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B a c k g r o u n d : Striatal dopam ine transporter abnorm alities are thought to underlie the pathophysiology and psychostim ulant treatm ent of attention deficit
hyperactivity disorder (AD HD ). How ever,
individual studies using single photon
em ission tom ography (SPECT) or positron
em ission tom ography (PET) have yielded
inconsistent results, i.e., both high and
low striatal dopam ine transporter levels.
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M e th o d : Nine SPECT and PET studies investigating striatal dopam ine transporter
density in AD HD patients (N=169) and
age-, gender-, and IQ -m atched healthy
com parison subjects (N=173) w ere included in a quantitative m eta-analysis.
Binding potentials in the striatum and dem ographic, clinical, and m ethodological
variables w ere extracted from each publication or obtained directly from authors.
Hedges’ g w as used as a m easure of effect size in an analysis using Com prehensive M eta-Analysis softw are. Publication
bias w as assessed w ith funnel plots and
Egger’s intercept. Heterogeneity w as ad-

dressed w ith the Q statistic and I2 index.
R e s u lts : Striatal dopam ine transporter
density w as 14% higher on average in the
AD HD group than in the healthy com parison group. How ever, heterogeneity across
studies w as large and statistically significant. M eta-re gression analyses show ed
that the percentage of subjects w ithout
exposure to psychostim ulants w as ne gatively correlated w ith dopam ine transporter density; density w as higher in patients w ith previous m edication exposure
and low er in m edication-naive patients.
There w as no m oderating effect for age,
com orbidity, gender, year of publication,
or im aging technique. There w as no publication bias, and sensitivity analysis confirm ed robustness of the results.
C o n c lu s io n s : Striatal dopam ine transporter density in AD HD appears to depend on previous psychostim ulant exposure, w ith low er density in drug-naive
subjects and higher density in previously
m edicated patients.
(A m J P sy c h ia try 2 0 1 2 ; 1 6 9 :2 6 4 –2 7 2 )

A

ttention deficit hyperactivity disorder (ADHD) is
characterized by age-inappropriate symptoms of inattention, impulsiveness, and hyperactivity (1). It affects 3%–
8% of school-age children, disrupting academic and social
development, and persists into adulthood in 65% of those
affected, amounting to 4% of the adult population (2, 3).
Cognitively, children and adults with ADHD have deficits
in late-developing cognitive functions, most prominently
inhibition, attention, motivation, and timing functions
that are known to be mediated by late-developing frontostriatal and cerebellar networks (4, 5).
The biological origins of ADHD are complicated by heterogeneous clinical symptoms, comorbidity (in approximately 65% of the cases) with other disorders (conduct,
mood, and anxiety disorders and Tourette’s syndrome),
and exacerbation by adverse environments and psychosocial events (6). The last two decades of structural and
functional imaging studies have shown that ADHD is associated with deficits in the structure, functioning, and

connectivity of frontostriatal, parietotemporal, and frontocerebellar networks (5, 7, 8). A recent meta-analysis of
all structural voxel-based morphometry studies in ADHD,
however, showed that the most consistent deficit is low
gray matter volume in the basal ganglia (9).
Studies using positron emission tomography (PET) and
single photon emission tomography (SPECT), conducted
mostly in adults with the disorder, have focused predominantly on the neurotransmitter dopamine, given that it is
known to have a central role in the regulation of psychomotor activity, motivation, and the frontostriatal-mediated inhibitory, timing, and attention functions that are
compromised in the disorder (10). The focus on striatal
dopamine has been reinforced by structural, functional,
and neurochemical imaging findings of striatal deficits
(5, 7–9). The striatum receives dense ascending projections from the mesencephalic dopamine neurons of the
substantia nigra and ventral tegmental area (11). The interest in striatal dopamine was further heightened by the
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On the presynaptic side, potential markers for imaging of the integrity of dopaminergic neurons are shown. A measure of dopamine-synthesizing capacity is provided by [18 F]DOPA PET and [11 C]DOPA PET. In the case of [18 F]DOPA PET, the radiotracer is taken up in the dopaminergic
neuron via an l-amino acid transporter and is then decarboxylated to [18 F]fluorodopamine by aromatic l-amino acid decarboxylase (AAADC)
and temporarily stored in vesicles (vescicular monoamine transporter, type 2) within the nerve terminals. In humans, [11 C]dihydroxytetrabenazine ([11 C]DTBZ) is a commonly used marker for the vescicular monoamine transporter 2, which provides an index of monoamine
presynaptic terminal density. Substituted (nor)phenyltropanes ([123 I]FP-CIT, [123 I]b-CIT, [11 C]PE2I, [11 C]CFT, and [99m Tc]TRODAT) are frequently
used PET and SPECT tracers for imaging of dopamine active transporters in humans. Striatal density of dopamine active transporters provides
another measure of the density of dopaminergic presynaptic terminals or innervation into the striatum. Finally, commonly used radiotracers
for D 2/3 receptors are substituted benzamides ([123 I]IBZM, [11 C]raclopride, and [18 F]fallypride) and are used to address postsynaptic functioning. For convenience, only D 2 receptors are shown on the postsynaptic cell.

fact that the striatal dopamine transporter is the main
target for one of the most effective treatments of ADHD,
methylphenidate (12–15), which has been shown to block
about 70% of striatal dopamine transporters (16), leading to enhanced striatal dopamine availability (12). Last,
dopamine receptor and transporter genotypes have been
associated with the disorder (for a meta-analysis, see reference 13).
The membrane-bound presynaptic dopamine active
transporter plays a key role in regulating the dopamine
content in the synaptic cleft by removing the dopamine
molecules from the synaptic cleft and returning them to the
presynaptic cell (16a). Dopamine transporters are localized
in dopaminergic axons, with the highest levels in the striatum and olfactory tubercle and much lower levels in the
amygdala, hypothalamus, hippocampus, thalamic nuclei,
and neocortex (14). Because striatal dopamine transporters are located exclusively on dopamine-synthesizing neurons, the measurement of striatal dopamine transporter
density is a specific marker of presynaptic dopaminergic
neuron integrity (15). It is possible to simultaneously visuA m J Psych ia try 1 6 9 :3 , M a rch 2 0 1 2

alize and quantify dopamine transporter binding by using
radioligands and SPECT or PET (Figure 1).
The findings on dopamine transporter levels in the striatum of patients with ADHD relative to those of comparison subjects have been inconsistent. While several of the
earlier studies showed higher dopamine transporter levels
in ADHD patients (16), some showed no difference (17)
and others indicated lower dopamine transporter levels in
ADHD (10). Reasons for the discrepancies could be 1) differences in radiotracers or the methods used, 2) differences in patients’ characteristics, including medication history, comorbid conditions, and age, and 3) differences in
study group sizes. One of the most compelling confounds
is psychostimulant medication, given the known acute
effect of psychostimulants of modulating striatal dopamine transporters (12). A number of critical reviews have
addressed dopamine transporter alterations in ADHD (6,
18–21); however, to our knowledge, no formal meta-analysis has ever tested the magnitude of these abnormalities
while controlling for the aforementioned confounds, particularly medication effects.
a jp.p sych ia tryo n lin e.o rg
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In this meta-analysis of PET and SPECT studies, we
aimed to examine the meta-analytic evidence for a consistent alteration of striatal dopamine transporter density
across studies. In addition, we aimed to assess the effect
of medication history and a number of other moderator
variables, including age, comorbid conditions, gender,
and publication year.

M e th o d
S e le c tio n P ro c e d u re s
A systematic search strategy was used to identify relevant studies. First, we carried out a search of PubMed, Science Direct, and
Scopus to identify putative studies of striatal dopamine transporters in ADHD subjects. We used the following search terms:
“DAT,” “dopamine transporter,” “ADHD,” “PET,” and “SPECT.” In
a second step, the reference lists of the articles included in the
review were manually checked for relevant studies not identified
by computerized literature searching. Next, the corresponding
authors were contacted by e-mail with a request for any details
not included in the original manuscripts.
Studies were included if they met the following criteria: 1) were
reported in an original article in a peer-reviewed journal, 2) had
involved subjects affected with DSM- or ICD-defined ADHD, 3)
had analyzed data for the two groups obtained with SPECT or
PET techniques assessing striatal dopamine transporter density,
4) had calculated the mean and standard deviation for striatal dopamine transporter density in both groups, 5) included a healthy
comparison group, and 6) did not involve a study group that overlapped with a previous group.

R e c o rd e d V a ria b le s
The recorded variables for each article included in the metaanalysis were type of radiotracer and imaging technique, gender,
mean age of participants, IQ, year of publication, exposure to
previous stimulant treatments, presence of comorbid conditions,
smoking status, and statistical significance of the core findings.
To achieve a high standard of reporting we adopted the “Preferred
Reporting Items for Systematic Reviews and Meta-Analyses”
(PRISMA) guidelines (22) and the QUOROM statement on the
quality of reporting of meta-analyses (23).

Q u a lity A sse ssm e n t
Although quality assessments can be reliably conducted in
meta-analyses of experimental studies, their use in observational research is controversial, with no clear consensus on rating
methods or their appropriate use in analysis (24). In the present
meta-analysis, we used a simple objective rating system based on
a meta-analysis by Paulson and Bazemore (25). We coded each
study’s quality on a scale of 0 to 10, assigning 2 points each for
a description of the sampling method, the presence of clearly
stated inclusion criteria, assessment of ethnic diversity, assessment of educational diversity, and a comprehensive description of the main outcome measure. Studies that included these
features thus received a higher quality rating. Because evidence
about the validity of quality ratings in observational research is
lacking, we adopted the MOOSE (meta-analysis of observational
studies in epidemiology) approach of broadly including studies
and using sensitivity analysis to determine incremental effects of
lower-quality studies (26).

S ta tistic a l A n a ly sis
Data were analyzed by using Comprehensive Meta-Analysis
software, version 2 (Biostat, Englewood, N.J.). The primary outcome was striatal dopamine transporter binding in the patients
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and the comparison group. To measure effect size, we adopted
Hedges’ g, i.e., the difference between the means of the patient
and comparison groups, divided by the standard deviation and
weighted for group size in order to correct for bias from small
groups (27). This metric is computed by using the square root of
the mean square error from the analysis of variance testing for
differences between the two groups (27), along with the 95% confidence interval (CI).
Subanalyses were conducted to assess the impact of categorical moderator variables. Meta-regression analyses were used to
test the influence of continuous moderator variables: year of publication, age of participants, and gender (percentage of females).
The slope of meta-regression, i.e., the b coefficient, either direct
(+) or inverse (–), of the regression line indicates the strength of
the relationship between moderator and outcome. To limit the
risk of false positive (type I) errors arising from multiple comparisons, we adjusted p<0.05 by dividing a by the number of metaregressions, i.e., 7.
In general, random-effects models are more conservative than
fixed-effect models and appear to better address heterogeneity
among studies and study groups, allowing for greater flexibility in
parsing effect size variability. Moreover, they are less influenced
by extreme variations in group size (28). Because the studies in
this meta-analysis were characterized by heterogeneity, randomeffects models were used. Heterogeneity among study point estimates was assessed with the Q statistic, and the magnitude of
heterogeneity was evaluated with the I2 index (29). Studies with
negative results are less likely to be published than studies with
statistically significant results. The possibility of a publication
bias in the present study was examined by visually inspecting
funnel plots and applying the regression intercept of Egger et al.
(30). In this way we assessed whether there was a tendency for
selective publication of studies based on the nature and direction
of their results. In addition, we used the fail-safe procedure (31)
to generate the number of unpublished studies that would be
needed to move estimates to a nonsignificant threshold. To assess
the robustness of the results, we performed sensitivity analyses
by sequentially removing each study and rerunning the analysis.

R e su lts
S tu d ie s F o u n d
The combined search strategies yielded a total of 59 articles, of which 38 were excluded. Of the 21 that were considered eligible, nine PET or SPECT studies published between 1999 and 2009 met our inclusion criteria and were
included in the present meta-analysis (Figure 2). The overall database contained 169 subjects with ADHD (mean
age=29.9 years, SD=11.8; 43% females) and 173 healthy
comparison subjects (mean age=29.1 years, SD=9.3; 38%
females), all well matched with respect to age, IQ, and
gender (p>0.05 in all cases) (Table 1).
D o p a m in e Tra n sp o rte r D e n sity in S tria tu m
Two out of the nine studies showed no significant difference in striatal dopamine transporter density between
the ADHD and comparison groups (17, 33), while five
studies showed higher dopamine transporter density in
the ADHD group (16, 32, 34–36) and two studies showed
lower dopamine transporter density in ADHD (10, 37).
The pooled meta-analysis indicated consistent statistical
evidence for greater dopamine transporter density in the
A m J Psych ia try 1 6 9 :3 , M a rch 2 0 1 2
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ADHD group than in the comparison group in the whole
striatum (Figure 3), although the magnitude of the effect
size was small. The ratio of striatal dopamine transporter
density in the ADHD group to the density in the comparison group ranged from 0.80 to 1.70 (Table 1), with an average value of 1.14. No laterality effect was detected.
E ffe c t o f M o d e ra to rs
The type of imaging technique (PET or SPECT) did not
influence the meta-analytical results (Q=2.74, p=0.61).
Meta-regression analyses revealed no significant effects
on the findings for gender (b=–0.41, 95% CI=-0.53 to 1.35,
z=0.86, p=0.39), year of publication (b=–0.00, 95% CI=-0.08
to 0.08, z=–0.09, p=0.93), or age of the patients (b=0.02,
95% CI=-0.01 to 0.04, z=1.09, p=0.28) or the healthy comparison subjects (b=–0.01, 95% CI=-0.05 to 0.03, z=–0.68,
p=0.50). However, within the comparison group, when age
was treated as a categorical variable and the studies were
divided into those whose comparison group had a mean
age above 40 years (39 subjects) and studies with comparison subjects having a mean age below 30 years (42 subjects), we detected a nearly significant difference in dopamine transporter density, with a lower density in the older
group (Hedges’ g=–0.03, p=0.07). The percentage of ADHD
subjects without previous psychostimulant exposure had a
significant negative effect on the Hedges’ g value for striatal dopamine transporter levels, in that lower and negative
effect sizes were detected in studies involving drug-naive
ADHD patients (Figure 4). Thus, lower dopamine transporter levels were associated with the absence of medication exposure, while higher dopamine transporter levels
were associated with a history of medication. Post hoc
analyses confirmed higher dopamine transporter levels
A m J Psych ia try 1 6 9 :3 , M a rch 2 0 1 2

(Hedges’ g=1.56) for the medication-history subgroup and
lower dopamine transporter levels for the medication-naive subgroup (Hedges’ g=–0.10) relative to the comparison
subjects. The modulating effect of stimulant exposure accounted for 48% of the overall variance (Q=29.73, p<0.001).
Finally, all of the studies but one excluded individuals with
comorbid psychiatric or neurological conditions from the
ADHD and comparison groups.
Te sts fo r P u b lic a tio n B ia s a n d H e te ro g e n e ity a n d
S e n sitiv ity A n a ly sis
Visual inspection of funnel plots revealed no evidence
of publication bias. Quantitative evaluation of publication
bias, as measured by the Egger intercept, indicated a nonsignificant effect (p=0.14). The fail-safe procedure estimated that 17 unpublished studies would be needed to bring
the overall meta-analytic estimate to nonsignificance. According to the criteria set by Higgins and Thompson (38),
the heterogeneity in the published studies was large and
statistically significant (Q=61.69, p<0.001; I2=87.03). As the
overall interstudy variance in effect sizes was substantial,
it encouraged consideration of possible explanatory factors. Removing studies with poor quality ratings influenced the meta-analytic estimate by only 4%.

D isc u ssio n
To our knowledge, this is the first comprehensive metaanalysis addressing striatal dopamine transporter density
in ADHD. Meta-analytic evidence from approximately 170
ADHD patients showed on average 14% greater density of
striatal dopamine terminals in the ADHD patients than in
healthy comparison subjects. However, the effect size was
a jp.p sych ia tryo n lin e.o rg
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H e a lth y C o m p a riso n S u b je c ts
N
Study and Group
Dougherty et al., 1999 (16)
ADHD
Comparison
van Dyck et al., 2002 (17)
ADHD
Comparison
Cheon et al., 2004 (32)
ADHD
Comparison
Jucaite et al., 2005 (33)
ADHD
Comparison
la Fougere et al., 2006 (34)
ADHD
Comparison
Larisch et al., 2006 (35)
ADHD
Comparison
Spencer et al., 2007 (36)
ADHD
Comparison
Volkow et al., 2009 (10)
ADHD
Comparison
Hesse et al., 2009 (37)
ADHD
Comparison

Radiotracer

Technique

[123 I]altropane

SPECT

[123 I]b-CIT

[123 I]IPT

[11 C]PE2I

[99m Tc]TRODAT-1

[123 I]FP-CIT

[11 C]altropane

Total

Female

Mean

SD

6
30

4
—

41.33
40.80

4.46
—b

9
9

3
3

41
41

SPECT

[123 I]FP-CIT

11
11

SPECT
9
6

2
—

9.67
10.33

2.12
2.88

12
10

0
0

13.8
29.5

1.2
5.8

22
14

11
6

39.1
—c

10.2

20
20

11
11

35
32

PET

SPECT

SPECT

7
15

34.4
27.4

ADHD Treatment
Status

ADHD/Comparison
Ratio of Dopamine
Transporters

Drug-free

1.70 a

8 drug-naive,
1 drug-free

1.00

Drug-naive

1.51 a

9 drug-naive,
3 drug-free

1.08

Drug-free

1.16 a

Drug-naive

1.06 a

Drug-naive

1.15 a

Drug-naive

0.80 a

Drug-naive

0.81 a

7
8

PET
21
26

[11 C]cocaine

Age (years)

9.2
7.6

PET
53
44

26
14

32
31

8
6

17 d
14

9
6

32
32

8
9

SPECT

a

Statistically significant.
Age range=21–60.
c Age range=21–63.
d With psychiatric or neurological comorbidity.
b

small and heterogeneity across studies was substantial,
with a prominent effect of psychostimulant history on the
findings, accounting for a substantial proportion of variance across studies. Thus, the meta-regression analysis
showed that the percentage of patients without a medication history was negatively associated with dopamine
transporter level, so that studies of patients receiving longterm medication showed higher dopamine transporter
levels, while an absence of medication exposure was associated with lower dopamine transporter levels relative to
the healthy comparison subjects. Conversely, age, gender,
comorbid conditions, year of publication, and type of imaging technique had no effect on the meta-analytical estimates of striatal dopamine transporter density.
The negative correlation accounted for about half of the
overall variance across studies. This suggests that the higher striatal dopamine transporter density in ADHD may be
the consequence of previous treatment with stimulants
and hence be the result of an adaptive response of the
brain to the continuous dopamine transporter blockade
with psychostimulants. This suggests that a high dopamine transporter level is not part of the key ADHD pathophysiology but is secondary to years of psychostimulant
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treatment and reflects an adaptive brain response to the
long-term blockade of dopamine transporters by psychostimulants. This notion of an adaptation to psychostimulants is in line with the finding that methylphenidate is
effective in improving clinical symptoms of ADHD in the
short term but that long-term effectiveness is limited;
larger doses are often required to maintain clinical effectiveness, and clinical effectiveness appears to wane after
years of medication (39). A caveat is that these findings are
from cross-sectional analyses, with a selection bias, and
we therefore cannot infer direct causality. The theory of an
adaptive response of the brain to psychostimulant medication would have to be tested directly in longitudinal imaging studies using a randomized controlled design.
The meta-analytical finding of lower dopamine transporter levels in medication-naive patients is in line with
the findings from the study by Volkow et al. (10), which
was one of the largest weighted studies in our meta-analysis and one of the best-controlled studies, enrolling a large
number of drug-naive ADHD subjects with no comorbid
psychiatric or neurological conditions and adopting stringent inclusion criteria to control for past ADHD medication and/or drug abuse history. The finding of lower
A m J Psych ia try 1 6 9 :3 , M a rch 2 0 1 2
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E m p lo y in g R a n d o m -E ffe c ts M o d e ls
Study

Hedges’
g

SE

Variance

Lower
Limit

Upper
Limit

z

p

Dougherty et al., 1999 (16)
van Dyck et al., 2002 (17)
Cheon et al., 2004 (32)
Jucaite et al., 2005 (33)
la Fougere et al., 2006 (34)
Larisch et al., 2006 (35)
Spencer et al., 2007 (36)
Volkow et al., 2009 (10)
Hesse et al., 2009 (37)
Overall

2.37
–0.02
1.26
0.16
1.19
0.75
0.81
–0.62
–0.99
0.23

0.52
0.45
0.55
0.41
0.36
0.32
0.30
0.21
0.37
0.11

0.27
0.20
0.30
0.17
0.13
0.10
0.09
0.04
0.14
0.01

1.35
–0.90
0.19
–0.65
0.48
0.12
0.22
–1.02
–1.72
0.01

3.39
0.86
2.33
0.97
1.91
1.38
1.40
–0.21
–0.26
0.46

4.57
–0.05
2.30
0.39
3.29
2.34
2.70
–2.98
–2.64
2.03

<0.01
0.97
0.03
0.70
0.001
0.02
0.007
0.003
0.008
<0.05

Hedges’ g and 95% Cl

–3.50

–1.75

0.00

Comparison>ADHD

striatal dopamine transporter levels in medication-naive
patients is also consistent with the prominent theory that
ADHD is a dysfunction of dopamine neurotransmission,
with a consequent dysregulation of dopamine-modulated
circuits. In particular, the striatum appears to play a prominent role in ADHD symptoms (12).
In normal development, a 6%–8% decline in striatal
dopamine transporters has been observed per decade in
PET and SPECT studies (40). We observed nonsignificantly
lower striatal dopamine transporter levels in older relative
to younger adults in the comparison group but no difference in the patients. This may hint at abnormalities in the
normal age-associated striatal dopamine transporter development in ADHD patients, or it may be related to stimulant treatment.
Methylphenidate hydrochloride is one of the most efficacious treatments for ADHD, reducing symptoms in up
to 70% of children (12). PET studies have shown that methylphenidate blocks dopamine transporters in the striatum
in a dose-dependent fashion (41, 42), leading to an increase in extracellular striatal dopamine (43). The amount
of extracellular dopamine (44) released by psychostimulants, however, is likely to depend on a combination of
the blockade of dopamine transporters and the baseline
rate of dopamine release, which is regulated by individual
differences in dopamine cell firing and by environmental
stimulation (12). Studies using [18F]DOPA or [11C]DOPA
PET (43, 45) confirmed low dopamine synthesis capacity in the striatum of ADHD patients. Studies using [11C]
raclopride PET to investigate postsynaptic receptor binding further showed that dopamine activity is depressed in
ADHD, supporting the dopamine deficit theory of ADHD
(46). Given that dopamine signals the saliency of stimuli
and drives the motivation to perform goal-directed behaviors, the methylphenidate-induced amplification of
the striatal dopaminergic signal would cause increased
saliency perception, motivating the individual to engage
and improving attention and performance (12).
A m J Psych ia try 1 6 9 :3 , M a rch 2 0 1 2
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Our meta-analysis finding that previous treatment with
psychostimulants increased striatal dopamine transporter density in ADHD patients may seem counterintuitive,
given the dopamine transporter blockade by methylphenidate. Enhanced striatal dopamine transporter density
in patients receiving long-term treatment, however, could
reflect a secondary adaptive brain response to the chronic striatal dopamine transporter blockade, i.e., adjustment to chronically elevated striatal dopamine availability through up-regulation of dopamine transporter levels.
There is evidence in favor of this theory from a small prospective study, which showed that after 1 year of stimulant
medication the striatal dopamine transporter levels of
ADHD patients in fact increased (47). Furthermore, there
is evidence indicating that cocaine—which is a stimulant
drug that, like methylphenidate, blocks dopamine transporters—not only blocks the acute regulatory effect of the
dopamine transporter on synaptic dopamine levels but
also may exert the opposite effect: insertion of dopamine
transporters from the endosomic recycling pool into the
plasma membrane (48). In rhesus monkeys, chronic administration of cocaine up-regulates striatal dopamine
transporter expression, which persists for more than 30
days after cocaine withdrawal (48). High dopamine transporter expression has also been shown in postmortem
analyses of brain tissue from human cocaine addicts, and
synaptosomes prepared from this tissue exhibit greater
dopamine uptake than synaptosomes from age-matched
cocaine-naive individuals (48).
Methylphenidate-associated changes have also been
observed in brain function and structure. Functional MRI
studies in patients with ADHD have shown that single and
long-term doses of methylphenidate up-regulate and normalize typically low frontostriatal brain activation (49–54).
Because striatal dopamine transporters are located exclusively on dopamine-synthesizing neurons, their measurement is a specific marker of dopaminergic neuron integrity
in the basal ganglia. The notion of adaptive brain changes
a jp.p sych ia tryo n lin e.o rg
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Circle size reflects the weight a study obtained in the meta-regression. Lower effect sizes were detected in studies involving drug-naive ADHD
patients (b=–1.61, 95% CI=–2.19 to –1.03, z=–5.45, p<0.001).

in response to long-term psychostimulant treatment is also
in line with the results of several structural imaging studies showing that patients with ADHD receiving long-term
medication have more normal structure and morphometry in the basal ganglia than medication-naive patients (55,
56). These findings are further confirmed by a recent metaanalysis of whole-brain structural imaging studies, which
showed that the lower basal ganglia gray matter volume in
ADHD patients, relative to that in comparison subjects, is
dependent on long-term medication (9). The percentage
of patients receiving long-term medication was linearly associated with basal ganglia size, such that studies in which
more than 70% of the patients were medicated did not
show striatal abnormalities, while the greatest deficits were
observed in studies of medication-naive patients.
It is, however, also possible that lower dopamine transporter density and lower dopamine release in medication-naive ADHD patients reflect prefrontal pathology,
well demonstrated in neuroimaging results for ADHD (5),
since frontostriatal glutamatergic circuits regulate striatal
dopamine release.
The present study has several limitations. The meta-regression finding of an association between medication and
dopamine transporter density is limited by the cross-sectional nature of the analysis, and causality of the regression
findings needs to be established in longitudinal prospective studies using a randomized controlled design. It has
been suggested that high heterogeneity across studies may
be due to differing dopamine transporter sensitivity across
the different radiotracers employed. For example, there is
evidence that the specific-to-nonspecific ratio of labeled
cocaine is relatively low and that this radioligand may occupy binding sites other than those occupied by FP-CIT, altropane, TRODAT-1, and IPT (57). Furthermore, dopamine
transporter binding may be influenced by a complex net-
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work of interactions with other receptors or neurotransmitters. For example, there is recent evidence that norepinephrine transporters contribute to the pathophysiology
of ADHD, with norepinephrine transporter blockade in
frontal regions underlying some of the therapeutic effects
of methylphenidate (58). However, while methylphenidate
enhances both norepinephrine and dopamine in prefrontal brain regions, where it blocks both the relatively
densely distributed norepinephrine transporters and the
less densely distributed dopamine transporters (58), in
the basal ganglia methylphenidate has minimal effects on
norepinephrine levels, since the norepinephrine transporter density is vanishingly low (6). Other studies have
found that presynaptic D2 autoreceptor activation, normally constraining dopamine action at synapses, regulates
dopamine transporter activity that modulates synaptic
dopamine homeostasis (59). The picture is further complicated by a potential interplay between dopamine transporter functioning and nicotinic neurotransmission at
the presynaptic level (60). Finally, there is recent evidence
suggesting that the ADHD diagnostic category comprises
multiple entities with different underlying pathophysiologies and abnormalities of neurotransmitter profiles (61). In
particular, children with the combined/hyperactive subtype of ADHD show a higher frequency of conduct disorder and good response to treatment, are exposed to more
moderate stress during their mothers’ pregnancies, and
have a higher frequency of the L genotype for a polymorphic region of the serotonin transporter gene, as compared
to children with the inattentive ADHD subtype (61). On the
basis of animal studies showing dopamine transporter differences in the pathophysiology of the two subtypes, it is
possible to speculate that treatment with methylphenidate
might normalize abnormal dopamine transporter levels
more effectively in the combined subtype (62).
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The meta-analysis and meta-regression analysis show
that striatal dopamine transporter levels in ADHD depend
on chronic psychostimulant treatment, so that medication-naive patients have low striatal dopamine transporter levels, whereas patients receiving long-term medication
have high levels. Consequently, the previously reported
high dopamine transporter density in ADHD patients may
potentially represent up-regulation secondary to chronic
administration of psychostimulants, rather than primary
pathophysiology of ADHD. Future prospective studies using randomized controlled trials in large groups of drugnaive individuals with ADHD will be needed to definitively
clarify the long-term effect of psychostimulants on striatal
dopaminergic neurotransmission.
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