both AMX and N-desmethylatomoxetine than EMs (121). In a
single-dose pharmacokinetic study conducted in EMs in which the dose of AMX was 10 mg,
the plasma concentrations and AUC values of the metabolites were much lower than the
AMX concentration. Though the concentration of 4-hydroxyatomoxetine was measurable in
plasma, it was still more than 25 times less than the concentration of the parent compound
(121). In a multidose pharmacokinetic study conducted in EMs in which the dose was 20 to
40 mg twice daily, the degree of accumulation of AMX or its metabolites at Css was low, as
the t1/2, Cl, and Vd were similar to single-dose pharmacokinetic parameters (121). The
plasma concentration of 4-hydroxyatomoxetine was 35 times lower than the concentration of
AMX. If the rate of hydroxylation via CYP2D6 is inhibited, the elimination pathway is
believed to be “shunted” through the N-demethylation pathway, resulting in accumulation of
N-desmethylatomoxetine (119,123).

The mean elimination t1/2 of AMX following oral administration is 5.2 h. In PMs, the
mean t1/2 is significantly increased to approx 22 h as a result of reduced Cl. This results in an

Drug Interactions in ADHD 541



542 Markowitz and Patrick

Fig. 3. Metabolic pathways of atomoxetine in humans.

AUC that is approx 10-fold greater than that of EMs. The elimination t1/2 of the metabolites
4-hydroxyatomoxetine and N-desmethylatomoxetine is similar, ranging from 6 to 8 h in
EMs and 34 to 40 h in PMs. More than 80% of the dose of AMX is excreted in the urine as



4-hydroxyatomoxetine-O-glucuronide, whereas approx 17% of the total dose is excreted via
the feces. Less than 3% of the dose is excreted unchanged, demonstrating extensive biotrans-
formation (119).

It should be noted that although AMX is highly dependent on CYP2D6 for its metabolism
and elimination, in vitro studies suggest it is not a significant inhibitor of this or any other
major CYP isoform (119).

6.3. AMX Drug Interactions
6.3.1. AMX Pharmacodynamic Interactions

The clinical experience with AMX is limited because of its recent introduction into general
clinical use. Package labeling indicates that several interactions may be relevant when consid-
ering combination therapies. MAOIs are considered to be contraindicated with the use of AMX
resulting from the potential for serious, and potentially fatal, reactions to result when nora-
drenergic agents are coadministered with MAOIs. Additionally, there is a general labeling
precaution regarding the potentially additive effects on BP that AMX may exert on persons
already maintained on unspecified “pressor” agents. The administration of albuterol or other
β2-agonists via the oral or intravenous route should be undertaken with some degree of caution
in AMX-treated patients owing to the possibility for potentiated effects on the cardiovascular
system (119). Finally, at least one pharmacokinetic study assessing the potential for an inter-
action between the SSRI antidepressant and known CYP2D6 inhibitor, paroxetine, and atom-
oxetine in normal volunteers found higher standing pulse rate and orthostatic changes
compared to the administration of either agent alone (124). It was speculated that this was
because of a pharmacodyanamic mechanism rather than an observed pharmacokinetic inter-
action as the change in cardiovascular parameters was greater than that experienced by PMs
in earlier studies whom had comparable AMX plasma concentrations (124).

6.3.2. AMX Pharmacokinetic Interactions

As previously indicated, AMX, though a substrate of CYP2D6, does not appear to inhibit
this or any other major CYP isoform to any appreciable degree (119). Nevertheless, a number
of clinically used medications can inhibit CYP2D6 activity significantly (Table 2), and may
effectively produce a “phenocopy” mimicking the PM status, resulting in higher-than-expected
plasma concentrations of AMX and its principal metabolites. A formal study conducted in nor-
mal volunteers (n = 22) who were EMs has indicated that clinically relevant doses (20 mg) of the
antidepressant paroxetine, a potent CYP2D6 inhibitor, result in marked changes in AMX
pharmacokinetics. For example, paroxetine administration resulted in a 3.5-fold increase in the
Css,max, a 6.5-fold increase in the AUC0–12h, and more than doubling of the AMX t1/2. Addition-

Drug Interactions in ADHD 543

Table 2
Clinically Relevant Medications Known to Inhibit CYP2D6

Amiodarone Doxorubicin
Bupropion Fluoxetine (norfluoxetine)
Celecoxib Methadone
Chlorpheniramine Paroxetine
Chlorpromazine Quinidine
Cimetidine Ritonavir
Clomipramine Terbinafine
Diphenhydramine Thioridazine



ally, following paroxetine administration, N-desmethylatomoxetine concentrations were
increased, whereas 4-hydroxyatomoxetine concentrations declined (124). An additional find-
ing of this study was that AMX had no significant effects on paroxetine concentrations.

It has also been reported that another common SSRI antidepressant and CYP2D6
inhibitor, fluoxetine, will also elevate AMX concentrations. The degree of metabolic inhibi-
tion was not reported (124). Taken together, these results suggest the potential for the con-
comitant use of known CYP2D6 inhibitors, such as those presented in Table 2, to result in
elevated AMX concentrations and potentially greater dose-dependent side effects.

7. CONCLUSIONS

Pharmacotherapy of ADHD remains the foundational intervention for this disorder. Drug use
in ADHD is increasing dramatically. Emerging surveillance data indicate that the traditional
psychostimulants MPH and AMP, as well as the newer agent AMX, are often used in combina-
tion with a variety of other medications from diverse therapeutic classes. Relatively few abso-
lute contraindications exist with these agents, with the exception of MAOIs. Most in vitro data
indicate that neither MPH nor AMP significantly inhibits any of the major CYP isoforms.

Accordingly, this eliminates the dominant metabolic bases for most clinically significant
drug–drug interactions. However, limited animal studies suggest that AMP metabolism may
be reduced to a limited degree by inhibitors of CYP2D6. No clinical studies have been per-
formed to investigate any relevance of CYP2D6 to drug interactions with AMP. The potential
for known inhibitors or inducers of metabolic enzymes to influence the disposition of drugs
used in ADHD therapy remains largely unexplored. There are few case reports available in
this realm and therapeutic drug monitoring studies that might detect such interactions have
only rarely been performed with psychostimulants. In the case of the nonstimulant AMX, cir-
culating concentrations can be expected to elevate following exposure to inhibitors of
CYP2D6, such as paroxetine or fluoxetine.

MPH appears to be largely unaffected by oxidative CYP enzymes owing to its facile
hydrolytic metabolism. The role of concomitant medications competing for carboxylesterase(s),
and thereby inhibiting MPH metabolic clearance, has not been explored. The role of phase II
enzymes and drug transporters, conspicuously P-glycoprotein, are other potential sources of
variability in drug disposition and response that have not been systematically explored. The
existing biomedical literature yields few substantive reports of significant drug–drug interactions
with MPH, AMP, or AMX, as consistent with the generally favorable safety profile of these
agents.
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TH, see Tyrosine hydroxylase
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