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A B S T R A C T

The serial reaction time task (SRTT) has been used to study procedural learning in clinical populations. In this
report, second-order meta-analysis was used to investigate whether disorder type moderates performance on the
SRTT. Using this approach to quantitatively summarise past research, it was tested whether autism spectrum
disorder, developmental coordination disorder, dyslexia, Parkinson’s disease, schizophrenia, and specific lan-
guage impairment differentially affect procedural learning on the SRTT. The main analysis revealed disorder
type moderated SRTT performance (p= 0.010). This report demonstrates comparable levels of procedural
learning impairment in developmental coordination disorder, dyslexia, Parkinson’s disease, schizophrenia, and
specific language impairment. However, in autism, procedural learning is spared.

1. Introduction

Nissen and Bullemer’s (1987) Serial Reaction Time Task (SRTT) is
commonly used to examine procedural learning (e.g., Gordon & Stark,
2007; Jackson, Jackson, Harrison, Henderson, & Kennard, 1995;
Knopman &Nissen, 1991; Tomblin, Mainela-Arnold, & Zhang, 2007). In
broad terms, procedural learning describes knowledge that is acquired
incrementally, often implicitly, through repeated exposures to stimuli
or training (Squire & Zola, 1996). A substantial number of studies have
used the SRTT to examine whether procedural learning is impaired in a
wide range of neurodegenerative and neurodevelopmental disorders
(e.g., Deroost et al., 2010; Gordon & Stark, 2007; Knopman &Nissen,
1991; Lum, Conti-Ramsden, Page, & Ullman, 2012; Wilson,
Maruff, & Lum, 2003). The SRTT literature from a number of disorders
has now been summarised using meta-analysis (e.g., Lum,
Ullman, & Conti-Ramsden, 2013; Siegert, Weatherall, & Bell, 2008). The
existence of multiple meta-analyses that examine SRTT performance
provides a unique opportunity to compare the status of procedural
learning impairments across multiple disorders, using second-order
meta-analysis. In second-order meta-analysis, results of multiple meta-
analyses are combined. While second order meta-analysis has been
widely used in the field of organisational/industrial psychology (e.g.,
Archer et al., 2014; Barrick, Mount, & Judge, 2001; Peterson, 2001;
Tamim, Bernard, Borokhovski, Abrami, & Schmid, 2011), to our
knowledge this is the first report to apply this technique to summarising

research in the field of neuropsychology.

1.1. The serial reaction time task

On the SRTT a visual stimulus repeatedly appears in one of four
spatial locations on a computer display. Participants aim to press a
button on a response pad that corresponds to the location of the sti-
mulus. A schematic overview of the task is presented in Fig. 1 (left
panel). In the standard version of the task, stimulus presentations are
grouped into blocks of trials. Unknown to participants, on most blocks
the presentation of the stimulus follows a pre-determined sequence.
After several blocks in which the stimulus repeatedly follows the se-
quence, a block of trials is presented in which the stimulus appears in
random order. Reaction times that measure the time taken to press the
correct button after stimulus presentation are recorded throughout the
task. If the sequence is learnt, reaction times across sequence blocks
become faster, and then slow down for the random block
(Nissen & Bullemer, 1987). This result has been observed in both chil-
dren and adults (e.g., Cohen, Ivry, & Keele, 1990; Thomas &Nelson,
2001). Fig. 1 (see right panel, solid line) depicts hypothetical data when
the sequence has been learnt. The increase in reaction times from se-
quence to random blocks likely occurs because the sequence has been
learnt, but on the random trials knowledge about the sequence cannot
be used to anticipate the stimulus’ location and responses needs to be
adjusted (Robertson, 2007). When the sequence has not been learnt, the
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presence or absence of the sequence does not influence reaction times
and a reliable difference between these two blocks does not occur.
Hypothetical data when the sequence has not been learnt is also pre-
sented in Fig. 1 (see right panel, broken line). This result has been
observed in several neurodegenerative (e.g., Ferraro, Balota, & Connor,
1993; Knopman &Nissen, 1991) and neurodevelopmental disorders
(e.g., Gheysen, Van Waelvelde, & Fias, 2011; Lum et al., 2012; Vicari
et al., 2005).

Much is known about the neurological structures activated when
participants complete the SRTT. Neuroimaging studies have shown that
the basal ganglia, particularly the striatum, are engaged during learning
on the task (Daselaar, Rombouts, Veltman, Raaijmakers, & Jonker,
2003; Grafton, Hazeltine, & Ivry, 1995; Rauch, Whalen, et al., 1997;
Reiss et al., 2005; Willingham, Salidis, & Gabrieli, 2002), and that the
degree of striatal activation positively correlates with task performance
(Rauch, Whalen, et al., 1997; Reiss et al., 2005). The cerebellum also
appears to play a role on the SRTT. Individuals with cerebellar dys-
function demonstrate poorer learning on the SRTT (Pascual-Leone
et al., 1993; Torriero, Oliveri, Koch, Caltagirone, & Petrosini, 2004).
Neocortical structures associated with the task are primary and sup-
plementary motor regions and prefrontal regions (Clerget, Poncin,
Fadiga, & Olivier, 2011; Daselaar et al., 2003; Grafton et al., 1995;
Pascual-Leone, Wassermann, Grafman, & Hallett, 1996; Wilkinson, Teo,
Obeso, Rothwell, & Jahanshahi, 2009; Willingham et al., 2002). Thus, it
appears that SRTT performance relies on the cortico-subcortical net-
work of the procedural memory system.

1.2. Procedural learning in neurodegenerative and neurodevelopmental
disorders

The SRTT has been used to investigate procedural learning in a
range of clinical populations (e.g., Clark, Lum, & Ullman, 2014; Obeid,
Brooks, Powers, Gillespie-Lynch, & Lum, 2016; Siegert et al., 2008).
One of the first studied were conditions characterised by neurodegen-
eration of the basal ganglia, such as Parkinson’s and Huntington’s dis-
eases (e.g., Ferraro et al., 1993; Knopman &Nissen, 1991; Pascual-
Leone et al., 1993). Research undertaken with these groups showed
poorer procedural learning on the SRTT compared to controls. Speci-
fically, the difference in reaction times between the random and se-
quence blocks was smaller in groups comprising individuals with Par-
kinson’s or Huntington’s diseases compared to control groups (Clark
et al., 2014; Knopman &Nissen, 1991; Willingham&Koroshetz, 1993).

In relatively more recent times, performance on the SRTT has been
studied in neurodevelopmental disorders in order to test whether pro-
cedural learning is impaired. This includes autism spectrum disorder
(ASD; e.g., Gordon & Stark, 2007), dyslexia (e.g., Vicari et al., 2005),

specific language impairment (SLI; e.g., Lum et al., 2012), schizo-
phrenia (e.g., Schwartz, Howard, Howard, Hovaguimian, & Deutsch,
2003), and developmental coordination disorder (DCD; e.g., Gheysen
et al., 2011). Procedural learning problems in each of these disorders
are proposed to stem from atypical development of cortico-subcortical
networks. In SLI, a cortico-striatal network comprising the caudate and
Broca’s area is implicated (Ullman & Pierpont, 2005). DCD has been
associated with aberrant connectivity between the striatum and pri-
mary motor cortex (McLeod, Langevin, Goodyear, & Dewey, 2014), and
between the cerebellum and parietal cortex (Zwicker, Missiuna,
Harris, & Boyd, 2011). Dyslexia has been associated with abnormalities
in cortico-cerebellar circuits, possibly involving bilateral inferior frontal
gyrus (Nicolson & Fawcett, 2007; Nicolson, Fawcett, & Dean, 2001;
Stanberry et al., 2006). Finally, in ASD and schizophrenia, cerebellar
(Andreasen & Pierson, 2008; Fatemi et al., 2012; Nayate,
Bradshaw, & Rinehart, 2005) and cortico-striatal connectivity abnorm-
alities (Langen et al., 2012; Nayate et al., 2005; Robbins, 1990;
Simpson, Kellendonk, & Kandel, 2010; Yoon, Minzenberg, Raouf,
D'Esposito, & Carter, 2013) have been reported.

In all the aforementioned disorders one hypothesised endpoint is
procedural learning problems and therefore poorer performance on the
SRTT. Results from meta-analyses have found poor procedural learning
in SLI (Lum, Conti-Ramsden, Morgan, & Ullman, 2014; Obeid et al.,
2016), dyslexia (Lum et al., 2013), DCD (Wilson, Ruddock, Smits-
Engelsman, Polatajko, & Blank, 2013), and schizophrenia (Siegert et al.,
2008). Each of these meta-analyses have shown that on average, in-
dividuals with the disorder demonstrate a significantly smaller differ-
ence in reaction time between random and sequence trials than typi-
cally developing individuals. In contrast, meta-analyses have shown
that individuals with ASD perform comparably to their peers on the
SRTT (Foti, De Crescenzo, Vivanti, Menghini, & Vicari, 2015; Obeid
et al., 2016). Results from these meta-analyses have been interpreted to
suggest that procedural learning problems cause the language deficits
in SLI (Lum et al., 2014), reading problems in dyslexia (Lum et al.,
2013), and possibly the social cognition problems in schizophrenia
(Siegert et al., 2008). Nicolson and Fawcett (2007) suggest that im-
pairments to different parts of the procedural learning network lead to
the different patterns of cognitive deficits across disorders.

1.3. Does ‘disorder type’ moderate performance on the SRTT?

It is not yet known whether there are differences in procedural
learning problems between neurodegenerative disorders of the basal
ganglia (Clark et al., 2014) and neurodevelopmental disorders (Lum
et al., 2013; Obeid et al., 2016; Siegert et al., 2008; Wilson et al., 2013).
That is, whether the type of disorder asserts a differential influence on
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Fig. 1. Left panel shows a schematic overview of the serial reaction time task depicting a single trial. Right panel shows hypothetical data when the sequence has been learnt (solid line),
or has not been learnt (broken line). When the size of the difference in reaction times between the final sequence block and the random block is smaller for a disordered group in
comparison to a control group, it is taken as evidence for a procedural learning deficit in the disorder.
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