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A comprehensive assessment of memory, delay
aversion, timing, inhibition, decision making and
variability in attention deficit hyperactivity disorder:
advancing beyond the three-pathway models
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Background. Although attention deficit hyperactivity disorder (ADHD) has been associated with a broad range of
deficits across various neuropsychological domains, most studies have assessed only a narrow range of neuropsycho-
logical functions. Direct cross-domain comparisons are rare, with almost all studies restricted to less than four domains.
Therefore, the relationships between these various domains remain undefined. In addition, almost all studies included
previously medicated participants, limiting the conclusions that can be drawn. We present the first study to compare a
large cohort of medication-naive boys with ADHD with healthy controls on a broad battery of neuropsychological tasks,
assessing six key domains of neuropsychological functioning.

Method. The neuropsychological functioning of 83 medication-naive boys with well-characterized ADHD (mean age
8.9 years) was compared with that of 66 typically developing (TYP) boys (mean age 9.0 years) on a broad battery of vali-
dated neuropsychological tasks.

Results. Data reduction using complementary factor analysis (CFA) confirmed six distinct neuropsychological domains:
working memory, inhibition, delay aversion, decision making, timing and response variability. Boys with ADHD per-
formed less well across all six domains although, for each domain, only a minority of boys with ADHD had a deficit
[effect size (% with deficit) ADHD versus TYP: working memory 0.95 (30.1), inhibition 0.61 (22.9), delay aversion 0.82
(36.1), decision making 0.55 (20.5), timing 0.71 (31.3), response variability 0.37 (18.1)].

Conclusions. The clinical syndrome of ADHD is neuropsychologically heterogeneous. These data highlight the
complexity of the relationships between the different neuropsychological profiles associated with ADHD and the clinical
symptoms and functional impairment.
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Introduction logical pathways underpinning such disorders will

e L facilitate novel treatment development and foster the
Although many psychiatric disorders are being increas- . . . .
. . generation of an aetiologically based system of diag-
ingly recognized as syndromes that encompass hetero- nosis

Attention deficit hyperactivity disorder (ADHD),
one of the most common and costly neurodevelop-
mental disorders (Polanczyk et al. 2007; Doshi et al.

2012), is an exemplar of a robust clinical neuropsychia-

geneity across a range of levels of analysis, much
research continues to assume both causal and pheno-
typic homogeneity (Hyman, 2010; Miller, 2010). Such
oversimplification is likely to impede both scientific

and clinical progress. From a clinical perspective, . . .
. . L tric syndrome with marked heterogeneity across
improved understanding of the causal and clinical het- . .
. s 2 . . multiple levels of analysis. In the past, causal models
erogeneity within specific patient populations has the . .
. . . 1 . of ADHD have tended to posit a single core dysfunc-
potential to improve the targeting and individualiza- .
. . . tion (e.g. Barkley, 1997) and researchers have tended
tion of treatments. From a basic laboratory perspective, . L
) . ; . to focus on one particular aspect of functioning rather
refinement of understanding of the different aetio- . . . .
than explore potential alternative explanations (Coghill

et al. 2005). More recently, this assumption of hom-
ogeneity has been challenged in several theoretical
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papers (Castellanos & Tannock, 2002; Sonuga-Barke,
2002, 2005; Nigg et al. 2005; Sonuga-Barke et al. 2008),
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some of which included secondary analyses of data
demonstrating substantial distributional overlap be-
tween ADHD and control samples, and marked hetero-
geneity at the neuropsychological level, with only a
small proportion of those categorized as having
ADHD demonstrating a “deficit’ on any one particular
task (Nigg et al. 2005). Few studies have, however,
formally explored neuropsychological heterogeneity
within a single study. Solanto et al. (2001) tested
Sonuga-Barke’s ‘dual pathway model’ and demon-
strated that delay aversion and inhibition could be par-
titioned into separable pathways, with some ADHD
subjects showing inhibition deficits whereas others
were delay averse. Sonuga-Barke et al. (2010) also
demonstrated, in preschool children with ADHD,
that executive dysfunction and delay aversion each
made significant independent contributions to predic-
tions of ADHD symptoms. The same group developed
this work further and demonstrated a ‘triple pathway’,
whereby children with ADHD and healthy controls
differed at a group level on temporal processing, in-
hibitory control and delay-related tasks, with each of
these representing an independent neuropsychological
component with co-localization no greater than would
be predicted by chance. These findings were broadly
consistent with those of Kuntsi et al. (2001), who
used three different neuropsychological tasks measur-
ing response inhibition, working memory and delay
aversion in a sample of pervasively hyperactive chil-
dren identified from a general population sample of
twin pairs. The hyperactive group performed worse
than the control group on the delay aversion measure
and on some aspects of the working memory tasks,
although controlling for IQ eliminated the significant
group differences on the working memory measures.
No significant group differences were found on the
inhibition variables. Our group has previously differ-
entiated between high and low executive demand
neuropsychological functioning in ADHD and demon-
strated separable dysfunctions across these domains in
both ADHD and oppositional defiant disorder (Coghill
et al. 2007; Rhodes et al. 2012). Geurts et al. (2006)
investigated the relationship between ‘hot” and ‘cold’
aspects of neuropsychological functioning using a
test of inhibitory control and a decision-making task,
but did not find group differences on either task.
Although important, each of these studies only ad-
dressed a subset of those aspects of neuropsychological
functioning implicated in ADHD (for review, see
Castellanos & Tannock, 2002; Willcutt et al. 2005).
Only one group has previously extended this approach
to a direct comparison across a broader range of cogni-
tive processes. In a landmark study, Fair et al. (2012)
demonstrated differences between children with
ADHD and controls on a range of cognitive factors
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(inhibition, working memory, memory span, arousal/
activation, response variability, temporal information
processing and processing speed). They showed that
typically developing (TYP) children can be classified
into distinct neuropsychological subgroups with high
precision and that some of the heterogeneity in indivi-
duals with ADHD might be ‘nested’” within this
normal variation (Fair et al. 2012). Despite the many
strengths of this study, a weakness, shared by many
of the above-mentioned studies, is that it included chil-
dren with ADHD who had previously taken, or were
currently receiving, stimulant medications. Even with
a 24-48-h wash-out period, it is not possible to exclude
the possibility of medication effects on neuropsycholo-
gical performance.

The aim of the present study was to investigate
neuropsychological functioning systematically across
a broad range of neuropsychological domains, pre-
viously implicated in ADHD, in a group of boys
who had never been exposed to either stimulant or
non-stimulant ADHD medications. Based on existing
literature, we proposed a model whereby ADHD is
characterized by deficits in at least six relatively inde-
pendent neuropsychological domains. Accordingly,
we included measures covering those domains: mem-
ory (Rhodes et al. 2005, 2006; Coghill et al. 2007), inhibi-
tory control (Solanto et al. 2001; Bedard et al. 2003;
Crosbie et al. 2008), delay aversion (Sonuga-Barke
et al. 19924,b), decision making (Garon et al. 2006;
DeVito et al. 2008), timing (Toplak & Tannock, 2005)
and response variability (Kuntsi et al. 2012). To avoid
the use of an excessive number of redundant indicators
in our analysis and to reduce measurement error, we
adopted a confirmatory factor analysis (CFA) approach
to test this model. Specifically, we predicted that, com-
pared to TYP boys, boys with ADHD would, as a
group, demonstrate poorer performance on each of
these six aspects of neuropsychological functioning.
However, we also predicted that each neuropsycholo-
gical factor would demonstrate a degree of indepen-
dence such that only a relatively small proportion of
those with ADHD would demonstrate deficit on each
factor.

Method
Participants

We tested two groups of boys aged between 6 and
12 years: ADHD boys and TYP healthy control boys.
Exclusion criteria for both groups were: a history or
current diagnosis of bipolar disorder, psychosis,
major depressive disorder or post-traumatic stress dis-
order (PTSD), a diagnosis of pervasive developmental
disorder, a history of any neurological disorder or
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seizure disorder (other than febrile seizures), intellec-
tual impairment (IQ<80), chronic physical illness,
sensory or motor impairment, current or previous ex-
posure to stimulant medication or anticonvulsants,
and a history of past or current misuse of alcohol
or illegal drugs. Informed written consent to partici-
pate in the study was obtained from each child’s
parent(s)/guardian and assent was obtained from
the child. The study was approved by the East of
Scotland Research Ethics Committee (Reference num-
ber 06/51401/36).

ADHD group

Participants were 83 boys aged between 6 and 12 years
newly diagnosed with ADHD and not yet treated with
medication. The boys were recruited from consecutive
referrals to the Developmental Disorders Team, a pub-
lic sector, specialist out-patient service situated within
the Tayside Child and Adolescent Mental Health
Services. The study participants were highly represen-
tative and typical of boys referred to such services in
the UK. All participants were interviewed by an ex-
perienced child and adolescent psychiatrist trained in
the use of the Kiddie Schedule for Affective Disorders
and Schizophrenia —Present and Lifetime Version
(K-SADS-PL; Kaufman et al. 2000) and, where feasible
(n=>52), the Child Attention-Deficit Hyperactivity Dis-
order Teacher Telephone Interview (CHATTI; Holmes
et al. 2004), a validated telephone interview tool for the
diagnosis of ADHD. Where the CHATTI could not be
used, a structured narrative report from school was
obtained. Data were collected from standardized ques-
tionnaires: the revised 48-item Conners” Parent Rating
Scale (CPRS-48) and the revised 28-item Conners’
Teacher Rating Scale, short version (CTRS-28). All par-
ticipants met diagnostic criteria for ADHD as defined
by DSM-IV (APA, 1994) and all three subtypes (com-
bined, inattentive and hyperactive/impulsive) were
permitted. The presence of commonly co-morbid con-
ditions (oppositional defiant disorder, conduct dis-
order and anxiety disorder) were noted but did not
result in exclusion.

TYP healthy control group

The control group consisted of 66 healthy boys be-
tween 6 and 12 years of age who were attending school
within Tayside. This group were screened using three
validated questionnaires: the Strengths and Difficulties
Questionnaire (SDQ; Goodman, 2001), the 26-item
revised Conners’ Parent Rating Scale, short version
(CPRS-26; Conners et al. 1998) and the CTRS-28.
Symptom-free participants (within the normal range
for all SDQ scales and a T score <60 on all subscales
of the CPRS-26 and CTRS-28) and their parents were
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interviewed by an experienced child and adolescent
psychiatrist using the K-SADS-PL to confirm health.
Exclusion criteria were identical to those for the
ADHD group, except that a previous, or current, his-
tory of any psychiatric disorder led to exclusion.

Design

The British Picture Vocabulary Scale —Second Edition
(BPVS-II; Dunn ef al. 1997) was used to estimate verbal
ability. The BPVS was chosen for its ease of adminis-
tration and applicability to children aged between 3
and 15 years, and because it is less heavily confounded
with executive functioning abilities than other meas-
ures of cognitive ability. Family socio-economic status
was estimated using the Scottish Index of Multiple
Deprivation (SIMD; Office of the Chief Statistician,
2009). The SIMD uses 37 indicators in seven domains
to define relative socio-economic deprivation and
to map this across geographical areas in Scotland.
Overall deprivation ranks are identified by postcode
and converted into SIMD deciles based on the health
domain rank, with a decile score of 1 being the most
deprived and 10 being the least deprived. All par-
ticipants attended a single neuropsychological testing
session. All participants were naive to stimulant medi-
cations at both clinical assessment and neuropsycholo-
gical testing.

Neuropsychological assessment

Participants were tested on a battery of seven tasks
selected to represent the major neuropsychological
domains previously identified to demonstrate group-
level deficits in ADHD. All tasks had been extensively
validated across a range of healthy and clinical popu-
lations. The tasks, apart from the Cambridge Gambl-
ing Task (CGT), have been used extensively in
studies of ADHD populations. Three tasks [Delayed
Matching to Sample (DMS), Spatial Working Memory
(SWM) and the CGT] were selected from the Cam-
bridge Neuropsychological Test Automated Battery
(CANTAB; Morris et al. 1987). Additionally, we used
the STOP task (Logan et al. 1984), the Choice Delay
Task (CDT; Sonuga-Barke et al. 19924,b) and two
tasks assessing aspects of timing, tapping (Toplak &
Tannock, 2005) and anticipation (Rubia et al. 1999;
Tannock, 2013). Administration order was balanced
across four task orders (CANTAB/non-CANTAB tasks
and CGT ascending first/descending first). All tasks
were presented on a high-resolution colour monitor
with a touch-sensitive screen. A scheduled break of
approximately 15 min was taken midway through the
testing session and participants were informed that
they could take further breaks as required. The tasks
are described in Table 1.
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Table 1. Descriptions of neuropsychological tasks

Task

Description

Main outcome
measures

Proposed

Description factor

References for fuller
task description

Delayed Matching
to Sample (DMS)

Spatial Working
Memory (SWM)

Cambridge
Gambling Task
(CGT)

Stop Signal Task
(SST)

A test of the ability to remember the visual features of a
complex, abstract, target stimulus and to select from a
choice of four patterns either with simultaneous
presentation or after a variable delay (0, 4 and 12's)

A self-ordered search task that assesses working
memory for spatial stimuli and requires a subject to
use mnemonic information to work towards a goal

A test of decision-making and risk-taking behaviours
that dissociates risk taking from impulsivity by using
two different conditions: ascending, where the subject
must wait to make larger bets; and descending, where
larger bets can be made quickly. Designed to place
little demand on working memory as all the
information that the subject requires is presented
directly on the screen with no need to learn or recall
information

A test of the ability to inhibit a prepared motor
response. A visual choice RT task that involves two
concurrent tasks, a go task and a stop task. Whether
children are able to inhibit on a particular trial depends
on the outcome of a race between the go and the stop
processes. This version of the task used a tracking
algorithm designed to find a stop signal delay that ties
the race between the go process and the stop process

Choice Delay Task A test of the ability to tolerate delay by choosing

(CDT)

between rewards of different values (1 and 2) that are
associated with different pre-reward delays of 2 and
30 s respectively, with the stated aim being to
maximize points

Percentage correct
simultaneous

Percentage correct
all delays

Between-search
errors

Strategy score®
Quality of decision
making

Risk adjustment

Delay aversion

Stop signal reaction
time

Percentage large
reward

Percentage of correct responses in
Percentage of correct responses

Number of times the subject returns

The proportion of trials where the
Quantifies how bets are calibrated

The difference in percentage bet in

The percentage of times that the

the simultaneous condition

Working memory
across the three delay conditions

Working memory
to a previously searched box during

a search

Degree of organization used within ~ N.A.

the search

Decision making
majority colour was chosen

Decision making
across different levels of risk

Delay aversion

descending versus ascending Inhibition
conditions
A measure of the duration of the Inhibition

inhibitory process, which starts
from the presentation of stop signal

Delay aversion
large reward is chosen

Working memory?®

Kempton et al. (1999)

Rhodes et al. (2004)

Petrides & Milner
(1982)

Kempton et al. (1999)

Rhodes et al. (2004)

Clark et al. (2003)

Rogers et al. (1999)

Schachar et al. (2000)

Sonuga-Barke et al.
(19924, b)
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Data analysis

Statistical analyses were conducted using SPSS for
Windows version 21 (SPSS Inc., USA) and AMOS ver-
sion 21 (SPSS Inc., USA).

For the task-level comparisons between the ADHD
and TYP groups, data meeting assumptions of nor-
mality and homogeneity of variance were analysed
using ANCOVA (Winer et al. 1991). All other data
were compared using appropriate non-parametric
tests (e.g. the Mann-Whitney U test). Additional
repeated-measures ANOVAs were conducted compar-
ing groups on the SWM and DMS tasks across the vari-
ous levels of difficulty. As ADHD boys tended to score
lower on both the BPVS and the SIMD, these were
used as covariates in the analyses.

A series of CFAs were performed to determine the
best-fitting model for the different aspects of cognitive
functioning (memory, delay aversion, decision making,
timing, variability, inhibition). In addition to confi-
rming the model, this approach has the added benefit
that it reduces measurement error. All scores were
transformed prior to CFA such that a positive score
reflected superior performance. The maximum likeli-
hood method was used. Fit of all models was evalu-
ated using several indexes, including the )(2 value, the
Comparative Fit Index (CFI), Bollen’s Incremental Fit
Index (IFI) and the root mean square error of approxi-
mation (RMSEA). Smaller y* and RMSEA values and
larger CFI and IFI values indicate a better fit. In gen-
eral, non-significant ¥4, RMSEA <0.08 and CFI and
IFI>0.9 indicate a good fit (Browne & Cudeck, 1993;
Kline, 2005). Several models were tested and the best
model was determined by the best overall fit indices.
For between-group analyses, factors were regressed
for age and standardized across all participants to a
mean of zero and a standard deviation of one. A series
of ANOVAs were then conducted for each of these
seven factors comparing the ADHD and TYP groups.
Effect sizes were calculated using the methods of
Cohen (1988), with an effect size of 0.3 defined as
small, 0.5 medium and 0.8 large. In keeping with pre-
vious analyses within the field, ‘deficit’ was defined as
performance within the bottom 10% of the control
group (e.g. Nigg et al. 2005). Separate analyses
regressed for age and BPVS and SIMD scores were
conducted.

Results
Participant characteristics (Table 2)

Eighty-three boys with ADHD and 66 TYP boys were
recruited. There were no differences between the
groups with respect to age profile, but there were sig-
nificant differences on BPVS scores, with ADHD boys
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Table 2. Demographic and clinical characteristics

ADHD boys (n=83)

BPVS standardized scores
Age (years)

SIMD 4.2 (2.5)
CPRS inattention T score 72.3 (8.8)
CPRS hyperactivity T score 79.3 (9.4)
CPRS ADHD index T score 75.0 (6.0)
CPRS oppositionality T score 73.5 (13.2)
CTRS inattention T score 61.4 (11.3)
CTRS hyperactivity T score 68.9 (10.9)
CTRS ADHD index T score 68.3 (9.6)
CTRS oppositionality T score 69.5 (17.9)
K-SADS total inattentive symptoms 7.3 (1.5)
K-SADS total hyperactive/impulsive symptoms 7.2 (2.1)
Co-morbid oppositional defiant disorder 58.3
Co-morbid conduct disorder 2.4
Co-morbid anxiety 22.6
Co-morbid depression 0
Co-morbid PTSD 1.2

96 (12.3) [72-137]
8.9 (1.7) [6.2-12.1]

TYP boys (n=66) F p

106 (10.6) [88-127] 29.7 <0.001
9.0 (1.7) [6.1-12.7] 04 >0.05
6.6 (2.0) 36.8 <0.001
48.7 (6.6) 320.5 <0.001
49.5 (8.3) 403.7 <0.001
48.9 (7.4) 559.0 <0.001
49.0 (10.4) 149.6 <0.001
48.6 (8.9) 55.5 <0.001
47.2(7.1) 191.9 <0.001
47.7 (8.1) 187.8 <0.001
47.4 (7.3) 86.0 <0.001
0.2 (0.5) 1307.0 <0.001
0.3 (0.8) 649.4 <0.001
0 N.A. N.A.
0 N.A. N.A.
0 N.A. N.A.
0 N.A. N.A.
0 N.A. N.A.

ADHD, Attention deficit hyperactivity disorder; TYP, typically developing; BPVS, British Picture Vocabulary Scale;
SIMD, Scottish Index of Multiple Deprivation; CPRS, Conners’ Parent Rating Scale; CTRS, Conners’ Teacher Rating Scale;
K-SADS-PL, Kiddie Schedule for Affective Disorders and Schizophrenia — Present and Lifetime Version; PTSD, post-traumatic

stress disorder; N.A., not applicable.

Values given as mean (standard deviation) [range] or percentage.

scoring lower than TYP boys. There were also differ-
ences with respect to estimates of socio-economic
deprivation (SIMD), with the ADHD boys domiciled
within areas of greater deprivation. Analyses were
conducted with and without BPVS and SIMD as co-
variates. As the main findings for these analyses
were very similar, only the non-covaried results are
presented here. As expected, the two groups differed
with respect to scores on clinical measures from both
the CPRS-26 and the CTRS-28, and also in symptoms
identified at interview with the K-SADS. Within the
ADHD group, there were significant numbers of
boys who met criteria for diagnoses of co-morbid
oppositional defiant disorder and anxiety disorder.
Analyses were conducted on both the task-level and
factor-level data, comparing those boys with and with-
out these co-morbidities. There were no group differ-
ences on any of the analyses (all p>0.05) and these
data are not reported further here.

Task-level analysis of neuropsychological data

A summary of findings and means is presented in
Table 3. Statistically significant group differences
were found for DMS % correct all delays, SWM total
between-search errors, CDT % large reward, CGT
delay aversion and quality of decision making,
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Anticipation Task % on time at 400 and 2000 ms and
variability at 400 m, and Tapping Task mean reaction
time (RT) uncued trials. No group differences were
found for DMS % correct at the simultaneous con-
dition, SWM strategy score, CGT risk adjustment, Anti-
cipation Task variability at 2000 ms, Tapping Task
uncued variability or the STOP Task stop-signal reac-
tion time (SSRT). The correlation matrix for the neuro-
psychological tasks included in the CFA is presented in
Supplementary Table S1 online. Most tasks were mod-
erately correlated apart from Tapping Task mean RT
uncued trials and uncued variability, the Anticipation
Task variability at 400 ms and the STOP Task SSRT,
which showed significant correlations with only a pro-
portion of the other tasks.

CFA

We conducted a CFA according to the conceptual
model that had guided our work and informed our
choice of tasks. The one-factor model did not fit
the data adequately ()(%5=127, CFI=0.71, IFI=0.81,
RMSEA=0.094), justifying the building of a multi-
factorial model. The best-fitting six-factor model that
conformed to our theoretical approach, with factors
for memory, inhibition, delay aversion, decision mak-
ing, timing and variability, is shown in Fig. 1.
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Table 3. Task-level neuropsychological performance

Task ADHD boys TYP boys F 4
DMS % simultaneous 88.2 (15.4) 92.2 (11.6) 1.3 >0.05
DMS % correct all delay 56.8 (17.3) 70.3 (17.6) 22.0 <0.001
SWM total BSE 55.8 (15.5) 44.8 (18.1) 56 0.019
SWM strategy score 37.4 (3.8) 35.8 (6.2) 1.1 >0.05
CDT % large reward 31.9 (23.7) 51.5 (34.2) 17.0 <0.001
CGT delay aversion 0.63 (0.18) 0.52 (0.22) 6.1 0.014
CGT quality of decision making 0.67 (0.19) 0.77 (0.17) 5.5 0.02
CGT risk adjustment 0.14 (1.14) 0.37 (0.93) 23 >0.05
Anticipation at 400 ms % on time 62.7 (20.0) 72.4 (17 .4) MWU 1731 0.006
Anticipation at 2000 ms % on time 22.6 (20.8) 37.4 (25.3) MWU 1493 0.001
Tapping Task mean RT uncued trials 849 (1083) 994 (293) MWU 1442 <0.001
Anticipation Task 400 ms variability 170 (53) 146 (58) 7.0 0.009
Anticipation Task 2000 ms variability 164 (85) 188 (61) 2.7 >0.05
Tapping Task uncued variability 209 (267) 167 (94.8) MWU 2413 >0.05
STOP task SSRT 324 (177) 299 (164) MWU 2128 >0.05

ADHD, Attention deficit hyperactivity disorder; TYP, typically developing; DMS, Delayed Matching to Sample; SWM,
Spatial Working Memory; BSE, between-search errors; CDT, Choice Delay Task; CGT, Cambridge Gambling Task; RT, reaction
time; SSRT, stop-signal reaction time; MWU, Mann-Whitney U test.

Values given as mean (standard deviation).

.64

Working

[ Delayed Matching to Sample (% Correct) |

Memory

Spatial Working Memory (BSE) |

[ Stop Signal Task (SSRT) |

P Cambridge Gambling Task (Delay Aversion)|

Delay
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[ Choice Delay Task (% Large Reward)|

Decision

Making

{ | Cambridge Gambling Task (QDM) |
49 | Cambridge Gambling Task (Risk Adjustment]]
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Fig. 1. Data reduction for neuropsychological measures. Confirmatory factor analysis (CFA) was used to conduct rational

reduction of the measures listed in Table 1. Shown is the conceptual model that depicts how we hypothesized that our
measured variables relate to six latent factors and displays the factor loadings for this six-factor model. For ease of

presentation, the figure does not display error terms, cross-loadings or correlations among latent factors. BSE, Between-search
errors; QDM, quality of decision making; SSRT, stop signal reaction time.

Fit was acceptable (;és=66, p<0.001, CFI=0.93, IFI=
0.93, RMSEA=0.065) and was preferable to a model
in which CGT delay aversion (which is described as
an index of both impulsivity and delay aversion)
was only associated with the delay aversion factor
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(X30=103, CFI=0.83, IFI1=0.83, RMSEA=0.174). Three
of the neuropsychological variables (DMS % correct
at simultaneous condition, SWM strategy score and
Anticipation Task variability at 2000 ms) were ex-
cluded from the final six-factor model as their inclusion
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Table 4. Comparison of ADHD and TYP boys across six domains of neuropsychological functioning

Raw scores Adjusted for age, BPVS and SIMD

ADHD TYP Effect % with  ADHD TYP
Factor Mean (s.0.) Mean (s.0.) F 14 size (J)  deficit Mean (s.e.) Mean (s.e.) F [4
Memory —0.43 (1.00)  0.54 (1.04) 33.7 <0.001 0.95 30.1 —0.30 (0.11)  0.38 (0.13) 14.3 <0.001
Inhibition —0.12 (0.44)  0.15(0.44) 132 <0.001 0.61 229 —0.11 (0.05)  0.13 (0.06) 8.7 0.004
Delay aversion  —0.37 (0.96)  0.47 (1.10) 244 <0.001 0.82 36.1 —0.30 (0.12) 0.38 (0.13) 134 <0.001
Decision making —0.20 (0.85)  0.25 (0.79) 10.8 <0.001 0.55 20.5 —0.13 (0.09)  0.17 (0.11) 42 0.04
Timing —0.36 (1.16)  0.43 (1.07) 182 <0.001 0.71 31.3 —0.30 (0.13)  0.34 (0.15) 9.9 0.002
Variability —0.10 (0.79)  0.13 (0.40) 49 0.029 0.37 18.1 —0.14 (0.6) 0.14 (0.40) 29 0.05

ADHD, Attention deficit hyperactivity disorder; TYP, typically developing; BPVS, British Picture Vocabulary Scale; SIMD,
Scottish Index of Multiple Deprivation; s.p., standard deviation; s.., standard error.

resulted in either inadmissible solutions or a poor
fit. The model was also comparable to the best-fitting
five-factor (y34=70, CFI=0.93, IFI=0.93, RMSEA=
0.063) and four-factor models (y35=81, CFI=0.91, IFI=
0.91, RMSEA=0.069). The relationship between the
factors and variables for the four- and five-factor mod-
els is given in Supplementary Table S2. For our main
analysis we present the results of the six-factor model
as this is the most consistent with our conceptual and
theoretical framework.

The impact of ADHD on neuropsychological
functioning

The results of the ANOVAs comparing ADHD
and TYP boys on each of the neuropsychological fac-
tors are detailed in Table 4. Compared to TYP boys,
ADHD boys performed poorly on all six of the neuro-
psychological factors. The effect sizes for the comparison
between ADHD and TYP were large for delay aversion
(0.82) and memory (0.95), medium for impulsivity
(0.61), decision making (0.55) and timing (0.71), and
small for variability (0.37). Separate analyses regressed
for age and BPVS and SIMD scores resulted in similar
findings (Table 4). Based on the raw data analyses, the
proportion of ADHD boys with a deficit on each factor
was moderate, ranging from 18% to 36%. A quarter of
ADHD boys did not exhibit a deficit on any of the
six factors, with almost all of those who did have
at least one deficit having deficits on no more than
three factors (65%) (Table 5). No participant showed
a deficit on more than four factors. The correlations
between the neuropsychological factors are detailed
in Table S3. Although there were several significant cor-
relations, these were all weak, apart from the corre-
lation between inhibition and delay aversion, which
was moderate (Dancey & Reidy, 2004). To investigate
the relative independence of these deficits, we further
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Table 5. Number of neuropsychological factors on which a
participant has a deficit

Number of tasks on which participant has a

deficit

0 1 2 3 4 5 6
ADHD boys 253 289 16.8 193 96 0 0
TYP boys 60.6 258 12.1 1.5 0 0 o0

ADHD, Attention deficit hyperactivity disorder; TYP,
typically developing.

Deficit is defined as performing in the bottom 10% of TYP
boys.

explored whether those ADHD boys who performed
worse than the bottom 10% of controls on any one
factor might significantly underperform with respect
to the other factors, but might just miss the threshold
for definition of a deficit. We conducted a series of
2 x 2 cross-tabulations comparing the proportions of
boys with ADHD who scored above and below the
10th centile on one factor and between the 10th and
25th centiles on the other factors. Across all factors
there were no differences in the proportion of boys per-
forming between the 10th and 25th centiles dependent
on whether or not they were in the bottom 10% on the
index factor. This analysis supports the relative inde-
pendence of the observed deficits and the contention
of relatively distinct neuropsychological subgroups.

Discussion

This is the first study to compare directly the per-
formance of a large, carefully phenotyped, medication-
naive cohort of boys with ADHD with that of a
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matched cohort of healthy boys on a broad battery of
neuropsychological tasks that address six of the main
domains of neuropsychological functioning implicated
in ADHD. Based on previous studies, we addressed
two main hypotheses. First, that boys with ADHD
would perform less well than TYP boys with respect
to visual memory, inhibition, delay aversion, decision
making, timing and response variability. This hypoth-
esis was fully supported by the data. Second, that
despite group-level differences across all neuropsycho-
logical factors, there would be considerable overlap
between the neuropsychological performance of the
ADHD and TYP boys and that this would be reflected
by only a minority of ADHD boys demonstrating
deficits in each domain. This proposition was also
fully supported by the data.

These findings should be viewed with several limita-
tions in mind. Although each of the factors in the CFA
was dependent upon more than one behavioural out-
come measure, it would have been preferable to have
gathered data from a larger number of tasks. Sonuga-
Barke et al. (2010) included three tasks for each domain
of functioning. However, three of the seven factors as-
sessed in the seminal study of Fair et al. (2012) were de-
pendent on a single outcome measure. The decision
not to increase the number of tasks was a considered
and pragmatic one. Although it would have been the-
oretically possible to have increased the number of
tasks, this would have increased the testing burden
on the boys and would probably have resulted in test
fatigue and increased drop-outs with data loss. One
measure, the delay aversion measure of the CGT, con-
tributed to two factors (delay aversion and inhibition)
and this may account for the moderate correlation be-
tween these factors. The sample size is moderate for
the statistical approaches used. In addition, as this
was a cross-sectional study with an untreated newly
diagnosed sample, there was limited variance in
ADHD symptoms scores (all of the ADHD boys had
high levels of ADHD symptoms) and it was not prac-
tical to look at the relationship between symptoms
and cognition. This was a referred clinical sample
that was representative of those referred and diag-
nosed with ADHD in the UK. However, it is not poss-
ible to say whether these findings would generalize
to a population-based sample. As we only included
males, and in view of the well-documented gender
differences in clinical presentation of various psychi-
atric disorders (including ADHD), normative develop-
mental course and normative cognitive performance,
these results may not apply equally to girls with
ADHD. Although the presence of co-morbid opposi-
tional defiant disorder or anxiety disorder does not
seem to have impacted on these findings, we did
not assess for either specific learning disorders
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(e.g. difficulties with reading, writing, spelling or
arithmetic) or developmental coordination disorder
and it is possible that these may have exerted some
impact on task performance.

Mindful of the limitations noted above, however,
these are important new data that support earlier con-
clusions from indirect analyses and studies with a
more limited scope. From a conceptual perspective,
the aspects of neuropsychological functioning shown
here to be associated with ADHD are mediated by a
much broader distribution of brain circuitry than
has traditionally been associated with ADHD. Further-
more, the confirmation that these deficits coexist,
although not necessarily within the same individuals,
within this sample, supports the importance of taking
a broader view of the pathophysiology of ADHD. Cer-
tainly the corticostriatal circuits involved in inhibition,
working memory, decision making and other aspects
of executive functioning seem integral to the patho-
physiology of ADHD. However, tasks such as the
DMS have been demonstrated to be dependent on in-
tact medial temporal lobe and amygdalo/hippocampal
functioning (Owen et al. 1995), the timing tasks used
here are dependent on intact cerebellar circuitry (Ivry
& Spencer, 2004), and Sonuga-Barke (2002) has pro-
posed that the motivational aspects of ADHD are
dependent on mesolimbic reward circuitry. These dif-
ferent aspects of functioning are also dependent on
different neurotransmitter substrates. For example,
the DMS task has been shown to be sensitive to
changes in cholinergic functioning (Robbins et al.
1997). It is therefore possible that the different neurop-
sychological profiles may predict differential responses
to medications. This has yet to be tested, but may pave
the way to an expanded rational pharmacology for
ADHD.

From a clinical perspective, we see that, although
ADHD is associated with a broad range of neuro-
psychological deficits, none of these are required (or
necessary) for a diagnosis. Indeed, the finding that,
even with such a broad battery of tasks and domain
of functioning, a quarter of those with ADHD did
not show deficit on any of the six neuropsychological
factors is striking. This is not, of course, entirely unex-
pected and the proportion without a deficit is similar
to that found in previous studies (Nigg et al. 2005;
Sonuga-Barke et al. 2010). Nevertheless, it is not clear
why increasing the breadth of neuropsychological
functions assessed did not increase the proportion of
individuals with a deficit in at least one domain.

Recent evidence suggests that the relationships be-
tween ADHD symptoms and cognitive performance
are much more complex than originally thought. We
have recently proposed that, although the symptoms
of ADHD and the cognitive impairments often
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associated with ADHD are both likely to result in sig-
nificant impairments, the traditional view that cognitive
impairments lead directly to the symptoms of ADHD
is not borne out by the data (Coghill ef al. 2013). For
example, although methylphenidate reduces symp-
toms and improves some aspects of cognitive function-
ing, the two processes do not seem to be linked, with
some individuals improving symptomatically whereas
other improve cognitively (Coghill et al. 2007). Simi-
larly, in a study investigating the impact of methylphe-
nidate on driving and cognition, there was an apparent
dissociation between the time course of effects of a dose
of OROS methylphenidate. When given at 08:00h,
the effects on both cognition and driving performance
lasted until 23:00 h whereas the effects on symptoms
wore off (as expected) at around 20:00 h (Wilson et al.
2006). Of interest, similar effects were not seen for
a long-acting amfetamine preparation in the same
study, suggesting the possibility of differential medi-
cation effects on cognitive functioning and perform-
ance. Further evidence for this dissociation between
symptoms and cognition comes from a recent longi-
tudinal study conducted by our group. We again
found evidence that changes in symptoms, this time
over a 4-year period, were not associated with changes
in cognitive performance (Coghill et al. 2013). These
findings are supported by van Lieshout et al. (2013),
who systematically reviewed the literature pertaining
to cognitive predictors of persistence of ADHD. They
concluded that, although cognitive impairments in
early childhood seemed to predict the development
of ADHD a few years later, they did not find evidence
to support the hypothesis that changes in cognitive
functioning predicted either persistence or remission
of ADHD.

One conclusion from these studies could be that
cognition is not important in ADHD. However, we
consider this would be premature. The deficits asso-
ciated with ADHD are neither mild nor transient. We
previously demonstrated that the performance of
boys with ADHD on the DMS task used in the current
study was similar to that of elderly individuals with
Alzheimer’s dementia (Sahakian et al. 1988; Rhodes
et al. 2004). It is extremely unlikely that deficits of
this magnitude do not result in significant ‘real-world’
behavioural impairments. The effect sizes reported
here are in the moderate to large range, with only
variability below 0.5. In themselves, these suggest a
significant impact. However, as only a proportion of
individuals had a deficit on any of the factors (range
18-36%), it seems likely that those individuals with a
deficit will be very significantly impaired.

When trying to understand the relationship between
the symptoms that define ADHD and associated cog-
nitive impairments, it is important to remember that
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the definitions of disorders in the classification systems
are designed to help differentiate between those with
and those without a disorder, and also to differentiate
between different disorders. By no means do they pro-
vide a complete experiential description of what it
means to have a disorder. The symptoms of ADHD
touch upon several of the cognitive domains investi-
gated here, but do not necessarily address the depth
of the difficulties that arise from them. For example,
there are only two symptoms that address the notion
of memory problems: ‘Loses things’ and ‘Is forgetful
in daily activities’. It is not surprising that deficits iden-
tified during detailed assessments of memory func-
tioning do not correlate with such crude measures
of symptom change. More work is required to better
understand these complex relationships between
symptoms, cognition and impairment.

In conclusion, we have demonstrated for the first
time that, although at a group level, medication-naive
boys with ADHD demonstrate deficits in memory,
inhibition, delay aversion, decision making, timing
and response variability, these performance deficits
exist relatively independently of each other. In ad-
dition, within each domain of functioning, the overall
group differences are driven by poor performance
by only a relatively small proportion of the whole
group, with the performance of most ADHD boys
overlapping with healthy TYP boys. These data re-
inforce the notion of causal heterogeneity in ADHD
and highlight the importance of considering both cog-
nitive and symptomatic aspects of ADHD in clinical
practice.

Supplementary material

For supplementary material accompanying this paper,
visit http://dx.doi.org/10.1017/50033291713002547.
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