Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

CHILD AND
ADOLESCENT

PSYCHIATRIC CLINICS
OF NORTH AMERICA

" . April 2008
. Volume 17
v , I,

Number 2

theclinics.com

GUEST EDITORS

Luis Augusto Rohde, MD, PhD
Stephen V. Faraone, PhD
CONSULTING EDITCR

Harsh K. Trivedi, MD

This article was published in an Elsevier journal. The attached copy
is furnished to the author for non-commercial research and
education use, including for instruction at the author’s institution,
sharing with colleagues and providing to institution administration.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

CHILD AND

| ADOLESCENT
VIER PSYCHIATRIC CLINICS
E/%SNDER% Child Adolesc Psychiatric Clin N Am OF NORTH AMERICA

17 (2008) 385-404

Neuroimaging of Attention Deficit
Hyperactivity Disorder: Can New
Imaging Findings Be Integrated
in Clinical Practice?

George Bush, MD®*P¢:d:*

dDepartment of Psychiatry, Harvard Medical School,
25 Shattuck Street, Boston, MA 02115, USA
®Psychiatric Neuroscience Division, Department of Psychiatry,

Massachusetts General Hospital, 55 Fruit Street, Boston, MA 02114, USA

SMIT/HMS/MGH Athinoula A. Martinos Center for Functional
and Structural Biomedical Imaging ( Massachusetts Institute of Technology,
Harvard Medical School and Massachusetts General Hospital), MGH-East,
CNY 2614, Building 149, Thirteenth Street, Charlestown, MA 02129, USA

dClinical and Research Program in Pediatric Psychopharmacology,

Massachusetts General Hospital, Boston, MA 02114, USA

Neuroimaging research has provided a great deal of exciting new data on
the neurobiology of attention deficit hyperactivity disorder (ADHD) and
the neural effects of medications used to treat the disorder. Rapid techno-
logic advances in neuroimaging, genetics, and neurochemical research tech-
niques have converged with cognitive neuroscience and neuropsychologic

This review was produced without direct support or compensation. Indirect support has
been provided to the author for ADHD-related work within the past decade in the form of
grant or general support by the National Institute of Mental Health, the National Science
Foundation, the Mental Illness and Neuroscience Discovery (MIND) Institute, the National
Alliance for Research on Schizophrenia and Depression (NARSAD), the Johnson and
Johnson Center for the Study of Psychopathology, the Center for Functional Neuroimaging
Technologies (P41RR14075), McNeil Pharmaceuticals, Pfizer Pharmaceuticals, and Eli Lilly
and Company. The author has or has had in the past a relationship with one or more orga-
nizations listed as follows: former advisory board member and speaker’s honoraria from Eli
Lilly and Company and Novartis Pharmaceuticals; and has received speaker’s honoraria
from Shire U.S. Inc., Janssen Pharmaceuticals, Johnson & Johnson, and McNeil
Pharmaceuticals. The author does not now and has not at any time had a financial interest
in any of these entities.

* Massachusetts General Hospital-East, Psychiatric Neuroscience Program, MGH-East,
CNY 2614, Building 149, Thirteenth Street, Charlestown, MA 02129.

E-mail address: geo@nmr.mgh.harvard.edu

1056-4993/08/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
d0i:10.1016/j.chc.2007.11.002 childpsych.theclinics.com



386 BUSH

findings to implicate dysfunction of frontostriatal structures (dorsal anterior
midcingulate cortex, dorsolateral prefrontal cortex, caudate, and putamen) as
likely contributing to the pathophysiology of ADHD, and several reports
have helped elucidate the mechanism of action of stimulant medications. Al-
though these developments are promising, they also create confusion over the
possible usefulness of imaging techniques as an aid to clinical decision-
making. Specifically they present challenges for the clinician as to how best
to integrate this burgeoning literature and to determine when and how, if at
all, to incorporate these new brain imaging capabilities into clinical practice.

Although currently there are no accepted uses for imaging in diagnosing
ADHD (other than ruling out identifiable medical/neurologic conditions
that may mimic ADHD), this article: (1) provides a context within which
to understand the potential future role of imaging in clinical practice; (2) dis-
cusses the inter-relationship of clinical diagnostic controversies with imaging
research; (3) briefly overviews the main imaging techniques used to study
ADHD and highlights some major recent advances that exemplify the cur-
rent state of imaging capabilities; (4) identifies issues and complexities facing
psychiatric neuroimaging research in general and highlights disorder-specific
challenges of ADHD research; and (5) suggests guidelines for possible fu-
ture clinical uses of imaging in ADHD. It is not intended as a comprehensive
review or meta-analysis of imaging of ADHD, which can be found else-
where [1-12], but rather as a primer to aid clinicians and non-imaging
ADHD researchers in understanding the relevant complexities of ADHD
imaging and possible future applications to clinical practice.

Eight-year-old Johnny can’t wait to climb into the sleek, space-age scanner.
His mother—who has been concerned about his poor school performance, dis-
ruptive classroom behavior, and difficulties keeping friends—tries to give him
one more kiss on the forehead, but he excitedly pulls away and hops up onto
the scanner bed. The imaging tech gives mom a reassuring smile, slides
Johnny into the large magnet, and shows Johnny how to work the video
game buttons that keep him occupied during the scan. Twenty minutes later
(all too short for Johnny), it’s time for him to come out again. His child psy-
chiatrist enters the adjoining consultation room and there explains to mom
what the brightly-colored blobs on the incredibly realistic, seemingly 3-dimen-
sional images of Johnny’s brain mean. No, there are no tumors, but compared
with the International Pediatric Brain Database (IPBD ), Johnny’s brain is
3.5% smaller than other boys his age, his cingulate cortex and caudate are
smaller than normal, and his cortical attention network is underactive. Com-
bining that with the PET scan results from earlier that morning, his diagnosis
of ADHD, combined type, is confirmed, and the child psychiatrist explains to
mom why a certain pattern of colored blobs on the scan indicates Johnny is
more likely to respond to one medication than another. Reassured, mom
smiles, and they all go back to the office to review the treatment plan.

Of course, this scenario sounds wonderful, and (were it reality), repre-
sents an ideal situation for patient, parent, and clinician alike. Given the
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frequent reports of new advances in brain imaging, many of which appear in
the mainstream media, it even seems tantalizingly close to what might be
possible in our current state-of-the-art facilities. The question is, though,
just how far off is this vision from our current or near-future capabilities?
This article provides a concise overview of ADHD imaging research poten-
tially relevant to the clinical care of patients who have ADHD and offers
guidance for the clinician to help determine when (at some time in the fu-
ture) that imaging might finally be deemed acceptable and appropriate as
an aid in clinical decision-making.

As detailed elsewhere in this issue, ADHD is a psychiatric disorder char-
acterized by developmentally inappropriate symptoms of inattention, impul-
sivity, and motor restlessness [13]. Affecting approximately 5% of school-age
children and frequently persisting into adulthood [14-16], ADHD is a source
of great morbidity across the lifespan. Convergent data from neuroimaging,
neuropsychologic, genetics, and neurochemical studies have implicated fron-
tostriatal network abnormalities as the likely cause of ADHD [1-11,17,18],
(see articles by Castellanos and Tannock, elsewhere in this issue). Although
there is no currently accepted diagnostic imaging test for ADHD, can this
rapidly growing database of information on the pathophysiology of
ADHD and the biologic effects of medications used to treat it soon be trans-
lated into a protocol that would be useful in clinical practice?

Is the goal worthwhile?

Using brain imaging to study the pathophysiology of ADHD (which is
already being done with multiple current imaging technologies) is intrinsi-
cally important, but it is another matter to attempt to translate that type
of research (which can be done using group-averaged brain data) into the
development of a clinically useful diagnostic imaging test for ADHD (which
would require, by definition, the capability to reliably identify unique imag-
ing biomarkers of ADHD in single subjects and would entail a large
expenditure of time, effort, and money to properly validate). Before even be-
ginning to discuss the technical challenges of such an endeavor, it is essential
to ask whether pursuing the development of such a clinical imaging test is
justified (ie, presupposing that such a diagnostic imaging test is eventually
feasible—would it be worthwhile?). Imaging would entail a higher upfront
cost that must be justified (shown to have added value above clinical
diagnosis alone). To be clear, for the purposes of discussion, such a test
would not be used as a screening test (as screening would be done much
more quickly and cheaply by way of history and questionnaire). Such
a test would instead be used in combination with clinical assessment, but
with enough testing could conceivably one day be elevated to the status of
gold standard (acceptable proof in and of itself that a patient has the disor-
der in question).
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There are many reasons that developing a diagnostic imaging test would
be important. Such a test would simultaneously reduce overdiagnosis and
underdiagnosis. Both goals are clinically important, because overdiagnosis
leads to unnecessary exposure to medications and time-consuming behav-
ioral treatment, with their additional costs, and underdiagnosis (and subse-
quent nontreatment) leads to increased functional, social, and occupational
impairment and increased morbidity and mortality. Aside from the impor-
tant alleviation of suffering and avoidance of unnecessary risk for individ-
uals, ADHD’s long-term economic burden to society is not trivial. If, as
estimated, approximately 5% to 8% of children and 3% to 4% of adults
have ADHD [15,19,20], and in light of the fact treatment lasts years and of-
ten decades, a diagnostic imaging test could be highly cost-effective, saving
patients and society enormous amounts of money by eliminating unneces-
sary testing and treatment in some, and by targeting treatment appropri-
ately in those who have ADHD. These long-term savings along with
reducing indirect costs of ADHD by helping to decrease motor vehicle ac-
cidents and substance abuse [21,22] would more than justify the initial costs
of imaging. An imaging-confirmed diagnosis would identify those who need
treatment and possibly assist clinicians in monitoring treatment response
and could help in refining treatment decisions based on subtyping of
ADHD. Such a test would spare those patients ruled out for ADHD the
risks and expense of unnecessary treatments and in these cases could help
lead clinicians to identify other medical or neurologic disorders that mimic
ADHD.

Furthermore, identification of an imaging biomarker for ADHD can im-
prove treatment studies by refined case definition. Similarly, objective case
definition can improve and facilitate cross-cultural studies, helping to ad-
dress longstanding questions about differences in prevalence rates among
different countries. Such a test would improve genetic studies by way of bet-
ter case identification and by reducing variability/noise from analysis. An
imaging-based diagnostic test would clearly benefit pharmaceutical develop-
ment by potentially helping to identify new drug targets and by providing
improved outcome measures. Imaging of ADHD could indirectly assist
with the understanding of other disorders that also involve attention prob-
lems (schizophrenia, depression, and learning disorders) and could more di-
rectly improve the clinical treatment and research of patients who have
complex cases involving comorbid conditions, such as ADHD in the pres-
ence of bipolar disorder or learning disabilities.

Finally, for the individual an imaging test could help with treatment com-
pliance if the patient sees tangible evidence (on a brain scan) that he or she
has ADHD and can be shown that the treatment selected is having an ob-
servable effect. Moreover, such an objective measure may reduce stigma if
one can identify a neurobiologic causation and can therefore show that
the patient is not simply ‘“‘lazy’” or unmotivated. For many reasons, the
quest to develop a diagnostic imaging test is thus clearly justified.
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Inter-relationship with clinical diagnostic issues

Before attempting to develop a diagnostic imaging test for ADHD, it is
also essential to define what specifically such a test would be designed to
identify, and herein lies one of the first major challenges. It must be recalled
that at present the diagnosis ADHD is clinically defined, generally requiring
the presence of developmentally inappropriate symptoms of inattention, im-
pulsivity, and motor restlessness [13]. But as discussed elsewhere in this issue
and in detail by McGough and Barkley [23], without an established neuro-
biologic pathophysiology, controversy remains as to how to best define
ADHD clinically. In DSM-IV [13], three subtypes are recognized: inatten-
tive, hyperactive—impulsive, and combined (reflecting a combination of
the other two types). Symptoms must be observed early in life (before age
7 years), pervasive across situations, and chronic. The increasing identifica-
tion of adults who have ADHD, however, and the inclusion of the diagnosis
of ADHD, not otherwise specified, in DSM-IV [13] suggest that there may
be multiple processes leading to ADHD, with different time courses and eti-
ologies. This does not even involve consideration of alternate diagnostic
schemes, such as the Wender Utah Criteria [24], which among other things
emphasizes hyperactivity, thereby excluding the inattentive subtype of
ADHD, and introduces potential confounds with the inclusion of ““irritabil-
ity” and “hot temper” as part of the formulation; or ICD-10 criteria [25],
which are used more often in European studies. This review makes no value
judgments on the validity of these and other diagnostic schemes, but merely
raises these few points to illustrate that it must be recognized early on that
there is a continual push—pull of clinical and neuroimaging findings that mu-
tually influence one another and profoundly shape the conceptualization of
what ADHD is and encompasses. The identification of the neural substrates
underlying the proposed existence of ADHD subtypes is certainly a question
that can be approached empirically using brain imaging, but the issue is
complex. Similarly, data need to be viewed within a developmental context
to determine if ADHD identified in youth is the same as that seen in adults,
and consideration needs to be made for parsing out ADHD’s overlap with
comorbid conditions.

Brief review of different imaging modalities

In this section, the main functional imaging techniques currently used to
study ADHD are introduced. This review does not discuss structural scan-
ning techniques, such as morphometric (volumetric) studies, cortical thick-
ness studies, or diffusion tensor (white matter tract tracing) techniques.
Although these are all invaluable research tools, the small effect sizes typi-
cally observed in these studies make it highly unlikely that they could, on
their own, become clinically useful (and even if they did, most of the same
issues faced by functional imaging would apply to a structural imaging test).
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Functional imaging studies (regardless of technique) can be broadly di-
vided into studies of: (1) pathophysiology, (2) treatment effects, and (3) po-
tential tests to aid clinical diagnosis. Generally, functional imaging studies
have been designed using group-averaging statistical analytic techniques
(ie, because of the usually limited power to detect reliable and robust results
in individuals, analysis strategies have relied on reconstructing image data in
a standardized anatomic space (eg, Talairach and Tournoux [26]) and com-
paring the results within a group-averaged sample of ADHD subjects with
that of a healthy or psychiatrically-impaired control group). Such group-av-
eraged designs can be useful in studying pathophysiology and medication ef-
fects, but are inadequate to assist in clinical diagnostic decision-making
(which by definition requires the ability to reliably distinguish normal
from abnormal at the individual subject level).

Radioactivity-based techniques

Single photon emission computed tomography (SPECT) and photon
emission tomography (PET) were among the earliest functional imaging
studies used. SPECT involves the injection or inhalation of radiopharma-
ceuticals (eg, xenon-133, iodine-123, or techitium-99m) that then distribute
throughout the body and brain and emit single photon radiation (typically
gamma rays) as they decay. More active brain areas receive greater blood
flow, and thus greater amounts of the radioactive tracer, which is then de-
tected with the SPECT camera. PET works similarly (ie, it also uses injected
or inhaled radiopharmaceuticals, typically oxygen-15, carbon-11, or fluo-
rine-18). As these decay they emit positrons, which are detected by the
PET camera. Some PET methods are blood flow-dependent, whereas others
measure cerebral metabolism rates. SPECT and PET have generally been
supplanted by functional MRI (fMRI) for functional studies, because
fMRI offers superior spatial and temporal resolution, and SPECT and
PET’s use of radiopharmaceuticals makes it ethically difficult to justify their
use in healthy volunteers, especially children [27]. Both SPECT and PET,
however, still have their important niche uses, because they can use radioli-
gands for receptor characterization to measure dopamine transporter levels
and to quantify extracellular dopamine [3,28-31], and it is possible that one
day one of these types of uses could be translated into a clinically useful test.

Functional MRI

The newest of the major functional imaging methods, fMRI presents sev-
eral advantages for functional studies over SPECT and PET. It is noninva-
sive (no injections or inhalations are needed) and does not require subjects
to be exposed to ionizing radiation. Subjects (including children) can thus be
scanned repeatedly, facilitating longitudinal, developmental, and drug stud-
ies. This ability to repeatedly scan the same subject also permits progressive
“functional dissections’ within the same subject (ie, the same subject can be
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scanned on different occasions using many different tasks, permitting re-
searchers to probe different brain structures and networks). fMRI has supe-
rior spatial and temporal resolution, and tasks can be performed in either
a blocked format or an event-related manner, allowing greater flexibility
in task design. Also, newer arterial spin labeling techniques can and have
been used to scan subjects in resting states and can provide absolute mea-
sures of regional cerebral blood flow [32-35]. Higher field strength magnets
coupled with specialized cognitive activation tasks are able to produce reli-
able and robust results in individual subjects, which has enabled character-
ization of drug effects in single subjects and analyses of intersubject
variability [36]. For these reasons, fMRI has become the dominant imaging
modality used by cognitive neuroscientists and psychiatric functional imag-
ing researchers and may potentially be able to be developed into a clinically
useful imaging test.

Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) is a noninvasive, MRI-based
method for quantifying various neurochemicals, including putative markers
for neuronal integrity, myelin breakdown, and others. In the small number
of studies published to date [1,37-43], MRS has shown some early promise
in identifying neurochemical abnormalities associated with ADHD. Al-
though these MRS findings are preliminary, require group-averaging, often
contain small samples with comorbidities, and are regionally limited, they
do offer the promise of being able to noninvasively quantify biologically rel-
evant neurometabolites. MRS is thus a technique deserving further explora-
tion for usefulness in understanding ADHD pathophysiology and treatment
and for a possible role in the clinical arena.

Electrophysiology studies

Electrophysiologic methods, including quantitative electroencephalo-
grams (QEEG) and event-related potentials (ERPs) have been used in a large
number of ADHD studies (for reviews, see [44-48]). QEEG generally in-
volves computer-assisted spectral analysis of the EEG signal with relative
and absolute quantification of alpha, beta, theta, and delta frequencies,
and sometimes measures of coherence. The generators of these signals, how-
ever, are not localized to specific neural structures with any precision. Some
proponents of QEEG have argued that it can distinguish patients who have
ADHD from control subjects [45], with ADHD supposedly being character-
ized by “‘theta excess” and ‘‘alpha slowing.” The same review, however,
later stated that ““theta excess’ or “‘abnormal alpha” is associated with de-
mentia, schizophrenia, mood disorders, obsessive—compulsive disorder, spe-
cific developmental learning disorders, alcoholic intoxication, chronic
alcoholism, mild to severe head injury, and postconcussion syndrome. Sim-
ilarly, others have argued that a higher theta:beta ratio is associated with
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ADHD, while simultaneously noting that this same pattern occurs in other
psychiatric disorders [46]. Such nonspecificity renders QEEG clinically
unproven.

ERPs are different from QEEG. They are measured using multielectrode
arrays placed over the scalp and represent the averaged electrical response of
the brain over many trials [49—51]. ERPs main problems are limited spatial
resolution and the “inverse problem” (ie, there are no unique solutions when
determining the position of sources within the head, making it extremely dif-
ficult to localize brain activity with certainty). ERPs do possess millisecond
temporal resolution, however, and efforts to combine modalities (eg, using
fMRI to spatially constrain source models and then ERPs to test the electri-
cal activity within the identified nodes) may eventually be applied to ADHD
research with success. There are no reports, however, that have successfully
used ERPs to distinguish patients who have ADHD from healthy control
subjects and other patients who have psychiatric disorders at the single sub-
ject level, so like the other imaging methods, ERPs are not deemed clinically
useful at this time.

Functional imaging findings in attention deficit hyperactivity disorder

It is far beyond the purpose and scope of this article to provide even a cur-
sory review of imaging results related to ADHD. For this the interested
reader is referred to other reviews [1,4-9,12]. A couple of illustrative exam-
ples, however, help to show possible future avenues of research.

One such type of diagnostic test using fMRI might use cognitive activa-
tion task strategies. Examples of these might be the Multi-Source Inter-
ference Task (MSIT, [36,52,53]), Stroop and Stroop-like tasks [54-56],
stop-signal or go/no-go tasks [57-59], or continuous performance tasks
[60]. Akin to a cardiac stress test, these imaging tests use a cognitive/atten-
tion task or tasks to activate brain regions under conditions of engagement
within the task to assess the functional integrity of the cortical structures
supporting attention or response inhibition in neuropsychiatric disorders
like ADHD. An ideal functional neuroimaging-based diagnostic test of
this type should possess many of the following characteristics. (1) It must
produce reliable and robust activation of the cortical regions of interest
(ROI) within healthy individuals. (2) It should be hypothesis-driven (that
is, pre-existing evidence should support a mechanism explaining why the
task would be expected to recruit the ROI). (3) It should include the collec-
tion of concomitant imaging and performance data (reaction times and
accuracy). (4) Testing procedures must be standardized. (5) The task instruc-
tions should be easy to learn and retain so that the task can be performed by
subjects who have impaired attention or cognition (eg, ADHD or schizo-
phrenia) and by subjects across a wide age spectrum (to enable developmen-
tal studies in children and studies of elderly subjects). (6) It should not
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require an excessive time commitment, because children and elderly subjects
tend to tire more easily than young adults. (7) It should not be language-
specific (to allow cross-cultural studies). (8) Performance data should vary
within a narrow range in healthy volunteers. (9) Imaging and performance
data should be related. (10) Imaging and performance data should show
temporal stability (ie, they should display sufficient test-retest reliability
to permit longitudinal and treatment studies). (11) Imaging and perfor-
mance data should be sensitive to changes with successful treatment. (12)
Results should be disorder-specific.

Many of the currently used cognitive activation tasks (with currently
available imaging methods) do not meet even the first cut for translation
into a diagnostically useful task, because they do not reliably activate brain
ROIs in single subjects. It is not fair to even expect this from them, however,
for although they might produce reliable group-averaged data, they were
designed to test groups, not to have the power to produce activation in
single subjects. Although the MSIT may be more likely to one day meet
the diagnostic test criteria, having been specifically designed with many of
the ideal diagnostic features in mind [53] and having already demonstrated
ability to activate the cingulo-frontal-parietal cognitive/attention network in
approximately 95% of more than 100 subjects tested (Fig. 1) [52], the MSIT
is far from being validated as a diagnostic test. Studies are underway using
the MSIT to directly compare patients who have ADHD with healthy
control subjects, and follow-up studies are planned to also include other
disorders, such as schizophrenia and depression, but there is no prospective,
large-scale study that would provide sufficient data for calculation of sensi-
tivity, specificity, or other measures of diagnostic accuracy. At this point
in time, there are no adequately validated functional diagnostic imaging
tests.

Another promising but controversial avenue of investigation involves the
quantification of striatal dopamine transporter (DAT). DAT is responsible
for presynaptic reuptake of dopamine, and it has been shown that
methylphenidate blocks DAT and increases extracellular dopamine
[3,7,30,31,61]. Also, significant for a potentially useful diagnostic test, it
has recently been shown that Altropane (a carbon-11 agent) and PET
have demonstrated ability to image drug effects in single subjects (Fig. 2)
[29]. Although initial reports found a large (up to 70%) increase in striatal
DAT in patients who have ADHD [62], however, subsequent reports using
different ligands and techniques have found lesser effect sizes, and in some
cases, even lower DAT in patients who have ADHD [3,31]. The compari-
sons of ligands and techniques used in these different studies are far beyond
the scope of this article, but suffice it to say that although the approach in
general is extremely promising in helping understand the pathophysiology
of ADHD and the mechanism of action of treatments for ADHD, the pro-
cess of attempting to translate such exciting and pioneering work into a clin-
ically useful diagnostic imaging task has only begun.
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Fig. 1. Typical single subject fMRI response during MSIT. A typical single scan fMRI re-
sponse during the MSIT is shown for an individual subject in the inflated view format (light
gray, gyri; dark gray, sulci). Note the robust bilateral activation (P<10~*) in the cingulo-fron-
tal-parietal cortical/attention network (daMCC, DLPFC, and superior parietal cortex). Addi-
tional activity is often seen, as here, in ventrolateral prefrontal cortex (VLPFC). The dorsal
anterior midcingulate cortex (daMCC) lying on the medial surface of the frontal lobe main-
tains strong connections to dorsolateral prefrontal cortex (DLPFC), parietal cortex, and stria-
tum. The daMCC is believed to play critical roles in complex and effortful cognitive processing,
target detection, response selection and inhibition, error detection, performance monitoring,
and motivation (see [74,75] for reviews). Particularly relevant to ADHD, it is believed to mod-
ulate reward-based decision-making [75,76]. Dysfunction of daMCC thus could lead to all of
the cardinal signs of ADHD (inattention, impulsivity, and hyperactivity) and could explain the
seeming paradoxic ability of patients who have ADHD to perform normally on some tasks
(when motivated) but to show deficient performance when the task is not deemed salient.
Numerous imaging studies have reported functional hypoactivity of daMCC [12,36], recent re-
ports of structural and biochemical abnormalities of daMCC have been published [41,77-79],
and methylphenidate has been shown to increase activity of daMCC [36]. That daMCC and
the cingulo-frontal-parietal cortical/attention network can reliably be imaged in single
subjects is promising, but much work needs to be done before using the MSIT as part of a
clinical diagnostic imaging test for ADHD. (Reproduced from Bush G, Shin LM. The
multi-source interference task: an fMRI task that reliably activates the cingulo-frontal-
parietal cognitive/attention network in individual subjects. Nat Protoc 2006;1:308-13; with
permission.)

Diagnostic imaging test issues

The next two sections discuss issues related to the development of diag-
nostic imaging tests. The first section addresses general concepts that apply
to most proposed diagnostic imaging tests of psychiatric disorders. The sec-
ond section highlights issues that may be more specific to the development
of a possible ADHD diagnostic test.
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Fig. 2. Serial PET brain images showing striatal dopamine transporter receptor occupancy af-
ter receipt of a single dose of immediate-release or osmotic-release methylphenidate in two
healthy subjects. (4) Dopamine transporter receptor occupancy in the striatum of two individ-
ual healthy adults was assessed by measuring binding of a carbon-11-labeled imaging agent
(Altropane). Red color indicates greater binding of Altropane to presynaptic DAT; yellow in-
dicates lesser binding by Altropane caused by displacement by methylphenidate. (B) Subject
took long-acting osmotic release oral system methylphenidate. Significant drug effect is still ob-
served at 7 h. (C) Subject took short-acting immediate release methylphenidate. Striatal DAT
occupancy returns more quickly toward baseline level in hours 3 through 7. The technique ex-
emplifies the capability to quantify drug effects with dynamic range within single subjects.
(Reproduced from Spencer TJ, Biederman J, Ciccone PE, et al. PET study examining pharma-
cokinetics, detection and likeability, and dopamine transporter receptor occupancy of
short- and long-acting oral methylphenidate. Am J Psychiatry 2006;163(3):387-95; with
permission.)

General issues

As stated, there is currently no accepted role for functional imaging in
guiding clinical diagnosis or therapeutic decision-making. Despite the excit-
ing preliminary advances that have been made in understanding pathophys-
iology and drug treatment mechanisms, none of the imaging modalities has
been fully validated in the peer-reviewed literature as a proven method for
reliably distinguishing patients who have ADHD from normal control sub-
jects, distinguishing patients who have ADHD from other subjects who
have other psychiatric or neurologic comorbidities, identifying subtypes of
ADHD, or predicting treatment response at the level of the individual sub-
ject. To achieve full validation, what are some of the main benchmarks that
would need to be met?

First, of paramount importance, it must be recognized that the exciting
potential for brain imaging and the complexity of the technology underlying
it must in large part be ignored when evaluating whether a test based on an
imaging technique would be worthwhile diagnostically. The only real
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questions to be answered are the exact same ones that must be asked of any
type of diagnostic laboratory test:

1. How well does the test identify the condition of interest (here, ADHD)?

2. How well does the test distinguish the condition from other similar
disorders?

3. Is the test feasible and cost-effective?

More formally, any proper validation of a proposed diagnostic imaging
test would have to include peer-reviewed published data (collected in dedi-
cated testing performed in large samples of carefully characterized subjects)
that quantifies and meets or exceeds the appropriate and acceptable bench-
marks. As shown, such validation of any proposed diagnostic imaging test
for ADHD has to go beyond simple documentation of sensitivity and spec-
ificity, and ADHD evaluations present many complicating factors that need
to be addressed.

Briefly, diagnostic testing validation requires at the least quantification of
sensitivity and specificity. To calculate these measures, the proposed test re-
sults are compared in binary fashion (ie, test result positive versus negative)
to the gold standard (the procedure or test that unambiguously defines the
pathology, such as a biopsy or direct surgical inspection in the case of tu-
mor). Herein lies the first problem—as seen, there is no gold standard for
ADHD, which, in the absence of defined pathophysiology, remains a clinical
diagnosis whose criteria are fluid and still a matter of debate. For the sake of
further discussion, here one could choose to accept the latest DSM-IV diag-
nosis as a proxy gold standard, but admittedly must recall in the end that
this is not a true gold standard. Sensitivity of the diagnostic test indicates
the proportion of true positives the test identifies (as compared with the
gold standard), whereas specificity refers to the proportion of true negatives
correctly identified. Although both of these values are important to know,
they do not provide sufficient information about the diagnostic accuracy
of the test, because in clinical practice, one is more interested in approaching
the problem from the other direction (ie, one would be given the scan result
of “normal” or “abnormal” scan, and would therefore need to know how
well that scan result reflected the presence or absence of ADHD).

This information is expressed in the form of predictive values [63]. The
positive predictive value of an imaging test is the proportion of patients
who have positive scans that are correctly diagnosed, whereas the negative
predictive value of an imaging test is the proportion of patients who have
negative scans that are correctly diagnosed. These predictive values are
not absolute but relative, and their estimates can be heavily influenced by
the prevalence of the abnormality. Another important characteristic to
know is the likelihood ratio (sensitivity/l-specificity), which reflects the cer-
tainty about a positive diagnosis [63,64].

Another complicating factor is that the preceding evaluations are per-
formed on discrete (yes/no or positive/negative) data. In reality, imaging
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data are most likely going to be continuous data (eg, percent fMRI signal
change or dopamine transporter binding). In these cases, it is highly unlikely
that two completely separable distributions of data exist (one for ADHD,
one for healthy subjects), but rather that the two sample distributions over-
lap and therefore a cutoff needs to be set for distinguishing a positive from
a negative result. In these types of cases, receiver operating characteristic
(ROC) plots (which plot sensitivities versus the inverse of specificities) can
be useful in selecting an appropriate cutoff value and comparing one or
more measurements [65]. Similarly, although some forms of diagnostic im-
aging tests may be amenable to “expert interpretation,” for the most part
this approach should be minimized, and even in these cases, empiric data
with strict and explicit criteria must be provided and independently replica-
ble. Also, “expert interpretation” methodologies still provide quantitative
diagnostic accuracy information and test-retest reliability measures and
are subject to rigorous standardization. There should be no acceptance of
a claim that is pinned solely on “‘specialized knowledge” without the support
of fully independent replication. Certainly specialized training and clinical
imaging expertise are required for the interpretation of any diagnostic imag-
ing test (because this is the current model for much of neuroradiology)—but
any such claims should not be accepted until there is consensus agreement
that such claims are adequately supported by proof of technique from un-
biased, independent replications.

This list is far from exhaustive—there are many more general issues that
are important to address before being able to fully evaluate diagnostic accu-
racy. What is the effect size (ie, the magnitude of the mean differences be-
tween the ADHD and healthy populations, taking into account the degree
of variance in the samples)? What is the diagnostic specificity with respect to
other disorders that may produce test results that overlap with ADHD?
What is the test—retest reliability within a particular imaging center or the
variability between readers or between imaging centers? For fuller discus-
sion of these and other issues beyond the scope of this article, the interested
reader is referred to a concise statement of standards for reporting studies of
diagnostic accuracy [66], but the short list of general issues alone provided
here should already provide pause for consideration before accepting claims
that a diagnostic test for ADHD has been developed.

Attention deficit hyperactivity disorder-specific issues
and technologic challenges

Beyond the more general issues discussed, there are myriad complicating
factors that face psychiatric neuroimagers in general, and more specifically, re-
lated to the imaging of ADHD. A brief sampling of such factors is offered here:

1. Any tests using specific tasks (cognitive interference tasks, target detec-
tion, vigilance tasks, response inhibition, working memory tasks) may
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be useful, but it must be recalled that each tests only a specific cognitive
domain and does not provide a comprehensive picture of patients who
have ADHD. It may be that a battery of tests could and will be used,
but this approach is complex and requires cooperative patients, which
may be difficult in ADHD populations, especially in young children
who have ADHD.

. Some resting state or dopaminergic tests may be confounded, because

controversy exists surrounding the definition of whether or not the
healthy brain has a “‘default resting state’” or how to determine in a sim-
ple way if a subject is ““‘mentally resting” (and this is then compounded
by the likelihood that patients who have ADHD may have increased ac-
tivity or variability at “‘rest”) [67,68].

. It is well known that dopaminergic firing can change rapidly (on a trial-

by-trial basis), and that dopaminergic cells show tonic firing (longer
term stable) and phasic firing (which changes on a second-by-second ba-
sis). It may be that these temporal effects could produce disparate find-
ings in some dopaminergic studies.

. There is the high likelihood that ADHD may represent a syndrome that

can be caused by or associated with multiple causes (one group may
have dopaminergic, noradrenergic, serotonergic, or cholinergic abnor-
malities), whereas there may be others who have genetic-based struc-
tural abnormalities, and still others with disordered cortico-cortical
connections), all of which may have differing imaging profiles.

. A similar accounting must be made for phenomenologic subtypes of

ADHD, because it is likely that inattentive, hyperactive, and combined
subtypes have distinct features when imaged.

. Studies involving task performance must take into account the effects of

variable performance on imaging data on mean differences between
groups and on trial-to-trial variability within individual runs for a sub-
ject [68,69].

. Related to performance and as discussed at length previously [1], error

detection systems in the brain can have a profound impact on brain im-
aging results and must be accounted for using sophisticated data anal-
ysis techniques.

. ADHD imaging in particular must address developmental issues. How

does normal development affect age-defined norms? Is ADHD a unitary
concept that remains the same throughout one’s lifespan, or are there
age-related adjustments?

. Anatomic variability of brain structures makes region definition com-

plex. Further complicating this fact are suggestions that ADHD brains
show greater degrees of anatomic variability than healthy brains [36].
Such variability needs to be quantified and accounted for.

Laterality effects must be addressed. Most brain structures are bilateral,
but what implications does this have for a test result? How are data to
be interpreted if effects are normal range on one side and abnormal on
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the other? Are only right- or left-sided results clinically meaningful?
Should data be averaged to provide one single data point for bilateral
structures? Does handedness affect results?

11. There are many potential confounds (anxiety, substance abuse, effects of
other medications, caffeine, 1Q) that can be controlled in a research
study but that may affect results and interpretation in the real world.

12. There are likely to be potential confounds from differential effects of
motivational status. Reward and decision-making systems involve
many of the same structures implicated in ADHD (cingulate, dorsolateral
prefrontal cortex, striatum), and it is hard to imagine that this effect is
easily addressed for all subjects.

13. Medication status is another issue that must be paid attention. Al-
though wash-out procedures adequate to produce nearly complete elim-
ination of the medications can validly be used in some studies, the
long-term effects of medications are not yet known and represent a po-
tential confound [70]. Medication-naive normative data are needed, and
the effects of varying wash-out periods for medications commonly used
in patients who have ADHD need to be considered.

14. Finally, all this assumes that the clinician is dealing with an honest pa-
tient who has a lack of malfeasance or potential for secondary gain. In
the real world, competitive forces and attempts at secondary gains (test
accommodations, disability payments, desire to obtain legal source of
amphetamines) are certain to lead some patients to attempt to affect
test results in some way, and procedures must be in place to guard
against this.

Guidelines for considering imaging for clinical purposes

In just a few short decades, functional imaging has made great strides in
helping to elucidate the pathophysiology of ADHD and the mechanism of
action of the stimulant medications that are the mainstay of ADHD treat-
ment. The veritable explosion of cognitive neuroscience work on the brain’s
attention, affective, motor, and motivation systems, combined with the
rapid pace of technologic advances, has promised to make the next few de-
cades exciting times for ADHD researchers. As has been shown, however,
there remains a huge amount of work to be done to translate these early
successes into a clinically useful diagnostic imaging test. Although the re-
quirements may seem daunting, they can likely eventually be met with per-
severance, patience, and time. That said, there can be no short cuts, and
imaging researchers and clinicians alike need to ensure that sufficient proof
of diagnostic accuracy and reliability are proven before accepting a proposed
methodology.

Until a proposed diagnostic test is fully validated (ie, has satisfactorily
met the criteria listed, including publication and independent replication
in peer-reviewed journals and widespread acceptance in the field), there
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can be no ethical use of functional imaging outside of the research realm—
especially any type of invasive research or technique that exposes children to
ionizing radiation—because there is no accepted, identified benefit, only un-
necessary risk and unjustified additional cost. Any such imaging must only
be performed in a research context with the oversight of an established hu-
man subjects committee or investigational review board. Any other use at
this time would be unethical.

The eventual development of a diagnostic imaging test for ADHD would
be a wonderful advance, but it would not be a panacea, nor should it replace
clinical judgment. Clinicians would be advised as always to first take a care-
ful history, perform a physical examination, obtain relevant blood tests, and
then consider whether imaging would tangibly guide diagnostic decision-
making or treatment. The differential diagnosis for ADHD is large [71],
and although it is agreed that functional imaging is not currently useful
for confirming a diagnosis of ADHD [72,73], in certain cases with an index
of suspicion (eg, atypical presentation, abnormal neurologic findings, abrupt
change in behavior/personality), structural MRI can presently be recom-
mended to rule out disorders mimicking ADHD.

It is hoped that one day, just as a chest radiograph can be useful in guid-
ing treatment decisions by distinguishing between pneumonia and bronchi-
tis, a validated ADHD imaging test could be used as an adjunct to
a comprehensive clinical evaluation of ADHD. Until then it must be remem-
bered that colorful brain images can be dramatic, and this fact (when com-
bined with brain imaging’s highly technical nature) can unfortunately lead
to a situation with potential for misinterpretation or worse—outright misuse
and deliberate exploitation. Efforts to push forward the technology need to
be matched with equal vigor in protecting patients from unproven methods.
In particular, we must clearly define for ourselves and our patients the ac-
ceptable uses of imaging and ensure that these techniques are properly val-
idated and integrated with clinical evaluation.
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