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Background: We reviewed systematically the results of genetic studies investigating associations between putative susceptibility genes
for attention-deficit hyperactivity disorder (ADHD) and neuropsychological traits relevant for this disorder. Methods: We identified papers
for review through the PubMed database. Results: Twenty-nine studies examined 10 genes (DRD4, DAT1, COMT, DBH, MAOA, DRDS5,
ADRAZ2A, GRIN2A, BDNF and TPH2) in relation to neuropsychological traits relevant for ADHD. For DRD4, the continuous performance
test (CPT) and derived tasks were the most used tests. Association of high reaction time variability with the 7-repeat allele absence
appears to be the most consistent result and seems to be specific to ADHD. Speed of processing, set-shifting and cognitive impulsive-
ness were less frequently investigated but seem to be altered in the 7-repeat allele carriers. No effect of genotype was found on
response inhibition (the stop and go/no-go tasks). For DAT1, 4 studies provide conflicting results in relation to omission and commission
errors from CPT and derived tasks. High reaction time variability seems to be the most replicated cognitive marker associated with the
10-repeat homozygosity. The other genes have attracted fewer studies, and the reported findings need to be replicated. Limitations:
Although we aimed to perform a formal meta-analysis, this was not possible because the number of studies using the same neurocognitive
endophenotypes was limited. We referred only minimally to the various theoretical frameworks in this field of research; more detail would have
been beyond the scope of our systematic review. Finally, sample sizes in most of the studies we reviewed were small. Thus, some negative
findings could be attributed to a lack of statistical power, and positive results should be considered preliminary until they are replicated in
extended samples. Conclusion: Several methodological issues, including measurement errors, developmental changes in cognitive abilities,
sex, psychostimulant effects and presence of comorbid conditions, represent confounding factors and may explain conflicting results.

Contexte : Nous avons revu systématiquement des résultats des études génétiques ayant examiné I'association entre des genes de
susceptibilité au trouble hyperactivité/déficit de I'attention (THADA) et les marqueurs neuropsychologiques les plus incriminés dans ce
trouble. Méthodes : Nous avons recueilli des articles analysés dans cette revue par le moyen d’interrogation de la base de données
PubMed. Résultats : Vingt-neuf études ont examiné 10 genes (DRD4, DAT1, COMT, DBH, MAOA, DRD5, ADRA2A, GRIN2A, BDNF et
TPH2) en association aux traits neuropsychologiques impliqués dans le THADA. Pour DRD4, le « continuous performance test » (CPT)
et les taches dérivées représentent les taches les plus utilizées. L’association d’une grande variabilité des temps de réaction avec I'ab-
sence de l'allele « 7-repeat » apparait comme le résultat le plus solide et semble étre spécifique au THADA. La vitesse de traitement, la
flexibilité et 'impulsivité cognitives ont été moins fréquemment étudiées mais semblent étre perturbées chez les porteurs de l'allele
« 7-repeat ». Il n’existe pas d’effet du génotype sur la capacité d’inhibition (taches stop et go/no-go). Pour DATT1, 4 études rapportent
des résultats discordants concernant les erreurs d’'omission et de commission au CPT et taches dérivées. Une grande variabilité des
temps de réaction semble étre le marqueur cognitif le plus répliqué en association a 'homozygosité de l'alléle « 10-repeat ». Les autres
génes ont fait I'objet de moins d’études dont les résultats nécessitent des réplications. Limites : Une méta-analyse n’a pas pu étre réali-
sée vu le faible nobre d’études utilisant le méme endophénotype cognitif. Nous nous sommes référés au minimum aux différentes appro-
ches théoriques dans ce champ de recherche car les aborder en détail aurait dépassé I'objectif de cette étude d’examen critique. Enfin,
les échantillons étudiés sont de petite taille. De ce fait, quelques résultats négatifs pourraient étre attribués au manque de puissance sta-
tistique et les associations positives devraient étre considérées comme préliminaires jusqu’a leur réplication dans des échantillons plus
grands. Conclusion : Plusieurs problemes méthodologiques incluant les erreurs de mesure, I'effet du développement sur les perfor-
mances cognitives, le sexe, les effets des traitements psychostimulants et la présence de comorbidités sont relevés. lls représentent des
facteurs confondants et peuvent contribuer a la discordance des résultats.
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Candidate genes and neuropsychological phenotypes in ADHD

Introduction

Attention-deficit hyperactivity disorder (ADHD) is a highly
prevalent, childhood-onset disorder characterized by age-
inappropriate levels of inattention, hyperactivity and impul-
sivity.' The disorder often persists into adulthood with dele-
terious effects on educational and social outcomes. Twin,
family and adoption studies have suggested that there is a
strong genetic contribution to ADHD, with a mean heritabil-
ity estimate of 76%.> However, it has been difficult to impli-
cate any specific gene in ADHD beyond reasonable doubt.
The difficulties encountered in identifying genetic variants
increasing the risk for ADHD could be at least in part owing
to the heterogeneity and complexity of this clinical syn-
drome.** Consequently, it has been proposed that the use of
intermediate phenotypes (or endophenotypes) relevant to
ADHD are likely to be more informative than the DSM-IV'
diagnoses, allowing for increased detection of genetic effects.””

The most popular model of ADHD is that the essential
impairment underlying the clinical symptoms is a deficit in
response inhibition that impairs the capacity of the individ-
ual to withhold a prepotent response when engaged in a
task.® Further research has led to the observation that other
deficits in executive function are associated with ADHD; a
meta-analysis of 83 studies has shown that children with
ADHD demonstrate substantial impairment on measures of
working memory, planning and organization, set shifting,
processing speed, inattention and impulsivity in addition to
deficits in response inhibition (effect sizes between 0.43 and
0.69).” Several of these intermediate phenotypes have been
examined in genetic association studies.

Alternatively, many features of ADHD are described as
related to problems with regulating allocation of energy and
effort.® This “cognitive—energetic” model defines state regu-
lation as the allocation of extra effort to sustain performance
in the presence of stressors such as high presentation rates of
stimuli. Although activation normally increases with event
rates, long interevent intervals engender a suboptimal hypo-
activation in people with ADHD, who then are unable to
summon the necessary effort to adjust appropriately to the
demands of the situation. Reaction time variability, one of the
most replicated deficits in ADHD across a variety of tasks, is
thought to be one of the best indices of such state regulation
difficulties and has been equally examined as an intermedi-
ate phenotype."

In addition to these purely cognitive models, it has also
been proposed that ADHD may result from emotional
deregulation in the form of delay aversion.” According to
this model, in children with ADHD waiting is associated
with a negative emotional tone that can be appreciated using
tasks that require them to wait longer to maximize gain.
However, to our knowledge, no genetic studies have been
designed to test this model. As a relatively large body of
research has now been published, it may be informative to
explore whether this approach investigating endophenotype
and quantitative traits has produced more consistent findings
compared with the classical approach centred on the categor-
ical syndrome of ADHD and its subcategories. The main

objective of our study was to systematically review and dis-
cuss the results of studies investigating neuropsychological
and genetic correlations in ADHD.

Methods

We identified papers for inclusion in this review by searching
journal abstracts available online through the National
Library of Medicine’s PubMed database using a number of
keyword searches. Each search combined 1 key word refer-
ring to 1 endophenotype (e.g., “neuropsychological,” “cogni-
tive,” “attention,” “executive,” “memory,” “inhibition,” “IQ,”
“reaction time,” “state regulation,” “endophenotype”), a
name of a gene that has been previously associated with
ADHD (e.g., “DRD4” or “dopamine [DA] receptor 4”) and
the term “ADHD.” We completed the search with a system-
atic screening of the references of the identified and relevant
papers. We limited our search to English-language papers.
Minimum selection criteria for these genetic association stud-
ies were the use of clinically established diagnoses and the
inclusion of children and/or adolescent participants. Box 1
summarizes the different neuropsychological tasks used in
these studies and provides a succinct description of the
reported scores. We mentioned the available data on the heri-
tability and occurrence in unaffected relatives of the inter-
mediate traits used for genetic association.

For each study, we calculated the effect size (Cohen d) in
the direction of the deficit (high risk worse than low risk) and
the percentage of variance in the endophenotype explained
by the genotype variance using the following formula: per-
centage of variance = [(Mioy i + Mrignris) / (Miow risk X Miign )] +
[d2 / 2(n i + Mrignris) [, Where 1, o and 1,4, . Tepresent the
number of people in the low- and high-risk groups, respectively.

Results

We included in our review 29 studies examining 10 genes
(DRD4, DAT1, COMT, DBH, MAOA, DRD5, ADRA2A,
GRIN2A, BDNF and TPH2) in relation to neuropsychological
traits relevant for ADHD.

Dopamine receptor 4 (DRD4)

The DRD4 gene is located on chromosome 11p15.5, having a
highly polymorphic variable number tandem repeat (2, 3, 4, 5
or 7 copies of a 48-bp repeat sequence) within the coding
region (exon 3). In the general population, the most prevalent
alleles are the 4- (~67%), 7- (~12%) and 2- (~10%) repeat alle-
les.” The frequencies of these alleles vary widely in human
populations.® In addition to coding for 1 of the 5 DA recep-
tors, the DRD4 gene has been widely investigated in ADHD
because D, receptors are mainly expressed in brain regions
such as the anterior cingulate cortex that are known to be im-
portant for attention and inhibition. Moreover, the 7-repeat
allele was reported to be associated with blunted response to
DA in Chinese hamster ovary cell lines expressing D, recep-
tor variants.” A recent meta-analysis of case—control and
family-based studies in European populations showed a
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significant preferential transmission of the 7-repeat allele
from parents to children affected with ADHD (odds ratio
[OR] =1.34, 95% confidence interval [CI] 1.23-1.45).* The
5-repeat allele was also associated with an increased risk
(OR =1.68, 95% CI 1.17-2.41). Conversely, the 4-repeat allele
showed a reduced association in both case—control and
family-based studies (OR = 0.9, 95% CI 0.84-0.97), suggesting
that this allele likely confers a protective effect.

Contrary to expectation, 4 studies reported that the
7-repeat risk allele was associated with relatively better
attention than the short-repeat alleles. Swanson and col-
leagues™ were the first to report that the subgroup of partici-
pants with at least the 7-repeat allele did not display neuro-
psychological deficits. In this study, 3 tasks were used to

probe 3 anatomic networks implicated in attention. The bat-
tery consisted of a colour-word task based on conflict resolu-
tion (probing anterior network), a cued-detection task
requiring shifting and maintenance of attention (probing
postero-parietal network and frontal brain regions) and a go-
change task (tapping alerting network but also anterior net-
work). Additionally, the 7-absent subgroup showed longer
reaction times and greater standard deviations. The authors
invoked the heterogeneity of ADHD with the possibility that
in participants without the 7-repeat allele ADHD developed
from other genetic and nongenetic risk factors. They argued
also that the 7-repeat allele may have been associated with
behavioural features rather than cognitive deficits. Subse-
quently, Manor and colleagues,® using the test of variables

Box 1: Brief description of tasks cited in the review (part 1 of 2)

Continuous performance test (CPT)

It has several varieties. Their common element concerns the ability to respond to a rare target over a period of extended time (> 15 min). For example, the
computer might show a different letter every 2 s; however, when an X ” appears preceded by an “A” the child is to press the response button. The target will
appear only on 25% of trials or fewer. Usually, reported scores are omission errors, commission errors, d-prime index (a measure of the difference between the
signal and noise distributions that reflects how quickly one’s performance worsens over the duration of testing), p index (a weighting of commissions and
omissions that reflects an individual’s response tendency) and response variability.

Heritability values for omission and commission errors of identical pairs CPT"* and d-prime index of degraded stimulus CPT* are very low. Familial studies did
not reveal impairment in parents."""

Gordon diagnostic system (GDS)

It uses a small console containing a screen, a large button beneath the screen and a computer chip inside that presents single digits on the screen at the rate
of 1/s (200 msec display time with 800 msec pause). The participant is required to observe the display screen as digits are shown. When the target digit
sequence (“1” followed by a “9”) appears, he or she is to press the button. For scores see CPT description.

Test of variables of attention (TOVA)*

It is a 23-min CPT with fixed interval. The participant is asked to press a button whenever the appropriate “target” or stimulus appears on the screen. The “target” is when
a little square appears in the upper portion of another square and the “nontarget” is when the little square is in the bottom portion of the bigger square. So every 2 s, a
stimulus will flash on the screen and the participant then responds to the “targets” and not to the “nontargets.” For scores see CPT description.

Sustained attention to response test (SART)

It is a 5-min test in which participants are presented with a fixed sequence of 1-9 digits and are required to respond to the presentation of digits (go trial), except when the
digit “3” (no-go trial) is presented. In order not to disadvantage children with ADHD who have an impulsive response style, participants are required to respond upon the
presentation of a predictably timed response cue. Participants perform 225 trials, incorporating 25 no-go trials. For scores see CPT description.

Heritability for similar sustained attention measures was estimated to be 0.46— 0.72."

Walk/don’t walk task;* from test of everyday attention for children (TEA-Ch)

Participants are presented with an A4 sheet depicting 20 paths, each comprising 14 squares containing a footprint. Participants listen to an audio tape and,
using a marker pen, “walk” along the path marking the footprint on “go” tones but leaving the footprint unmarked on “no-go” tones. Go-tones are presented at
a regular pace with the no-go tone occurring unpredictably within the sequence (between the 2nd and 12th steps). Intertone intervals are systematically
reduced across paths. Usually, reported score is the number of times the participant successfully withheld to the no-go target.

Sky search dual task;* from TEA-Ch

Participants are presented with an A3 sheet depicting rows of paired spaceships. Participants are required to perform a visual search task, circling all the
matching pairs of spaceships as quickly as they can, while ignoring all the distracters (pairs that do not match). Additionally, participants are provided with a
dual task load that requires them to simultaneously and silently count the number of tones presented within each item of an auditory tone counting task, giving
the total at the conclusion of each item. Usually, the reported score is the performance decrement conferred by the additional dual-task load.

Go/no-go task

In the typical version, randomly alternating stimuli are presented (an “A” and a “B” or 2 different visual designs). The child is instructed to respond when they
see the “A” but not when they see the “B.” The “A” is presented more often to create a response set or prepotency toward responding. In the “event rate”
version of this task, the rate at which stimuli are presented is varied (every 1, 4 or 8 s). In “motivated” designs, more stimuli are used, some of which are paired
with a reward (if you press the key when you see the “A,” you win 25 cents) and some with a response cost or punishment (if you press the key when you see a
“B,” you lose 25 cents). Usually, reported scores are reaction times, reaction times variability and percentage of inhibition.

Stop signal task (SST)

It presents stimuli (an “X” and an “O”) with the instruction to press a corresponding key as quickly as possible, depending on which letter appears, creating a
prepotent tendency to respond on most trials (go trials). On a minority of trials (25% typically), a stop signal (a tone) follows the presentation of a stimulus and
indicates that the child is not to respond. The stop signal delay is varied to estimate how much warning the child needs to interrupt the response. Usually,
reported scores are reaction times for go trials, reaction times variability and the stop signal reaction time (mathematical estimation of duration of the inhibitory
response from the onset of the stop signal to the point where the go process is stopped).

Stop signal reaction times were reported as impaired in relatives of girls with ADHD'® and in unaffected siblings.” A twin study obtained evidence for genetic
influence of response variability,”' which was reported in another study to be impaired in probands’ mothers."

Matching familiar figures test (MFFT)

Participants are shown a page containing a sample picture below which is a set of 6 similar pictures, only 1 of which exactly matches the sample picture. The
child is asked to point to the picture that exactly matches the sample. Usually, reported scores are reaction time for errors, reaction time for correct responses
and the number of correctly identified pictures.

A twin study reported that monozygote twins perform more similarly than dizygote twins."
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of attention, reported that children with ADHD carrying the
7-repeat allele exhibited better commission and omission
scores and lower reaction time variability compared with
those carrying the shortest allele (the 2-repeat allele). More-
over, a “dose effect” across the different alleles was found
with a trend for an inverse correlation between number of
repeats and impaired performance. In a recent study,
Bellgrove and colleagues™ reported that carriers of the
7-repeat allele performed significantly better than noncar-
riers in terms of commission errors and had less reaction
time variability on the sustained attention to response task.
Furthermore, the probands with the 7-repeat allele did not
differ from a control group with respect to their sustained
attention to response task performances. In line with these

case—control results, in family-based analyses better per-
formance on the sustained attention to response task tended
to predict biased transmission of the 7-repeat allele from
heterozygous parents. In a more recent study from the same
group,” spectral analysis of reaction time variability and
genotyping of control children supported the hypothesis
that the association of this attentional pattern with the
absence of the 7-repeat allele was somewhat specific to
ADHD.

Intriguingly, 3 other studies reported opposite results.
Langley and colleagues® compared cognitive performances
of 2 groups of medication-naive children with ADHD. The
group with the 7-repeat allele appeared to show greater
impulsiveness (faster and less accurate responses in the

Box 1: Brief description of tasks cited in the review (part 2 of 2)

Wisconsin card sorting test (WCST)*

Children are required to sort cards according to 3 different criteria (colour, number or shape of signs presented on cards). Feedback on whether the child
achieved a correct or incorrect match is given after each trial. The matching criterion changes after 10 consecutive correct matches, and the child has to
identify the new matching criterion using the feedback (correct/incorrect) provided to them. Usually, reported scores are number of perseverative errors,
nonperseverative errors, total errors, number of trials to complete the first category and number of categories successfully achieved.

Heritability for perseverative errors and total errors was estimated to be 0.56 and 0.88, respectively.” Familial studies did not reveal impairment in parents or in siblings.
Tower of London task (TOL)*

Participants are presented with a problem in which they are required to rearrange a set of balls so that their positions match the goal arrangement presented on
the sheet. The starting position of the balls is varied so that the minimum number of moves to solution is 2, 3, 4 or 5 moves. Participants are instructed to
examine the position of the balls at the commencement of each problem and attempt to solve it in a specified minimum number of moves. Usually, reported
scores are standardized total item scores, time to complete each trial and number of problems solved.

Familial studies did not reveal impairment in parents or in siblings."

Self ordered pointing test (SOPT)*

In this task, series of matrices of 6, 8, 10 and 12 images are presented to the child. The child is asked to select, by pointing, one different image on each page.
Errors occur when the child points to images previously selected on the preceding pages. Each set is presented to the child 3 times. Usually, reported scores
are total errors and perseverative errors.

Trail making test (TMT)

Part A: Children are presented with a page of circles with numbers in them and required to connect the circles in order (i.e., 1, 2, 3). Part B: Children are
presented with a page of circles containing letters and numbers presented in a random pattern and are required to connect the 2 sets of ordered stimuli (letters
and numbers) in an alternating fashion (e.g., 1, A, 2, B). Usually, reported scores are number of errors and completion time for each part.

Heritability for Part B completion time was estimated to be 0.50° and reported to be impaired in relatives."”

Digit span*

Forward: The researcher speaks aloud a sequence of digits (at the rate of 1/s) and the child is asked to repeat them in the order in which they are presented.
Backward: The presenter reads a series of numbers. The child is then required to repeat the numbers in a reverse order. Usually, reported scores are the
span size correctly recalled for each part.

Heritability for the backward span of a similar task was estimated to be 0.43.° Familial studies did not reveal impairment in parents."

Stroop (colour word) task

This task generally has 2 conditions. The usual condition is to name aloud as fast as possible the ink colour of rows of Xs printed in red, green and blue. Speed
on this task is compared with speed on the interference task that requires naming as fast as possible the ink colour of a sequence of words, each of which is a
colour word that is different from the colour of the ink (e.g., the word “blue” printed in green ink). Usually, reported scores are errors, reaction times and reaction
times variability.

Heritability for colour-word interference was estimated to be 0.50°“~0.74*° and reported to be impaired in unaffected relatives.”

Grey-scales task

Participants are presented with 2 horizontally elongated rectangles, one directly above the other, and shaded in opposite directions in a semi-continuous grey-
scale from pure black at one end to pure white at the other. They are asked to judge which of the 2 rectangles looks darkest and to make their response
verbally (top/bottom). The reported score is the asymmetry index.

Landmark task

In this 5-min test, participants judge which end of a prebisected line looks shorter. On 10 trials, the bisecting line is offset (either to the right or left) allowing
accuracy of judgments to be determined. On the remaining 10 trials, the horizontal line is bisected in the middle. The reported score is the asymmetry index
Cued-detection task

The child fixes his or her eyes on the centre of the screen, with an instruction to press the key as quickly as possible when the target appears in either the left
or the right periphery. The target is preceded by a warning cue that is either correct or incorrect in its spatial visual field location. Usually, reported scores are
reaction times, reaction times variability and errors percentage by condition.

Heritability for orienting in the attentional network test was estimated to be null.”’

Temporal order judgment task (TOJ)

Participants are instructed to fixate on a central cross and to nominate verbally which of 2 stimuli (asterisks appearing left or right of the cross in sequence with
a delay of 50, 100 or 200 milliseconds) appeared first. Usually, reported scores are reaction times and errors percentage by condition.

15,1723

*Normative data are available for these tests.
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matched familiar figures test and faster reaction times in the
stop task) that those without this allele. However, children
with and without the 7-repeat allele did not differ in response
inhibition (stop and go/no-go tasks) or continuous perform-
ance test (CPT) measures. In a study by Waldman,” perform-
ances on the trail making test (part A: processing speed; part
B: set-shifting ability) were examined as an endophenotype
in a sample of children with ADHD and their siblings. Per-
formances in the 2 parts of the trail making test were associ-
ated with DRD4 genotypes. Participants carrying 2 copies of
the 7-repeat allele exhibited longer response times, independ-
ently of diagnostic status. For part A, an additive effect of the
7-repeat allele was suggested, whereas a recessive effect was
found for this allele in part B. Moreover, with the use of logis-
tic regression analyses, part A response time seemed to medi-
ate part of the effects of DRD4 on ADHD status, whereas part
B response time tended to moderate these effects. Recently,
Kieling and colleagues” reported that probands with 1 or
more 7-repeat alleles showed more commission errors on the
CPT, whereas 4-repeat homozygosity was associated with
reduced commission and omission errors.

Finally, 1 study did not identify any differences in cogni-
tive performance in relation to DRD4 genotype. Barkley and
colleagues,” in a longitudinal study, reported no differences
between ADHD adolescents with and without the 7-repeat
allele on the matched familiar figures test, the Gordon diag-
nostic system and the Wisconsin card sorting test.

Apart from the variable number tandem repeat polymor-
phism, Bellgrove and colleagues* examined the association
of 2 additional polymorphisms located within the promoter
region of the DRD4 gene to sustained attention to response
task scores in children with ADHD. Probands” homozygosity
for the A allele at -521 single nucleotide polymorphism
(SNP) was associated with greater reaction time variability.
Moreover, family-based analysis showed that higher errors
in a composite score of commission and omission errors pre-
dicts transmission of the A allele from heterozygous parents
to affected children. For the —-616 SNP, there was no effect on
sustained attention to response task scores.

In summary, with regard to the 7-repeat allele, the CPT
and derived tasks (sustained attention to response task, test
of variables of attention and Gordon diagnostic system) were
the most used cognitive tests. Association of high reaction
time variability with the 7-repeat allele absence appears to be
the most consistent result and seems to be specific to ADHD.
Speed of processing (trail making test part A), set shifting
(trail making test part B) and cognitive impulsiveness
(matched familiar figures test) were less frequently inves-
tigated but seem to be altered in the 7-repeat allele carriers.
No effect of genotype was found on response inhibition (the
stop and go/no-go tasks) (Table 1).

Dopamine transporter (DAT1)

The DA transporter (DAT1) gene harbours a 40-bp repeat
sequence variable number tandem repeat polymorphism
located in the 3’-untranslated region.”” The most common
alleles are the 10- (480-bp, 71.9%) and 9-repeat (440-bp,

23.4%) alleles,” although these frequencies are variable from
one population to the next.”* Homozygosity for the 10-repeat
allele was reported to be associated with higher DA trans-
porter protein in the striatum,** a region where it is heavily
expressed™ and where it serves as the primary means of DA
reuptake.” Several studies have suggested a relation between
ADHD and the DAT1 variable number tandem repeat, the
10-repeat allele being the risk allele; however, a roughly
equal number of studies have failed to detect such a relation.*
In a review by Faraone and colleagues,’ the pooled OR asso-
ciated with the 10-repeat allele in family-based association
studies was estimated to be 1.13 (95% CI 1.03-1.24).

Loo and colleagues® reported that children carrying
2 copies of the 10-repeat allele exhibit higher commission
errors, impulsive responses (3 score) and reaction time vari-
ability compared with carriers of the 9-repeat allele. Bellgrove
and colleagues,” who used a CPT-like task (the sustained
attention to response task), found higher reaction time vari-
ability in children who were homozygous for the 10-repeat
allele. However, in this study, the 2 groups did not differ in
omission and commission errors.

In contrast, Oh and colleagues® reported fewer omission
errors in the test of variables of attention in patients with
2 copies of the 10-repeat allele compared with carriers of
1 copy. No significant differences were observed between
the 2 groups with regard to commission errors, reaction
times or reaction time variability. Recently, Barkley and col-
leagues™ reported that 2 groups of adolescents with ADHD
(homozygous or heterozygous for the 10-repeat allele), did
not differ in performance on the Gordon diagnostic system,
a continuous performance-like test. Additionally, it was
found that controls who were heterozygous for the 10-repeat
allele made more omission errors compared with homozy-
gous controls.

Spatial attentional asymmetry has been described in chil-
dren with ADHD.*** Bellgrove and colleagues,” using the
grey-scales task, reported that probands with 2 copies of the
10-repeat allele showed an attenuated spatial asymmetry,
whereas heterozygous children showed the typical leftward
attentional asymmetry. In a second study with an extended
sample, they reported that left-sided inattention (measured
by the landmark task) was associated with the 10-repeat alle-
le.* The authors also reported that the landmark asymmetry
index predicted biased transmission of the 10-repeat allele
from parents to affected children.

Finally, some indices of executive functions (Wisconsin
card sorting test, trail making test and Stroop test) appear not
to be modulated by the DAT1 variable number tandem re-
peat polymorphism,®* whereas better performance on other
indices such as the tower of London, the self-order pointing
task and the Weschler intelligence scale for children-III arith-
metic and digit span subtests was reported to be associated to
the 10/10 genotype compared with the 9/10 genotype.*
Measures of cognitive impulsiveness (matched familiar fig-
ures test) seem not to be modulated by the DAT1 variable
number tandem repeat polymorphism.*

In summary, 4 studies provide conflicting results in rela-
tion to omission and commission errors from CPT and
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derived tasks (sustained attention to response task, test of
variables of attention and Gordon diagnostic system). Inter-
estingly, high reaction time variability seems to be the most
replicated cognitive marker associated with 10-repeat
homozygosity. Interesting results regarding spatial atten-
tional asymmetry and some executive tasks have been
reported but need replication (Table 1).

Catechol-O-methyltransferase (COMT)

The human COMT gene has been localized to chromosomal
region 22q11.1-q11.2. Studies focused on a functional SNP in
exon 4 (472G/A) that leads to an amino acid substitution
(valine — methionine) at position 108 or 158 of the coding
sequence of the soluble and the membrane-bound COMT,
respectively.® Homozygosity for methionine leads to a 3- to
4-fold reduction in COMT activity compared with homozygos-
ity for valine.” Given that DAT1 may play a reduced role in the
control of synaptic DA within the prefrontal cortex (PFC),”* it
has been suggested that the variation of COMT activity may
modulate largely synaptic availability of DA in the PFC. A
recent meta-analysis concluded that there is a small but signifi-
cant relation between Val158Met genotype (Val as risk allele)
and executive function (measured by Wisconsin card sorting
test) in healthy individuals (d = 0.29, 95% CI 0.02-0.55). How-
ever, pooled studies of participants with schizophrenia were
not significant (d = -0.07, 95% CI -0.4 to 0.26).

In ADHD, 2 studies examined the association between this
polymorphism and performance on a set of cognitive tasks
known to tap into the PFC. The first study examined the
Vall58Met polymorphism in 124 children and used the
matched familiar figures test, the CPT and the stop and
go/no-go tasks.* The second study genotyped the
Val108/158Met polymorphism in 118 children and obtained
cognitive scores from the Wisconsin card sorting test, the
tower of London and the self-order pointing task evaluating
a range of executive functions including working memory,
planning and set shifting.* Both studies suggested that in
children with ADHD there were no effects of COMT poly-
morphism on neurocognitive function, especially executive
function. A third study conducted by Bellgrove and col-
leagues® analyzed sustained attention capacity (estimated
from performance on 2 subtests of the “test of everyday at-
tention for children”) in relation to COMT genotype. Unex-
pectedly, impairment in sustained attention was found to be
pronounced in children carrying at least 1 copy of the Met
allele. No distortion in the transmission of COMT gene vari-
ants from parents to affected children was found. Given that
performances on tasks mediated by the PFC can be impaired
by both hypo- and hyper-dopaminergic states,” it was hy-
pothesized that the slower clearance of DA associated with
the Met allele of the COMT gene may be disadvantageous to
cognition in ADHD.* Finally, a family-based study con-
ducted by Eisenberg and colleagues® showed a trend for an
association when transmission of the COMT Val allele was
examined in probands who scored better than the 50th per-
centile on the CPT commission errors score. Only partici-
pants with the Met/Met genotype had markedly fewer

commission errors, whereas no significant differences were
observed between Val/Val and Val/Met genotypes. More-
over, the association was significant when transmission of
the COMT Val allele was examined in probands selected on
the basis of clinical severity (score on the Conners teaching
rating hyperactivity scale better than the 50th percentile) or
when probands with inattentive type (DSM-IV criteria) were
excluded (Table 1).

Dopamine B-hydroxylase (DBH)

The DBH gene located on chromosome 9q34* encodes an
enzyme that catalyzes the conversion of DA into norepineph-
rine and is particularly expressed in the PFC.* A -1021 C/T
polymorphism was reported to be responsible for up to 50%
of the variation of plasma DBH activity.”” However, it is
another polymorphism in intron 5 (the 5" Tagl polymor-
phism) that has been often tested in clinical samples of
patients with ADHD with consistent findings. In fact, a meta-
analysis by Faraone and colleagues® suggested a significant
association between ADHD and the 5" Tagl polymorphism.
When the family-based studies are pooled, the OR is esti-
mated to be 1.33 (95% CI 1.11-1.59).

Anomalies in the temporal allocation of visual attention
have been reported in ADHD.”” Using a temporal order
judgment task, Bellgrove and colleagues® reported that chil-
dren with ADHD were impaired in allocating attention to
visual targets that appeared in close temporal proximity
(50 ms) compared with controls. The ADHD probands who
were homozygous for the A2 allele exhibited poorer perform-
ances on this task than noncarriers of this allele. Employing a
logistic regression extension of the transmission disequilib-
rium test, the authors also found that performance on this
task predicted distorted transmission of A2 alleles from par-
ents to affected children. In a second study, children possess-
ing 2 copies of the A2 allele had significantly more commis-
sion and omission errors and greater reaction time variability
(as assessed by the sustained attention to response task) than
those who did not carry this allele.”

Barkley and colleagues® reported neuropsychological cor-
relates of the DBH Tagql polymorphism in a large group of
adolescents with ADHD and a matched control group. Com-
parisons showed that genotype (2 copies of A2 v. 1 or
0 copies) had no effect on any measures in the control group.
In the ADHD group, participants who were homozygous for
the A2 allele made more errors on the Wisconsin card sorting
test (problem-solving) and the matched familiar figures test
(cognitive impulsiveness).

Apart form the Tagl polymorphism, 1 study examined the
association between the —1021 C/T polymorphism and exec-
utive function, as reflected by a composite measure (CPT and
Wisconsin card sorting test) in children and adolescents with
ADHD.” The CC genotype was associated with a diminished
performance (Table 1).

Monoamine oxidase A (MAOA)

Several studies have suggested a relation between ADHD
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(5.66)
(5.07)
(5.03)

Score —-0.41 (18.61)

Score —0.67 (19.22)
(6.07)

6)

Effect size
(% phenotypic
variance)
PERSEV 0.18
Score 0.15
Score 0.22
COMM 0.97 (13.31)
OMISS 0.65 (12.55)
Errors 0.26
PERSEV 0.44
NA

Test
WCST

TOL
Sky search task

Walk/don’t walk

SOPT
SART
MFFT
wCsT
GDS
TOJ

1Q, mean (SD)
[min]

95 (13) [70]
97.7 (13.6) [70]
97 (11.2)
NA
102 (14.5)

CD (34.5)
NA
©9.1)

ODD (57.6)
cD

Comorbidity (%)
ODD (71.5)

ODD/CD (61.0)

ODD/CD (73.0)

Treatment
(withdrawal)
43%

(1 wk)
NA
(24 h)
NA
(24 h)
NA
60%
(24 h)

Genotype
frequency (%)
Val/Val (24.5)
Val/Met (56.0)

Met/Met (19.5)
Val/Val (23.0)
Val/Met (62.0)

Met/Met (15.0)

A1/A1(29.4)
A1/A2(33.3)
A2/A2 (37.2)
/A1, A1/A2(30.0)
A2/A2 (70.0)
A1/A1(18.2)
A1/A2 (48.5)

Male,
O/O
C (57.6)
| (26.3)
H (16.1)
C (80.3)
I (11.5)
8.2)
C (75.0)
15.0)
10.0)
NA
C (69.7)
1(21.2)

H

85
85
86
NA
84

Age,
mean (SD)

[range], yr
9.1 (1.8)
(2.9)
[12-20]

12.2 (2.3)
1.7 (2.2)

12

No.*
18
61
52
80
33

1

Country
(% race)
Canada**
(NA)
Ireland
(NA)
Ireland
(NA)
USA
(100% white)
Ireland
(NA)

Table 1: Descriptive data of cognitive—genetic correlations in ADHD for various polymorphisms with calculated effect size of neuropsychological performances and related phenotypic

variance when available (part 2 of 2)

Study

Taerk et al.”
Bellgrove et al.®
Bellgrove et al.*t
Barkley et al.*t§
Bellgrove et al.*f

and alleles of the MAOA gene.* The 30-bp variable num-

2 ber tandem repeat 1.2 kb polymorphism was studied in
£ relation to cognitive performance in ADHD. This poly-
§' morphism has alleles with 2, 3, 3.5, 4 and 5 repeats.” The
;é-% 2- and 3-repeat alleles have been associated with low
%% transcriptional efficiency of the gene and with impulsiv-
EW ity and aggressive behaviour.”” Manor and colleagues™

examined the role of this polymorphism in the test of
variables of attention in a population of 112 children
with ADHD. They found that participants carrying the
long MAOA alleles (4- and 5-repeat) made more com-
mission errors than those without the alleles. This asso-
ciation was markedly attenuated after administration of
methylphenidate. More recently, 7 SNPs in a region
spanning 31 kb from intron 5 to the 3’'UTR were re-
ported to be significantly associated with ADHD, but
were independent from IQ level.”

oppositional defiant disorder; OMISS
slow frequency area under the spectra; SOPT

Dopamine receptor 5 (DRDS5)

The DRD5 gene consists of a single exon on chromo-
some 4. Two recent meta-analyses confirmed that a poly-
morphic microsatellite without a known functional
significance confered a small but significant risk for
ADHD.”” An association was observed between the
148-bp repeat allele and 4 variables of the test of variables
of attention (commission errors, omission errors, reaction
times and reaction time variability).* However, the auth-
ors reported these findings with caution and recom-
mended independent replication.

Wisconsin card sorting test.

standard deviation; SFAUS

continuous performance test; FFDI = freedom from distractibility index (arithmetic and digit span subtests);

matching familiar figures test; NA = not available; ODD

Adrenergic receptor 2 (ADRA2A)

A2/A2(33.3)
commissions; CPT

Initial studies did not identify an association between
ADHD and the Mspl polymorphism of the ADRA2A
gene.”* However, a study by Park and colleagues®
found a significant association between ADHD and
2 SNPs, one in the promoter and another in the 3" un-
translated region. Waldman and colleagues® investi-
gated a set of executive measures in relation to polymor-
phisms of the ADRA2A gene in the sample of ADHD
children studied by Park and colleagues.®* The promoter
region polymorphism (Mspl) was found to be associated
and linked with performances on tower of London and
trail making tests and with reaction time variability on
the stop signal task, whereas the 3’ untranslated region
SNP (Dral) was associated with trail making time scores.

sustained attention to response test; SD

©@.1)

H
conduct disorder; COMM
incorrect responses; MFFT

mean reaction time; SART

= combined; CD
hyperactive/impulsive; | = inattentive; INC

reading disorder; RT

Glutamate receptor, ionotropic, N-methyl-p-aspartate
(GRIN2A)

The GRIN2A gene is located in thel6p13 locus that was
linked to ADHD.” A family-based study reported a sig-
nificant association between ADHD and a GRIN2A poly-
morphism (Grin2a-5).* In contrast to these findings, a
family-based study did not identify any evidence sup-
porting the association of 4 polymorphisms (including
Grin2a-5, all without known functional consequence)

perseverative errors; RD

attention-deficit hyperactivity disorder; C

Gordon diagnostic system; H

PERSEV

task; TMT = trail making test; TOJ = temporal order judgment task; TOL = tower of London; TOVA = test of variables of attention; WCST

*Probands with cognitive data.
TAll data except genotype frequency pertain to the whole sample.

}Study included a control group.
§Longitudinal study with multiple subgroups.

{IShown data are for the whole sample.
**Sample from the province of Quebec.

ADHD
GDS
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and ADHD.” Equally, no evidence for association between
any of these GRIN2A polymorphisms and cognitive pheno-
types of inhibitory control (stop task), verbal short-term
memory (forward digit span) and verbal working memory
(backward digit span) were observed.

Trypotphan hydroxylase 2 (TPH2)

The TPH2 gene encodes the rate-limiting enzyme in the syn-
thesis of serotonin in humans and was shown to be associ-
ated with completed suicide™ and major depression.” Four
studies have shown an association between multiple SNPs in
this gene and ADHD.”* Recently, a significant association
was observed between total errors of omission in the test of
variables of attention and 2 SNPs (rs1386488, rs6582072).*
Similarly, a significant association was observed between
rs1386488 and another SNP (rs1386497) and total reaction
time scores as well as total reaction time variability scores.
These intronic SNPs are part of 8 markers found to have
strong linkage disequilibrium with each other and that com-
pose a single haplotype block associated with ADHD in the
tested sample. A second study tested IQ level and 4 SNPs
previously reported to be associated with ADHD, but analy-
ses were negative.”

Brain-derived neurotropic factor (BDNF)

The BDNF gene was suggested to play an important role in
the pathophysiology of several psychiatric disorders. Particu-
larly, the Val66Met polymorphism was implicated in hip-
pocampal function, as reflected by reports of associations
with structural and functional measures.” In children with
ADHD, although an initial study reported an association of
this polymorphism with a preferential transmission of the
valine allele,” 5 studies failed to replicate this finding.”"'*
Verbal short-term memory and working memory, as evalu-
ated by the digit span test, were also examined and yielded a
negative finding.”

Gene—gene interactions

Additive or interactive effects of 2 or more genes on neuro-
psychological traits pertinent to ADHD have been
reported, especially for polymorphisms of the DRD4 (a
copy of the 7-repeat allele as a risk genotype) and DAT1
(homozygosity for the 10-repeat allele as a risk genotype)
genes. In fact, it was speculated that the combination of
these 2 risk genotypes may lead to an extreme hypo-
dopaminergic state correlated with poor cognitive function.
This assumption was evidenced by findings from a longitu-
dinal epidemiologic investigation of 2 independent birth
cohorts in which children presenting with ADHD symp-
toms and carrying both dopaminergic risk genotypes
scored an average of 8.2 IQ points lower than children with
no risk genotypes." However, 2 association studies impli-
cating children with clinically diagnosed ADHD failed to
replicate such influence of DAT1 and DRD4 polymor-
phisms on IQ performance.”'*

Discussion

Although associations between polymorphisms of different
candidate genes and ADHD have previously been reported,
the functional consequences of allelic variation within these
genes remain uncertain. It has been suggested that many of
these genes may contribute to neuropsychological deficits
observed in children with ADHD. The approach of linking a
genetic risk factor to an alternative or intermediate neuro-
psychological phenotype has led to a growing interest in the
last few years. Since 1999, about 30 studies mostly examining
4 candidate genes (DAT1, DRD4, COMT and DBH) in rela-
tion to the neurocognitive phenotypes relevant for ADHD
have been published.

Limitations

Our review had some limitations. Although we aimed to per-
form a formal meta-analysis, this was not possible because
the number of studies using the same neurocognitive endo-
phenotypes was limited. This field of research has multiple
approaches that can be attributed to various neuropsycho-
logical parameters relevant in ADHD. We referred only min-
imally to the various theoretical frameworks in this field of
research; more detail would have been beyond the scope of
our systematic review. To qualify as endophenotypes, neuro-
psychological deficits in patients with ADHD have to meet a
number of criteria, including heritability, independence from
fluctuation in behavioural manifestations of the disorder over
time, cosegregation with the illness within families and
higher occurrence in nonaffected family members than in the
general population.® Although the approach of using endo-
phenotypes to improve genetic studies has been widely pub-
licized in the recent psychiatric genetic literature, several
potential limitations have to be considered when applying
this approach. One of the major problems is that using endo-
phenotypes without evidence of familiality can lead to an
overanalysis of the data and findings that do not make bio-
logical sense."” Furthermore, measurement errors and/or the
presence of confounding factors may limit the capacity of
reaching reliable findings. Measurement errors in behav-
ioural research may arise from important within-subject vari-
ation in performance. This problem may be particularly cru-
cial in ADHD because patients with this disorder are
characterized by important reaction time variability of neuro-
psychological performance.” Thus, it is advisable to deter-
mine the test-retest reliability of the proposed neuro-
psychological tasks used in genetic studies of ADHD."*
Alternatively, this increased variability is considered by some
authors to be the most consistent neuropsychological abnor-
mality in ADHD across many reaction time-based tasks and
might reflect a unitary construct."” Under the assumption of
high test-retest variability is an intrinsic characteristic of
ADHD, this trait could be targeted by genetic studies,
although more genetic epidemiological studies are needed to
confirm its genetic underpinnings.

Furthermore, confounding factors may participate in varia-
tion of the intermediate phenotype through nongenetic
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factors. For example, it has been shown that maternal smoking
during pregnancy is a risk factor for both ADHD and exec-
utive dysfunctions in offspring.*'” Failure to take these con-
founding factors into account may result in spurious findings
and prevent replicating results from one study to another.

Another important issue in this field of research is that dif-
ferent aspects of human cognition mature at different ages."
Given that examined populations vary widely in age, it is
possible that this variable explains part of the discrepancies
between studies. Davidson and colleagues' reported that
performance in cognitive flexibility task progresses develop-
mentally and does not reach adult levels in 13-year-old chil-
dren. Moreover, tasks sensitive to executive function at a
young age may become too simple and automated to reflect
executive processes in older individuals."* Furthermore,
these dynamic changes in cognitive process over time may be
supported by changes in monoamine metabolism, as sug-
gested by experimental data from animal and human
studies.""* For example, in rats, COMT activity is correlated
with age."" Thus, it is possible that the role of COMT in the
catabolism of DA is developmentally regulated, with chil-
dren relying less on this catabolic pathway than adults. Con-
versely, it has been reported that DATI density is inversely
correlated with age."” It is therefore possible that DA metab-
olism relies more on DAT1 than on COMT activity in chil-
dren compared with adults. These developmentally dynamic
changes in the activity /expression of key proteins involved
in monoamine metabolism, compounded with their different
brain distributions and differential involvement in multiple
functions (e.g., tonic and phasic DA regulation) highlight the
importance of a study sample with a narrow age range.

Another factor that needs to be taken into consideration is
sex. It is very well established that the clinical expression of
ADHD differs between males and females."* Although differ-
ences in neuropsychological profiles between males and fe-
males with ADHD have not been widely studied, it possible
that the difference in symptoms is at least in part secondary
to different neuropsychological abnormalities. Furthermore,
it has been shown in animal models that the behavioural con-
sequences of gene defects are expressed differently between
males and females."” For example, it was shown that the fre-
quencies of the Val/Met alleles are different between males
and females in an Israeli population.® Also, Qian and col-
leagues' showed that the association/linkage between
COMT alleles and ADHD may depend on sex. Assuming
that these differential allelic effects are true, it is evident that
the results of studies may vary widely because of the propor-
tion of males and females included in each study.

Another factor that might be important to take into consid-
eration while interpreting these studies is pharmacological
treatment. Indeed, in most studies, children with ADHD
were receiving long-term stimulant medications that were
withdrawn for at least 24 hours. However, animal studies
indicate that withdrawal of chronic stimulant treatment may
lead to decreased DA neuronal firing."” Few studies
reviewed here comprised medication-naive participants,*””
whereas some others included a subgroup of medication-
naive children without showing comparisons to receiving

stimulant medication.®*####% Interestingly, in 2 studies
with test sessions before and after stimulant administration,
the genetic—cognitive correlations disappeared” or were
markedly attenuated” after the administration of methyl-
phenidate (0.3 mg/kg). This observation could exemplify the
neutralization of a small genetic effect on cognition by a large
dopaminergic tone induced by treatment.

Some disorders frequently associated with ADHD might
interfere with the measurement of neuropsychological per-
formances. For example, reading disability and ADHD co-
occur in about 15%—40% of patients,” and it is possible that
the 2 conditions interact to shape neuropsychological per-
formances of affected individuals. Thus, controlling for such
learning disabilities might also be a critical issue.

Correlations between polymorphisms of the candidate
genes and neuropsychological measures were performed fre-
quently following a case—control association design in which
the behavioural phenotype was serving as the dependent
variable and the genotypes (or the number of high-risk alle-
les) for the candidate gene as a categorical explanatory vari-
able. Results drawn from this type of analysis can suffer from
bias owing to the possibility of population stratification. An
interesting alternative, when parent/offspring trios are avail-
able, is the use of quantitative extensions of the transmission
disequilibrium test (general test’” and logistic regression'*),
which might help to determine whether cognitive measures
could predict distorted parental transmission of high- versus
low-risk alleles to ADHD probands. However, including a
control group is highly recommended. In fact, ensuring sensi-
tivity and specificity of the neuropsychological measures to
ADHD is an important issue that appears to establish differ-
ences between the clinical and control groups.

Finally, sample sizes of most of the studies we reviewed
were small. Recent reviews of the association between the
COMT Val/Met polymorphism and executive function sug-
gest that the effect of this polymorphism may be very modest
and that very large sample sizes (> 1000 participants) are
needed to reliably detect such an effect.'” Thus, some nega-
tive findings could be attributed to a lack of statistical power,
and positive results should be considered preliminary until
they are replicated in extended samples.

Meta-analyses of candidate genes for susceptibility to
ADHD yielded ORs ranging from 1.13 to 1.44, which repre-
sent small genetic effects. It was suggested that for an addi-
tive genetic model, the proportion of phenotypic variance
explained by the associated genes is about 3.2%."” Under the
assumption that endophenotypes are less complex than the
clinical syndrome of ADHD and that they have more tractable
genetic underpinnings, it may be expected that the variance in
endophenotypes that is explained by variation in candidate
genes should be higher than 3.2%. In our review, whenever
possible, we provided the effect sizes and the percentage of
variance in endophenotypes explained by a number of candi-
date genes. The latter varied from 5% to 19%. Although it may
be concluded that these proportions of variances in endo-
phenotypes explained by candidate genes are higher than the
proportions of variances in ADHD, this conclusion may be
too premature given that studies assessing the same gene and
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the same endophenotype were scant and prevented any reli-
able estimation of the effect sizes, which are often overesti-
mated in studies first published. Statistical aspects aside,
approaches associating intermediate phenotypes to genetic
variants are undeniably valuable in bridging the gap between
genes and the clinical symptoms of ADHD.

Conclusion

Despite the promises raised by the use of endophenotypes in
the genetic research in ADHD, the findings reported until
recently have been poorly replicated. Methodological issues
related to the neuropsychological phenotype of ADHD,
measurement errors, developmental variation of cognition,
sex effect, action of stimulant treatment and the presence of
comorbid conditions represent potential sources of confu-
sion. Other factors such as population stratification and small
effect sizes that are common to genetic association studies
contribute to the problem. Until much larger studies with
optimal control of confounding factors are conducted, useful-
ness of neuropsychological endophenotypes in ADHD can-
not be truly assessed.
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