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Abstract Rationale: Dysfunction of executive neuropsy-
chological performance, mediated by the prefrontal cortex,
has been the central focus of recent attention deficit/
hyperkinetic disorder (AD-HKD) research. The role of
other potential neuropsychological “risk factors”, such as
recognition memory, remains understudied. Further, the
impact of methylphenidate (MPH) on key neuropsycho-
logical processes in AD-HKD remains poorly understood.
Objectives: To compare the performance of boys with
AD-HKD on a spatial working memory (SWM) task and
on two non-working memory tasks [a simultaneous and
delayed matching-to-sample task (DMtS) and a pattern-
recognition task] with that of healthy boys, and to inves-
tigate the impact of acute and chronic MPH on perfor-
mance of these tasks. Methods: Baseline performance of
75 stimulant-naive boys with AD-HKD was compared
with that of 70 healthy boys. The AD-HKD boys were
then re-tested following the administration of acute and
chronic challenges with MPH (0.3 mg/kg and 0.6 mg/kg)
under randomised double-blind placebo controlled condi-
tions. Results: Compared with healthy boys, the AD-HKD
boys demonstrated performance deficits on all neuropsy-
chological tasks. A single dose of MPH restored perfor-
mance on the DMtS task but had no impact on the SWM
or pattern-recognition tasks. Chronic MPH administration
did not alter performance on the SWM task but did im-
prove performance on both the pattern-recognition and
DMtS tasks. However, the acute restorative effect of MPH
on DMtS diminished with repeated administration. Con-
clusions: Our results suggest that current conceptualisa-
tions of the neuropsychological basis of AD-HKD and the
proposed therapeutic mechanisms of MPH require broad-
ening.

Keywords ADHD · Methylphenidate · CANTAB ·
Delayed matching to sample · Visual memory · Working
memory · Tolerance

Introduction

Disorders of attention and hyperactivity are common, but
controversial, clinical constructs which present a major
public health challenge (NIMH 2000). In view of con-
tinuing debate surrounding the nosology of these condi-
tions, we have chosen to adopt the convention described
by Schachar and Tannock (2002). Hence, we will refer to
specific diagnostic terms, such as hyperkinetic disorder
(HD) or attention deficit hyperactivity disorder (ADHD)
when addressing a particular diagnostic entity and set of
criteria. We will use the acronym deficit/hyperkinetic
disorder (AD-HKD) when referring to characteristics that
are believed to be shared by ADHD and HD. It is im-
plausible that AD-HKD represents the clinical presenta-
tion of a single neuropsychological or neurophysiological
abnormality (Castellanos and Tannock 2002; Todd 2000;
Sonuga-Barke 2002). Whilst much AD-HKD research has
sought to explain this disorder within a single “grand
theory”, genetic (Nadder et al. 2002; Todd et al. 2001),
neuropsychological (Solanto et al. 2001), pathophysiolog-
ical (Rothenberger et al. 2000) and phenotypic (Bieder-
man et al. 1992) studies have all identified a high degree
of heterogeneity within the AD-HKD population, sug-
gesting a multi-factorial aetiology, which is unlikely to be
accounted for within any such model. More likely, AD-
HKD is a constellation of behavioural features generated
by several relatively independent pathophysiological risk
factors. Putative risk factors, or “endophenotypes”, of as-
sumed major effect, with direct experimental support,
include deficits in executive neuropsychological functions
such as inhibitory control (Barkley 1997) and working
memory (Kempton et al. 1999). Executive neuropsycho-
logical functions are dependent on intact functioning of
the prefrontal cortices and their projections to subcortical
targets such as the caudate nucleus and nucleus accum-
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bens (Fuster 1989). Imaging studies have consistently
implicated these brain regions in the pathophysiology of
AD-HKD (Giedd et al. 2001). Accurate performance of
these tasks is dependent on intact dopaminergic and
noradrenergic neurotransmission and can be modified
by even small manipulations in catecholamine release
(Mehta et al. 2001). Hence, the therapeutic effects of
stimulant drugs such as methylphenidate (MPH) and
dexamphetamine in AD-HKD are thought to arise from
actions on these circuits (Volkow et al. 2001b). Delay
aversion is another potential “endophenotype” with ob-
served impulsivity representing a strategy to reduce the
subjective experience of delay (Sonuga-Barke 2002).

Working memory and AD-HKD

Definitions of working memory are contentious and, at
times, confusing. Whilst some authors consider working
memory simply as the process of actively maintaining
relevant information in mind for brief periods of time
(Gleitman et al. 1999), a more comprehensive and influ-
ential view emphasises the importance of computational
processing and states that working memory is best con-
sidered as the capacity to simultaneously store and ma-
nipulate information (Baddeley 2003, 1986). Indeed,
Baddeley (1996) endorses Daneman and Carpenter’s def-
inition of a working memory task as “one that simulta-
neously requires the storage and manipulation of infor-
mation” (Daneman and Carpenter 1980), thus differenti-
ating such tasks from those that require storage but no
manipulation. Whilst deficits on “true” working memory
tasks, with substantial executive demands, have been ac-
cepted as part of the pathophysiology of AD-HKD, rela-
tively little attention has been paid to the possibility that
these children, many of whom are, by definition, disor-
ganised and forgetful, may also demonstrate specific
performance deficits on non-working memory tasks which
place much lower demands on executive functioning.
Studies have reported that children with AD-HKD dem-
onstrate deficits on free recall (Borcherding et al. 1988;
Loge et al. 1990), paired associates learning (Conte et al.
1986; Chang et al. 1999), spatial recognition (Kempton et
al. 1999) and delayed matching-to-sample (Chelonis et al.
2002; Kempton et al. 1999) tasks (DMtS); however, neg-
ative findings have also been reported particularly on
memory tasks in which stimuli are clustered or recall
strategies are presented (August 1987; Benezra and Dou-
glas 1988; Voelker et al. 1989), and also on a pattern-
recognition task (Kempton et al. 1999), suggesting that
when executive demands are reduced, the tasks become
manageable. Unfortunately, much of this work has been
hampered by a range of methodological concerns, in-
cluding the failure to use clearly defined, specific, sensi-
tive measures, small sample sizes, the use of rating scales
rather than clinical interviews in the assessment of sub-
jects and the inclusion of children with AD-HKD who
were either currently taking stimulant medication or who
had been recently withdrawn from stimulant medication.

Thus, we compared the performance of 75 stimulant-
naive boys meeting diagnostic criteria for ICD-10 HD and
DSM-IV ADHD combined subtype, aged between 7 years
and 15 years, with 70 age-matched healthy controls on
three memory tasks selected from the Cambridge neu-
ropsychological test automated battery (CANTAB) neu-
ropsychological test battery (Fray and Robbins 1996).
The CANTAB battery has been extensively validated
in both child (Curtis et al. 2002; Luciana and Nelson
1998; Hughes et al. 1999; Williams et al. 2000) and adult
(Robbins et al. 1994) populations. Tasks within the bat-
tery have been shown to be differentially sensitive to
dysfunction in several brain regions, including frontal,
temporal and amygdalo-hippocampal regions (Owen et al.
1995). Here, we report performance on three memory
tasks selected from the battery—a spatial working mem-
ory (SWM) task and two “non-working” recognition
memory tasks (pattern recognition and both simultaneous
and delayed matching to sample). Performance on further
tasks from the CANTAB battery, including stockings of
Cambridge (Tower of London), intra-dimensional/extra-
dimensional shift, spatial span, spatial recognition, paired
associates learning and reaction time, will be reported
separately. Successful performance on this SWM task has
been shown to be associated with activations of the dor-
solateral and ventrolateral PFC and posterior parietal
cortex in functional neuroimaging studies in children
(Nelson et al. 2000) and adults (Mehta et al. 2000b; Owen
et al. 1996). Performance deficits on this SWM task have
previously been reported in children (Kempton et al.
1999) and adults (Mehta et al. 2000a) with ADHD. Suc-
cessful performance of the pattern recognition and DMtS
“non-working” visual recognition memory tasks requires
intact short-term visual memory processing, imposes
minimal “executive” demands and is sensitive to both
temporal lobe and amygdalo-hippocampal (but not frontal
lobe) damage (Owen et al. 1995). Deficits on this DMtS
task have been reported in children with ADHD (Kemp-
ton et al. 1999). Kempton and colleagues did not, how-
ever, find performance deficits on the pattern-recognition
task.

In the present study, we wished to test subjects under
drug-free baseline conditions and then to re-test the AD-
HKD under randomised, double-blind, placebo-controlled
conditions on the three tasks following acute and chronic
challenges with MPH. The inclusion of a medication con-
dition serves several purposes. From a clinical perspective,
it provides an indication as to which aspects of neu-
ropsychological performance may be enhanced or dimin-
ished by MPH. Knowledge of the effects of MPH, an
indirect dopamine agonist, on neuropsychological perfor-
mance also increases understanding of the complex patho-
physiological processes that underpin AD-HKD. Improved
performance following administration of MPH has been
reported for the SWM task (Mehta et al. 2000a,b) and on a
DMtS task (Chelonis et al. 2002).

On the basis of data published prior to our initiation of
the present study, we made three predictions: (1) at
baseline AD-HKD boys will display performance deficits
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on SWM, DMtS and pattern-recognition tasks; (2) acute
MPH will improve performance on the SWM task but
have no effect on the DMtS and pattern-recognition tasks;
(3) the effects of chronic MPH on these tasks will be the
same as those seen with acute MPH.

Materials and methods

This study was approved by the Tayside Committee on Medical
Ethics. All volunteers provided written informed consent.

Subjects

Subjects in the AD-HKD group were recruited from a group of
boys aged between 7 years and 15 years old who had been referred
to the Tayside Child and Adolescent Psychiatry Service. We used a
two-stage screening procedure. Eligible and consenting subjects
scoring >1.5 standard deviations from the mean on both the Con-
ners’ parent rating scale short version (CPRS-26) and the Conners’
teacher rating scale short version (CTRS-28) were interviewed by
an experienced child and adolescent psychiatrist using the Kiddie-
SADS present and lifetime (K-SADS-PL) (Kaufman et al. 1996)
semi-structured diagnostic interview. Those meeting the diagnostic
criteria for HD (F90)—as defined in the international classification
of diseases version 10 (ICD 10 1992)—and ADHD combined
subtype—as defined in the diagnostic and statistical manual version
IV (DSM IV 1994)—and not meeting exclusion criteria, were in-
vited to participate in the study. Exclusion criteria for subjects
included a history of neurological impairment, previously deter-
mined learning disability (IQ<80), chronic physical illness, sensory
or motor impairment, current or previous exposure to stimulant
medication, and abuse of any illegal drugs. The presence of a range
of commonly occurring co-morbid conditions, including opposi-
tional defiant disorder, conduct disorder and anxiety disorder, did
not result in exclusion from the study (Table 1). The intention was
to ensure recruitment of a group of children representative of those
seen in typical clinical practice within the National Health Service
in the UK. All co-morbid diagnoses were considered secondary to
the primary diagnosis of AD-HKD. Five children met criteria for
multiple co-morbid diagnoses.

Subjects for the age-matched healthy control group were se-
lected from local schools following a similar two-stage screen.
Consenting pupils scoring <1 standard deviation from the mean on
the CPRS-26 and the CTRS-28 and all subscales of the CBCL, with
no current or past psychiatric diagnosis on the K-SADS-PL inter-
view and not meeting exclusion criteria, were invited to participate
in the study. Exclusion criteria were identical to that of the AD-
HKD group

The British picture vocabulary scale (BPVS) (Dunn et al. 1997)
[2nd edn] was used to estimate general intellectual ability for both
the AD-HKD and control subjects. The BPVS assesses verbal in-
telligence and was chosen for its ease of administration and ability
to be used with children aged between 3 years and 15 years. It is an

individually administered, norm-referenced, wide-range test of re-
ceptive vocabulary for Standard English.

Neuropsychological testing

Delayed matching to sample. The DMtS task was selected from the
CANTAB (Owen et al. 1995; Robbins et al. 1997). This task as-
sesses a subject’s ability to remember the visual features of a
complex, abstract, target stimulus. At the beginning of each trial, a
pattern consisting of four quadrants, each differing in colour and
form, appears in the centre of a touch-sensitive screen in a white
box for a presentation period of 4.5 s. Subjects are asked to re-
member the pattern. In the “simultaneous condition”, four choice
patterns then appear in red boxes located under the target pattern.
The subject is required to respond by touching the choice pattern
that corresponds exactly (in both colour and form) to the target
pattern above. Only one of the choice patterns is identical to the
target. Correct and incorrect responses are signalled by differing
auditory tones and visual feedback in the form of green ticks or red
crosses. If subjects’ make an incorrect response, they are required
to continue to choose until the target stimulus has been chosen. The
conditions for the delayed portion of the task are identical to those
of the simultaneous condition with the exception that, after the
initial presentation period, the target pattern disappears from the
screen. The four choice patterns are then presented following one of
three delays; 0, 4, and 12 s. Following three practice trials (one each
of the simultaneous presentation, 0-s and 12-s delay), a total of 20
test trials are presented with each of the four conditions presented
in a pseudorandom order. Data were analysed separately for the
simultaneous and delay conditions.

Spatial working memory. This is a self-ordered searching task
(Petrides and Milner 1982) that assesses working memory for
spatial stimuli and requires a subject to use mnemonic information
to work towards a goal. Subjects are required to “search through” a
spatial array of coloured boxes presented on a screen to collect
“blue tokens” hidden inside the boxes. Returning to a box where a
token has already been found constitutes a “between search” error
(BSE) and returning to a box already opened and shown to be
empty earlier in the same search sequence constitutes a “within
search” error (WSE). A strategy score is calculated based on how
often a searching sequence was initiated from the same box during
a trial (Fray and Robbins 1996).

Pattern recognition. This test measures a subject’s ability to re-
cognise a previously presented abstract pattern from two adjacent
stimuli. The primary measure in this task is the number of correct
patterns chosen across two trials of 12 patterns in each set.

Procedure

The study was conducted in three stages: baseline, acute challenge
and chronic challenge.

We first compared the baseline performance of the drug-naive
AD-HKD group prior to exposure to MPH and control group on
each of the tasks. The control group were not re-tested and exited
the study at this point. The AD-HKD group were randomised under
double-blind conditions into three treatment groups. Two weeks
after the initial baseline test session, the AD-HKD boys were given
a single oral dose acute challenge with MPH at between 0800 hours
and 0900 hours, at one of three doses (group 1=placebo, group
2=0.3 mg/kg, group 3=0.6 mg/kg) and re-tested on the neuropsy-
chological tasks using the first parallel test version 90 min later. For
the chronic challenge, MPH administration was continued for a
further three periods of 28 days immediately following the acute
challenge. This phase of the study was also conducted under ran-
domised, double-blind, placebo-controlled, conditions in a cross-
over design, with each subject taking MPH twice daily (at 0800
hours and 1200 hours) at each of the three doses (placebo, 0.3 mg/
kg and 0.6 mg/kg per dose), starting with the dose given at the acute

Table 1 Co-morbid diagnoses in the AD-HKD group

N % of sample

No co-morbid diagnosis 18 24
Co-morbid diagnoses
Oppositional defiant disorder 31 41.3
Conduct disorder (CD) 21 28
Depressive disorder 3 4
Generalised anxiety disorder 2 2.7
Separation anxiety disorder 3 4
Tic disorder 2 2.7
Social phobia 1 1.3
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challenge and rotating around the other two doses (Fig. 1). Subjects
were re-tested using the second, third and fourth parallel task bat-
teries 90 min after taking their morning medication at the end of
each 28-day block.

Data analysis

All baseline comparisons between AD-HKD and control boys were
analysed using ANCOVA with BPVS percentile rank scores as a
covariate. Performance at the simultaneous condition of the DMtS
task was analysed separately using univariate ANCOVA, whilst
performance at delay conditions of this task and BSE on the SWM
task were analysed using repeated-measures ANCOVA (0, 4, 12-s
delays for DMtS; 3, 4, 6, 8 boxes for BSE in SWM).

Acute challenge data were analysed using repeated-measures
ANOVA for both simultaneous and delay conditions on the DMtS
task and all measures on the SWM task. Percentage correct scores
on the pattern recognition task failed to meet normality and ho-
mogeneity of variance assumptions and hence were analysed using
the non-parametric Wilcoxon Sign test for repeated measures.

For chronic data, a mixed-design ANOVA was used with re-
peated measures on treatment taken (placebo, 0.3 mg/kg or 0.6 mg/
kg MPH) and the order in which it was taken (1st, 2nd or 3rd). No
effects of order in which the drug was taken were found for any
task. Following ANCOVA/ANOVA, further exploration of the data
was conducted by determination of simple effects or interactions.

Alpha for the primary outcome measures of the three tasks were
adjusted using the Bonferroni method in order to keep the alpha-
level overall at 0.05. As a result, alpha for each task was lowered to
0.017.

Results

Subject characteristics

The AD-HKD group comprised 75 boys (mean age
10.8 years) and the healthy control group comprised 70
boys (mean age 10.7 years). There was no significant age
difference between the AD-HKD and the healthy control
group (t1,113<1). The AD-HKD group had significantly
lower BPVS scores than controls (F=27.2, P<0.001); thus,
BPVS scores were used as a covariate in the baseline
analyses. As would be expected, the AD-HKD group
scored significantly higher than the healthy control
group with respect to ADHD index scores on the parent
(F=1571.4, P<0.001) and teacher (F=103.9, P<0.001)
Conners’ rating scales.

With respect to the acute and chronic challenge anal-
yses, there were no significant differences between the
three AD-HKD treatment groups (placebo, 0.3 mg/kg and
0.6 mg/kg) with respect to age (F<1), BPVS percentile
rank (F<1), parent-rated ADHD composite score (Con-
ners’ scale) (F<1), and teacher-rated ADHD composite
score (Conner’s scale) (F<1). There were also no signif-
icant differences between these groups with respect to the
incidence of most co-morbid diagnoses conduct disorder
(F<1), oppositional defiant disorder (F<1), social phobia
(F<1), generalised anxiety disorder (F=2.1, P>0.05), and
tic disorder (F<1). However, there was a significant dif-
ference between the treatment groups with respect to
separation anxiety disorder (F=3.4, P<0.04). All three
boys diagnosed with this co-morbid condition were in one
treatment group (those taking placebo at the acute and
first chronic session). Separation anxiety disorder is not
considered to be associated with neuropsychological im-
pairment (Table 2).

Neuropsychological performance

Baseline

Delayed matching to sample. At baseline (Table 3),
the AD-HKD group demonstrated deficits, relative to
controls, at both the simultaneous (F1,142=8.7, P<0.004,

Fig. 1 Flow chart of procedure

Table 2 Demographic charac-
teristics

AD-HKD boys (N=75)
mean (SD)

Healthy boys (N=70)
mean (SD)

P

Age 10.85 (2.46) 10.74 (2.47) >0.05
BPVS percentile rank 35.43 (27.93) 58.94 (26.25) <0.001*
Conners’ parent (T scores)
Oppositionality 75.57 (11.38) 45.25 (6.42) <0.001*
Cognitive 72.94 (7.07) 44.16 (3.47) <0.001*
Hyperactive 83.08 (8.88) 46.12 (3.43) <0.001*
ADHD index 77.01 (6.09) 43.96 (3.37) <0.001*

Conners’ teachers (T scores)
Oppositionality 65.05 (19.52) 49.15 (9.49) <0.001*
Cognitive 62.77 (12.78) 47.66 (7.95) <0.001*
Hyperactive 71.0 (14.34) 47.36 (7.42) <0.001*
ADHD index 72.23 (14.93) 47.79 (8.12) <0.001*
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d=0.52) and delay (F1,142=26.4, p<0.001, d=0.90) condi-
tions (Fig. 2a). There was a significant interaction be-
tween performance accuracy and duration of task delay
(F=4.7, P<0.01). AD-HKD subjects made fewer correct
responses with increasing delay, showing greatest per-
formance deficits at the 12-s delay condition (F=4.6,
P<0.03), whilst control boys performed equally across all
delays. To investigate the relationship between perfor-
mance under both simultaneous and delay conditions,
performance under the delay conditions was re-analysed
with accuracy at the simultaneous condition as a second
covariate. No significant effect of the simultaneous con-
dition as a covariate was found. There remained a sig-
nificant interaction between performance accuracy and
duration of task delay (F2,282=3.6, P<0.03)] and boys with
AD-HKD still made fewer correct responses with in-
creasing delay, showing greatest performance deficits at
the 12-s delay condition (F=5.6, P<0.02).

Incorrect responses were not associated with shorter
response latencies for either group at the simultaneous
condition (F<1). Under delay conditions, incorrect re-
sponses were associated with significantly shorter re-
sponse latencies in the AD-HKD group (F1,74=9.5,
P<0.003). There were, however, no differences between
response latencies across the three delay conditions for
either group. Regression analysis revealed that latencies
for incorrect responding did not predict accuracy of re-
sponding at the simultaneous, 4-s or 12-s delay condi-
tions for AD-HKD boys. Shorter latencies were associ-
ated with increased error at the 0-s delay condition
([F=9.1, P<0.004]), but this contributed only a small
proportion of the total variance for incorrect responses
(r2=0.145).

Spatial working memory. AD-HKD boys made more BSE
on the SWM task (F1,142=19.43, P<0.001, d=0.75). There
was a significant interaction between group and difficulty
level (F1.6,223=15.1, P<0.001), and post-hoc tests revealed
that AD-HKD boys made more errors at the eight-box
stage than at three-box stages (P<0.001), four-box stages
(P<0.001) or six-box stages (P<0.02). AD-HKD boys also
had higher strategy scores indicating a lower use of
strategy (F2,142=16.52, P<0.001, d=0.70). There was no
group difference in the number of WSE made. Strategy
score was significantly correlated with total BSE for
both AD-HKD (r=0.513, P<0.001) and control (r=0.588,
P<0.001) boys.

Pattern recognition. AD-HKD boys made fewer correct
responses on the pattern-recognition task (z=�5.267,
P<0.001, d=0.89). There was no significant difference
between the groups in latencies for correct responses.
AD-HKD boys had shorter response latencies for incor-
rect choices (F1,121=5.8, P<0.02). However, regression
analysis revealed that the latencies for incorrect responses
did not predict overall accuracy of responding for the
AD-HKD boys.

Acute challenge

Delayed matching to sample. Acute oral MPH had no
effect, at either dose, on performance accuracy under si-
multaneous test conditions (Table 4). MPH at a dose of
0.6 mg/kg, restored performance accuracy in AD-HKD
boys, across each of the delay conditions, to the levels
observed in controls (F1,88=1.2, P>0.05) (Fig. 2b). How-

Table 3 Summary of findings:
baseline functioning

Measure AD-HKD mean
(SD)

Control mean
(SD)

F P ES (d)

Delayed matching to sample
Simultaneous % correct 90.93 (15.5) 97.14 (7.03) 8.7 <0.004* 0.52
Delay % correct (0 s, 4 s,
12 s combined)

59.52 (17.84) 75.66 (17.91) 27.18 <0.001* 0.90

Spatial working memory
Total between-search errors
(3, 4, 6, & 8 boxes com-
bined)

50.84 (21.0) 34.99 (21.1) 18.8 <0.001* 0.75

Strategy score 36.32 (5.11) 32.73 (5.11) 16.52 <0.001* 0.70
Pattern recognition
% correct 80.78 (13.1) 90.95 (8.37) �5.3 (z) <0.001* 0.89

Table 4 Summary of findings: acute responses

Measure Placebo mean (SD) 0.3 mg/kg mean (SD) 0.6 mg/kg mean (SD) F P

Delayed matching to sample
Simultaneous % correct 90.0 (15.6) 91.2 (19.22) 98.26 (5.76) 1.4 >0.05
Delay % correct (0 s, 4 s, 12 s combined) 55.55 (14.67) 61.6 (20.3) 78.84 (12.97) 7.11 <0.001*

Spatial working memory
Total between-search errors (3, 4, 6, & 8
boxes combined)

47.08 (22.92) 40.8 (19.95) 38.83 (19.9) <1 >0.05

Strategy score 35.67 (5.3) 35.56 (4.23) 35.46 (4.29) <1 >0.05
Pattern recognition
% correct 84.38 (11.07) 86.33 (10.93) 91.15 (7.40) 1.4 >0.05
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ever, the AD-HKD group continued to show impaired
functioning across each of the delay conditions under
both placebo (F1,91=29.9, P<0.001) and 0.3 mg/kg MPH
(F1,90=10.8, P<0.001). Enhanced performance under
MPH 0.6 mg/kg was not accompanied by significant
changes in latencies to make correct responses.

Spatial working memory. Acute MPH did not affect per-
formance on any of the key measures from the SWM task.
There was no significant effect of treatment group on
BSE. A significant effect of session (F1,70=19.0, P<0.001)
revealed that, overall, boys showed a reduction in BSE at
the acute challenge session. There was no significant
session � treatment group interaction (F2,70 <1); however,
showing that reduction of errors at the acute challenge
session cannot be attributed to MPH. There were no other
significant interactions between task difficulty, treatment
group and session. MPH had no effect on WSE or strategy
score.

Pattern recognition. MPH did not affect performance or
latencies on the pattern-recognition task. There was no
significant effect of treatment group on percentage of
correct responses (F2,70=1.1, P=0.34). Whilst subjects
demonstrated improved responding at the acute challenge
session (F1,70=18.9, P<0.001), there was no significant
treatment group � session interaction.

Fig. 2 Delayed matching to sample. a Percentage correct responses
under simultaneous and delay conditions at baseline. AD-HKD
group (closed circles) made fewer correct responses under both
simultaneous and delay conditions than control group (open cir-
cles). There was a significant interaction between performance
accuracy and duration of task delay. AD-HKD group made fewer
correct responses with increasing delay, showing greatest perfor-
mance deficits at the 12-s delay condition, whilst control group
performed equally well across all delays. b Acute responses to oral
methylphenidate (MPH). Acute oral MPH had no effect, at either
dose, on performance accuracy under simultaneous test conditions.
Planned contrasts revealed that MPH 0.6 mg/kg (closed squares)
significantly enhanced performance accuracy across each of the
delay conditions when compared with placebo (closed triangles).
Indeed, task performance accuracy following MPH 0.6 mg/kg was
restored to those levels observed in healthy controls (open circles).
However, the AD-HKD group continued to show impaired func-
tioning across each of the delay conditions when administered ei-
ther placebo (closed triangles) or 0.3 mg/kg MPH (open triangles).
c Chronic responses to oral methylphenidate (MPH). Chronic ad-
ministration of MPH at 0.3 mg/kg (open triangles) and 0.6 mg/kg
(closed squares) enhanced accuracy of responding under both si-
multaneous and delay conditions when compared with placebo
(closed triangles). Although MPH continued to enhance visual
memory performance in the AD-HKD group when administered
chronically, this effect was smaller than that observed following
acute challenge. Performance was improved, but not normalised.
The AD-HKD group continued to display significant impairment in
functioning under delay conditions compared with controls (open
circles) despite MPH 0.3 mg/kg and 0.6 mg/kg
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Chronic treatment

Delayed matching to sample. Chronic administration (Ta-
ble 5) of MPH at both doses enhanced accuracy of re-
sponding under both simultaneous (F2,114=9.8, P<0.001)
and delay (F2,116=15.4, P<0.001) conditions (Fig. 2c).
This effect was smaller than that observed following acute
challenge, with performance improved, but not normalised.
The AD-HKD group continued to display significant im-
pairment in functioning under delay conditions compar-
ed with controls, despite MPH 0.3 mg/kg (F1,135=10.4,
P<0.002) and 0.6 mg/kg (F1,132=6.2, P<0.01). Chronic
MPH treatment slowed response latencies for correct
choices at both 0.3 mg/kg (P<0.03) and 0.6 mg/kg
(P<0.01). However, a positive correlation between re-
sponse latencies and accuracy of responding was only
observed for children taking the 0.3-mg/kg dose at the 4-s
(r=0.344, P<0.004) and 12-s (r=0.347, P<0.005) delays.
More detailed evaluation of this relationship using linear
regression analysis revealed that the predictive association
was modest (4 s, r 2=0.119; 12 s, r2=0.120).

Spatial working memory. Chronic MPH did not affect
performance on the SWM task. There was no significant
effect of treatment group on BSE, although effects nar-
rowly failed to reach significance (F2,116=2.85, P=0.067).
There was a significant effect of difficulty level on BSE
(F3,174=279.6, P<0.001), but no significant task difficul-
ty � treatment group interaction revealing that treatment
groups performed similarly according to difficulty level.
Likewise, there was no significant effect of treatment
group on WSE, although this narrowly failed to reach
significance (F2,116=2.9, P=0.06), or on strategy score.

Pattern recognition. Chronic administration of MPH im-
proved accuracy of responding on the pattern-recogni-
tion task (F2,116=6.02, P<0.001) at both the 0.3-mg/kg
(P<0.02) and 0.6-mg/kg (P<0.003) doses relative to pla-
cebo. There were no significant effects of MPH on la-
tencies for correct or incorrect responding on the pattern-
recognition task.

Discussion

Stimulant-naive boys with AD-HKD showed profound
deficits in visual memory performance on a simultaneous

and DMtS task and on a pattern-recognition task both
known to be sensitive to temporal and amygdalo-hippo-
campal dysfunction, but on which patients with frontal
lobe excisions show relatively intact performance (Owen
et al. 1995). They also showed deficits on a SWM task
known to be associated with activations of the dorsolat-
eral and ventrolateral PFC and posterior parietal cortex,
in functional neuroimaging studies, in children (Nelson
et al. 2000). These performance deficits are not readi-
ly explained by existing neuropsychological models of
AD-HKD. Acute MPH administration restored the deficit
observed on the DMtS task but did not alter performance
on the pattern-recognition or SWM tasks. Chronic MPH
also improved, but did not normalise, performance on the
DMtS task, improved performance on the pattern-recog-
nition task but, again, did not alter performance on the
SWM task. A facilitatory effect of MPH on inhibitory
control does not explain the acute effects and can only
offer a partial explanation for the chronic effects. There
was evidence of a reduced effect of MPH on the DMtS
task with chronic administration, perhaps reflecting the
development of tolerance.

Limitations of the study

There are several limitations of the current study. The
present sample comprises a group of children and young
people meeting the rigorous ICD 10 criteria for HD. As
such, these results may not be generalisable to those with
DSM IV ADHD who fail to meet ICD 10 criteria. This
may explain some of the differences between the current
results and some previous studies and it will be important
for future studies to include a range of subjects so that
similarities and differences between the diagnostic sys-
tems can be fully explored. In order to include subjects
representative of those referred to UK clinical services,
we did not exclude subjects with co-morbid diagnoses. As
expected, oppositional defiant disorder and conduct dis-
order were the most common co-morbidities. There is a
debate in the literature as to whether or not these disorders
are themselves associated with deficits in neuropsycho-
logical functioning (Pennington and Ozonoff 1996; Mor-
gan and Lilienfeld 2000). Further studies are required to
investigate the moderating effects of co-morbidity on
baseline neuropsychological performance and the neu-
ropsychopharmacological effects of MPH. Finally, intel-

Table 5 Summary of findings: chronic responses

Measure Placebo mean (SD) 0.3 mg/kg mean (SD) 0.6 mg/kg mean (SD) F P

Delayed matching to sample
Simultaneous % correct 85.22 (18.03) 91.34 (13.58) 95.38 (9.2) 9.8 <0.001*
Delay % correct (0 s, 4 s, 12 s combined) 56.04 (19.21) 65.78 (21.23) 68.82 (16.29) 15.4 <0.001*

Spatial working memory
Total between-search errors (3, 4, 6, &
8 boxes combined)

39.0 (20.11) 37.09 (22.95) 35.08(19.83) 2.85 >0.05

Strategy score 35.04 (4.08) 33.96 (5.32) 34.22 (5.28) 1.09 >0.05
Pattern recognition
% correct 81.28 (14.41) 86.09 (12.79) 87.57 (12.42) 6.02 <0.001
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lectual functioning in the present study was measured
using the BPVS, a standardised measure of verbal abili-
ties, which in UK samples correlates highly with mea-
sures of general intelligence (Dunn et al. 1997), and
which was used as a covariate in the baseline analyses to
ensure that group differences were not a result of the
lower verbal abilities of the AD-HKD subjects. Unfortu-
nately measures of non-verbal or full-scale IQ were not
available for these subjects and no comment can be made
with respect to these aspects of functioning.

Neuropsychological performance of drug naive boys
with AD-HKD

Our results support extension of the range of neuropsy-
chological deficits ascribed to AD-HKD to include non-
executive visual memory functioning. The performance
deficits demonstrated on the SWM task were expected.
Similar deficits have been demonstrated in previous
studies (Nigg et al. 2002), two of which (Barnett et al.
2001; Kempton et al. 1999) used the same task as in the
present study. However, unlike these two studies, the
significant positive correlation between BSE and strategy
scores, in both the AD-HKD and control groups, suggests
that poor use of strategy may contribute to the poor task
performance. These differences may be explained by the
much larger sample size in the present study (n=15
Kempton et al. versus n=75 present study) and differences
in the diagnostic status of the samples (DSM IV in
Kempton et al. versus ICD 10 in present study).

With respect to the DMtS task, our results support, to
an extent, those reported in previous studies. Kempton et
al. (1999) used an identical task and reported delay-in-
dependent performance deficits in un-medicated ADHD
subjects. Chelonis et al. (2002), using a different DMtS
task, reported delay-dependent deficits in ADHD subjects
withdrawn from stimulants for at least 18 h. Our data
support and extend these findings to drug-naive subjects
with AD-HKD. The finding in both the present study and
that of Chelonis et al. (2002) of no deficit at a 0-s delay
suggests that these recognition memory deficits result
from difficulties in retention or recall rather than encod-
ing or attending to information at presentation. The def-
icits observed on the pattern-recognition task in the pres-
ent study were not predicted. Previous studies have re-
ported no group differences on this (Kempton et al. 1999)
and other recognition memory tasks (Douglas 1988). The
differences between the present and previous studies may
again be related to differences in sample size, rigor of
diagnostic assessment, diagnostic classificatory system
used and medication status of subjects.

Are these deficits in non-working recognition memory
adequately explained by current theories of AD-HKD?
Working memory deficits would not impact upon tasks
with no requirement to manipulate information on line.
Inhibition theories such as that described by Barkley
(1997) would predict that AD-HKD-related performance
deficits on these tasks should be associated with shorter

response latencies, with “impulsive” responding pre-empt-
ing accurate solution of the discrimination. Hence, incor-
rect response latencies should be the shortest. No such
association was found at the simultaneous condition of the
DMtS. Whilst incorrect response latencies were shorter at
the delay condition of the DMtS, this association was
delay independent, making it unlikely that the reduced
performance accuracy at longer delay intervals was at-
tributable to impulsive responding. Furthermore, regres-
sion analysis demonstrated that, for AD-HKD boys,
shorter response latencies made only a small contribution
to the total variance at the 0-s delay condition and did not
predict accuracy of responding at the 4-s or the 12-s delay
conditions. Similarly, the shorter incorrect response la-
tencies on the pattern-recognition task did not predict poor
performance on this task.

Further, our data do not support the proposition that
the performance deficits seen on the DMtS are due to
classically defined “delay aversion” (Sonuga-Barke et al.
1992). The simultaneous and DMtS task imposes a range
of fixed delays, presented in a pseudorandom order, such
that, within each trial, subjects do not know whether the
pattern to be remembered will disappear and, if so, for
how long. The “delay aversion” hypothesis would predict
that when children with AD-HKD have no control over
the inter-trial delay and cannot respond in a manner that
might reduce the subjective experience of delay, they
would show no impairment of performance. Sonuga-
Barke has recently argued that delay aversion can provide
a motivational route into cognitive deficits in as much as
it limits the opportunities to acquire the experience of
working under delay conditions and so developing the
necessary skills for effective performance (Sonuga-Barke
2002). It is not possible to conclusively discount this
explanation from the current data, and further studies
explicitly investigating the relationship between visual
memory performance and delay aversion are required.

Our data also suggest that the conceptualisation of AD-
HKD as a “frontal” disorder of monoaminergic neuro-
circuitry may be overly restrictive. Whilst performance on
this SWM task has been shown to be associated with
activations of the dorsolateral and ventrolateral PFC and
posterior parietal cortex, both the pattern-recognition and
DMtS tasks appear to have different neuroanatomical sub-
strates. Performance on this version of the pattern-rec-
ognition task has been demonstrated to be sensitive to
temporal and amygdalo-hippocampal damage, but not to
frontal lobe damage (Owen et al. 1995). Animal data
suggest that a comparable version of the DMtS task is also
particularly sensitive temporal and amygdalo-hippo-
campal damage (Mishkin 1982; Bachevalier and Mish-
kin 1986). Further, patients with frontal, temporal and
amygdalo-hippocampal excisions performed accurately
on the simultaneous condition of the DMtS task, whilst
temporal and amygdalo-hippocampal, but not frontal,
patients were impaired when a delay was introduced
(Owen et al. 1995). Similar patterns of delay-dependent
impairment on this DMtS task have previously been
described in patient groups with medial temporal lobe
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damage or disease notably senile dementia of Alzheimer’s
type (SDAT) (Sahakian et al. 1988), elderly depressives
(Abas et al. 1990) and healthy males exposed to the
muscarinic antagonist scopolamine (Robbins et al. 1997).
Other patient groups have shown delay-independent def-
icits on this task, for example, patients with Parkinson’s
disease (Sahakian et al. 1988). Our data suggest a po-
tential role for the temporal lobes, the amgydala and/or
hippocampus in AD-HKD. This supports recent magnetic
resonance imaging studies, one of which described re-
duced white and grey matter volumes in temporal, parietal
and occipital areas in addition to frontal areas (Castel-
lanos et al. 2002) and the other reported reduced brain
volume in the anterior temporal lobe and increased grey
matter in the posterior temporal lobe and inferior parietal
lobe (Sowell et al. 2003). Further, the striking similarities
between the delay-dependent DMtS deficits found in the
AD-HKD group and those reported for patients with
SDAT and healthy adult males following administration
of scopolamine raise the possibility of altered cholinergic
neurotransmission in children with AD-HKD. This is of
interest given that both nicotinic agonists (Wilens et al.
1999) and donepezil, an acetylcholinesterase inhibitor
which improves memory function in SDAT (Rogers et al.
1998), have been demonstrated to exert beneficial effects
in AD-HKD (Wilens et al. 2000).

Intriguingly, in addition to demonstrating a striking
delay-dependent deficit on the DMtS task, boys with AD-
HKD were also impaired at the simultaneous condition.
Such impairment has previously been reported in patients
with Parkinson’s disease (Sahakian et al. 1988). Patients
with frontal, temporal or amygdalo-hippocampal damage
(Owen et al. 1995), SDAT (Sahakian et al. 1988), elderly
depressives (Abas et al. 1990) and healthy males exposed
to scopolamine (Robbins et al. 1997) did not show such
impairment. A previous small study that reported delay-
independent impairment on the DMtS task in children with
ADHD found no impairment at the simultaneous condition
(Kempton et al. 1999). The performance deficit in AD-
HKD boys during the simultaneous matching component
of the task did not account for poor performance during
the delayed matching components. Hence, there may be
two discrete deficits that can be identified. Much less is
known about the mediating neural substrates of simulta-
neous matching components of this task. The Parkinson’s
disease-related deficits in simultaneous matching and the
chronic MPH amelioration of the AD-HKD-related deficit
may point towards a dopaminergic substrate and frontos-
triatal circuitry. Further studies will be required to address
these observations.

The effects of methylphenidate
on neuropsychological performance

It is currently hypothesised that the pharmacological ac-
tions of MPH are mediated by its ability to inhibit the
reuptake of dopamine and noradrenaline through block-
ade of the dopamine transporter (DAT). However, the

precise effects of MPH in any particular brain region
depends on the balance between tonic and phasic cate-
cholamine release at baseline, the distribution of DATs
and pre-synaptic autoreceptors within that region and the
interaction between catecholaminergic neurotransmission
and other neurotransmitter systems (Mehta et al. 2001).
Our findings that MPH did not alter performance on the
SWM task contrast strikingly with those of Kempton et al.
(1999) and Mehta et al. (2000a,2000b). It is again pos-
sible that these differences are related to methodological
differences. Both previous studies reported results on
much smaller samples diagnosed using DSM IV criteria,
and used less rigorous medication strategies than the
present study; this non-replication of previous findings
is important and raises the possibility of differential im-
pacts of MPH between differently diagnosed samples on
this important area of functioning. Interestingly, a re-
cent re-analysis of the influential Multimodal Treatment
of ADHD Study (MTA Cooperative Group 1999) has
found that diagnostic status (ICD-10 HD versus DSM
IV ADHD) is a moderator of treatment response (E.
Taylor, personal communication). Also principle differ-
ences in monoamine metabolism between mild and severe
forms of AD-HKD have been reported (Uzbekov and
Misionzhnik 2003).

Whilst we have some understanding of how MPH may
act on catecholamine systems in the prefrontal cortex and
striatum (Volkow et al. 2001a), there has been limited
study of the potential actions of MPH within other brain
structures. Our results raise the possibility that the ef-
fects of MPH on aspects of visual memory function in
AD-HKD may involve interaction between catecholamin-
ergic and cholinergic neurotransmission. Whilst a single
dose of MPH, at a dose of 0.6 mg/kg, did not affect
performance on the pattern-recognition task, it restored
performance accuracy on the DMtS delay conditions to
the levels observed in controls. These observations sup-
port and extend the work of Chelonis et al. (2002) who
also reported normalisation of DMtS performance fol-
lowing administration of stimulant medication. Chronic
MPH treatment resulted in less pronounced effects than
were observed after the acute challenge, with perfor-
mance being improved but not normalised. This suggests
the possibility that, at least with respect to this task, tol-
erance develops after chronic MPH administration. Whilst
acute tolerance has been demonstrated with clinical doses
of oral MPH (Swanson et al. 1999), the MPH literature to
date has suggested that long-term tolerance does not occur
in clinical cases (Greenhill et al. 2001). There are, how-
ever, some suggestions from the literature that long-term
tolerance may occur. For example, increases in the mean
daily MPH dose required to optimally control ADHD
symptoms were reported over the 14 months of the
Multimodal Treatment of ADHD study (Vitiello et al.
2001).

Unlike the study of Chelonis et al. (2002) enhanced
performance on DMtS in the current study following
acute 0.6 mg/kg MPH was not accompanied by signifi-
cant changes in latencies to make correct responses.
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Therefore, enhanced accuracy of responding in the AD-
HKD group in this condition was not a consequence of
either increased deliberation time or reduced impulsivity.
Chronic MPH treatment with either dose did not alter
response latencies for the pattern-recognition task but did
slow response latencies for correct choices on DMtS. This
observation supports a presumed therapeutic mechanism
of action whereby chronic MPH may enhance inhibitory
control (Barkley 1997). However, positive correlations
between response latencies and accuracy of responding
were only observed for children taking the lower dose and
only at the 4-s and 12-s delays. Linear regression analysis
revealed that this predictive association was modest,
suggesting that the therapeutic effects of MPH are, at
best, only partially attributable to an enhancement of in-
hibitory control.

The dissociation with respect to the impact of MPH on
the working memory and non-working memory tasks
suggests that, at least in those children with the more
refined ICD 10 HD phenotype, whilst treatment with
MPH may result in significant improvement in behav-
ioural symptoms and in some aspects of neuropsycho-
logical functioning, it does not normalise all aspects of
functioning in all patients.

Conclusions

Our data highlights the heterogeneity of AD-HKD, chal-
lenges single-cause theories of AD-HKD and supports a
multi-pathway model whereby AD-HKD is the pheno-
typic consequence of several endophenotypic risk factors
(Castellanos and Tannock 2002). We propose that deficits
in non-working visual memory may constitute a novel
independent endophenotype for AD-HKD. In contrast to
previous pathophysiological explanations of AD-HKD,
this impairment is consistent with medial temporal lobe,
but not frontal lobe dysfunction, and may implicate cho-
linergic neurotransmission. Further, we have demonstra-
ted that, whilst none of the observed deficits resulted from
previous exposure to stimulant medication, the deficit in
DMtS performance was restored by acute administration
of MPH and, on both DMtS and pattern recognition, was
improved by chronic administration.
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