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ABSTRACT

Perhaps the most critically important cognitive mechanism for survival and social
cohesion is the ability to withhold an action that has been rendered maladaptive or
inappropriate by altered environmental demands. There is a large body of empirical research
investigating this process, which is commonly referred to as response inhibition, but which in
most instances more precisely could be termed reactive inhibition because it constitutes only
one element of the overall inhibition of an action. Alongside reactive inhibition, though, and
certainly of at least equally import, is the capacity to recognise erroneous stimulus-response
patterns in one’s own behaviour and to remediate them where they arise. This has been
termed proactive inhibition and has received substantially less experimental interest until very
recently, despite almost certainly contributing to overall response inhibition. Although these
two cognitive mechanisms, reactive and proactive inhibition, are necessarily interdependent,
they are representationally distinct and are therefore likely implemented by separate

biological and cognitive processes.

The basal ganglia are largely responsible for the coordination of motor control, and its
neural connections to the motor and frontal cortices plan, select, and direct any intended
movement, and indeed certain unintended movements also. Owing to an incomplete
physiological characterisation of this circuitry until only the last decade, a critical re-
evaluation of those motor functions that rely on computational cognition is germane. It is
likely that reactive inhibition recruits internal basal ganglia pathways, perhaps in accordance
with the classical dual-organisation model of direct and indirect pathways, because it is
principally a motor function; proactive inhibition, on the other hand, requires cognitive
computation, either consciously or not, and, therefore, may recruit a recently-described
hyperdirect pathway that connects the basal ganglia to a prefrontal neural population that has
previously been associated with overall response inhibition, but whose role has been
theoretically inconsistent with motor models of inhibition because prefrontal regions are

associated with higher cognitive functions and not motor function.

With these limitations in mind, in this thesis, | present the experimental findings of
four empirical investigations into the neurocognitive architecture of proactive inhibition using
updated models in order to revise the understanding of response inhibition and, in particular,
the role and underlying properties of proactive inhibition, which we operationalise as post-

error slowing (PES) of reaction time.



In the first study (N = 264), we investigated the role of two dopaminergic single-
nucleotide polymorphisms (DRD1 rs686 and DRD2 rs1800497) which are differentially
expressed along basal ganglia pathways in behavioural performance on a Go/No-Go task (the
Sustained Attention to Reaction Time task, SART). We found that in those with a higher ratio
of D1:D2 receptors (i.e., more rs686 A and rs1800497 T alleles) PES was engaged to a higher
degree and that older age magnified this genetic effect (p <.001). In addition, we observed an
interaction between age and a general factor of intelligence, g, on PES, whereby older age
and lower estimates of g predicted higher recruitment of PES (p < .001). This supports the
hypothesis that proactive inhibition appears to be a naturally-occurring compensatory
mechanism which manifests in individuals whose reactive inhibition may be suboptimal, and
indicates that the extent to which PES is engaged depends on increased dopamine D1 and

decreased D2 neurotransmission.

The neural generators of overall response inhibition are well described, but very little
effort has been given to proactive processes. If reactive inhibition is largely motoric, then its
sources can be localised using various techniques that image neural regions using
haemodynamic response, but since proactive inhibition is largely cognitive, it is necessary to
use other methods. To investigate the cognitive architecture of proactive inhibition we used
electroencephalography (EEG). To do this, we use stimulus- and response- locked neural
activity to compare the four major accounts of PES. These accounts each have wide support,
explain behavioural data, and can be simulated using computational methods. We
administered the SART once again to N = 100 healthy young adults and recorded their brain
activity using EEG. Our results provide support for an attentional account of PES that
supposes errors disturb, or disorient, attentional processing on subsequent trials indexed by
the anterior N1. The N1 was significantly blunted by errors (p = .020) and the post-error N1
was correlated with magnitude of PES (p = .016). In addition, we provide additional support
for our previous findings indicating an effect of age and g on PES. Here, we find that the
post-error N1 diminishes with natural ageing, however, higher estimated g seemed to rescue
these age-related deficits (p < .0001). These results bring into question our previous
hypothesis that PES is a compensatory mechanism. Rather, it may be a consequence of
disruptions to processing that incidentally improve response inhibition as a function of that

disruption which offsets the initiation of response execution.

Our third study was conducted to investigate the potential efficacy of neurostimulation

techniques in the modulation of response inhibition and other cognitive and behavioural



functions using transcranial direct current stimulation (tDCS). This study had two
experiments. The first investigated whether such functions could be modulated, and the
second investigated the nature of that modulation, namely, whether it could be attributed to
neuroplastic induction measured by changes to motor evoked potentials using transcranial
magnetic stimulation. In the first experiment, our participants (N = 56) attended three
sessions, a baseline session followed the following day by single-blind, randomly allocated
stimulation testing sessions separated by two days, one with a sham control, and the other
with active anodal tDCS to the motor cortex. We administered a Simple and Choice Reaction
Time (RT) task, the Inspection Time task, and the SART. This battery allows us to
disambiguate perceptual, motor, and cognitive elements of a physical action. We observed no
effect on either RT or Inspection Time and observed an effect on the proactive process on the
SART (p =.002), such that PES was engaged to a smaller degree after active stimulation
compared to both baseline and the sham condition. Likewise, we observed somewhat quicker
RT in the SART under active stimulation (p = .073), likely because of the absence of PES, as
well as more errors (p = .026), potentially indicating that PES may protect against failures of
response inhibition. We attribute these results to the location of the cathode, over the right
supraorbital region, roughly above the right inferior frontal gyrus. The anode in tDCS is
thought to synchronise neural activity and induce long-term potentiation-like neuroplasticity,
whereas the necessary cathode is thought to disrupt such synchronicity. As such, we may
have disrupted prefrontal cortical functioning briefly, which in turn eroded proactive
functioning. This provides reasonably strong support for frontal regions being implicated in
proactive, but not necessarily reactive, inhibition, although we cannot conclude this since

overall response inhibition was somewhat disrupted.

The final study addresses the theoretical and conceptual limitations in existing
response inhibition tasks by implementing a recent Bayesian W adaptive staircase (Livesey &
Livesey, 2016) in novel instantiations of two Stop-Signal Tasks (SSTs) that we developed for
the purpose of directly observing behavioural proactive inhibition in two forms that are
explicitly separable to the reactive process. The ¥ staircase provides an algorithm which
allows for rapid estimation of SSRT in very few trials, the importance of which lies in the
populations whose response inhibition and behavioural and motoric regulation are impaired
due to psychopathology or neurodegeneration. Task duration is a considerable limitation on
reliable estimates of performance on such tasks, and particularly in such populations. We

administered four tasks (two SSTs and two Go/No-Go tasks) to N = 123 healthy young adults.

Xi



We included a manipulation that cued the probability of a Stop/No-Go trial in the two SSTs
and one of the Go/No-Go tasks, which was a modified form of the SART. These two
probability conditions allow us to compare RT in each condition on Go trials, under the
assumption that longer RT in higher p(Stop/No-Go) conditions indicates a predictive form of
proactive inhibition. This is distinct from the remedial form, post-error slowing, that can still
be observed in the tasks. We report two important findings. The first is that the ¥ staircase is
highly successful in rapidly converging on reliable estimates of SSRT in as few as 20 stop
trials, which could prove useful in designing considerably shorter tasks in the future without
sacrificing reliability. Secondly, we show that predictive and remedial forms of proactive
inhibition are consistently engaged in all tasks, potentially providing another avenue for
thinking about proactive inhibition in the future. Thirdly, we show that estimates of SSRT,

which aims to assess reactive inhibition, are robust against proactive inhibition.

Taken together, the conclusions reached in this thesis represent a critical update of the
neurobiology that underlies newly-discretised cognitive processes that contribute to response
inhibition, as well as their psychophysiological characteristics. We have demonstrated that
proactive inhibition at least partly reflects a compensatory mechanism that appears to be
naturally-occurring in individuals whose reactive processes may be insufficient for
psychological and biological reasons as well as individual differences in intellectual capacity.
Furthermore, we present and validate a novel, theoretically cogent task paradigm to measure
what we posit are discrete processes within the proactive process: remedial and predictive
proactive inhibition. Given what appears to be a naturally-occurring compensatory
mechanism alongside post-error slowing that corresponds to the timing of a pre-error negative
inflection in electrophysiological recordings, this work raises fascinating questions about the
distinction between conscious, preconscious, and subconscious brain states and their effect on

behaviour.
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INTRODUCTORY REMARKS

Response inhibition is a critical executive function that is implemented by conscious
agents, and which allows the suppression of an action that is no longer required or has been
rendered inappropriate by situational alterations to their environment. For the most part,
response inhibition facilitates flexible, adaptive, goal-directed behaviour in humans, and
indeed all animals. Disturbances to the response inhibition network are hallmarks of the
symptomatic profiles of a diverse range of pathological conditions ranging from transient
psychological disorders such as anxiety, to currently incurable and sometimes terminal
neurodegenerative diseases such as Parkinson’s and Huntington’s diseases. Furthermore, the
efficacy of response inhibition seems to be disrupted even in healthy ageing, and there is
some evidence that its rate of development and decline differs among individuals, indicating
that it is influenced by some combination of neurodevelopmental, genetic, or environmental
factors. With the exceptions of probable causes such as known neurotoxins and health status,
the mechanisms by which these factors operate remain unknown to us. However, given the
known but not well-understood decline in normal ageing, and recently-investigated
differential development in early childhood, it stands to reason that response inhibition is

subtended by a biological substrate.

Despite substantial clinical, personal, and societal importance, the empirical
endeavour has been unable to produce a cogent theoretical model that is able to account for
individual differences and differential decline in response inhibition among healthy
individuals and pathological populations. The most likely sources of this failure arise from
inconsistent discretisation and nomenclature of the properties of response inhibition, the
variable task paradigms administered to measure it that may not actually be measuring the
same processes, and idiosyncratic interpretations of the data; additionally, and more
importantly, the overwhelming majority of experimental investigation has failed to measure a
critical element of response inhibition or account for its influence on the overall inhibitory

process.

It is presently important, therefore, to discretise the response inhibition mechanism
into its constituent processes; that is, its motor processes and its various cognitive processes.
Overall response inhibition is driven by the psychomotoric ability to stop a planned or
initiated action outright—commonly referred to as reactive inhibition—and which is thought

to occur under the principles of the common horse-race model, where the neural signal
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transmitting a ‘stop’ directive reaches and is encoded by the thalamus before the alternative
neural signal transmitting a ‘go’ directive. However, it has occasionally been reported that if
this process fails, most healthy humans implement a corrective process that increases the
likelihood of future inhibition success, often by way of slowing their response pattern to
compensate for their error, in what has recently been termed proactive inhibition. Proactive
inhibition has been largely ignored due to the difficulties associated with its measurement—
reactive inhibition in itself is the absence of a measurable variable, and so an additional
process that may or may not contribute to this absence is by definition elusive. Until recently,
proactive inhibition has been poorly operationalised, and may even take several forms
(remedial and predictive). Moreover, as a result of these theoretical and practical limitations,
its underlying cognitive representation and its neural architecture have proven remarkably

difficult to articulate.

This thesis is organised in the following way. | introduce the reader to the broader
ecology of the content, the purpose of which is to situate this thesis explicitly in a necessarily
multi-disciplinary domain. Following this, | provide a brief historical account of the
experimental psychological endeavour in measuring human motor response speed, and review
the empirical response inhibition literature, emphasising the deficits in two key domains that
reveal the critical importance of this work; that is, of rethinking what we already ‘know’
using revised theories, methods, and models—namely, the recent attention given to proactive
inhibition, and the recent characterisation of a previously unknown neural pathway that is

likely involved in motor coordination.

| will introduce the reader to concepts, models, and methods that are required for this
research. These will include the basal ganglia and dopaminergic system; the effects of ageing
and neurodegenerative disorders on motor and cognitive processes; genomics and behavioural
genetics; 1Q and intelligence; psychophysiological techniques; mathematical models of
reaction time distributions; and, two commonly-used task paradigms to assess response
inhibition. This structure provides a conceptual foundation upon which to build the material
that follows. Each subsequent chapter will introduce and justify a line of reasoning and a
method through which it will be investigated. These chapters will, therefore, constitute
original contributions to the knowledge of response inhibition alongside its corresponding
manuscript. Manuscripts will be introduced with a brief theoretical orientation and will be

supplemented with general implications, future directions for the field, a contemporaneous
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update of the current response inhibition theory, and some introspection on the research

process.

The major findings associated with the studies presented in this thesis have been
summarised in the abstract, above. In short, the first study highlights the importance of
effective dopaminergic neurotransmission in proactive inhibition using a genetic association
of two single-nucleotide polymorphisms (rs686/A at DRD1, associated with increased
expression of the dopamine D1 receptor gene, and rs1800497/T at DRD2, associated with
reduced dopamine D2 receptor availability) that we observed to be additively associated with
the engagement of proactive inhibition. Moreover, this study shows that proactive inhibition
appears to be naturally engaged by those individuals who could most benefit from it (older
people and those with lower fluid intelligence scores), effectively representing a natural

compensatory mechanism to maximise behavioural control.

Using electroencephalography, the second study identifies some of the cognitive
properties associated with proactive inhibition; contrary to the dominant theory that post-error
slowing reflects the recruitment of additional attentional resources in order to, presumably,
allow people to more keenly process critical stimuli following an error, we found the reverse,
and that attentional components were somewhat negatively associated with magnitude of
proactive inhibition and not associated at all with number of errors. We found very little
evidence of event-related potential (ERP) indices of performance on any measure of the
Go/No-Go task directly, but, interestingly, we found that a general factor of intelligence, g,
was related to both proactive inhibition and to ERPs commonly considered to reflect attention
to a stimulus, discrimination between stimuli, and processing of stimuli. So, it appears that g
is critical in the engagement of proactive inhibition. However, given the absence of any true
increments in inhibition accuracy, it is unclear whether stimuli are truly processed more

thoroughly, or only have the potential to be.

The third study demonstrates that proactive inhibition shares some of the same neural
architecture as reactive inhibition, but that it likely recruits an additional neuronal pathway
that connects frontal cortices to the basal ganglia. We demonstrate that modulating synaptic
activation threshold via transcranial direct current stimulation negatively affects post-error
slowing (an index of proactive inhibition), but not response time and error rate in the

Sustained Attention to Response Task (SART), a Go/No-Go paradigm.

XVvii



The final paper is a methodological paper that validates a novel Bayesian adaptive
staircase algorithm to measure response inhibition in two tasks using the Stop-Signal
paradigm, and presents a modified version of the SART which includes No-Go probability
cueing. The purpose of this staircase algorithm is to rapidly converge on an accurate value
that reflects the minimum time needed for a person to withhold a response after being
presented with a Stop stimulus. Data yielded by these tasks provide a simple data structure
that distinguishes reactive from proactive inhibition, as well as distinguishing two novel sub-
types of proactive inhibition that we here term remedial proactive inhibition and predictive
proactive inhibition. Furthermore, the data suggest that the measure of reactive inhibition
(estimated via the Bayesian staircase algorithm) seems robust against influences of proactive
inhibition, suggesting that this procedure may provide a useful tool for accurately and
efficiently estimating both reactive and proactive inhibition in future research.

Throughout this thesis, I highlight limitations in extant methods, bring into question
the conclusions on which they are based, and provide some thoughts for moving forward. |
also comment throughout on the roles of age and a general factor intelligence that are
substantially involved in supporting overall response inhibition by upholding proactive
processes throughout the lifespan. The mechanisms by which this might occur are discussed
as an important avenue for future research since our methods do not allow us to make any
strong conclusions about them. Regardless, in the four experiments described, | demonstrate
that response inhibition has two distinct elements, reactive and proactive inhibition. In so
doing, I argue that proactive process relies on distinct neurobiology to the reactive process,
and that it seems likely that the proactive process compensates for deficiencies that occur
throughout the lifespan in the reactive process. In addition, | present and validate a novel task
that distinguishes two forms of proactive inhibition that alongside the traditional SART
allows for the direct observation of these two forms, as well as of reactive inhibition and
overall response inhibition. Such a battery of tasks provides the remarkably rich data in a
short experimental session that will prove useful moving forward in clinical research
investigating those several psychological disorders and neurodegenerative diseases that are

characterised by disturbances to response inhibition and behavioural regulation.
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CHAPTER 1

Introduction

1.1 Literature Review

Luce described reaction time as “psychology’s ubiquitous dependent variable” (1960,
p. 1). This is, indeed, axiomatic given that Helmholtz himself—the progenitor of the
psychological sciences and academic supervisor to Wundt—developed the first paradigm to
measure reaction time in 1850, which represented the first experiment in the psychological
sciences, and which produced what to this day is the only psychological variable that yields a
true ratio scale of measurement according to Stevens’ (1946) typology. Until this time, little
thought was given to the mental operations required to carry out relatively simple stimulus-
response patterns, but when such operations were considered, they were theorised to be
immediate and to be constrained only by the physical laws of those biological systems
invoked by such behaviours. Moreover, it was thought that even nerve propagation was either
also instantaneous or at least immeasurably fast. By this logic, an individual may differ in
speed of response as a function of his or her acuity for perceiving some stimulus and the rate
at which that processing passed through its relevant transduction pathway. We now know this
to not be the case. The speed of a response is mediated by a complex decision-making
circuitry that is engaged between the perception of the sensory cue and the execution of the
response. The factors that contribute to individual differences in this circuitry are the critical

focus of this investigation.
1.1.1 Early studies on reaction time

In a series of experiments, first in frogs (1848 — 1850), and later in humans (1854 —
1864), Helmholtz deduced the conduction velocity of nerves and the speed of perceptual
transduction using various electrical stimulation procedures and measuring the time between
the application of the stimulus to the sciatic nerve of a frog and subsequent muscle
contraction, and between various cutaneous locations in the human and a response. By
holding constant the stimulation intensity and varying the distance between stimulus location
and muscle contraction (i.e., by moving the stimulation location on the nerve farther from the

muscle), he inferred that differences in response latency could be attributed to nerve length,



and not variability in nerve fibre conductance between individuals. By demonstrating a
relative constancy in conduction velocity of nerve fibres (a rate of approximately 65 metres
per second under normal myelination), it is fair to assume that the length of the nerve fibre
(that is, the distance between the muscle that needs to be contracted in some context and the
cerebellum) is a contributing factor to reaction time but cannot account for individual
differences in it. Subsequent human experiments allowed Helmholtz to reason that the time
needed for a human to decide to engage a response and to physically enact it was 100
milliseconds (whereas his data showed that a reaction time range of 120 — 200 milliseconds
with a probable error of 3 milliseconds, indicating a highly reliable variable), allowing,
therefore, 20-80 milliseconds for perceptual transduction. This decision and elicitation
element of the response accounts for a large proportion of the variance between individuals in
reaction time. By way of metaphor involving telegraph wires, Helmholtz described the three
elements of such a response, between stimulation® and reaction, as the “sending of the signal”
through perceptual transduction pathways, the rate of message propagation from the
cerebellum to the relevant muscle, and the time required “in the brain for the processes of

perceiving and willing” (1850, p. 878).

To provide a more empirical account of those “processes of perceiving and willing”
(1850) inferred by Helmholtz twenty years prior, Donders (1868-1869) undertook what were
amongst the first investigations in the experimental psychology tradition, and which
concerned the speed of mental processes inferred from the time that elapsed between
presentation of an auditory stimulus and a behavioural response. In these experiments, two
participants were seated in front of a phonautograph (an early device for recording sounds),
and Participant A uttered a phoneme and Participant B replicated it as quickly as he could,
whilst the oscillations caused by the two sounds were marked on a rotating paper cylinder.
The time interval between the two points was deduced using a simultaneously-recorded
tuning fork oscillating at 261 Hz, where response latency could be directly mapped onto the
number of oscillations between the utterance and the response. Although his methods differed
somewhat from Helmholtz’s human reaction time (RT) experiments, Donders reported results
that were remarkably similar (an average visual RT of around 165-170 milliseconds, and an
auditory RT of around 75 milliseconds. The quicker RT in his auditory paradigm reflects the
much greater speed of auditory transduction compared to visual transduction. It is possible

1The distinction between stimulation and stimulus here is not impertinent. Helmholtz referred here to his
experiments in which electrical stimulation was the critical stimulus to which his subjects responded
(either with her hands or teeth).



that Donders’ experiments yielded quicker RTs than Helmholtz’s because Donders used the
average of his participants’ minima, whereas Helmholtz used the average of his participants’
arithmetic means. It was not until the full RT distribution across many trials and many
individuals was represented, and the positive skew characteristic of such distributions became
clear, roughly in the 1920s, that we recognised that each of these descriptive methods would

be inappropriate).

In the years following the introduction of the auditory paradigm described above,
Donders devised three experimental methods that are still used today to measure the
componential structure of the response. It is not likely that he used these same names for his
tasks, but in their current forms—and described in this dissertation—they are commonly
referred to as Simple Reaction Time, Choice Reaction Time, and Go/No-Go tasks. This
battery of three tasks, administered to a single individual, yield remarkably elegant data that,
given certain assumptions, permit the delineation of the duration of the processes associated
with initiating, selecting, and either carrying out, or withholding, a response. By presenting a
series of stimuli in a constant fashion to a participant whose role is to respond, for example
by pressing a button, as quickly as possible following each stimulus, measuring the latency of
each response, and calculating some summary statistic (usually the median), one can establish
an individual’s Simple Reaction Time. With the addition of a Choice element (e.g.,
responding to two or more stimuli with two or more corresponding response actions), one can
infer the additional duration required for selecting an appropriate response from an array of
choices. Not unlike the Choice task, sequentially presenting participants with a randomised
series of two or more stimuli and tasking them with responding only to one or a subset of
them, Donders assumed that he could measure the speed required for stimulus discrimination.
The simple logic of “interposing into the process some new components of mental action
[revealing] the time required for the interposed item” (Donders, 1868-1869, p. 418) using this
method of subtraction was mathematically sensible, fit the data, and seemed to have face
value. Valid application of the subtraction method relies on the assumption of pure insertion:
mental processes can be added or omitted without altering the speed of the other processes.
Examination of this assumption does not provide support for it; introspective accounts
suggest that increased task complexity influences quantitative and qualitative cognitive
processing at each stage (Ulrich, Mattes, & Miller, 1999); inserting an additional task demand
will compel the participant to alter his or her strategy, and thus, their pattern of information

processing. Despite these limitations, Donders’ subtraction method continues to influence



modern cognitive psychology. Sternberg’s seminal Additive Factors Method (Sternberg,
1969) is based on the work that formed the subtraction method. Likewise, modern brain
imaging techniques such as PET and fMRI rely on subtraction logic to infer the parts of the

brain that are activated during basic mental processes.

So, while Donders” Go/No-Go task probably did not measure precisely what he
thought it did, it still provided useful insights into mental processes, as well as a task
paradigm with vast utility to this day. Donders assumed that with the Go/No-Go task he could
measure stimulus discrimination time (i.e., is the stimulus on any given trial a stimulus that
requires a response or one that does not?). It is not known what methods Donders used to
analyse his data in this task, but it has been speculated that he used the same simple
subtraction method as in his previous experiments which might suggest that he subtracted
error RTs from correct Go RTs to infer the speed of discrimination. Although it was later
empirically supported that errors tend to be quicker than correct responses, it is not always
the case (e.g., Rabbitt & Rodgers, 1977). Furthermore, in my own experience performing this
task and others like it, I am well aware that | am about to commit an error on No-Go trials
before I have pressed the button. So, what Donders may have been measuring what was in

fact the latency of the stopping process of the motor system.

Galton also noticed the utility in measuring reaction time, perhaps independently but
at least forty years after Helmholtz, and many textbooks will incorrectly attribute its
empirical conceptualisation to him. Few methodological details are known about Galton’s RT
experiments other than that he took measurements from only one trial on a visual measure
and another on an auditory measure, and that the mean average of the visual RT
measurements in his sample (N > 7,000) was around 185 msec, substantially quicker (10-
20%) than visual RTs now (Silverman, 2010). He qualitatively remarked that quicker RT
seemed to be associated with sociodemographic factors that he interpreted to pertain to some
kind of higher intellect, although the nature of his argument in favour of this connection
appears to have been greatly overstated (Johnson et al., 1985). What his data did show,
however, is that RT was, at least at the time, negatively correlated with age and physical
attributes that probably relate to height, but which at the time may have related more so to

adequate nutrition and generally good physical health (Galton 1889; Johnson et al., 1985).

Investigations into reaction time have demonstrated remarkable utility in
discriminating individuals on various metrics of ability, and continue to do so (e.g., Deary &
Der, 2005; Dougherty & Haith, 1997; Lonstreth, Walsh, Alcorn, Szezulski, & Manis, 1986).
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Test-retest reliability of RT measures is usually remarkably high, and trial-by-trial reliability
(i.e., a participant’s standard deviation) is usually very small (Baker, Maurissen, & Chrzan,
1986; Henry, 1956; McKinney et al., 1985; Resch et al., 2013; Schatz, 2010; Schatz & Ferris,
2013; Soreni, Crosbie, Ickowicz, & Schachar, 2009; Weafer, Baggott, & de Wit, 2013;
Williams, et al., 2005). Furthermore, twin studies provide evidence that RT is substantially
heritable, although the extent to which this is accounted for by familial genetic uniformity or
by shared environmental variables is not established (Boomsma & Somsen, 1991; Finkel &
McGue, 2006; Luciano et al., 2001; Vernon, 1989). Despite the identification of hundreds of
genes that have been found to account for a good proportion of individual differences in RT
(Birket et al., 2007; Kuntsi, Rogers, Swinard, & Boérger, 2006; Luciano et al., 2004; Vogler et
al., 2014; Wood, Ashrson, van der Meere, & Kuntsi, 2010; for GWAS studies, see Davies et
al., 2018; Hagenaars et al., 2016; Trampush et al., 2017), the mechanisms by which they
contribute to it are difficult to identify. This is unsurprising given that the generation and
regulation of a motor action relies on known anatomical structures and physiology (e.qg., size
of corpus callosum and white matter integrity), the structure, integrity, and function of which
are to some degree mediated by heritability (Anstey et al., 2007; Bertisch, Li, Hoptman, &
DeLisi, 2010; Camchong, Lim, Sponheim, & MacDonald 111, 2009; Deary et al., 2006;
Jackson, Balota, Duchek, & Head, 2012; Mink & Thach, 1991; Rafal, Walker, Posner, &
Friedrich, 1984). RT consistently demonstrates a positive correlation with age (Bellis, 1933;
Der & Deary, 2006; Fozard, Vercruyssen, Reynolds, Hancok, & Quilter, 1994; Gottsdanker,
1982; Pierson & Montoye, 1958), and negative correlations with a general factor of
intelligence, g (and many, if not all, of its individual underlying constructs; Carlson, Jensen,
& Widaman, 1983; Jensen, 1982; Jensen & Munro, 1979; Smith & Stanley, 1983), and
general physical health (Anstey, Dear, Christensen, & Jorm, 2007; Koeneman, Werheijden,
Chinapaw, & Hopman-Rock, 2011). Furthermore, emerging data seem to be converging on
the idea that rate of RT slowing in healthy ageing may predict other age-related cognitive and
psychomotor decline, and perhaps even cognitive reserve (e.g., Bielak, Hultsch, Strauss,
MacDonald, & Hunter, 2010; Zahodne et al., 2011). The relationships between RT, a general
factor of intelligence (g), and age may not be consistent over time, perhaps because the effect
of genetic variation on RT seems to be magnified over the lifespan (Lindenberger et al.,
2008; Papenberg, Lindenberger, & Backman, 2015). The interaction between these systems is
complex in itself, but particularly given what is now known about intergenerational
phenomena such as what appears to be a general slowing of RT over the last century even

when accounting for differences in methodology (Silverman, 2010). What is particularly



interesting about this debate, given the intra-individual positive correlation between RT and
g, is that g appears to be increasing within the population over the last few decades, despite
the decline in RT, but whilst retaining the association between the two variables (e.g.,
Nettelbeck, 2014; Washburn & Rumbaugh, 1997; Woodley, te Nijenjuis, & Murphy, 2013).
What is illustrated by these points is the biological basis of RT (and g), which will be
discussed below in detail in so far as it pertains to response inhibition. So, RT is moderated
by biological factors (e.g., white matter integrity, myelination, muscle tensor capacity), but
even in models that account for such factors, other factors such as age remain as significant
predictors. It is therefore clear that RT relies on biological functions as well as cognitive ones
(which may be influenced by factors such as age), but the nature of these cognitive functions

are not yet fully described.

RT has much utility. Experiments using RT as the main variable of interest are not
restricted to simply measuring the speed with which humans or animals can respond to a
stimulus in itself, but RT can also be used as a proxy variable to investigate perceptual and
sensory discriminability, or how well some stimulus or behaviour has been conditioned in
reinforcement learning paradigms, and so on. Thurstone (1954) postulated that using RT, one
could measure mental phenomena as elusive as attitudes with the law of comparative

judgement (Thurstone, 1954; see also Luce, 1994).
1.1.2 What mental processes can we infer from reaction time?

Much like most variables in psychology (Bono, Blanca, Arnau, & Gémez-Benito,
2017), RT distributions do not follow a Gaussian distribution. They are asymmetrical and
invariably positively skewed, precluding the arithmetic mean of multiple measures from
being a sensible measure of central tendency (McKormack & Wright, 1964; Miller, 1988;
Whelan, 2008). In a Simple Reaction Time task, in which participants are given one possible
response to one possible stimulus, skewness values generally range around 1.0-1.5; the
simplest explanation for such values is that the outcome measures for such tasks (that is, RT
in msec) has an explicit lower bound (0 msec) and a theoretical lower bound as a function of
motor limitations (~150 msec), but no upper bound (with the exception of outlier exclusion
heuristics), which results in a floor effect. With the addition of more cognitive processes,
such as a choice element in the stimulus-response mapping or a discrimination element which
dictates the appropriateness of responding at all, the skew statistic tends to increase (i.e., a
more extreme rightward skew), which is likely both a function of more mental processes that

could generate extreme RT values, but also that RTs themselves in such tasks are longer, and
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as such, the tail is extended. This represents a difficulty for data analysis and interpretation of
summary statistics. The arithmetic mean of an asymmetrical distribution is not representative
of the full distribution. This is problematic both for the distributions of one participant, and
for the distribution of averages for the sample, both of which tend to be skewed.

Given the problematic characteristics of the RT distribution, it has been thought that
using information from the whole distribution of RTs may provide better estimates than do
simple measures of central tendency. One such method is to fit an explicit density function,
the ex-Gaussian (Hohle, 1965). It is the convolution of two stochastic independent process
distributions: a Gaussian function whose mean (u) and standard deviation (o) approximately
represent the rise of the distribution’s left tail; and an exponential function whose mean (t)
approximately represents the skewed tail (Sternberg, 2014). Any given RT trial can be
partitioned into a decision component, and a transduction component; that is, the perception
of a stimulus and decision to respond, and the true physical-motor response, respectively
(Dawson, 1988; Luce, 1986). The use of the ex-Gaussian assumes that the transduction
component is Gaussian (represented by the p and o parameters), whereas the decision

component is exponential (represented by the t parameter; Hohle, 1965).

Later, Ratcliff defined a type of sequential sampling model that accounts for
nonsensory components of performance on such tasks that the ex-Gaussian could not, the
Drift-Diffusion Model (DDM; Ratcliff, 1978; Ratcliff & Rouder, 2000). Such models
consider variability in RT (i.e., the shape of the distribution) of two separate response
outcomes (e.qg., left vs right, bright vs dark, word vs non-word,; i.e., stimulus discrimination or
choice tasks) as the empirical signature of a noisy evidence accumulation process (Smith &
Ratcliff, 2015). DDMs assume that decision processes follow a random walk process in a
continuous timescale from a starting point, when the stimulus is presented, to a decision
threshold that is associated with one of two possible choices, when a response is made, which
reflects stochastic sensory evidence accumulation (Ratcliff & McKoon, 2008; Voss et al.,
2013). This model structure provides a unified account of the processes underlying RT and
the probability with which one response or the other is chosen. There are four critical
parameters yielded by DDMs: drift rate, boundary separation, starting point or response
bias, and an additive lag parameter for nondecision time (see Figure 1, below; Forstmann,
Ratcliff, & Wagenmakers, 2016). Drift rate is the amount of sensory and/or semantic
evidence accumulated about the stimulus per unit of time, and varies as a function of stimulus

discriminability, task difficulty, participant ability, and so on. A high drift rate leads to



quicker responses and usually indicates task or condition ease (e.g., highly discriminable
stimuli in a discrimination task), and a low drift rate, owing to stochastic drift, usually
indicates task or condition difficulty and, thus, the model would predict more errors with
slower reaction times which is supported by empirical data in choice tasks (Wagenmakers,
Ratcliff, Gomez, & McKoon, 2008). Boundary separation essentially reflects response
caution by implementing the speed-accuracy trade-off; it indicates the distance between the
criterion level required for evidence to be accumulated before a decision to respond is made,
where wider boundaries require more evidence, and thus more time, before a decision to
respond is made. Starting point is the participant’s a priori bias or preference toward one
response or the other, likewise implementing speed-accuracy trade-off under some
experimental conditions. The accumulation process does not necessarily commence
equidistant from each decision boundary, so when starting point is nearer to the evidence
criterion boundary for responding, for example, “word”, then responses for “word” will be
quicker than for “non-word”, and responses for “non-word” would, therefore, require a
greater amount of evidence to be selected as a response. Nondecision time is the residual time
after accounting for these three processes and the actual Reaction Time; that is, it is the time
required for peripheral processes required for a response, such as stimulus encoding,
representation transformation, and the motor processes associated with executing the

response.
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Figure 1. The Drift-Diffusion Model implemented in data from a two-choice decision task.
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Manabu Tanifuji, Toshio Yanagida, 2014, PLoS ONE, 9(12). Copyright 2014 by Murata et

al..

These models account exceptionally well for behavioural patterns in choice response
tasks where participants must respond in one of two ways corresponding to one of two
choices. Not only do they explain individual differences in RT, but they also account for the
relationship between RT and response probability, the shape of the RT distribution, and how
each of these covary with stimulus difficulty, and change as a function of experimental
condition (Forstmann, Ratcliff, & Wagenmakers, 2016). With somewhat limited success,
these models can also be applied to simple, one-choice RT tasks, where the upper decision
threshold reflects response and the lower decision threshold reflects no response but this

application remains questionable (see further discussion to this point below).

Both of these models and others (e.g., Linear Ballistic Accumulator models) provide
additional data that are not available simply using the mean or the median of the RT
distribution. DDMs explain RTs as a function of the psychological processes that underlie
variability in them, and provide a measure of nondecision time. The ex-Gaussian includes a
theoretical parameter for perceptual transduction, which is known to differ between
individuals, and which is somewhat compatible with the nondecision time measure.
Interestingly, this parameter maps reasonably well onto Helmholtz’s original model of RT:
that individuals may vary in both perceptual transduction latency and on response latency
independently of transduction latency. This process was left unaccounted for by Donders and
many others, and may reflect the assumption that perceptual transduction speed operated
outside of conscious representation, and is, therefore, not subject to individual differences.
The premise is likely true, but its conclusion does not logically follow. Individual differences
in the speed of perceptual transduction in the visual domain have been investigated using the
Inspection Time paradigm, developed at the University of Adelaide’s Department of
Psychology (Vickers, Nettelbeck, & Willson, 1972).

The Inspection Time paradigm was developed to further tease apart the componential
temporal structure of response time by measuring the speed of processing of a stimulus and
removing it from the confounds of individual differences in motoric response rate.
Interestingly, Inspection Time (i.e., the exposure duration required to reliably identify or
discriminate a reasonably simple stimulus) is, like RT, moderately heritable (Luciano et al.,
2005) and correlated with g (Nettelbeck & Lally, 1976). Indeed, the Inspection Time task

provides another piece of the puzzle in the componential structure of Reaction Time.



It is because of the experiments described in the previous sections that the
measurement of reaction times became established as an important psychophysical method,
“able to account with remarkable precision for various mediating processes between stimuli
and responses” (p. vii), and indeed that psychology developed as a truly quantitative science

(Welford, 1980).

Precisely 100 years after Donders’ experiments, Rabbitt (1966a, 1966b) described
differences in the reaction time distributions of responses in Choice Response tasks as a
function of the type of response. He showed that responses following an error were usually
slower than those preceding an error, and that error responses themselves were, on average,
quicker than other response types (Rabbitt 1966a, 1966b; see also Laming 1979a, 1979c).
Despite these empirical observations demonstrating remarkable reliability across task
paradigms and participants, and testing sessions within participants, the information
processing that underlies these response patterns remained unclear. Indeed, theorising on the
processes that trigger this post-error slowing was taking place, but inferring internal cognitive
representations from alterations to the tails of distributions yielded only dubious accounts.
One decade later, roughly forty years ago, Rabbitt and Rodgers (1977) asked, “what does a
man do after he makes an error?” A fascinating question, indeed, and one that remains largely
unanswered. Given the critical role of errors and how we respond to them in refining and
guiding our behavioural profiles in life, this is an important question. Hence, it is a question
that I try to provide some answers to here.

1.1.3 Reacting versus responding: A critical distinction

Until now, | have used RT to refer to reaction time, and have not distinguished
reaction time from response time. It now becomes important to make this distinction.
Reaction time should refer to the latency of a speeded simple reactive response (i.e., reacting
to stimulus onset or just noticeable difference), such as in a Simple Reaction Time task; of a
speeded choice reactive response, such as in a Choice Reaction Time task; or of a speeded
decision response, such as in a task that requires participants to discriminate between a group
of shapes moving left or moving right amongst individual shapes moving in random
directions, or whether a string of letters is a word or not a word. Response Time, on the other
hand, should refer to the latency of a response when a response is conditionally required (i.e.,
is required under some circumstances but not others). This distinction will be maintained

from here on.
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1.1.4 Measuring the difference between stopping and not starting

So, while rapid reaction or response to an imperative stimulus in the environment, as
represented by RT tasks, is certainly helpful for survival and for day-to-day goal-directed
behaviour, stopping an inappropriate response is considerably more important. Response
inhibition is a complex cognitive function that requires the confluence of various mental
operations that otherwise operate more or less individually. Whereas in performing a planned
action in response to a known stimulus that requires that action entails a see process followed
by a do process, stopping a prepared action in response to an ambiguous stimulus that under
some conditions requires that response, but under others requires a different response or no
response, requires a see process, a process and evaluate process, and, based on the outcome
of that, either a do process, a do something else process, a stop doing process, or a do not
start process. This operation, and the environmental conditions under which it is required, are
much more commonly encountered in the real-world than simply seeing and unequivocally
acting. Real-world behaviour is very rarely met with a definitive stimulus-response
interaction, and so we approach goal-directed actions with natural uncertainty and flexibility.
The stop doing and the do not start processes are ostensibly similar, but not identical (this
critical distinction is described in later sections). The way in which these processes are
engaged, overridden, or offset in order to successfully adapt behaviour is the subject of
considerable investigation across the psychological and neuroscientific disciplines. The
reason for this empirical interest is the critical importance of the operation for everyday
functioning; furthermore, response inhibition is known to be disturbed in a large, diverse
array of pathological profiles in the psychological and in the medical domains. This is likely a
result of the multiple potential points of ingress for disturbance to the efficacy of the overall
process by disease. Before introducing the neurobiological elements, the behavioural and
cognitive bases, and the clinical implications of response inhibition, I will describe and
explain the tasks commonly used to measure it. | do this so that the reader can use the tasks as
a point of reference for the material that follows.

Response inhibition is most commonly measured using either some instantiation of
the Go/No-Go paradigm first developed by Donders, or the Stop-Signal Task first

implemented by Logan and Cowan (1994). These tasks represent the gold-standard tools to
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evaluate response inhibition—they are broadly-accepted, thoroughly-researched, and well-

validated.

In the Go/No-Go paradigm, a participant is presented with a series of stimuli, usually
visual but sometimes auditory, and are instructed to respond as quickly as possible, for
example by clicking a mouse or the button of a button-box. In some trials, the stimulus
presented to participants will differ on some salient dimension, and require participants to try
to withhold their response. For example, participants may be shown an arrow that faces either
right or left and are instructed to click a mouse when it faces right but not when it faces left.
This critical stimulus is the No-Go stimulus; in the previous example, the No-Go stimulus is
the arrow facing left, and the Go stimulus is the arrow facing right. Here, the overall measure
is usually the overall number or the proportion of failed stopped responses to No-Go stimuli;
these are the errors of commission, and response inhibition is conventionally thought of as
the complement proportion of errors of commission. Response time for Go trials is very
commonly reported in experiments using the Go/No-Go paradigm, but for the most part it is
unclear why because they are rarely thoughtfully synthesised with, or interpreted relative to,
the measure of inhibition, and are subject to large individual differences in speed-accuracy
trade-off and, therefore, in boundary separation and response bias, thereby confounding the

measure.

The Stop-Signal Task (SST), on the other hand, instead of displaying a No-Go
stimulus as in the Go/No-Go paradigm described above (i.e., requiring not starting a
response, or interrupting its planned deployment), displays a Go signal sometimes followed
by a Stop signal, the delay of which is varied (the Stop-signal delay, SSD), which indicates
that the cessation of the initiated response is required. In the typology I described above, this
distinction maps onto the do not start process (most likely engaged in Go/No-Go tasks) and
the stop doing process (most likely engaged in SSTs), respectively. Performance in this task
can be formalised as a race between a Go process triggered by the Go signal, and a Stop
process triggered by the Stop signal. If the Stop process wins the race, the response is
inhibited, and vice versa (Logan 1981; Logan & Cowan, 1984). There have been a number of
different formalisations of the so-called horse-race model (see Matzke, Verbruggen, &
Logan, 2018; Verbruggen & Logan, 2009), but the racing processes principle is sufficient for
our purposes. The shorter the delay between the Go stimulus and the Stop signal (i.e., the
SSD), the easier it is to withhold a response because the time between response initiation and

response execution or response inhibition is longer, allowing the stop process to be engaged.
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The critical measure of performance in this task is Stop-Signal Reaction Time (SSRT), which
represents the covert latency of the stop process (Figure 2). There are a few ways of
calculating a participant’s SSRT which is contingent on two things. The first is the
assumption regarding the dependence or independence of the stop and go processes according
to the race model, which according to differing accounts is either completely independent,
stochastically dependent, or contextually dependent. The second is the procedure for
determining the SSD on Stop trials, which could be fixed (i.e., predetermined in stepwise
increments and selecting the increment that most closely reflects participants’ success in
stopping a response), or adjusted dynamically using a tracking procedure or an adaptive
staircase. The SSRTs yielded by these measures are more distinct in theoretical terms than in
empirical terms, and they tend to be concordant (Camalier et al., 2007; Ma & Yu, 2016;
Matzke et al., 2013; Montagnini & Chelazzi, 2009; Wiecki & Frank, 2018; Wiecki, Sofer, &
Frank, 2013). The most common method for deriving SSRT is computing the SST at which
the probability of successful stopping is 0.5 and subtracting it from mean Go RT. The
resultant SSRT is thought to be a measure of response inhibition.

P(respond | stop signal) P(inhibit | stop signal)

| go RT distribution

L ]
< >A<€ > —>
T SSD T SSRT T time

onset go stimulus onset stop signal internal response to stop signal

Figure 2. A model of RT distributions in the Stop-Signal Task and how they are used to
derive Stop-Signal Reaction Time. Reprinted from “Release the BEESTS: Bayesian
Estimation of Ex-Gaussian STop-Signal reaction time distributions” by Dora Matzke,
Jonathon Love, Thomas V. Wiecki, Scott D. Brown, Gordon D. Logan, and Eric-Jan

Wagenmakers, 2013, Frontiers in Psychology. Copyright 2013 by Matzke et al..
1.1.5 External and ecological validity

It is assumed that performance on these two types of tasks in some way corresponds
to the real-world ability to regulate one’s behaviour in conceptually similar ways, and indeed

that largely appears to be the case in some domains of behaviour and personality. Whitely
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(1983) outlined a structuralist approach that compels research pertaining to both the
nomothetic span and the construct representation of a candidate function in order to establish
its construct validity. Response inhibition as it is operationalised in the experimental context
can be mapped onto impulsivity and broad behavioural dysregulation in the real-world
context. Whiteside and Lynam (2001) and Cyders and Smith (2007) suggested that the
structure of self-report scales that measure impulsivity can be factored into a five-disposition
model in which each factor predicts important outcomes, and, using this factor structure,
Cyders and Coskunpinar (2011, 2012) commented on Whitely’s structuralist approach by
investigating the overlap between self-reported indices of impulsivity and behavioural
dysregulation and experimental measures of impulsivity and response inhibition. The authors
found small but significant relationships between self-reported and lab-measured impulsivity
and, indeed, that the myriad measures of both self-report and experimental task nature
seemed to tap into an underlying ‘impulsivity’ construct, but that self-report and behavioural
measures of impulsivity were nevertheless discrete components of that underlying factor
(Cyders & Coskunpinar, 2011, 2012; Whiteside & Lynam, 2001). This meta-analysis (Cyders
& Coskunpinar, 2011) quite reliably showed that slower SSRT on SSTs and more errors of
commission on Go/No-Go paradigms are both predicted by higher self-rated impulsivity on
two well-established scales: the Barratt Impulsiveness Scale (BIS; Barratt, 1965) and the
Urgency-Premeditation-Perseverance-Sensation Seeking-Positive Urgency (UPPS-P)
Impulsive Behavior Scale (Whiteside & Lynam, 2001). Consistent with the discrete motor
and cognitive elements of response inhibition, SSRT and error rate were each associated with
the motor and the cognitive subscales of the BIS, and with items that load onto negative
emotional valence behaviour (e.g., acting impulsively when in a negative mood) and lack of
premeditation on the UPPS-P, highlighting the importance of individual differences in

domains other than the motor domain in response inhibition measurement.

The conclusion based on the synthesis of these data is that lab-based response
inhibition tasks are, ostensibly, externally valid. Based on this conclusion, it has been
assumed that important psychosocial outcomes are directly associated with task performance,
but the accounts derived from these tend to overlook the link between task performance and
biology, which may provide alternative accounts. Lab-based and self-report measures have
each had their ecological validity occasionally brought into question. Lab-based tasks may
map onto underlying constructs to some degree, but the goal of the research that uses them

often intends for their results to be applicable outside of the lab; that is, does successfully
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suppressing a mouse click in the lab apply to successfully suppressing an inappropriate
behaviour? Self-report measures, on the other hand, are subject to scrutiny for other reasons;
humans tend not to exhibit highly-calibrated metacognitive awareness of their abilities, nor
are they particularly accurate in self-reporting actual past or expected future behaviour (e.g.,
Bowman & DeL.ucia, 1992; Cole & Gonyea, 2010; Gorber, Schofield-Hurwitz, Levasseur, &
Tremblay, 2009; Krosnick & Sedikides, 1990; Loewenstein & Schkade, 1999; van de Mortal
2008). ldeally, to confidently accept the construct and ecological validity, we should like to
observe not only a relationship between lab-based and self-report measures of the construct,

but also a capacity to predict real-world outcomes.

Perhaps, then, broader outcome measures that are less introspective and subjective in
nature may provide an insight into the true ecological validity of response inhibition
measures. Evidence to this end is reviewed in a later section (section 1.1.7). Some evidence
that substantiates the ecological validity of response inhibition comes from the previous
meta-analysis, in which those subscales most strongly correlated with task-based response
inhibition are those which have demonstrated the capacity to predict clinical outcomes,
largely in the domain of psychological disorders (e.g., gambling and other addictive
behaviours, compulsive disorders; Cyders & Coskunpinar, 2011). We can therefore expect,
but not assume, some triangulation where lab-based response inhibition measures likewise

predict clinical outcomes or are predicted by developmental stages.
1.1.6 The development and decline of response inhibition

Inhibition of a motor response cannot be measured in very early life because motoric
behaviour may not be goal-directed or regulated in infancy. Response inhibition can
theoretically be investigated, though, by observing oculomotor control in very young humans.
Over the first few weeks of life, saccades appear to be automatic, and triggered by external
factors with no evidence of regulation (Johnson, 1990). In an anti-saccade task, Johnson
(1995) observed the ability to inhibit a reflexive saccade in four-month old infants, in line
with a good amount of behavioural and neuroscientific evidence suggesting that such
oculomotor control shifts from largely subcortical, originating in superior colliculus, to
cortical control in the frontal eye fields of prefrontal cortex at approximately this age
(Atkinson, 1984; Bronson, 1974). So, the developmental trajectory of response inhibition
seems to be associated with maturation of brain function and the emergence of prefrontal
development, which commences in earnest from around four to five months, at which time

neurogenesis, synaptogenesis, neuronal differentiation and myelination all slow, and there is
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an increase in the rate of synaptic pruning, dendritic tree complexity, and white matter
volume (e.g., Diamond, 2002; Kolb et al., 2012; Mrzljak, Uylings, Van Eden, & Judas,
1991). Case in point, Diamond (1990) showed that controlled inhibition of motor reflexes can
occur from five months, and, under conditions in which a controlled action which would
normally suit the achievement of a simple goal is not suitable (e.g., a piece of glass is put in
between a desired object and an infant, requiring reaching above or around the glass),

dynamic behavioural adaptation can occur from around seven to eight months.

Converging evidence from behavioural experiments, imaging studies, and twin
studies (Bell & Livesey, 1985; Cohen et al., 2010; Livesey & Morgan, 1991, 2007; Rubia,
Smith, Taylor, & Brammer, 2007; Stevens, Kiehl, Pearlson, & Calhourn, 2007 Wiebe,
Sheffield, & Espy, 2012) appear to suggest that from around three until seven years of age,
response execution (i.e., RT) and response inhibition (i.e., withholding a response measured
either by SSRT or by errors of commission) both improve in a generally linear fashion
independent of learning processes (see Livesey, 1988; Livesey & Dawson, 1981) when
mental representations of task rules are accounted for (Bell & Livesey, 1985; McAuley,
Christ, & White, 2011), probably as the result of maturation of brain function and improved
connectedness between frontal and motoric brain regions (Luna & Sweeney, 2006; Tamm,
Menon, & Reiss, 2002), and also of improvements in processing speed (McAuley & White,
2011). Interestingly, in a longitudinal study of preschool-aged children, growth curve
modelling showed that working memory and g were each related to better response inhibition
overall, but that the relationship between general cognitive ability and response speed
changed with age such that better cognitive abilities were related to slower responding in
younger children (3 years) and quicker responding in older children (5 years) when holding
inhibition accuracy constant (Wiebe, Sheffield, & Espy, 2012). This supports other findings
(e.g., Lee, Lo, Li, Sung, & Juan, 2015) demonstrating a relationship between age-related
improvements in 1Q and in response inhibition, but appears to implicate not simply global
developmental progress, but rather judicious management and regulation of behaviour under
uncertainty as a skill conferred by intellectual resources. It seems plausible that this
development results in strategic alterations in approaching the task such that RT is adjusted
on Go trials to enhance the chance of success in cases of No-Go or Stop trials, rather than
global improvements to the ability to stop or prevent an inappropriate response. From a
cognitive development standpoint, it has been proposed that a developmental shift from an
immediacy preference to a delayed preference (i.e., delayed gratification as per the
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‘marshmallow test”) in 3-t0-6 year olds, using response inhibition as an analogue, that seems
to occur from around 5 years of age (Nisan, 1974) From eight or so years until late
adolescence, improvements in response execution continue, but appear less associated with
processing speed and more with improved sustained attention (Bartgis, Thomas, Lefler &
Hartung, 2008; Johnstone et al., 2007; Booth et al., 2003), which according to some accounts
is not entirely separable from response inhibition itself; whereas improvements in response
inhibition are increasingly explained by working memory and higher order cognition and
problem solving as well as multiplicative outcomes of these rather than of simple motor
control mechanisms (e.g., Asato, Sweeney, & Luna, 2006; McAuley & White, 2011; Cragg &
Nation, 2008).

These developmental studies in young children clearly demonstrate that successful
response inhibition is acquired in the early years, which is unsurprising given its importance.
Such acquisition could reflect brain development or the cognitive and psychosocial
development associated with contingency rule learning, performance motivation, and the
capacity to attend to task demands and sustain attention, or some combination of these things
insofar as they are separable. Evidence from later life provides support for the developmental

account, but does not preclude the cognitive account.

Consistent with a well-established and well-understood slowing of RT in simple
reaction time tasks, response speeds in response inhibition tasks slow considerably from the
mid-twenties onward. The age at which such slowing occurs is approximately equal to the
age at which fluid abilities tend to commence their decline (Horn & Noll, 1994) and,
interestingly, some evidence suggests that higher levels of education mediate the rate at
which these declines occur (e.g., Tun & Lachman, 2008). Using a serial visual feature-
conjunction Choice Reaction Time task, Woods and colleagues (Woods, Wyma, Yund,
Herron, & Reed, 2015) show that around 80% of the response latency decline associated with
ageing is accounted for by processing and transduction, the remaining 20% with decrements
to the motor system, and that there are no clear deficits to stimulus discrimination abilities.
The conclusions of this and other work (e.g., Porciatti, Fiorentini, Morrone, & Burr, 1999)
are that the negative effect that ageing exerts on RT has sensory and motor origins, but not
cognitive origins (see also Adrover-Roig, Sesé, Barceld, & Palmer, 2012 and Salthouse,
1996, for latent variable analyses and a theoretical model revealing the importance of
processing speed in protecting against cognitive decline in ageing). Such effects are the result

of physical changes to nerve fibres, slowing the speed of conduction and perceptual
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transduction, and to muscle fibres, requiring stronger signals for activation, as well as the loss
of motor neurons in the brain (Booth, Weeden, & Tseng, 1994; Hunter, Pereira, & Keenan,
2016; Lexell, 1997; Manini, Hong, & Clark, 2013; Maxwell et al., 2018; Tomlinson & Irving,
1977). That is to say, it is the body and not the mind that slows our responses as we age.

In line with this, response latency on response inhibition tasks likewise slows with
age. It is probable that a substantial proportion of this slowing can be accounted for by the
sensory and motor changes just described, but it is plausible that internal cognitive rules that
govern the threshold for a response, such as bias and boundary separation are equally
responsible, which may be explained by older adults adopting a more cautious approach to
action under uncertainty. Response speed on Go trials in such tasks seems to slow earlier than
simple or choice RT (which does not necessarily reflect age-related decline) whereas SSRT,
the measure of inhibition in Stop-Signal Tasks, decays from around the mid-forties,
implicating a contribution of cognitive factors to age-related decline (Bedard et al., 2002;
Williams, Ponesse, Schacher, Logan, & Tannock, 1999; see Figure 3 for illustration). The
measure of inhibition in Go/No-Go tasks, on the other hand, errors of commission, does not
seem to be negatively affected by age in the same way, being somewhat maintained in
middle-age and decaying only in older age (Kubo, Kawai & Kawai, 2010; Leversen,
Hopkins, & Sigmundsson, 2013). Together, this indicates the presence of a compensatory
mechanism that is invoked to a different degree in Go/No-Go tasks compared to Stop-Signal
tasks, or that the outcome inhibition measures of these tasks are not analogous, or both of
them. Indeed, fMRI evidence has shown that older adults invoke more bilateral activation in
inhibition tasks than young adults (Langenecker & Nielson, 2003), implying the existence of
a compensatory mechanism that may sustain the ability to inhibit an inappropriate response in

face of the motor and perceptual decay in ageing (Sebastian et al., 2013).

18



800 -~
= RT

SSRT

700 ~ Errors

600 -
500 -
[S)
3400 -
I
300 A
200

100 A

6 | ;6 | 56 | ;6 | ;6 | ;6 | %6 | ;6

Age
Figure 3. Go RT in response inhibition tasks, number of errors, and SSRT across the lifespan
(interpolated from Bedard et al., 2010 (Stop-Signal Task), Kubo-Kawai & Kawai, 2009
(Go/No-Go Task) Sebastian et al., 2013 (Go/No-Go Task), Williams et al., 1999 (Stop-Signal
Task)). Measure of Errors is uniformly modified for scale.

1.1.7 Response inhibition, ecological validity, and psychopathology

Throughout the lifespan, performance in response inhibition tasks is reasonably
effective at predicting important life outcomes such as academic performance, health-related
lifestyle choices, and even longevity (Chapman, Roberts, & Duberstein, 2011; Friedel,
DeHart, Madden, & Odum, 2014; Friedman et al., 1995; Lawyer, Boomhower, & Rasmussen,
2015; Maag, 2005; Zorza, Merino, & Acosta Mesas, 2017). Since response inhibition is
probably psychometrically related to inhibitory control, delayed gratification, and the ability
to sustain attention on a primary tasks and ignore distractors (Carter, Russell, & Helton,
2013; Jiang, Liu, Ji, & Zhu, 2018; Kirmizi-Alsan et al., 2006), this relationship is not
surprising. But it does point to a role of top-down control in response inhibition. Deficits in
response inhibition predict psychopathological behavioural dysregulation in problem
gambling (Lawrence, Luty, Bogdan, Sahakian, & Clark, 2009; van Holst, van Holstein, van
den Brink, Veltman, & Goudriaan, 2012), alcohol and other drug use (Monterosso, Aron,
Cordova, Xu, & London, 2005; Nigg, Wong, Martel, & Jester, 2006), as well as proclivity for

criminal (Chamberlain & Sahakian, 2007) and other risky behaviours and aggression (Brown
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et al., 2015; Feilhauer, Cima, Korebrits, & Kunert, 2011; Nydegger, Ames, Stacy, & Grenard,
2014; Van den bergh et al., 2006). Furthermore, measures of response inhibition demonstrate
robust predictive power for such outcomes. Wong and colleagues (Wong, Brower, & Nigg,
2010) reported that poorer response inhibition compared to age-matched peers in childhood

predicted problematic alcohol and drug use in adolescence and young adulthood.

Likewise, performance on response inhibition tasks is able to discriminate between
healthy and pathological populations. So, in addition to the congruence between behavioural
performance on response inhibition tasks and self-report data on impulsivity scales, humans
who satisfy diagnostic criteria for disordered behavioural and emotional regulation perform
differently than do healthy humans. To illustrate this point, I will use two of the most
commonly diagnosed neuropsychiatric diseases, obsessive compulsive disorder (OCD) and
attention deficit hyperactivity disorder (ADHD; Brem, Griinblatt, Dreschler, Riederer, &
Walitza, 2014). There is a high comorbidity between OCD and ADHD, especially in
paediatric populations, and although their psychopathological profiles are distinct, both
groups perform worse than healthy controls on response inhibition tasks (Balogh & Czobor,
2014; Brem et al., 2014; Geller et al., 2000, 2007a, 2007b; Masi et al., 2006, 2010; Sheppard
et al., 2010). There are substantial similarities between these populations, but also very
critical behavioural differences. Despite these differences, there is considerable overlap in
genetic predictors of ADHD and OCD (Hirschtritt et al., 2018; Ritter et al., 2017). There has
been a recent effort in the clinical literature to characterise deficits in response inhibition as a
candidate endophenotype for ADHD. Endophenotypes are used to distinguish behavioural
symptoms into stable phenotypes that have a clear genetic origin (Bernard & Lewis, 1966). If
the disturbances to response inhibition have genetic aetiology and are phenotypes of genetic
disorders, it is important for treatment to unravel how these genes affect a complex cognitive
mechanism (this idea is reflected in a recent and interesting commentary by Marshall, 2020).

There is no difference between OCD patients and healthy controls in terms of their
response latency on Go trials, but OCD patients are less effective at inhibiting a response
(reflected in SSRT and errors of commission) and even fail to respond to Go stimuli more
frequently than do control groups (e.g., Bannon, Gonsalvez, Croft, & Boyce, 2002;
Herrmann, Jacob, Unterecker, & Fallgatter, 2003; Kang et al., 2013; Roth et al., 2007). This
indicates not only a poorer ability to withhold an inappropriate response, but also to engage
an appropriate response, suggesting dysfunction in the cognitive but not necessarily the motor

processes required for action. In OCD, fMRI evidence points to lower activation in the
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cingulate cortex, basal ganglia regions, and frontostriatal circuitry compared to healthy
controls during Go/No-Go tasks (Kang et al., 2013), and topographic evoked potential
mapping shows greater bilateral patterns of activation, as well as posteriorisation of frontal
activity, both at rest and during continuous performance Go/No-Go and Stroop tasks
(Herrmann et al., 2003; Roth et al., 2007). The magnitude of the effects reported in these
studies and others like it (e.g., Bannon et al., 2002) were correlated with severity of
symptomatology. This led Rosenberg and colleagues (Rosenberg, Dick, O’Hearn, &
Sweeney, 1996; see also Penadés et al., 2007) to suggest that impairment of frontostriatal
circuitry, which mediates behavioural inhibition and control, underlies the disturbances to
response inhibition and regulation which, in turn, underlie the repetitive symptomatic

behaviours that characterise OCD.

OCD is typically characterised by recurrent, intrusive thoughts that elicit a negative
emotional state which is attenuated somewhat by the performance of repetitive stereotypic
behaviour (American Psychiatric Society [APS], 2013; Thomsen, 2013; Walitza, 2014). In
OCD, inexorable physical movements reflect cognitive dysfunction, but not motor
dysfunction. ADHD, on the other hand, is characterised by a persistent pattern of inattention,
hyperactivity, and impulsivity (APS, 1994); that is, a general inability to regulate emotional,
motivational, and behavioural responses that often presents as contextually inappropriate
behavioural activation. So, whereas behaviours expressed in ADHD are generally fully
articulated but performed in inappropriate social circumstances, behaviours in OCD are more
reflexive, haptic self-soothing actions — the critical distinction is repetition in OCD and no
repetition in ADHD. This is interesting in terms of response inhibition as a construct. Two
disorders of dysregulation that are distinct in their emotional architecture and their cognitive
origins, but which appear somewhat similar in their pathophysiology, elicit similar disordered
performance on response inhibitions tasks (similar RT, poorer inhibition, and more errors of
omission; Barkley, 1999; Casey et al., 1997; Crosbie et al., 2013; Epstein, Johnson, Varia, &
Conners, 2010; Wodka et al., 2006). This gives us some reason to expect that response
inhibition is not a unitary construct. So, given the pathophysiological similarities between
these disorders, and the convergent evidence from positron emission tomography
(Buchsbaum et al., 1990; Kawashima et al., 1996), near-infrared spectroscopy (Fallgatter &
Strik, 1997), functional magnetic resonance imaging (Casey, Trainor, Orendi, & Schubert,
2008; Horn, Dolan, Elliott, Deakin, & Woodruff, 2003; Konishi, Nakajima, Uchida, Sekihara,
& Miyashita, 2001), and electroencephalographic (Bokura, Yamaguchi, & Kobayashi 2001)
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studies that reliably implicate their affected neural regions in the provision of the inhibition of
a motor response (i.e., anterior frontparietal and prefrontal regions, especially in the right
hemisphere), we can therefore conclude that defective brain function contributes to
disordered response inhibition, and that disordered response inhibition predicates

psychopathology.

Conversely, in other diseases, disordered response inhibition is a symptom, not a
diagnostic criterion; that is, it could be used to categorise a set of behavioural and cognitive
symptoms to diagnose, or it could be the manifestation of a diagnosis with known biological
mechanisms—but in each instance, it is likely that the pathophysiological aetiology is to
some degree overlapping. Whereas OCD and ADHD are cognitive dysfunctions that manifest
as motor dysregulation, Parkinson’s disease (PD) and Huntington’s disease (HD) are
principally motor dysfunctions with physical and behavioural manifestations (Agostino,
Berardell, Formica, Accornero, & Manfredo, 1992; Mayeux, 1984). This is reflected in their
respective pathophysiological profiles: OCD and ADHD primarily affect frontal regions,
whereas PD and HD primarily affect motor and subcortical regions (Forno, 1992), yet, it is
widely reported in the literature that response inhibition is similarly impaired in PD and HD
populations (Beste, Saft, Andrich, Gold, & Falkenstein, 2008; Beste, Willemssen, Saft, &
Falkenstein, 2010; Ray et al., 2009). What is common to these four diseases is a
neurochemical imbalance in the dopaminergic system in frontostriatal regions and the basal
ganglia (Bernheimer, Birkmayer, Hornykiewicz, Jellinger, & Sietelberger, 1973; Biederman
& Spencer, 1999; Bradshaw, 2001; Bradshaw & Sheppard, 2000; Chudasama & Robbins,
2006; Denys, Zohar, & Westenberg, 2004; Engert & Pruessner, 2008; Hollander et al., 1988;
Lichter & Cummings, 2001; Lotharius & Brundin, 2002; Melloni et al., 2012; Ring & Serra-
Mestres, 2002; Seeman et al., 1987; Swanson et al., 2000). Because the principal role of the
basal ganglia is implementation and coordination of motor action, a brief comment on their

neural circuitry, and on the pathogenesis of PD and HD is apposite.
1.1.8 Response inhibition and neuropathology

According to the classical model of basal ganglia function, motor commands
generated by the frontal cortex are relayed to the thalamus via basal ganglia structures. The
basal ganglia are functionally interposed between cortex and thalamus, and their role is to
process and organise incoming signals from cortex, and to generate and project the
appropriate output signal to cortex via the thalamus (Blandini et al., 2000). This process

modulates movement. The thalamus is under the influence of basal ganglia, whose function is
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to facilitate or constrain motor commands. Because the resting state of the thalamus is one of
tonic inhibition from the internal segment of globus pallidus (GPi), disinhibition is required
to produce movement. Within this circuit (see Figure 4), a disinhibitory ‘direct’ pathway
favours the selection of a motor command generated by the frontal cortex, and an inhibitory
‘indirect’ pathway suppresses the execution of motor commands generated by the frontal
cortex (Berretta, Parthasarathy, & Graybiel, 1997; Calabresi, Picconi, Tozzi, Ghiglieri, & Di
Filippo, 2014; DeLong & Wichmann, 2007; Jahanshahi, Obeso, Rothwell, & Obeso, 2015b;
Tekin & Cummings, 2002). The functional outcome of such organisation is that activation of
the direct pathway leads to opposite changes in net output of the basal ganglia to activation of
the indirect pathway. The notion that the direct and indirect pathways exert opposing
influences on action selection is supported by recent animal studies (Albin, Young, &
Penney, 1989; Bateup et al., 2010; DeLong, 1990; Freeze, Kravitz, Hammack, Berke, &
Kretzer, 2013; Kravitz et al., 2010). Recent research has identified a third pathway directly
linking the prefrontal cortex to the subthalamic nucleus that inhibits the thalamus and
suppresses motor commands (Meyer & Bucci, 2016; Nambu, 2004; 2005). This pathway is
an excitatory pathway which can stimulate neurons in subthalamic nucleus (STN) to give a
dominant initiative to the output neurons of the internal segment of globus pallidus (GPi) and,
as such, rapidly inhibit the thalamus (Nambu et al., 2000; Nambu, Tokuno, & Takada, 2002).

Because it bypasses the striatum, this pathway was named the ‘hyperdirect’ pathway.
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Figure 4. The structural anatomy of the basal ganglia pathways and the neurotransmitters that

modulate their activity. Adapted from Mikael Héggstrom in Wikipedia, “Basal Ganglia” (CC
BY-SA).
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The activity of the three pathways is differentially modulated by dopamine acting
upon dopamine D1 and D2 receptors on glutamatergic neurons (see Figure 5). Although a
small subpopulation of striatal medium spiny neurons contains both D1-type and D2-type
MRNA, it is known that the direct pathway preferentially expresses dopamine D1 receptors
and the indirect pathway expresses dopamine D2 receptors (Perreault et al., 2011).
Furthermore, synaptic plasticity in the direct and indirect pathways has been shown to depend
on the activity of dopamine D1 and D2 receptors, respectively, and on tonic dopamine levels
(Shen et al., 2008). High tonic dopamine levels and dopamine D1 receptors seem critical for
synaptic plasticity in the direct pathway, which facilitates the selection of motor plans. In
contrast, low tonic dopamine levels and dopamine D2 receptors seem critical for synaptic
plasticity in the indirect pathway, which prevents response execution (Apicella et al., 1992;
Frank, 2005; Kravitz et al., 2010; Kravitz et al., 2012). Few studies have investigated the
cognitive neurophysiology of the hyperdirect pathway, but histological evidence shows that
this pathway expresses both D1 and D2 receptors (Flores et al., 1999). According to this
model, the functional consequence of such organisation is that activation of the direct
pathway and the indirect/hyperdirect pathways lead to inverse changes in the net output of the
basal ganglia circuitry (for comprehensive reviews, see Blandini et al., 2000; Namu
Tachnibana, Kaneda, Tokuno, & Takada, 2009; Ness & Kreitzer, 2014; Schroll & Hamker,
2016), Importantly, evidence suggests that increases in dopamine facilitate long-term
potentiation along the direct pathway, long-term depression along the indirect pathway, and
long-term potentiation along the hyperdirect pathway (Schroll & Hamker, 2013; Schroll,
Vitay, & Hamker, 2014). Thus, dopamine D1 receptors are thought to enhance
neurotransmission along the hyperdirect pathway (Schroll, Vitay, & Hamker, 2014), with
dopamine D2 receptors having the opposite effect.

Parkinson’s disease (PD) is caused by degeneration of the nigrostriatal dopaminergic
pathway and the denervation of dopamine secreting neurons in substantia nigra pars
compacta to the putamen, a nucleus of the striatum. The aetiology of this degeneration is not
well understood, but since dopamine acts to facilitate the disinhibition required to perform an
action, PD therefore manifests as slowness or absence of movement (bradykinesia and
akinesia, respectively), or as movements that are smaller than intended (hypokinesia), or both
of them. According to this model, dopaminergic denervation to striatum leads to a
concatenation of events that results in increased activity of basal ganglia output nuclei which,

in turn, results in increased inhibitory control over the thalamus and subsequent reduction of
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thalamic glutamatergic output to motor cortex (Blandini et al., 2000). The mechanism of this
effect is diminished activation of the direct pathway and diminished inhibition of the indirect
pathway resulting in abnormal activation of GPi, which keep thalamic neurons inhibited. That
is, PD pathophysiology results in a balance between direct and indirect pathways that favours
the indirect pathway, and, therefore, elicits the bradykinesia, akinesia, and hypokinesia just
described. This hypothesis has been supported by optogenetic activation of these pathways in
animal models (Kravitz et al., 2010). The characteristic tremor associated with PD is the
result of thalamic oscillatory patterns that are not directly relevant here and reviewed
extensively elsewhere (e.g., Buzsaki et al., 1990; Haeri, Sarbax, & Gharibzadeh, 2005; Hua,
et al., 2008; Lamarre, 1984; Lenz, Vitek, & DelLong, 1993; Zirh, Lenz, Reich, & Dougherty,
1998).
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Figure 5. Basal ganglia pathway circuit topology. Reproduced from Beu et al. (2019).

These empirical findings have been supported by computational simulations. Frank
(2005; see also Frank, 2006), for example, investigated the effect of dopamine loss on the
functions of direct and indirect pathways in a learning task. Based on the results of these
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experiments, Frank demonstrated that phasic dopamine depletion strengthened the Stop
process via the indirect pathways and weakened the Go process via the direct pathway (see
also Frank, Seeberger, & O’Reilly, 2004). Using a reward prediction error paradigm, Schroll
and colleagues (Schroll, Vitay, & Hamker, 2014) found that the direct pathway learned to
facilitate rewarded responses, the hyperdirect pathway inhibited alternative responses, and the
indirect pathway inhibited responses that were previously but no longer rewarded. On the
basis of these findings, they concluded that dopamine loss resulted in the impairment of the
direct pathway to learn the facilitation of rewarded responses (i.e., translating to quickening
of response patterns after subsequent correct Go responses in Go/No-Go tasks). In another
study, these authors used neurocomputational models that simulate the effect of dopamine
loss in PD and they successfully simulated a range of empirical findings based on the
assumption that dopamine loss results in reduced functioning of the direct and hyperdirect
pathways potentially as a result of its effect on synaptic plasticity (Schroll, Vitay, & Hamker,
2013). So, consistent with the assumptions based on Frank’s simulations, this response
execution impairment is due to the indirect pathway actively inhibiting their execution. In
sum, computational simulations suggest that the degeneration of midbrain dopamine neurons
associated with PD cause both tonic and phasic dopamine loss that, in turn, impairs the
execution of motor actions. Reduced levels of dopamine in basal ganglia cause changes in
their functioning as a function of changes in neuronal excitability and synaptic plasticity. The
proficiency of the excitatory direct pathway (striatum — GPi) decreases, whereas the
effectiveness of the inhibitory indirect pathways (striatum — GPe — STN) increases (Gerfen
et al., 2008; Shen, Flajolet, Greengard, & Surmeier, 2008).

In many respects, the manifestation of HD is the opposite to that of PD (see Figure 6).
HD is characterised by choreiform movements, that is, continuous and involuntary sporadic
movement of the limbs and face (hyperkinesia). The cause of these are selective loss of
GABAergic striatal efferents innervating GPe in the indirect pathway, which tips the balance
between direct and indirect pathways in favour of the direct pathway (Berardelli et al., 1999;
Milnerwood & Raymond, 2010). So, without the normal inhibitory influence of thalamus
over basal ganglia output nuclei that is normally provided by the indirect pathway, neurons
fire sporadically, resulting in the motor cortex executing uncontrolled motor programs
(Waldvogel, Kim, Lynette, Tippett, Vonstattel, & Faull, 2014).
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Figure 6. Basal ganglia circuit topology under pathology of Parkinson’s disease (left panel)
and Huntington’s disease (right panel). The red oval indicates the origin of pathology in each

disease.

Since both PD and HD affect dopaminergic function in the basal ganglia, depleting
and increasing levels respectively, there are non-motor sequelae of the diseases which present
in a broad range of cognitive and psychosocial disturbance (see de Boo et al., 1997; Duff,
Beglinger, O’Rourke, Nopoulos, Paulson, & Paulsen, 2011; Lyle & Gottesman, 1977; Park &
Stacy, 2009; Narayanan, Rodnitzky, & Uc, 2013; Tremblay, Achin, Macoir, & Monetta,

2013). For current purposes, | will summarise only the RT and response inhibition literature.

Experimental data in PD and HD populations consistently reveal deficits in response
latency and response initiation in Simple RT tasks, but evidence is mixed for Choice RT. In
HD, Choice RT appears to be slower than age-matched controls, but it is less clear whether
this is the case in PD, with data pointing to marginally slower responses, potentially
suggesting that the motor component, but not necessarily the choice component, is disturbed
by the neuropathology of the disease (Cooper, Sagar, Tidswell, & Jordan, 1994; Fielding et
al., 2012; Gauntlett-Gilbert & Brown, 1998; Jahanshahi, Brown, & Marsden, 1993; Martinez
Pueyo et al., 2016; Pullman, Watts, Juncos, Chase, & Sanes, 1988). Deficits to motor control

are hallmarks of both HD and PD, albeit at different stages of the disease, and in different
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expressions. The similar deficit in RT despite opposite pathophysiology comes from the
effect of that pathophysiology; in PD, there is bradykinesia (reflecting a difficulty in selecting
and generating the correct motor command), whereas in HD there is interference in initiation
of intended movement due to hyperkinesia (i.e., interference produced by the lack of
suppression of incorrect motor commands), reflected in degeneration to the direct and

indirect pathways, respectively.

Even in the absence of impulsive disorders, Parkinson’s patients tend to exhibit poor
response inhibition in both Go/No-Go and Stop-Signal tasks compared to age-matched
healthy controls, even when controlling for group differences in response time (Gauggel,
Rieger, & Feghoff, 2003; Ye et al., 2014). This deficit is diminished when these patients are
administered atomoxetine, a norepinephrine and dopamine agonist (Ye at al., 2015), but not
citalopram, a serotonin uptake inhibitor, except in cases of severe disease (Ye et al., 2014).
Interestingly, evidence from both EEG (Bokura, Yamaguchi, & Kobayashi, 2005) and fMRI
(Vriend et al., 2014) studies localise this deficit in frontal regions in Parkinson’s patients.
Beste and colleagues (Beste, Willemssen, Saft, & Falkenstein, 2009), however, reported EEG
data suggesting that PD-related deficits in response inhibition were also related to pre-motor
inhibition failure, whereas those in HD were related to failures in error-monitoring systems
(see also Beste, Saft, Andrich, Gold, & Falkenstein, 2007; Rao et al., 2014). Since both
Parkinson’s and Huntington’s patients exhibit similar deficits in response inhibition on both
Go/No-Go and Stop-Signal tasks despite opposite pathophysiological and dopaminergic
changes, one may wonder why that is the case (see Aron et al., 2003). The motor and
cognitive distinction in response inhibition may be considered, given the conclusions of Beste
and colleagues (i.e., pre-motor inhibition failures compared to error-monitoring system
failures), but the degree to which these map onto behaviour is not known. They may indeed
reflect underlying cognitive processes, but whether and how they impact behavioural
performance is not yet known. The paucity of empirical investigation into mechanisms that
may support response inhibition, such as proactive inhibition or post-error slowing, in these

populations is problematic for this reason, and requires consideration.

1.1.9 Convergent validity or a dual-mechanism of control? Limitations in the

empirical literature

The evidence summarised here strongly indicates a dual mechanism of control: A
motor mechanism and a cognitive mechanism. This is sensical if we consider the

circumstances under which we might be required to inhibit an action. For example, suppose
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you are driving a car and as you near an intersection you notice the traffic light turn from
green to amber, so you slow down and stop. When the light turns green, you engage your
normal pattern of behaviour and remove your foot from the brake pedal and engage the
accelerator. As you do so, another car drives through the intersection on the intersecting road.
Clearly, your task is to rapidly stop your acceleration action to avoid collision. The measure
of response inhibition yielded by Go/No-Go and Stop-Signal tasks is, in fact, a measure of
two distinct constructs. In the Go/No-Go task, the measure of response inhibition is the
proportion of correctly withheld responses to No-Go stimuli (i.e., the complement proportion
of errors of commission), and reflects the see, process and evaluate, and do not start course
of action, which is an overall measure of response inhibition that is confounded by proactive
inhibition, but does not contain a pure measure of reactive inhibition. In the Stop-Signal
Task, the critical measure of inhibition is the time required for a participant to successfully
stop a motor program (i.e., the SSRT), and reflects the see, process and evaluate, and stop
doing course of action, which is in fact a measure of reactive inhibition, but not proactive
inhibition or overall response inhibition. The operational definition of response inhibition in
these tasks is, therefore, unsatisfactory and, as such, the convergent validity of these two

tasks is questionable, and their outcome measures are not equivalent.

Whether these two tasks assess the same underlying construct and engage the same
neural systems is a critical concern, since the assumption that they do has theoretical and
practical implications. Very little work has administered both tasks to one sample with the
intention to assess the relationship between performance across tasks; however, many studies
that administer one of the two main response inhibition tasks also administer a Simple RT
task. Almost all such studies report positive correlations between measures of Simple RT and
response time on response inhibition tasks. So, it seems that response initiation is to some
large degree a similar process. To my knowledge, only two studies have investigated the
neural correlates of performance on these two tasks, each of which report very little
commonality between regions of activation with the exception of the insula cortex and the
right inferior frontal gyrus (Swick, Ashley, & Turken, 2011; Zheng, Oka, Bokura, &
Yamaguchi, 2008), indicating some common locus required for stopping and for not going
that may indicate a common process underlying each. In a large cross-species review of the
neuropsychopharmacology of inhibition including data from both tasks, Eagle, Bari, and
Robbins (2008) reported little overlap in the drugs that modulate performance, concluding

that serotonin is implicated in Go/No-Go tasks, whereas SSRT in the Stop-Signal Task is

30



more sensitive to noradrenaline, providing further evidence that these tasks represent
different forms of action inhibition. Both Littman and Takéacs (2017) and Verbruggen and
Logan (2008) did not find any substantial correspondence between performance on Go/No-
Go and Stop-Signal tasks in their respective measures of response inhibition, which further
supports the hypothesis that proactive inhibition influences response inhibition and that
response inhibition and reactive inhibition are not linearly related. In the only study of its
kind investigating the latent structure of impulsivity using a battery of self-report and
behavioural impulsivity and inhibition measures in a reasonably large (N = 1,252), cross-
sectional sample, MacKillop and colleagues (MacKillop et al., 2016) found a small but
significant correlation between performance on Go/No-Go and Stop-Signal tasks (r = .22),
but their measure of performance in the SST was not SSRT, as is common. They instead used
the percentage of errors, which in most implementations of the SST is held constant at 50%
by an adaptive staircase so as to derive the SSRT. In any case, in their three-factor model
which best fit the data, performance on these two tasks loaded onto the same factor.
However, the conclusions that we can draw from this model are limited owing to their

outcome measure.

Further to the above, despite broad use of these tasks, analysis of their data has been
limited by the incomplete conceptualisation of response inhibition. Until around 2007 (e.g.,
Aron et al., 2007), proactive inhibition was not considered, despite the data structures yielded
by response inhibition tasks allowing for the computation of post-error slowing (PES), a
measure of proactive inhibition2. By way of illustration, take again the example of driving.
Pure response inhibition is represented by the overall success rate of braking in time to avoid
collision. This rate of success is independently influenced by reactive inhibition (a motor
program) and proactive inhibition (a cognitive program). Reactive inhibition is represented
by the speed with which your foot depresses the brake pedal, and could be measured by the
minimum distance at which you see the intersecting car and are still able to brake in time.
This is analogous to the SSRT measure of SSTs (if we assume that a linear relationship
between distance and time, that is, that all intersecting cars travel at the same speed).
Proactive inhibition, on the other hand, is represented by the additional time that you add to
the duration between the light turning green and accelerating. Hypothetically, this process is
influenced by two discrete processes: a remedial process and a predictive process, where the

former would be engaged after having been in, or nearly avoided, a collision under similar

2The purity of a measure of PES in SSTs depends on the method for determining the Stop-Signal Delay.
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circumstances, and the latter engaged based on the probability with which you expect an
intersecting car to appear. Both processes may increase the delay between the light turning
green and accelerating on subsequent occasions, which may increase the likelihood of a
successful stop should an intersecting car appear again. Thus, such proactive inhibition
mechanisms might contribute to successful response inhibition by engaging cognitive
strategies that increase the likelihood of successfully stopping or preventing a response. The
discreteness of proactive inhibition as two processes has not yet been described in the
literature, but is introduced in the final chapter of this thesis. For the most part, we will deal
only with the former of these process, what | refer to later as remedial proactive inhibition,
but which is measured by PES in the Go/No-Go task.

1.1.10 What a man does after he makes an error

This dual mechanism of control, reactive and proactive inhibition, seems to be what
Rabbitt (1966) was referring to when he asked what a man does after he makes an error.
Despite his anthypophora that men (and presumably also women) slow down after an error,
little serious empirical investigation has been devoted to the cognitive processing, the neural
circuitry, or the psychometric properties that lead to and constitute PES; that is, the

neurocognitive architecture of proactive inhibition.

Fewer than one in one thousand papers investigating response inhibition have
considered the critical influence that proactive inhibition plays in its success (Beu, 2018). In
those few studies, response patterns tend to follow the course illustrated in Figure 7. Despite
the empirical regularity of PES, only a few theoretical accounts have been put forward to
explain the phenomenon (see Dutilh et al., 2012a, 2012b). These accounts rely on different
assumptions and make different predictions about post-error accuracy, some assuming the
probability of error decreases after an error with PES (Laming, 1968, 1979b), and others
assuming no change, or even an increased probability of error (Rabbitt & Rodgers, 1977), the
latter prediction is most commonly confirmed (e.g., Hajcak & Simons, 2008; Hajcak et al.,
2003). Since the conception of these accounts, evidence remains mixed as to whether post-
error behavioural adjustments exert any effect whatsoever on post-error accuracy, potentially
because these two accounts in particular were constructed using data from Choice RT tasks,
not response inhibition tasks, in which errors reflected an error in choice or in discrimination
rather than a failure to inhibit a response, whereas more recent studies have focused on

inhibition since such tasks yield richer data.
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trials used to compute PES

Decreases in activity in distractor-encoding brain areas, and increases in activity in
task-relevant brain areas have been observed following an error, but the magnitude of such
modulations do not appear to be correlated either with PES or with increased accuracy in
subsequent No-Go or Stop trials. Likewise, downregulation of activity in the motor system
and synchronisation of mid-frontal theta power are also observed, which are thought to

harmonise intention programs with action programs (Danielmeier & Ullsperger, 2011).

There are five competing hypothetical accounts of PES, each with a small amount of
evidence in its support (Dutilh et al., 2012b); see also Danielmeier & Ullsperger, 2011). The
first was proposed by Laming (1968, 1979b), as well as Rabbitt and Rodgers (1977), which
claims that people become negatively biased against the response option that was just
executed in error. This account applies less in response inhibition tasks because it implies that
an error facilitates response alternations and hinders response repetitions, which is more
applicable to Choice RT tasks. Laming (1968, 1979a) offered an alternative account
suggesting that, following an error, the onset of evidence accumulation is more precisely
regulated. Here, Laming suggested that people may start to sample stimulus-unrelated
information from the display before the stimulus is presented, which prompts variability in
the starting point of the accumulation process, and, therefore, an artificial bias toward one
response boundary or the other. This is somewhat similar to an account proposed by Rabbit

and Rodgers (1977), according to which, errors delay the start of evidence accumulation due
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to the emotional consequences of an error. The former of these two accounts suggests that
early evidence accumulation is more tightly regulated to control the start point of the
diffusion process once the stimulus is presented, whereas the latter suggests that evidence
accumulation does not begin until sometime after stimulus presentation to overcome
disappointment or frustration. In the fourth account, Notebaert and colleagues (Notebaert et
al., 2009) drew on the oddball effect to inform an orienting account which supposed that the
commission of an error is usually infrequent, and as such, the associated surprise distracts
participants from commencing processing of the subsequent stimulus (they also observed
post-correct slowing when correct responses were more rare than errors). On the basis of this
assumption, they compared RTs under two conditions which should elicit oddball effects:
infrequent errors and frequent correct responses, where PES was expected and observed; and,
frequent errors and infrequent correct responses, where slowing was observed after correct
responses. These results indicate that PES may not be post-error reflection, but rather an
orienting response to an infrequent, unexpected (oddball) event. To reach this conclusion,
though, the authors used an unsatisfactory method for deriving PES that has since been
discarded. Instead of taking the difference between the average of four correct Go trials
before an error and four correct Go trials after an error to reflect PES, as suggested and
validated by Dutilh and colleagues (Dutilh et al., 2012a), Notebaert et al., (2009) used the
difference between the average of post-correct Go trials and post-error Go trials, which does
not take into account fluctuations in responding across the task, or the effect of pre-error
trials, which are generally quicker than average Go trials. In any case, to my knowledge there
is no other data supporting the claim that PES only occurs when errors are rare. The fifth
account has considerably more empirical support than the previous four accounts, and it
claims that participants adjust the separation of their response boundaries such that more
evidence is required to reach decision threshold (i.e., increasing the caution associated with a
response; Botvinick, Braver, Barch, Carter, & Cohen, 2001; Brewer & Smith, 1989; Cohen,
Botvinick, & Carter, 2000; Fitts, 1966; Smith & Brewer, 1995; Vickers & Lee, 1998). An
alternative explanation of this account, but consistent with its underlying logic, is that PES is
explained in terms of decreased motor activity in the response priming unit, which results in
increased motor threshold. This account is supported by fMRI evidence showing reduced
activity in motor areas in post-error trials (King et al., 2010), which is negatively correlated
with PES (Danielmeier et al., 2011). The intuitiveness of this account is so attractive that it is

often accepted at face value.
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Dutilh and colleagues (2012b) used drift-diffusion models (DDMs) to compare how
well these accounts fit empirical data in a lexical decision making task. Their results point
toward adaptive response boundary separation as the cause of quickening with successive
correct responses because participants assume, since their response was correct, that their
boundary separation was too conservative and they therefore shift them closer together. Their
models also support the inverse: that errors indicate to participants that their boundary
separations are too liberal and should be shifted farther apart. According to drift-diffusion
logic, this leads to fewer errors but also causes slower responding, which is consistent with
PES. Since these models are theoretical, it is important to gather empirical evidence that
supports, or at least converges on, these conclusions, or evidence that PES has a neural

substrate.

Making an error is, naturally, an emotionally uncomfortable experience. Hajcak,
McDonald, and Simons (2003) reported that errors in a two-choice discrimination task were
associated with increased galvanic skin response (i.e., a momentary increase in skin
conductance that indicates sweating), but also that PES was independently associated with
the sweat response and that it increased in a linear relationship with the magnitude with
which PES was engaged, but not with any changes to heart rate fluctuations. These authors
reported that a late event-related potential (ERP) component, the error positivity Pe, in EEG
correlated significantly with both presence and magnitude of PES, but that the error-related
negative ERN did not (Hajcak, MacDonald, & Simons, 2003). What this means, though, is
not known; source localisation allows us to assume that the neural generator for PES is the
same as the neural generator for the Pe, the anterior cingulate cortex (ACC), but does not

allow us to make any inferences about its underlying cognitive processes.

In some cases, imaging techniques have been used to investigate PES (e.qg., Li,
Huang, Constable, & Sinha, 2006), but due to the temporal lag of the haemodynamic
response, meaningful conclusions about basal ganglia activity can only be drawn about
overall response processes. On the other hand, proactive adjustments in PES can be localised
to frontal regions using fMRI in rats (Narayanan & Laubach, 2008) and humans (e.g.,
Danielmeier, Eichele, Forstmann, Tittgemeyer, & Ullsperger, 2011; Li, Huang, Yan, &
Paliwal, 2008) localising it to ventrolateral prefrontal, posterior medial, and dorsomedial
prefrontal regions. Other accounts suggest that parietal cortex is involved in PES (Purcell &
Kiani, 2015), but the authors used a motion discrimination task which is known to recruit

parietal and temporal regions in its processing (Cornette et al., 1998), so these conclusions
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should be interpreted with caution since activation associated with stimulus processing and

task demands could be confounded with the reactive process itself.

It has been well-documented that both Parkinson’s and Huntington’s patients have
manifest deficits to response inhibition, despite inverse dopaminergic dysfunction. It is
known that dopamine is responsible both for movement and for the inhibition of movement
as a function of pathway activation. So, one might wonder why this is the case. Using PD and
HD as a model for the two constituent elements of response inhibition, since overall response
inhibition is consistent, we should focus on either reactive or proactive inhibition. Much of
the data reported above suggests a general compatibility between reactive processes, and a
general compatibility between overall inhibitory processes, leaving us with proactive
processes, PES. Given its novelty in the empirical endeavour, there is little investigation into
PES even in healthy populations, let alone pathological populations. Nevertheless, two

elegant studies have investigated PES in each of these disease populations.

In a population of Parkinson’s patients, Siegert and colleagues (Siegert et al., 2014)
administered an Eriksen-Flanker task (a task somewhat analogous to classical response
inhibition tasks) both on and off levodopa treatment (L-Dopa, a medication that temporarily
increases dopamine in the brain) and on and off deep brain stimulation (DBS to the
subthalamic nucleus, STN, which stimulates the STN? in a manner consistent with healthy
functioning). They found that the Pe component (an ERP component that was operationalised
as an error signal, or error recognition) was not conveyed to the STN off medication and so
no PES was engaged; whereas, on the other hand, on medication, Pe was detected by the STN
and thus PES was engaged (i.e., activity in STN increased following Pe on medication but not
off medication, and this post-Pe STN activation predicted PES). This is a compelling case
against previous imaging studies implicating only frontal regions in recruiting PES, further
strengthened by Chevrier and Chachar’s (2010) findings that PES increased activity in the
STN, which in turn deactivates the requisite behavioural adjustments in structures that exert
control over dopamine output. In another experiment with Huntington’s patients, RT data
showed that premanifest and at-risk of HD patients did not engage PES, whereas early

manifest symptomatic HD patients did (see also Hart et al., 2011).

3This account of DBS to the STN is contentious. Frank et al. (Frank, Samanta, Moustafa, & Sherman,
2007) found that choices became more impulsive under DBS because it may impair STN functioning.
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1.2 Novel contributions

Since the downstream effect of STN in the direct and indirect pathways are
differentially affected by PD and HD, and appears to be involved in PES, then there is a clear
path toward greater understanding of these disorders. It is known that very subtle changes to
cognitive functions can long precede motor and gross cognitive symptoms such as memory
deficits (for example, see Grady, 2012; Harada, Natelson Love, & Triebel, 2014; Hedden &
Gabrieli, 2004; Kluger et al., 1997), so, establishing such changes may provide critically
important clinical outcomes. It is important here to use empirical and theoretical methods to

converge on practicable outcomes.

Since the neurochemistry of response inhibition has largely only been investigated
using pharmacological manipulations and indirectly in studies of pathological populations,
there is little evidence of the genetic architecture of response inhibition overall, and less so of
the genetic architecture of reactive and proactive processes. Determining whether these
processes can be disambiguated using genotype associated studies is an accessible starting
point which would allow inferences to be made not only about the biology of these processes,
but also to be made about isolating the source of deficits to overall response inhibition under
pathological conditions to the process of inhibition that is disturbed. This approach addresses
an important limitation in extant literature that fails to separate these two contributory
processes to overall inhibition. Using imaging techniques, namely, EEG, we might be able to
build on genetic association analyses by parsing the cognitive architecture of reactive and
proactive processes and, in so doing, allow us to think about the role of those cognitive
processes in supporting successful inhibition. Some of the evidence reviewed above (and
further reviewed in Chapter 3) described neural correlates and anatomical structures that
support overall inhibition, but they fail to categorise them as a function of the reactive and
proactive process. If, for instance, proactive processes are poorer in young people and
reactive processes are poorer in older people, we might observe similar task performance
(provided that proactive and reactive processes equally contribute to inhibition) and similar
neural activation. But if we are interested in precisely describing the mechanisms underlying
these processes, or if we are interested in intervening to improve them where they need
improvement, we need to establish the separate neural and genetic correlates of each
individually. These two approaches — a genetic approach and an EEG approach — might allow
us to parse the neurocognitive architecture of proactive inhibition and its role in response

inhibition. But alone they cannot tell us whether it is a suitable candidate for intervention.
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Neurostimulation techniques allow us to investigate this and might also provide answers to a
critical question left open in the literature: which basal ganglia pathway does proactive
inhibition rely on? Since clinical neurologists are quite interested in neurostimulation
techniques, those motor and cognitive functions that are suitable for treatment should be
highlighted.

Whether or not response inhibition is a suitable candidate for such treatments is not yet
known principally because of the empirical limitations in describing its processes. If we are
able to modulate one or both of its processes, then we allow clinical work to refocus its
attention on appropriate clinical targets. These three investigations rely on valid and reliable
measurement of proactive processes, which can be inferred from performance on the
Sustained Attention to Response Task. However, this task has limitations when administered
to pathological populations most affected by disturbances to response inhibition. It is
therefore important to evaluate various tasks that could be used with people in such
populations to ensure valid and reliable measurements of reactive and proactive response
inhibition.

This thesis consists of four papers addressing the four lines of investigation just
described. The first three papers are experimental investigations into the substrate of PES
using various approaches. Taken together, it is expected that the results yielded by these
experiments will contribute important findings to the clinical literature on the behavioural and
cognitive dysregulation that is apparent in dopaminergic pathology, specifically in diseases
and disorders of that system. Furthermore, the papers will provide evidence in favour of
differential roles of basal ganglia pathways supporting PES, and the cognitive architecture of
that support. By including measures of intelligence, alongside age and genetic approaches,
we are uniquely able to consider the adaptive role of PES across the lifespan, and can make
inferences about the extent to which it operates under top-down control. That is, if there are
predictable changes in PES based on age and intelligence that are mediated in some way by
dopaminergic function, we may therefore be better able to understand the changes to PES, or
indeed the absence of changes to PES, in pathological populations. The fourth paper presents
a novel task to the field of response inhibition. It provides an argument for its robustness
grounded in theory, presents data that validates its rigour in a large sample, and puts forth an
argument for multiple types of proactive inhibition based on its results. Essentially, the novel
experiments conducted here help us to parse the architecture of response inhibition, each of

which provide important clinical outcomes, advances for the theoretical cognitive sciences,
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and considerations for cognitive decline, genetic therapies, early development, and

potentially even for early markers for neurodegeneration.
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CHAPTER 2

Paper 1

2.1 Preamble

The aim of this thesis is to investigate the properties of post-error slowing: To identify
it, to verify whether it is separable from reactive inhibition, to test whether it is underpinned
by some biological substrate that may be divergent from reactive inhibition and moderated by
non-modifiable factors, to situate it in the current neuroanatomical model of psychomotor
regulation, and to clarify its cognitive architecture. Since it is very well-established that
dopamine is central to movement and motor regulation, it is logical to use the dopaminergic
system as a point from which to start the investigation: can we use differences in
dopaminergic neurotransmission between individuals to account for performance or to
disambiguate reactive and proactive processes? Since the basal ganglia represent the primary
locus of motor control and dopaminergic activity in the brain, this provides us with an
opportunity not only to attempt to associate genetic variation with the components of
response inhibition, but also to begin to postulate on an emerging debate about whether PES
originates in motor, prefrontal, or subcortical regions, and whether it is supported by different

basal ganglia pathways than reactive inhibition.

Given the evidence reviewed below, we start with the assumption that proactive
inhibition relies to some degree on some basal ganglia circuitry, much like reactive
inhibition. There is conflicting evidence as to whether reactive and proactive inhibition rely
on different pathways, and in particular, on which. Most previous approaches have
investigated this question indirectly and using data which is unable to discretise the inhibitory
processes. In the following study, then, we attempt to home in on the uniqueness of proactive
inhibition to the response inhibition network using a genetic association approach. In taking a
genetic approach, we can indirectly probe subcortical regions of the brain, which are

probably more reliably involved in the processes that we are attempting to observe.

Imaging techniques are limited in their ability to distinguish activity in these pathways
due to their spatial complexity and density, so a genetic association approach might

complement these techniques. A possible way to determine which pathway is involved in
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proactive inhibition is to investigate the involvement of specific dopamine receptors. The
activity of the three pathways is differentially modulated by dopamine acting upon dopamine
D1 and D2 receptors. The direct pathway preferentially expresses dopamine D1 receptors and
the indirect pathway expresses dopamine D2 receptors (Perreault, Hasbi, O’Dowd, & George,
2011). Furthermore, synaptic plasticity in the direct and indirect pathways has been shown to
depend on the activity of dopamine D1 and D2 receptors, respectively, and on tonic
dopamine levels (Shen, Flajolet, Greengard, & Surmeier, 2008). High tonic dopamine levels
and dopamine D1 receptors seem critical for synaptic plasticity in the direct pathway, which
facilitates the selection of motor plans. In contrast, low tonic dopamine levels and dopamine
D2 receptors seem critical for synaptic plasticity in the indirect pathway, which prevents
response execution (Apicella, Scarnati, Ljunberg, & Schultz, 1992; Frank, 2005; Kravitz et
al., 2010; Kravitz, Tye, & Kreitzer, 2012). Finally, neurotransmission along the hyperdirect

pathway relies on dopamine D1, rather than D2, receptors.

In such an approach, it is apropos to identify single-nucleotide polymorphisms (SNPs)
that could allow us to discretise the functional cognitive architecture by associating individual
differences in performance on the response inhibition subprocesses with genetic differences
that can differentiate basal ganglia pathway preferential activity. For this reason, we focused
on two dopaminergic genes (the dopamine D1 receptor gene, DRD1, and the dopamine D2
receptor gene, DRD2) because dopamine allows the unique ability to distinguish between
activity in the hyperdirect and direct pathways versus the indirect pathway.

The rationale of this design is that if we observe differences in a measure of proactive
inhibition, PES, in individuals who carry more A alleles in the DRD1 SNP rs686 (associated
with increases DRD1 expression) and more T alleles in the DRD2 SNP rs1800497
(associated with increased dopamine D2 receptor density), then we could conclude that PES
is supported by greater dopamine D1-receptor neurotransmission and reduced dopamine D2-
receptor neurotransmission, which would indicate a reliance on the direct and/or hyperdirect

pathway.

So, the primary aim of this paper is largely exploratory. It is to attempt to use
individual differences in genetic expression and behavioural performance on the SART to
map proactive inhibition to the basal ganglia pathway that subserves it. PES probably confers
a dynamic, adaptive advantage to response inhibition in the SART, but it is not clear why.
Since there has been so little empirical investigation into PES and proactive processes of

inhibition, and that response inhibition seems to be greatly affected by such a diverse range of
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pathologies, we thought it pertinent to explore the possibility that PES is differentially
expressed between people who vary on other important factors, such as age and intelligence,
which may otherwise negatively impact the reactive inhibition process. That is to suggest that
PES may be a compensatory tactic in individuals with a diminished capability to invoke
reactive inhibition (e.g., the elderly and those with lower scores on fluid intelligence tests),
and that genetic predispositions that increase the likelihood of successfully engaging
proactive inhibition might therefore have a stronger effect in these individuals. Other
populations with a known diminished capability to invoke response inhibition are those with
diseases and dysfunctions associated with the dopaminergic system. As such, a potential
positive development that may stem from mapping the processes of response inhibition to
basal ganglia pathways is in the clinical domain. | previously described the pathological
dopaminergic unbalance in Parkinson’s and Huntington’s Diseases, in each of which
response inhibition is negatively affected, and, since the physiological structure of the basal
ganglia pathways can to some degree be separated by the role that dopamine has in each, then
elucidating the pathway on which reactive and proactive inhibition rely, then we provide a
theoretical and conceptual framework from which to better investigate their pathological
dysfunction and trajectory. It is currently unclear what element of response inhibition, or
where in the stopping and inhibiting unwanted physical movement, such dysfunction arises.
Therefore, evidence that, for instance, proactive inhibition relies on the direct or hyperdirect
pathway, and reactive inhibition relies on the indirect pathway, is useful in order to predict
symptomatic trajectory or present early psychometric markers of neurocognitive decline since
having an understanding of the physiological, neurochemical, and psychometric disturbances

provides a more detailed conceptual model of disease-related disturbances.

If we are able to identify the structural anatomy that underpins proactive inhibition,
the next step is to articulate its cognitive structure. Additionally, if our data support the
hypothesis that reactive and proactive inhibition rely on separate neural substrates, then it is
logical to apply this to the clinical applications of the field. Taking again the example of
Parkinson’s Disease, a common treatment of which is neurostimulation, our data may point
toward the capacity for neurostimulaltion to modulate not only motor control, but also the
extent to which those deficits in motor control are the result of cognitive deficits in some
way, which might provide benefits to patients with other dopaminergic disorders of the basal

ganglia, such as Huntington’s Disease.
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2.3 Abstract

The ability to inhibit a prepared emotional or motor action is difficult but critical to
everyday functioning. It is well-established that response inhibition relies on the
dopaminergic system in the basal ganglia. However, response inhibition is often measured
imprecisely due to a process which slows our responses and increases subsequent inhibition
success known as proactive inhibition. As the role of the dopamine system in proactive
inhibition is unclear, we investigated the contribution of dopaminergic genes to proactive
inhibition. We operationalised proactive inhibition as slower responses after failures to inhibit

a response in a Go/No-Go paradigm and investigated its relationship to rs686/A at DRD1
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(associated with increased gene expression) and rs1800497/T at DRD2 (associated with
reduced D2 receptor availability). Even though our sample (N = 264) was relatively young
(18-40 years), we found that proactive inhibition improves the ability to withhold erroneous
responses in older participants (p = .002) and those with lower fluid intelligence scores (p
<.001), indicating that proactive inhibition is likely a naturally-occurring compensatory
mechanism. Critically, we found that a polygenic risk score consisting of the number of rs686
A and rs1800497 T alleles predicts higher engagement of proactive inhibition (p = .040),
even after controlling for age (p = .011). Furthermore, age seemed to magnify these genetic
effects (p < .001). This suggests that the extent to which proactive inhibition is engaged
depends on increased dopamine D1 and decreased D2 neurotransmission. These results

provide important considerations for future work investigating disorders of the dopaminergic

system.
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2.4 Introduction

We often find ourselves in a circumstance in which we should attempt to
countermand a planned motoric action in response to altered environmental demands. We
might be stopped at a red light, and, when the light turns green and we disengage our brake to
continue, a speeding car enters the intersection without warning — it is imperative that we
rapidly interrupt our habitual ‘go’ response to avoid collision. This is response inhibition. Our
relative success rate of this process contributes to perhaps every domain of our lives.
Response inhibition mediates interpersonal (Hoaken, Shaugnessy, & Pihl, 2003; Romer et al.,
2009), educational (Spinella & Miley, 2003), financial (Moffitt et al., 2011), and health
(Friedman, 2000) outcomes, among many others, including intelligence (Bari & Robbins,
2013; Chamberlain & Sahakian, 2007; Horn, Dolan, Elliott, Deakin, & Woodruff, 2003;
Logan, Schachar, & Tannock, 1997).

Deficits in one or more of the three concatenated cognitive and/or psychomotor
processes underlying response inhibition (action selection, generation, and inhibition)
characterise many psychiatric disorders (e.g., abnormal executive functioning and emotional
dysregulation (Casey et al., 1997), addiction (Nigg et al., 2006), schizophrenia (Kiehl, Smith,
Hare, & Liddle, 2000), and motor disorders, such as Parkinsonism (Taylor, Saint-Cyr, &
Lang, 1986) and Huntingtonism (Lawrence et al., 1996)). This relationship is so well-
characterised in some disorders that such disturbances constitute an endophenotype (Aron &
Poldrack, 2005). Although regularly enacted (or at least attempted), and the subject of
extensive investigation, this complex process remains puzzling. Given the varying views on
what response inhibition is, and its disputed ecological validity (Smilek, Carriere, & Cheyne,
2010), it is unsurprising that we have not reached a consensus on its underlying cognitive
architecture. This is likely due to inconsistent discretisation and nomenclature of its
properties, the many task paradigms administered to measure it, and idiosyncratic
interpretation of the resultant data (Criaud & Boulinguez, 2013; Evenden, 1999; Lowe, 1979;
Mostofsky et al., 2003; Mostofsky & Simmonds, 2008; Parker & Bagby, 1997; Perry &
Hodges, 1999; Stein, Hollander, & Liebowitz, 1993). By nature, the measurement of response
inhibition is not straightforward; inhibition is, by definition, the absence of a measurable

variable.

These inconsistent findings can be explained further as a consequence of successful
response inhibition being driven not by one global stopping process, but by at least two

discrete ones: reactive inhibition and proactive inhibition (Aron et al., 2007). Reactive
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inhibition can be thought of as the capacity to withhold a prepotent motor response when it is
no longer appropriate, and is thought to occur when the neural signal encoding ‘stop’
information reaches the thalamus before the motor response is initiated (Aron, 2011).
Conversely, proactive inhibition is an adaptive cognitive strategy observed in most healthy
people that is partially accounted for by the evaluative processes that take place following an
error, or by uncertainty in the likelihood of encountering a need to rapidly disengage a motor
program in the near future (Aron, 2011). One such strategy is post-error slowing (PES),
whereby individuals slow down their response time (RT) following experience with failed
inhibition.

In the Go/No-Go paradigm (Robertson, Manly, Andrade, Baddeley, & Yiend, 1997),
participants respond to frequent ‘Go’ stimuli and attempt to inhibit their response to
infrequent ‘No-Go’ stimuli. In this task, the measure of response inhibition is the complement
proportion of errors of commission (i.e., failures to inhibit a response to No-Go stimuli);
however, successful reactive inhibition (the ability to stop a response) is plausibly enhanced
by proactive inhibition, or PES (Dutilh et al., 2012a). That is, post-error slowing in
responding allows a greater amount of time to accumulate relevant information about the next
stimulus, and thus reduces the likelihood of future commission errors on No-Go trials. Dutilh
et al. (2012b) used a drift-diffusion model to investigate the nature of PES by mapping the
possible outcome parameters of the model neatly onto explanations proposed to account for
PES (e.g., reduced drift rate logically maps onto distracted attention; for full description see
(Dutilh et al., 2012b)), thus providing support for the position that PES is the result of
increased response caution. These authors derived their measure of PES by comparing
reaction times (RTs) from trials following correct inhibition to RTs from trials following an
error, which does not account for established fluctuations in response patterns across such
tasks if the distribution o