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ABSTRACT

The ability to specify differential predictions is a mark of a scientific models’

value. State regulation deficits (SRD) and delay aversion (DAv) have both

been hypothesized as context-dependent dynamic dysfunctions in ADHD.

However, to date there has been no systematic comparison of their common

and unique elements. Here we review these hypotheses – and describe the

core and secondary manifestations of the two constructs and review evidence

In support of them. Second, we focus on what are seen as the hallmark

indicators of the two deficits – preference of small immediate over large

delayed rewards for DAv and the slow event rate effect for SRD. We describe

the overlap between these two manifestations and then explore how

experimental manipulations and the analysis of neuropsychological and

physiological mediators of effects can allow us to differentiate these two

patterns of neuropsychological dysfunction on the basis of specific

predictions. Finally, we highlight the implications of neuropsychological

heterogeneity for the practical implementation of tests of DAv and SRD.

Key words: Attention Deficit/Hyperactivity Disorder; delay aversion; state

regulation; cognitive energetic; event rate; delay of gratification; delayed

reward.
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MOVING BEYOND FIXED DEFICIT MODELS OF ADHD

Attention Deficit/Hyperactivity Disorder (ADHD) is a prevalent child and

adolescent condition, which often persists into adulthood, marked by

developmentally inappropriate and pervasive expressions of inattention,

overactivity and impulsiveness (Banaschewski et al., in press). It is associated

with functional impairments across multiple academic and social domains and

is commonly accompanied by a range of externalising (e.g., conduct disorder)

and internalising (e.g., anxiety) comorbid disorders (Taylor and Sonuga-

Barke, 2008). Until recent times dominant neuropsychological theories of

ADHD have focused on cognitive impairments associated with deficits in

executive functions such as inhibitory control (Nigg, 2005) and working

memory (Rapport et al., 2008). These are postulated to be grounded in

altered fronto-striatal neural circuits modulated by catecholamine-based

neuro-transmitters (Arnsten, 2009). Support for executive impairments in

ADHD of the sort predicted by these models come from many studies (e.g.

Willcutt et al., 2005; Bitsakou et al., 2008). However, it now seems unlikely

that such deficits mediate the link between ADHD and its underlying causes

(i.e., genes and environments; Nigg et al., 2005) in any straightforward way

(Castellanos et al., 2006). For instance, many children with ADHD appear not

to have dysfunctional executive processes, while many children without

ADHD, either with others disorders or with no disorder at all, do (Willcutt et al.,

2005). Even where ADHD and executive dysfunction co-present the pattern is
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rather fragmented and variable so that pervasive and severe executive deficit

appears quite rare (Nigg et al., 2005). Perhaps reflecting the influence of the

classical bio-medical framework (Singh, 2008) and neuropsychological

models of brain insult (Loge et al., 1990), executive dysfunction in ADHD

tends to be seen as a fixed, core cognitive deficit that is largely context and

state independent (Sonuga-Barke, 1994). However, this is probably an

inaccurate characterisation. Executive functions are themselves dynamic

processes and performance on executive tasks will fluctuate from state-to-

state and setting-to-setting (Nigg and Casey, 2005). In keeping with this,

context has been shown to play an important role in determining the extent to

which performance on executive tasks is deficient in ADHD (cf. Shiels et al.,

2008; but see also Shanahan et al., 2008).

An alternative class of theoretical constructs have also been

used to explain neuropsychological impairment in ADHD. These emphasize

the dynamic, rather than the fixed, nature of ADHD and especially the role of

contextual and state factors in determining cognitive and performance deficits

(Castellanos et al., 2006). According to these theories deficits are secondary

effects of failures of more deep-seated motivational or energetical systems

and processes. Although such constructs have a long pedigree in the field of

ADHD research, mainstream interest in them has increased in recent years as

the limitations of fixed deficit models have become apparent. In this paper we

focus on two of the first theoretical constructs of this type to be defined in the
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literature; Delay Aversion (DAv; Sonuga-Barke et al., 1992) and State

Regulation Deficits (SRD; van der Meere and Sergeant, 1988).

Although the DAv and the SRD constructs were initially proposed, and

have since evolved independently of one another, their shared focus on the

context-dependent nature of ADHD begs the question of whether these are

really distinct notions or rather just the same underlying concept expressed in

different theoretical language. For example, are the DAv and SRD

explanations of why a child with ADHD fails to withhold a response to a

delayed signal (which they frequently do) really distinct from one another? On

the face of it, it would seem so. From a DAv perspective this would be

regarded as an attempt to escape from delay while from the SRD perspective

it would represent a failure to modulate levels of arousal/activation to respond

to changes in psychological/physiological state over time (SRD)? But can

these explanations be operationalised precisely in terms of brain or

behavioural responses and if so do they provide us with differential

predictions?

Given this uncertainty it is perhaps surprising that there has been no

systematic in-depth attempt to compare and contrast DAv and SRD so far in

the literature. In the current paper we set out to provide such an analysis. We

ask; to what extent can the DAv and SRD constructs be differentiated in valid

and useful ways in that they can (i) be demonstrated to be grounded in

substantially different causes and processes and; (ii) be operationalised in a

way that allows different predictions about brain activity, behaviour and
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performance deficits to be made? Alternatively, do DAv and SRD simply refer

to the same underlying processes and make the same predictions but

describe them using different terminology, the origins of which lie in different

meta-theoretical traditions? In order to answer these questions we will need

to specify each construct as clearly as possible and where necessary resolve

uncertainties and ambiguities. This paper is the result of a long process in

which advocates of DAv and SRD were brought together to wrestle with these

issues. Through a process of mutual conceptual and theoretical inter-

interrogation we aim to; (i) clarify and operationalise each construct through

contrasting them with the other and; (ii) establish a number of agreed upon

predictions associated with one and not the other construct. Once this has

been achieved a set of pivotal tests can then be jointly designed and

implemented to differentiate the presence of one or other pattern of deficit.

As well as emphasizing the notion of a fixed core deficit, the classic

bio-medical framework has encouraged the notion that ADHD is

pathophysiologically homogeneous and mediated by a unitary set of

neuropsychological impairments affecting all ADHD cases. From this

perspective the ultimate goal of differentiating DAv and SRD in the current

paper would be to develop a test that can ultimately prove one theory right

and one wrong; The question being; is ADHD the results of DAv or SRD?

While there remains the possibility that this is the case recent studies suggest

that such a conceptualisation may be too simplistic. Heterogeneity is an

established characteristic of ADHD at the level of etiology (with different
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genes and different environments being implicated in different individuals;

Zhou et al., 2008) and at the level of clinical presentation (as captured by

diagnostic subtypes; Brookes et al., 2008). It now appears that heterogeneity

expressed at these levels is also mirrored at a neuropsychological level:

ADHD children are each affected in different ways to varying degrees by

different neuropsychological impairments. It now seems unlikely that a single

deficit or pattern of deficits can account for ADHD in all or even the majority of

cases - be it executive dysfunction, DAv or SRD. Evidence for this comes

from a number of sources. First, the effect size of case-control differences in

neuropsychological or neurological deficits are never more than moderate

(Cohen’s d < .7; Willcutt et al., 2008) with ADHD accounting for only a small

proportion of variation in these factors. This stands in contrast to other cases

such as the role of phonological encoding problems in reading disability where

case-control difference effect sizes are of an order of magnitude consistent

with a more pathophysiologically homogeneous condition (Lubke et al., 2007).

Furthermore, only a sub-sample of ADHD cases seem to show any one deficit

to a clinically significant degree and then rarely in a sufficiently pervasive and

severe form to suggest a unitary cause for all children (Nigg et al., 2005).

Finally, when two distinctly different impairments are studied in the same

sample different patients appear to be affected by each one. For instance, the

classic paper by Solanto et al., (2001) illustrates this most clearly – DAv and

inhibitory control deficits were uncorrelated but yet both were associated with

ADHD: Four subgroups of children could be identified – DAv and no inhibitory

deficits; inhibitory deficits and no DAv; both deficits and neither deficits (see
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also Thorell, 2007).More recently, a similar pattern was found for SRD and

executive deficits (but not DAv; Wåhlstedt et al., 2009).

Recognising the likelihood of pathophysiological heterogeneity in

ADHD we need to review the ultimate purpose of the current analysis. Rather

than asking the question - Which of these two theories is correct? - our

guiding question might more appropriately be framed as; Do the DAv and

SRD constructs, in as much as they can be distinguished from one another at

a conceptual level and operationalised in terms of construct-specific

predictions, provide a way of partitioning the neuropsychological

heterogeneity in ADHD? Are some patients affected by DAv, others affected

by SRD, still others affected by both SRD and DAv and some affected by

neither? Understood in this light the test of the success of the current paper is

therefore whether it can lead to the development of experimental tests that

allow us to identify the presence of DAv and/or SRD in a population of ADHD

children. It is of course conceivable that this is not possible and that DAv and

SRD overlap conceptually and empirically to such a degree that there is no

justification for their continued existence as separate concepts. Alternatively,

although distinguishable at a conceptual and methodological level, they may

overlap empirically to a very great degree with children with DAv also having

SRD. In either case the task becomes one of translating and integrating the

two constructs rather than differentiating between them. We will return to the

implications of neuropsychological heterogeneity in ADHD later in the paper

as we discuss issues of practical implementation.
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DELAY AVERSION & STATE REGULATION DEFICITS; THEORETICAL

FORMULATION AND CURRENT EVIDENCE

I: Delay Aversion

Theoretical Formulation: The DAv construct is derived from a motivational

model of ADHD. That is, it is one of a number of theories that explain ADHD

in terms of fundamental alterations in the child’s response to changes in

motivational context, and the inevitable knock-on effect these have for

reinforcement-based learning mechanisms (Sagvolden et al., 2005). There

has been renewed interest in this sort of model (Castellanos et al., 2006;

Johansen et al., 2009). However, a recent review failed to provide much

convincing evidence for specific alterations in a wide range of different

putative motivational mechanisms theorized, at one time or another, to be

implicated in ADHD (e.g., over- or under-sensitivity to reward delivery; Luman

et al., 2005). In contrast to this generally disappointing picture is the more

consistent evidence for an effect of delay, prior to delivery of rewards, on

ADHD children’s responses and choices (Tripp and Alsop, 2001). This is often

characterized as a preference for smaller sooner (SS) over larger later

rewards (LL) (see Willcutt et al., 2008 for a meta-analysis; but see also

Scheres et al., 2006 and Bidwell et al., 2007; for a counter case). The DAv

hypothesis was initially developed to explain this pattern of performance

(Sonuga-Barke et al., 1992). Consequently choice of SS over LL has become

regarded as the signal mark of DA v in ADHD. However, over the last 10

years or so the DAv hypothesis about SS over LL choices has been

developed into a thoroughgoing and more comprehensive developmental
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model of ADHD (Sonuga-Barke, 2003). This model differentiates what might

be classified as primary manifestations and secondary adaptations of DAv

(Figure 1; Sonuga-Barke, 2005; Sonuga-Barke et al., 2008).

Primary manifestations: DAv is postulated to be grounded in alterations in the

dopamine modulated reward circuits of the brain implicating regions such as

orbito-frontal cortex and the ventral striatum (Sonuga-Barke, 2003; see

below). It is driven by fundamental neuro-biological constitutionally-based

alterations in the efficiency with which future rewards are signaled by

dopamine within brain reward circuits (Cardinal et al., 2001; Forbes et al.,

2009; Schott et al., 2008). This leads to what has been described as an

impulsive drive for immediate reward (Marco et al., 2009). Crucially the model

predicts that these processes and the effects they produce lead to the

development over-time of negative affect which becomes associated with

delay-related settings and events as children with impoverished delay-

signaling associate delay settings with censure and failure (Sonuga-Barke,

2003). This exacerbates the primary tendency to choose SS over LL as

escape and/or avoidance of delay become a powerful driver of behavior in

delay-rich settings. This secondary motivational element is hypothesized to

develop directly out of, and compound, the primarily neuro-biologically based

effects. So for instance, this means that in choice setting where immediate

and delayed rewards are both on offer, choices of small SS over LL rewards

are motivated by two processes (a) unconditional primary preference for

immediacy linked to constitutionally-based deficits in signaling future rewards

and (b) the desire to escape or avoid the negative delay-related emotion
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acquired during development. These effects, significant in and of themselves,

add to each other to create a marked preference for immediacy over delayed

alternatives (Marco et al., 2009).

Secondary adaptations: DAv can also be manifest in non-choice settings

through what we refer to here as secondary adaptations – in this sense DAv

has a broad impact across different choice and non-choice settings – with

effects being context specific (Sonuga-Barke, 1994; Sonuga-Barke, 2005;

Bitsakou et al., 2009). So for instance, where there is a choice between

different levels of delay associated with different activities and outcomes, and

escape from delay is possible, children with ADHD choose SS over LL

rewards or invest less time and effort in a task even though it would lead to

poorer performance and associated outcomes (Sonuga-Barke et al., 2004).

From its very earliest presentation the model has distinguished between such

situations and others where delay is imposed and escape and avoidance of it

is not possible (Sonuga-Barke, 1994). In these situations, which of course are

extremely common in everyday life, the theory predicts that the DAv child’s

actions are differentially reinforced if they act to alter (specifically to speed up)

the perception of the passage of time. In turn this will reduce subjective delay

(Antrop et al., 2006). The timing literature suggests that time is extremely

plastic and is altered, for instance, when attention is directed to or captured by

non-temporal stimulation (Gautier and Droit-Volet, 2002a; 2002b; Brown,

1997), or when such stimulation is elicited from the environment by activity

(Sonuga-Barke, 1994; 2003). According to the DAv model in ADHD these

behaviours are reinforced by the reduction of subjective delay and are
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manifest as distractibility/inattention and in the latter case as hyperactive

fidgeting (with a focus on behavior): Both of which would be predicted to

increase with time on task. Inevitably there is a certain degree of

incompatibility between these behaviours and many important tasks and so

they will inevitably reduce the quality of performance where this is the case.

Crucially, the probability that attention will be focused on non-temporal task-

incompatible features will vary as a function of trial length or time on task. The

hypothesis therefore predicts that DAv will be associated with performance

deterioration on long and boring tasks with slow event rates (i.e. those that

are delay rich). The model also predicts that ADHD children will show

emotional arousal to unexpected imposition to delay.

One key prediction of this model of the broader ADHD phenotype is

that measures of delay-related behavior in choice and no-choice tasks should

share common variance. This was recently tested in a study (Bitsakou et al.,

2009) that included a choice delay task (i.e., The Maudsley Index of Delay

Aversion - MIDA), a delayed reaction time task (DRT; in which event rate was

varied) and the Delay Frustration Task (DeFT) in which frustration was

monitored following the unexpected imposition of delay during a task.

Although the correlation between the outcomes was low, the choice of SS

over LL (on the MIDA), the difference in reaction time between slow and fast

event rates on the DRT and the degree of frustration of DeFT shared

sufficient variance to form an underlying component that was more strongly

associated with ADHD than performance on the three tasks separately

(although a subsequent analysis suggested that there might actually be two
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separate delay-related factors; Bitsakou and Sonuga-Barke, submitted).

There is therefore some initial support for the statistical overlap between

primary manifestations and secondary adaptations of DAv, although this may

be more complicated than initially thought.

Neurobiological Basis: It has been speculated that the biological basis of

DAv is specifically associated with alterations within the cortio-striatal reward

circuits (Sonuga-Barke, 2003). These circuits implicate ventral striatum (in

particular nucleus accumbens) with mediated connections to the frontal

regions (especially anterior cingulate and orbito-frontal cortex; Berridge and

Kringelbach, 2008). These pathways are reciprocated via the ventral pallidum

and related structures through the thalamus. This circuit is specifically

implicated in the signaling of rewards, coding incentive salience and valence

and regulating other behavioral processes involved in the maintenance of

responding under conditions of delayed rewards (Cardinal et al., 2001;

Cardinal, 2006). Indeed Gregorios-Pippas et al., (2009) recently demonstrated

that the ventral striatum is highly sensitive to relatively minor temporal

alterations on reward discounting tasks. The amygdala is postulated to play

an important role in this system by defining the motivational significance of

incentives and especially coding the aversive nature of delay (Plichta et al.,

2009). Dopamine is a key neuro-modulator (Cools, 2008) and appears to play

a special role in the control of delay-related responding (Roesch et al., 2007).

To date the role of structural and/or functional alterations within this circuit in

ADHD remain under-researched although recent studies suggest under-

activation in the ventral striatum in ADHD following the signaling of future
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rewards (Scheres et al., 2007) and over-activation of the amygdala as delay

to rewards increase (Plichta et al., 2009). Furthermore, our understanding of

the functional neuroanatomy of delay-related activity more generally is

developing with, for instance, the suggestion that different brain networks are

differentially activated in relation to rewards and delay (Ballard and Knutson,

2009). These new perspectives need to be integrated into motivational

models of ADHD. In keeping with the notion that executive deficits and DAv

are dissociable elements within the pathophysiology of ADHD, they appear to

be based within different brain circuits (Dalley et al., 2008). However, there

has to date been no direct study of the independence of the neurobiological

foundations of these distinctive elements within ADHD.

Psychopharmacology: To date there is little work specifically on the

psychopharmacology of DAv in ADHD. However, by developing the construct

in a number of ways we can make some tentative predictions with regards to

the way in which stimulants such as amphetamine and methylphenidate

should operate to reduce DAv. Two areas of literature are particularly

valuable in this regard. Stimulant medication (e.g., methylphenidate and

amphetamine) reduces symptoms of ADHD and improves academic and

more general functioning (Taylor and Sonuga-Barke, 2008). These effects can

be mirrored in improved performance on laboratory-based cognitive tasks

(Coghill et al., 2007). The mechanism of action underpinning these effects still

remain to be determined definitively. At a cellular level it seems fairly clear

that stimulant drugs increase levels of extra-cellular dopamine either by

increasing its release, (e.g., amphetamines; Joyce et al., 2007), or reducing
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its reuptake by blocking the dopamine or norepinephrine transporter (e.g.,

methylphenidate; Schiffer et al., 2006). Consistent with a motivational account

of the therapeutic action of methylphenidate, Volkow et al. (2004) has shown

that the effects of methylphenidate on performance on an academic task

appear to be mediated by an increase in task salience and enhanced positive

task valence. An extension of the DAv model allows a mechanism for these

motivational effects to be specified. A two-stage hypothesis can be proposed:

Stimulants increase the stimulus-related (phasic) dopamine signal for delayed

rewards while at the same time reduce the aversive properties of delay by

increasing the perceived rate at which time passes. Evidence from animal

(Bizot et al., 2007) and human models (van Gaalen et al., 2006) suggest that

stimulants reduce impulsiveness and increase preference for delayed over

immediate rewards (Pietras et al., 2003) and speed up the ‘internal clock’

thereby reducing the perception of the passage of external time (Mattel et al.,

2004). In general terms one would predict that the effects of stimulants on

ADHD performance and behaviour are mediated by altered motivation,

increased task related effort and the speeding up of time in passing during

delay. The first study examining the extent to which methylphenidate reduces

impulsive choice in ADHD using a discounting procedure has been published

with positive results (Shiels et al., in press). Two other recent studies give

rather mixed results in relation to related concepts (Risk Taking/Gambling -

DeVito et al., 2008; reflection/impulsivity - DeVito et al. 2008).
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Evidence Base: As mentioned above the choice of SS over LL rewards by

children with ADHD on simple laboratory choice tasks is regarded as the

signal indicator of DAv. The evidence in relation to this has recently been

reviewed (Willcutt et al., 2008). ADHD cases can be satisfactorily

differentiated from controls in terms of their choices of SS over LL rewards

(Kuntsi et al., 2001; Antrop et al., 2006; Bitsakou et al., 2009; Marco et al.,

2009; Sonuga-Barke et al., 1992; Schweitzer and Sulzer-Azaroff, 1995;

Solanto et al., 2001; Hoerger and Mace, 2006; Dalen et al., 2004; Marco et

al., 2009). Although the effect appears generally robust there is a degree of

variability across studies with a number reporting negative results (Bidwell et

al., 2007; Scheres et al., 2006; Wåhlstedt, et al., 2009). The reasons for these

failures to replicate are unclear although sample differences and

methodological factors are possible candidates. Despite this heterogeneity,

the pooled size of this effect (Willcutt et al., 2008) compares favorably with

those reported in the Willcutt et al., (2005) meta-analysis of executive function

deficits in ADHD. Furthermore, the notion that the choice of SS over LL

rewards in ADHD is the result of two processes (i.e., impairment in signaling

of delayed rewards and acquired aversion to delay) is supported by a recent

large scale study examining the effects of pre- and post-reward delay on

choice for delayed rewards (Marco et al., 2009). In this study ADHD children

chose SS over LL more than controls under both conditions – but this

preference was greater when there was no post-reward delay and overall

delay could be avoided.
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The notion that DAv in ADHD is a broad-based motivational style which also

includes secondary adaptations in non-choice settings has been tested

directly less often. In one study, ADHD children’s preference for LL increased

when they were given access to additional stimulation - a finding consistent

with the relationship between DAv and stimulation seeking (Antrop et al.,

2006). However, the predictions of secondary adaptations are consistent with

data from a range of different paradigms. For instance, ADHD children

respond inappropriately to the unexpected imposition of delay (Bitsakou et al,

2006) and extinction of reward (Sagvolden et al., 1998); prematurely

disengage from long and challenging tasks (Scime and Norvilitis, 2006); show

more activity than controls during delay (Antrop et al., 2003); are biased

towards task responses tied to immediate rewards (Tripp and Alsop, 2001);

are unusually vigilant to environmental delay-related cues (Sonuga-Barke et

al., 2004); prefer reward immediacy to high reward rate or task ease (Neef et

al., 2005); discount future hypothetical rewards (Barkley et al., 2001; but see

Scheres et al., 2006 for counter case); and are differentially affected by slow

event rates/sparse schedules of reinforcement (Wiersema et al, 2006; Aase

and Sagvolden, 2006).

In summary there is evidence to support the notion that ADHD children

can be DAv in both the narrow sense of choosing SS over LL rewards to

escape delay in choice situations and in the broader sense as in seen in the

effects of time-on-task/trial length on performance in non-choice situations. As

is the case with executive deficits these effects are relatively modest in size
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suggesting neuropsychological heterogeneity and that only a sub-set of

ADHD children display DAv.

There are number of areas where further research is urgently required.

We know little about the specificity of DAv to ADHD in terms of differentiating

its effects from other psychiatric conditions. Indeed impulsive choice

behaviour is implicated in a range of different psychopathologies as well as

ADHD (e.g., conduct disorder and substance abuse; Bobova et al., 2009). In

part the impulsive choices associated with substance abuse disorders and

conduct disorders may be due to the overlap between these conditions and

ADHD, or at least to a common neuro-biological vulnerability (Szobot and

Bukstein, 2008). It is also possible that the quality of impulsive choices in

ADHD is different from those associated with other disorders where ADHD is

not present. For instance, in the theoretical formulation DAv is distinguished

from a straight forward impulsive drive for immediate reward. This is

especially so with regard to the secondary affective component that is

postulated to drive the ADHD patient’s motivation to escape delay and

underpins their inattentive and hyperactive behaviour. Further work is needed

to distinguish between these two components of DAv in the different disorders

of impulse control. As far as ADHD sub-types are concerned it has been

suggested that DAv may be associated with the hyperactive/impulsive

dimension rather than the inattentive one. Inconsistent with the DAv theory, a

recent study by Scheres et al. (2008) supported this notion. Much more work
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is also required to establish an understanding of the neuro-biology and

pharmacology of DAv in ADHD.

II: State Regulation Deficits

Theoretical Formulation: A number of different models of ADHD deficits

have been developed from a SRD perspective. These models emphasize that

impairment in ADHD is highly variable as a function of context. In contrast to

the DAv model, however, their primary focus is on the energetic state of the

ADHD child and they have as their primary goal the explanation of state-

specific and context dependent aspects of cognitive performance deficits. The

development of SRD accounts of ADHD are situated within the cognitive-

energetic framework of information processing efficiency developed by

Sanders (1983, 1998). In this model task efficiency is considered as a product

of a combination of elementary cognitive stages (level 1 - stimulus encoding,

memory search, binary decision and motor preparation) and their energy

distribution (level 2 and 3 – see figure 2). Level 1components are seen as

core structural processes that mediate between a stimulus and response.

Therefore if deficits in ADHD were to be located exclusively at this level,

independent of levels 2 and 3, this would be consistent with a model that

presents ADHD as the result of a fixed core cognitive deficit. Although not

representing an executive function deficit themselves such stages are also

inevitably implicated in performance on high level executive tasks, such as

divided and focused attention, and (motor) set shifting. According to the

cognitive energetic framework the functioning of these elementary stages at
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level 1 is regulated by the arousal and activation processes of the subject

represented at level 2. Although at first arousal was seen as a unified

construct, being the non-directional component of motivation, later accounts

(Mulder, 1986; Sanders, 1983, 1998), have drawn a useful distinction

between phasic arousal processes and tonic activation processes, with the

former specifically affecting input processes (i.e., stimulus encoding) and the

later affecting output processes (i.e., motor preparation). In this sense arousal

is defined as a time-locked phasic physiological response to input, whereas

activation refers to a long-lasting voluntary readiness for action (McGuinness

and Pribram, 1980; Pribram and McGuinness, 1975). Effort (level 3) is

necessary to meet task demands and to compensate for a sub-optimal

energetic state by modulating arousal and activation levels. This means that

performance can be maintained even in sub-optimal states or settings. The

effort system is under control of an evaluation mechanism (with many features

in common with executive control systems in other models), which scans the

momentary state of the arousal and activation levels.

Using Sternberg’s additive factor method (1969), Sanders showed that

the processing stages at level 1, as well as the energetic levels 2 and 3 could

be separately influenced by what he called ‘task manipulations’. For instance,

when the task duration is short and when subjects are motivated, stimulus

degradation, set-size, and response compatibility manipulations affect the

stimulus encoding, central processes and motor preparation stages in

predictably different ways. Energetic processes are also affected by task

characteristics. For instance, arousal level is influenced by stimulus repetition.



22

Motor activation is influenced by stimulus uncertainty (as typically manifest by

variable stimulus presentation rate) and psychostimulants. Effort in turn is

affected by factors such as knowledge of results, contingent reward and time-

on task. Crucially, for the current paper, the relationship between cognitive

energetic processes and performance as affected by these factors is

predicted to follow an inverted ‘U’ function. Deviation (increases or decreases)

in arousal/activation from an optimal energetic state leads to performance

decrements. Therefore the state regulation framework predicts that difficulties

can arise due to over arousal/activation and/or under arousal/activation. The

concept of optimality in this respect is discussed at length below.

Primary deficit: In a general sense the SRD model of ADHD deficits

sees these as being due to failures to properly regulate energetical state

(arousal/activation) when challenged to do so in sub-optimal settings or

states. This general statement implies ADHD deficits could be situated at a

number of different levels within the cognitive energetic framework. They

could be due to deficits within the executive control system that co-ordinates

effort allocation; in the effort system that responds to changing circumstances

by modulating arousal or activation levels; or more specifically in either the

arousal or the activation components of level 2 within the model. While

generalized formulations implicating executive control and effort allocation

have been considered (Sergeant, 2005) seminal work carried out by Sergeant

and Van der Meere (for reviews, see van der Meere, 2002; Sergeant et al.,

2003; Sergeant, 2005; van der Meere, 2005) identified the motor preparation
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stage as the focus of the deficit within the model and so, at the same time,

implicated activation rather than general arousal, or other processes. The

encoding, memory search, or decision stages were found to be largely intact

in ADHD while there was a deficiency in the response organization- the stage

associated with alterations in activation processes. This allowed the

refinement of the SRD model of ADHD and the development of the more

specific hypothesis that the locus of a possible state regulation deficit in

ADHD relates to the response preparation-related activation processes

associated with motor output/response organisation. The hallmark of this

deficit is the impact of variations in required activation level induced by

changes in task characteristics on task performance. Of these, event rate has

been seen as a / the key probe of activation processes. In conditions of "over

activation" brought about, for instance, by a very fast event rate, ADHD

children are predicted to produce fast-inaccurate responding; whereas in

conditions of "under activation", perhaps brought about by a very slow event

rate, they will produce fast slow/inaccurate responding. Although in practice

generating conditions for the former scenario has proved more difficult (see

below).

Deficits intrinsic to aspects of the activation system could arise for a

number of reasons and at present the SRD makes no specific predictions

about these. Either the activation system itself could be less stable and more

disturbed by alterations in context. Alternatively it could be less efficiently

modulated by the effort systems (level 3) and so less efficient at counteracting
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the effects of under- or over-activation. In this sense despite this focusing in

on response activation the SRD model may still implicate effort-related

processes. This is the case despite the fact there does not seem to be a

generalized dysregulation of effort that would be expected to disrupt the

earlier information processing stages – which appears not to be the case. One

way to understand how effort dysregulation could be specifically tied to

activation deficits is to focus on the dynamic interplay between these two

levels within the cognitive energetic framework. So that while the overall effort

allocation mechanism is intact and functioning normally in ADHD in general, it

could be applied inefficiently when called on specifically to modulate

activation. Because of dysfunctional activation processes ADHD children may

require greater levels of effort to regulate their cognitive energetic state during

motor preparation. Over time the cost of applying this effort becomes

excessive to the extent of being punitive. Consequently effort becomes

applied less and less efficiently specifically under those conditions requiring

the regulation of activation state during response preparation. In this sense

failures of effort allocation might be predicted to exacerbate and compound

the more fundamental deficits in motor activation. If this were the case ADHD

deficit would rest at the interstices between the effort and the activation

components of the model.

Secondary adaptation: Like the DAv model the general thrust of the

SRD model is consistent with the idea that ADHD is associated with

secondary adaptation to the primary deficit, although these claims have not
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previously been made explicit. Furthermore, there are similarities in the

general features of such adaptations in the two models. For instance, it is

predicted that patients may compensate for under-activation by seeking

additional stimulation through their activity and patterns of attention (Alberts

and van der Meere, 1992; Börger and van der Meere, 2000b). This could be

seen as either a behavioural compensatory strategy or adaptation to their

failure to regulate their state physiologically. This may lead to a preference to

choose the more stimulating alternative where different options are available

in an attempt to transform the current environment into one that is more

desired or required. For instance, SRD could therefore lead to a preference

for immediate reward over delayed reward if that increases the level of

stimulation in the environment to either optimal or desired states (but see

below for a detailed discussion). As in the case of DAv these effects are likely

to be exacerbated under long and boring tasks and to lead to negative affect

where state regulation through secondary adaptation is frustrated. Figure 3

provides an illustration of the SRD model described above.

Neurobiological Basis: The exact brain circuits underpinning SRD in ADHD

are yet to be fully delineated. Although several brain structures and

neurotransmitters have been argued to be associated with the different

energetic mechanisms (Pribram and McGuinness, 1975; McGuinness and

Pribram, 1980), few attempts have been made to investigate these directly.

The core brain system associated with arousal extends from the spinal cord

through the brainstem reticular formation including the hypothalamic sites.
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Amygdala and related fronto-cortical structures are involved in the control of

the core brain arousal system. The dominant neurotransmitters in the arousal

system are serotonin and norepinephrine (NE). Structures involved in the

activation system are dorsal thalamus, basal ganglia and the forebrain corpus

striatum. For activation, dopamine is the most important neurotransmitter.

Theoretically, one would expect that other structures known to be involved in

the control of physiological state such as anterior cingulate cortex (ACC) and

locus coeruleus (LC) to also be implicated in SRDs in ADHD. Disturbed ACC

functioning in ADHD is supported by a growing body of evidence. Several

imaging studies (functional Magnetic Resonance Imaging (fMRI), positron

emission tomography, single photon emission tomography) have found

volumetric abnormalities of ACC and disturbed (typically reduced) activity in

this brain region in individuals with ADHD (e.g., Bush et al. 1999; Ernst et al.

2003; Rubia et al. 1999; Schulz et al. 2004). Only one study so far has directly

investigated ACC activity including a manipulation of activation through event

rate changes. Using fMRI this study indicated that the ACC was involved in

maintaining an optimal readiness to respond through effort allocation. Worse

performance in a slow condition by adults with ADHD was accompanied,

together with diminished activity in thalamus, by less activity in ACC (Kooistra

et al, 2006). Together with dorsolateral prefrontal cortex the ACC has been

argued to form a circuit that underlies compensatory effort allocation (Kumari

et al., 2004; LaBerge, 1995; LaBerge et al., 1992; Portas et al., 1998). The LC

system, located in the brainstem, has also been related to arousal/state

regulation processes. Tonic activity seems to be associated with the
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regulation of arousal and a variety of state-dependent processes, such as

sensory information processing, attention, working memory, and motor

processes (Devilbiss and Waterhouse, 2004; Arnsten and Dudley, 2005).

Some researchers have proposed that the pathophysiology of ADHD involves

‘overdrive’ of the LC, with excessive NE release leading to reduced capacity

of the PFC to respond to phasic stimuli (Mefford and Potter, 1989; Pliszka et

al., 1996). Little research has as yet been conducted on the role of LC in

ADHD.

Psychopharmacology: The neurochemistry of SRD and DAv inevitably

share many common elements. Activation levels have been differentially

related to neurotransmitter systems in the brain. While the dominant

neurotransmitters of the arousal system being serotonin and NE (Damasio,

1994; LeDoux, 1996), for activation this is dopamine (Robbins, 1998). In this

regard it is interesting that MPH enhances task performance in children with

ADHD (van der Meere et al., 1995) during conditions with a slow stimulus

presentation rate. From an SRD perspective this is interpreted as evidence

that slow event rates produce under-activation and that MPH increases the

activation state, which in turn results in enhanced task performance (Sikstrom

and Söderlund, 2007). We explore this issue in more detail below when we

focus on the specific predictions of the two theories.

Evidence Base: In keeping with the motor activation deficit model it

has repeatedly been found that RT performance in children with ADHD is

highly sensitive to the rate at which stimuli are presented (see van der Meere,
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2005; Sergeant, 2005 for reviews). This statement holds with respect to a

variety of tasks such as paired associate learning tests (Conte et al., 1986;

Dalby et al., 1977), memory recognition tests (Chee et al., 1989), a

Computerized Matching Familiar Figure Test (Sonuga-Barke, 2002), Go/No-

Go tests (Börger and van der Meere, 2000a; Potgieter et al., 2000; van der

Meere et al., 1995), the Conners CPT (Purvis and Tannock, 2000), the CPT-A

(Leung et al., 2000), the stop task (Scheres et al., 2001), and tapping tasks

(Rubia, et al., 1999). Children with ADHD tend to perform more poorly in

conditions of relatively slow, compared to fast and moderate event rates (for

reviews, see van der Meere, 2002; Sergeant et al., 2003; Sergeant, 2005; van

der Meere, 2005). The typically slow and variable response style in ADHD,

when stimuli are presented at a low rate, is a consistent finding in these

studies, whereas findings are mixed with respect to errors of commission

(Börger et al., 2000a; Potgieter et al., 2000; Scheres et al., 2001). The event

rate effect persists under sustained attention conditions of more than 30

minutes. Children with ADHD were found to have a rapid decline in task

efficiency over time with a slow presentation rate, but not with a fast

presentation rate (for a review, see van der Meere, 2002). The ISI effect on

RT performance diminishes as a function of age (van der Meere and

Stemerdink, 1999), is independent of IQ level (van der Meere and van der

Meere, 2004), and differentiates at the group level between ADHD and

aggressive behaviour problems such as conduct disorder and oppositional

defiant disorder (van der Meere et al., 2005). From the perspective of the
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SRD model these findings are consistent with the notion that ADHD are either

easily under-activated or find it more difficult to counteract under-activation.

Fewer studies have investigated the key SRD prediction derived from

the inverted ‘U’ function relating activation to performance – i.e. that either

increases or decreases in activation from an optimal energetic state lead to

performance decrements (van der Meere et al., 1995). Most studies have

used only two presentation rate conditions (fast versus slow) which do not

allow this aspect of the model to be tested. However, where three or more

levels of event rate have been used evidence tends to support the idea that

effects are more robust for under-activation rather than over-activation. In

contrast to this general finding, recent findings from a study by Benikos and

colleagues (2009), which presented a task at three levels of event rate,

suggested a greater performance decline in children with ADHD in the fast,

compared to the slow, condition. The scarce evidence for over-activation

problems in ADHD could be due to the fact that mechanisms of over-

activation are in fact intact or because it is more difficult to induce a state of

over-activation as acknowledged by Sanders. This problem is complicated

further as the optimal state will also be task/context dependent and will differ

between children. Nevertheless, there is some literature that supports the

inverted U predictions. van der Meere et al. (1995), studied the ability to inhibit

responses of children with ADHD using a Go/No-Go task under fast (ISI = 1s),

medium (ISI = 4s), and slow (ISI = 8s) event rate conditions. The ADHD group

performed less well than controls in the fast and slow conditions but equally
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well in the medium condition. Also Sonuga-Barke (2002) found this pattern of

results in a study of time use in children with ADHD. Three trial duration

conditions were used (5, 10, and 15 sec). Children with ADHD were found to

perform less well than controls on trials of both 5 and 15 sec. durations, but

not on trials of 10 sec. duration. We return to this issue below when we focus

on developing specific predictions to differentiate the two constructs.

There is also evidence from psycho-physiological studies that

dysregulated effort allocation processes may be specifically implicated in SRD

deficits associated with motor activation, as predicted by the SRD hypothesis.

For instance, Börger and van der Meere (2000b) (see also Börger et al.,

1999) demonstrated that the slow and variable responses in a slow event rate

condition were correlated with; (i) less heart rate deceleration before the onset

of the “go” stimulus, and (ii) increased heart rate variability (10 Hz

component), reflecting, respectively, a poor readiness to respond and less

effort allocation. Additional evidence that ADHD is associated with an inability

to maintain an appropriate readiness to respond state because of insufficient

effort allocation came from a series of event-related potential (ERP) studies.

These studies showed that slow and inaccurate RT performance in the

condition with a long ISI was accompanied by reduced parietal P3 amplitude

indicating less effort allocation (Wiersema et al., 2005; Wiersema et al., 2006).

The deficit was found to persist into adulthood (Wiersema, et al., 2006). The

Kooistra et al, (2006) fMRI study mentioned above indicated that the anterior

cingulate and the thalamus are involved in maintaining a state of optimal
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readiness to respond through effort allocation; during a slow event rate, these

areas were less active in adults who had been diagnosed with ADHD as

children.

Summary: The SRD is consistent with much of the data on the context

dependent and dynamic nature of ADHD performance. Nevertheless,

fundamental questions about the model remain. For instance, it is unclear

how deficient motor readiness processes interact with effort allocation. It also

remains unclear the extent to which SRD follows the standard ‘inverted U

function’ typically regarded as relating energetic elements to performance and

the extent to which lack of empirical evidence for over-activation is due to

methodological problems rather than a true absence of the effect?

CAN DELAY AVERSION AND STATE REGULATION DEFICIT

PROCESSES BE DIFFERENTIATED ON THE BASIS OF THEIR

COMMONLY ACCEPTED SIGNAL PREDICTIONS?

As can be seen from the above descriptions the SRD and DAv theoretical

constructs share many features in common and often make similar

predictions. In general terms they both highlight the dynamic and context

dependent nature of task performance – i.e. that ADHD children will perform

poorly under some conditions while under others they may be

indistinguishable from children without the disorder. In this section we will take

what have become seen as the hallmark manifestation of each construct

(preference for SS over LL for DAv and poor performance under slow event

rates for SRD) and; (i) explore whether they are specifically related to one
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construct and not the other and (ii) discuss ways in which more distinctive and

specific predictions can be developed. First we look at event rate effects on

ADHD task performance which is seen by many as the hallmark of SRD and

see to what extent it actually does differentiate SRD from DAv models. In a

similar way we will then take the preference for SS over LL, which is typically

regarded as a hallmark of DAv, and ask could it be explained by the SRD

model.

Event rate effects: Can they differentiate SRD from DAv processes in

ADHD?

That changes in event rate during tasks will have a profound impact on the

performance is regarded as a hallmark of SRD in ADHD. This is argued to be

due to ADHD children’s inability to manage non-optimal information

processing conditions (i.e. remain in an optimal state) in settings that lead to

under- or over-activation. However, from what has been described above

event rate effects may also reflect DAv. In this case these are linked to a

secondary adaptation whereby ADHD children’s activity and inattention

reduces the passage of time on tasks and this effect increases as trial length

increases or event rate reduces. At first sight, therefore, DAv and SRD seem

to make somewhat similar predictions. However, here we propose that the

two theories can be differentiated, in terms of two features of the SRD not

shared by DAv.

First, that SRD model predicts that the impact of activation level on

performance takes the form of an inverted ‘U’ function whereby either
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increases or decreases in activation from an optimal energetic state is

predicted to lead to performance decrements, if not efficiently managed. The

prediction therefore would be that ADHD performance would follow a non-

linear function vis-a-vis event rate. There should be deficiencies under both

fast and slow event rate settings while on intermediate event rate, where

these map on to optimal levels of activation, no such effects would be found.

In contrast, the DAv model predicts linear-like effects whereby performance

deficits are expected on delayed compared with a non-delayed condition; the

prediction being no difference under high event rate conditions, some

differences emerging on intermediate trials and the largest effects on slow

event rate conditions. While these distinctions are clear, testing them raises a

number of methodological problems of a rather generic nature. This is

because it is difficult to define precisely the event rate conditions required for

over-activation, under-activation and optimal activation levels for any specific

individual or on any particular task. It has certainly been difficult in the past to

demonstrate impoverished performance under fast event conditions

experimentally. We talk in absolute terms of slow, moderate and fast event

rates. But these terms are in themselves problematic. By fast and slow in this

context we mean fast and slow relative to what is optimal. Therefore what is

fast and slow will vary as a function of task and individual characteristics. An

event may seem fast on a complex task and relatively slow on a simple

undemanding task. Given this, what is required is careful piloting of different

event rates to ensure that on any particular task states of over and under-

activation are induced. More generally much more needs to be known about
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the effect of task characteristics in defining optimal event rates. But even in

the same situation different event rates will be optimal for different individuals.

What is a fast event rate for some may appear slow to others. To address this

future studies could employ adjusting procedures whereby event rate is

altered in response to performance or preference in order to identify optimal

and sub-optimal states.

Second, in SDR both event rate and MPH are regarded as important

regulators of activation state and these factors are predicted to act additively

to change the cognitive energetic dynamics of the task and therefore alter

performance. For instance, if a person is operating at an optimal activation

level in terms of event rate (perhaps as determined by the adjusting

procedure described above), then MPH administration should lead to over-

activation and deterioration of performance, if on the other hand, a person is

operating under stimulus deprived conditions and is under-activated then

adding stimulant medication will improve performance. In contrast, in the DAv

hypothesis MPH is predicted to operate by increasing the salience of events

and/or improving their valence by changing time perception and/or enhancing

the signalling of future events and rewards. In this sense the effects of

stimulant medication will be either beneficial or neutral under all conditions.

The SRD model predicts that they may be detrimental if they lead to over-

activation.

A third possible difference is that from an SRD perspective, the effects of

MPH on event rate effects might operate directly on motor preparation via the
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activation component of information processing and not by increasing

motivation (or as a consequence the allocation of additional effort in general).

In the DAv account, as in other motivational accounts, the effects operate to

change the motivational context and increase the application of effort to task

which then leads to improved performance. However, given the current

uncertainty over the relationship between activation and effort in SRD as

described above such predictions are currently not clear cut. It may be that

while the primary effects of stimulants might be on the activation processes

there may be secondary effects in terms of motivation and effort. This would

make the processes mediating MPH effects difficult to disentangle. However,

it will be interesting in future to further explore these factors using psycho-

physiological methods. For example, a decrease in variability of heart rate

(HRV) and an increase in the event-related potential (ERP) parietal P3

amplitude have both been found to index effort allocation (see Mulder, 1986

for overview of effort indices), while heart rate deceleration before the onset of

Go signals and ERP activity such as contingent negative variation (CNV) and

lateralized readiness potential (LRP) have been linked to motor

activation/preparation (Jennings, 1992; Leuthold et al., 2004). ERPs may be

especially informative in this regard as they may provide valuable temporal

information with respect to the various stages of cognitive processing.

These differentiating features of the DAv and SRD models lead to

some quite specific predictions relating to the effects of event rate and

stimulant medication. In terms of task performance the SRD model will predict
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an interaction between ADHD and event rate. ADHD children would perform

poorly under both slower- and faster-than-optimal event rates relative to

controls. The prediction made with regard to absolute event rate will vary as a

function of the optimal setting for the particular task. The DAv theory would

also predict an interaction but this would take a linear-like form, with

performance increasingly deteriorating as event rate increases – being best

under high and worst under low rates. The two theories predict that these

effects will be moderated in different ways by stimulant medication. The SRD

model predicts that on the slow event rate trials, performance will deteriorate

when children are off, compared to on medication, as medication will

normalise the reduced activation associated with this setting. However, on

fast (or optimal) event rates performance will deteriorate as a function of MPH

exposure as the optimal levels of activation are exceeded and a state over-

activation prevails. For DAv, as with the SRD model performance is expected

to be worse ‘off’ medication under slow event rates. However, in contrast to

the SRD model the DAv theory predicts that medication would have either a

neutral or a positive effect on performance in the fast rate condition.

Choice of small immediate over large delayed rewards: Can they

differentiate Delay Aversion and State Regulation Deficit accounts?

The fact that ADHD children choose SS over LL more than controls has

traditionally been regarded as the hallmark of DAv. In keeping with the DAv

theory this effect seems highly context dependent. It is especially pronounced

where choice of the SS allows the child to reduce trial/session length (Marco
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et al., 2009) and seems to be normalised where patients are allowed access

to additional stimulation during delay (Antrop et al., 2006). Can these

behavioural patterns be explained in terms of SRD? The SRD concept is not

normally cast in terms of choice between different settings or options but

rather in terms of response to imposed task parameters. However, as the

SRD concept is developed in this paper the choice of SS over LL may be

understood in terms of secondary adaptation: ADHD children seek to regulate

their energetic state and optimise their activation level by choosing one

environment over another. They do this by modifying their environment (i.e.,

choosing one alternative over another) to establish an event rate that is

optimal for them in terms of activation level. SS is related to higher event rate

and LL to lower. This raises the possibility that ADHD-related patterns of

choice between SS and LL on choice delay tasks may be explicable in terms

of SRD as well as DAv in as much as ADHD children choose a delay setting

that is optimal for them.

However, there are a number of caveats relating to the concept of

optimality as it relates differentially to performance on cognitive tasks on the

one hand and choice tasks on the other. When we talk about an optimal event

rate in the context of the SRD we are typically talking about the event rate that

is required for or associated with optimal performance on a task – e.g.,

more accurate or faster less variable responding. The situation is rather

different with choice-related delay (Solanto et al., 2001) where there may be

no task embedded in the delay period and all that is required is to choice a

reward and wait for it. In such a situation we need to extend the concept to
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encompass not only the event rate/delay required for optimal performance

but also that which is desired or preferred – we might think of this as being

the event rate/delay that the participants feel most “comfortable” with. Clearly

this is a major extension of the way that optimality would typically be

conceptualised in the SRD model. It is conceivable that the desired state

mirrors the required for optimal performance in as much as individuals can

become conditioned to find states of under- or over-activation in which

performance that is non-optimal might be more aversive. If this were the case

then, consistent with the notion that activation-performance relations follow an

inverted U function, SRD would be predicted to be associated with preference

for SS that varies as a function of delay prior to its delivery- that very short

delays before the SS would be less attractive than intermediate delays and

immediate rewards, as these, like fast event rates, may be a associated with a

state of over activation. In other words the intermediate delays may therefore

be associated with the optimal state. One might also predict that these effects

would be more strongly related to delay level (event rate) than reward

magnitude per se. The issue of what constitutes a short, intermediate and

long delay mirrors that raised previously with regard to event rate. This will

vary from task-to-task and person-to-person and needs to be addressed with

careful piloting and methodological innovation. On the other hand, it may turn

out not to be appropriate to extend the concept of optimality from the required

to desired state and remain within the SRD framework. The factors that

determine what is preferred in a simple choice delay task such as that used

by Solanto et al., (2001) may be unrelated to state regulation factors. In this
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case, in contrast to DAv, the SRD model would make no specific predictions

about preference for SS over LL. Clearly these are empirical questions and

research is required to disentangle these different notions of optimality as they

relate to event rate/delay and ADHD.

As we point out above preference for SS in ADHD is modulated

by levels of environmental stimulation during delay (Antrop et al., 2006). Do

both SRD and DAv predict this? The DAv account see accessing stimulation

during delay as a means of altering the perception and aversiveness of the

passage of time during delay. This effect can also be seen as consistent with

the SRD model at least if we assume that the concept of optimality can be

extended from required to desired event rate/delay as described above. From

this point of view accessing stimulation during delay can present a secondary

adjustment of activation levels to optimise the stimulus setting. However, the

two concepts will differ in terms of the extent to which different types of

stimulation should alter performance. For the DAv model the stimulation

would be most influential in reducing preference for SS if it is non-temporal in

nature (i.e., de-emphasized time in passing) while temporal stimulation should

make time drag and increase preference for SS. The SRD model makes no

such predictions as the quality of the stimulation should be less important than

the quantity. The SRD model would predict that neutral or white noise, would

improve performance in states of under-activation as it would act to increase

basal activation levels directly. Such noise is unlikely to affect the perception

of the passage of time (although this too is an empirical question) and so the

DAv would make no specific predictions with regard to white noise during
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delay. Söderlund et al., (2007) recently studied the effects of white noise on

performance and found a small but significant degree of facilitation amongst

ADHD children. These effects need to be extended to simple choice tasks and

replicated in larger samples. Their mediating mechanisms also need to be

investigated.

ISSUES OF IMPLEMENTATION AND APPLICATION

SDR and DAv share many features in common and both constructs can

account for many aspects of the extant literature. However we have

established that each has specific elements that predict different effects which

can be disentangled using experimental techniques. Such differential

predictions relate in particular to the way event rate affects performance, the

significance of long versus short delay intervals prior to rewards, the quality of

stimulation required to alter performance (temporal vs. non-temporal) and the

impact of stimulant medication.

The analysis set out in this paper could be seen as setting up a head-

to-head test of the veracity of two models of ADHD to answer the question: Is

ADHD a DAv or a SRD disorder? To develop tests to answer this question

would in principle be fairly straightforward. However, in the introduction to the

paper we introduced the concept of, and described some of the growing

evidence for, neuropsychological heterogeneity in ADHD. This complicates

the situation considerably. It seems increasingly unlikely that ADHD can be

explained with reference to any one set of underlying psychopathological

alterations, be they executive dysfunction, DAv or SRD. ADHD in different
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individuals is probably marked by different patterns of neuropsychological

impairment.

Neuropsychological heterogeneity significantly alters the way we

conceptualise, theorise and measure neuropsychological dysfunction in

ADHD. The potential scale of such a change and the challenge it presents

needs to be acknowledged. First, it shifts our research goal from just

identifying differences between ADHD and non-ADHD groups in performance

to partitioning heterogeneity within the group of ADHD patients as a whole. In

this latter endeavour the ability to effectively characterise the pattern of deficit

found at the individual patient and differentiate it from those seen in other

patients becomes paramount. In this paper we have argued that we can

differentiate SRD and DAv in terms of concepts and predictions and that we

are able to test these predictions in terms of differences between ADHD and

control children at the group level. However, it remains to be seen whether

we can develop tests that are sufficiently sensitive and powerful to identify

which individual ADHD children have DAv and which have SRD? First we

need to develop tests that can reliably probe for different deficits (some of

which have been proposed in this paper). While identifying whether an

individual has a deficit which is static and unchanging in its expression

represents a challenge, the task is complicated significantly in the case of

DAv and SRD by a number of further factors. First, is the dynamic nature of

these processes and effects and the way that they vary from time-to-time and

setting to setting. This means that testing may need to be carried out over
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longer intervals and on more occasions to produce valid and reliable results.

Second, is that differentiating these different elements relies on dissecting

some rather subtle distinctions - with the two different underlying patterns of

impairment expressing themselves in very similar ways in many settings. In

order to address these challenges we need to work towards the development

of tests that can effectively disentangle such dynamic and context specific

processes by employing experimental procedures when contextual factors are

manipulated systematically. From such experimental tests one can then

potentially derive indexes of the impact of different environmental

manipulations. We need to identify what will be the most reliable and robust

predictors of a particular component. So for instance, a test of the effect of

event rate on performance may be able to characterise those patients with a

‘U shaped’ (SRD) from a linear function (DAv). However, this will inevitably be

a highly involved process given the complexities of establishing optimal

conditions with regard to fast, moderate and slow event rates. It may therefore

be that the preference for SS over LL is more useful differentiator between

SRD and DAv types. Establishing the reliability, validity and the diagnostic

properties, of such tests is of course essential but not straight forward. The

challenge is complicated even further by the possibility that a particular child

may be affected by both DAv and SRD, in the same way that some children

appear to be affected both by DAv and executive dysfunction (Solanto et al.,

2001). Furthermore, it is currently unclear how the co-occurrence of DAv and

SRD would manifest itself in terms of performance on a event rate or choice

delay tests.
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The development of tests that could classify ADHD children as

having DAv and/or SRD is clearly potentially an important goal and we need

to think clearly about a research strategy to follow. In order to achieve this we

require a different research strategy to those currently employed. Crucially,

we need to combine the sorts experimental tasks described above where

contextual factors are manipulated to examine the effects of event rate or pre-

reward delay with multivariate approaches to modelling individual difference

within the ADHD group. This would allow us to identify sub-clusters of patients

with large samples of ADHD with different neuropsychological deficits and

define their boundaries and degree of overlap between them. These clusters

can then be explored in relation to external criteria (etiological factors,

prognosis and treatment response) and signal neuropsychological markers

can then be identified and validated.

IN SUMMARY

In this paper we have highlighted the context dependent nature of ADHD

performance and behaviour and described two different theoretical constructs;

SRD and DAv that have been developed to account for this. While these two

notions share some features we established their conceptual and theoretical

distinctiveness and identified a number of differential predictions especially in

relation to the effects of event, choice delay, environmental stimulation and

stimulant medication. While in principle it is possible to distinguish these two

patterns of impairment in practice the existence of neuropsychological

heterogeneity complicates this task considerably. Future research needs to
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combine experimental and large scale multivariate studies to characterise and

validate sub-clusters of patients with DAv and SRD and differentiate them

from ADHD children with other deficits.
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Figure 1: A causal model of delay aversion in ADHD.
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Figure 2: The cognitive energetic model of Sanders (1983).
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Figure 3: A possible causal model of the state regulation deficit model of

ADHD.
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