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Abstract 

This thesis aimed to determine the effect of long term ecstasy consumption on 

short-term and working memory in the verbal and visuo-spatial domain. Event-related 

potentials (ERPs) were employed to shed light on the memory-related cognitive 

processes affected by ecstasy consumption. Ecstasy is an illicit drug that acts by 

promoting the release and inhibiting the reuptake of serotonin. Long-term ecstasy 

consumption has been linked to serotonergic dysfunction which is proposed as the 

mechanism responsible for persistent cognitive deficits observed in long-term ecstasy 

users. Numerous cross-sectional studies have shown impaired memory function in long-

term ecstasy users and this thesis reports the findings from a meta-analytic review of 

studies examining verbal and visuo-spatial, short-term and working memory function in 

long-term ecstasy users. The meta-analysis showed that across the studies reviewed, 

ecstasy users performed significantly worse than non-ecstasy-using controls on all 

memory domains. This pattern was found in studies using drug-naive controls and 

studies using poly-drug controls. Life-time ecstasy consumption (LTEC) predicted the 

effect size in the working memory studies, but not the short-term memory studies. 

Higher LTEC was associated with greater impairment in the ecstasy-using group 

suggesting that the effects of ecstasy on working memory are cumulative and 

irreversible. 

Previous research employing functional magnetic resonance imaging (fMRI) 

found that ecstasy users showed increased parietal activity during verbal working 

memory tasks in the absence of behavioural impairment. This was interpreted as 

evidence of a compensatory mechanism enabling unimpaired performance despite 

ecstasy-related brain damage. This thesis examined cortical activity elicited during 

short-term and working memory tasks using ERPs which offer far superior temporal 

sensitivity than fMRI. The temporal sensitivity enables patterns of cortical activity to be 



attributed to specific cognitive processes occurring during task completion, enabling 

elucidation of the cognitive processes affected by ecstasy consumption. ERP-

compatible short-term and working memory tasks were developed to engage the same 

cognitive processes required by serial recall tasks. The item recognition tasks required 

identification of a previously unseen stimulus within a studied sequence. These tasks 

failed to discriminate between short-term and working memory which stressed the 

importance of retention of serial order in working memory. In response to this finding 

serial recognition tasks were developed that required detection of a change in sequence 

order. These tasks differentiated between short-term and working memory in the same 

manner as seen in serial recall tasks; performance on the verbal task was significantly 

reduced by the additional processing required by the working memory task, although 

the additional processing had only a small and non-significant effect on visuo-spatial 

task performance. The parietally distributed P3b component is thought to reflect the 

process of updating representations in working memory and the amplitude of this 

component is sensitive to the allocation of cognitive resources toward the process of 

updating representations in memory. The P3b component elicited by the first changed 

stimulus presented in the second sequence was significantly smaller in the verbal 

working memory task than the verbal short-term memory task but not in the visuo-

spatial tasks. The pattern of cortical activity suggests that cognitive resources allocated 

towards updating representations held in memory were attenuated by the additional 

processing required by the verbal working memory task. The serial recognition tasks 

were administered to low-level ecstasy users (mean LTEC = 32.5, SD = 27.2), poly-

drug users with no history of ecstasy use, and non-users with no history of illicit drug 

use. Ecstasy users showed greater reductions in working memory performance relative 

to short-term memory performance than poly-drug users or non-users suggesting that 

low-level ecstasy consumption impairs the ability to retain and concurrently process 
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information, relative to the ability to retain information. The amplitude of the P3b 

component in the ecstasy users was similar in the verbal short-term and working 

memory task, suggesting that ecstasy users failed to allocate resources toward the task 

of retrieving the verbal information in the reverse order thereby reducing performance. 

Ecstasy users, poly-drug users and non-users showed similar patterns of cortical activity 

during the visuo-spatial tasks despite ecstasy users' impaired working memory 

performance. This was interpreted as evidence of reduced cortical efficiency during 

visuo-spatial working memory tasks where cortical activity similar to that seen in non-

ecstasy-using controls was insufficient to enable unimpaired performance. 

Ecstasy users showed evidence of inefficient allocation of cognitive resources 

and this may be responsible for ecstasy-related impairments seen in other cognitively 

complex tasks including those that engage working memory. That low-level ecstasy 

consumption can lead to cognitive impairments should be included in drug education 

campaigns and brought to the attention of professionals working with ecstasy-using 

individuals. 
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Chapter 1 - A n Introduction to Ecstasy: Chemistry, Development, Purity and 

Prevalence 

Ecstasy is an illicit recreational drug and its consumption induces feelings of 

euphoria, increased energy, and connection with others. These effects have made it 

popular among young people who consume it most frequently in nightclubs and at 

dance parties or 'raves' (Harris, Baggott, Mendelson, Mendelson, 8c Jones, 2002; Hunt, 

Evans, Moloney, & Bailey, 2009; Morgan, 2000). Ecstasy consumption frequently 

produces positive feelings, side effects such as tachycardia, jaw clenching and teeth 

grinding are common (Harris et al., 2002). Ecstasy-related fatalities are not common, 

but they have occurred and have garnered much media attention (Schifano, 2004). 

Chemical Compounds in Ecstasy 

3,4-methylenedioxymethamphetamine (MDMA), the most common chemical 

found in ecstasy, is a ring-substituted amphetamine and is regarded as 'pure' ecstasy. 

3,4-methylenedioxyamphetamine (MDA) and 3,4-methylenedioxyethylamphetamine 

(MDEA or MDE) are also ring-substituted amphetamines and are the most common 

alternative chemicals found in ecstasy tablets. MDA and MDEA/MDE have similar 

subjective effects to MDMA when ingested (Hegadoran, Baker, & Bourin, 1999). 

It should be noted here that the term 'ecstasy' refers to the illicit street drug 

which is purported to contain MDMA or similar substances (Parrott, 2004). However 

due to the illegal and therefore unregulated production of ecstasy, pills sold as ecstasy 

may not contain MDMA or any similar substances. These other substances can include 

amphetamines, ketamine, ephedrine, caffeine, dextromethorphan, and paracetamol 

(Cole, Bailey, Sumnall, Wagstaff, & King, 2002; Ramsey et al., 2001; Tanner-Smith, 

2006). The terms 'ecstasy' and 'MDMA' are used interchangeably in numerous 
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scientific papers and news stories (Bhattachary & Powell, 2001; Casco, Forcella, 

Beretta, Grieco, & Campana, 2005; Cowan, 2007) however the two terms should be 

separated such that any reference to ecstasy refers to the street drug, which is 

appropriate for human studies of ecstasy users where individuals participating in studies 

have been consuming the drug ecstasy. MDMA is the appropriate term when referring 

to studies where the chemicals administered to animals or humans are controlled and 

therefore known to be a particular substance. 

Development and Emergence of Ecstasy 

MDMA was first synthesized in 1912 by the German pharmaceutical company 

Merck during research into the haemostatic drug methylhydrastinin. It was later 

investigated for its effect on blood glucose levels (1927) and in toxicological studies 

(1952) and finally examined as a stimulant (1959). The US army also sponsored a secret 

study examining the effects of ecstasy in 1953, the results of which were not published 

until 1973. Alexander T Shulgin, a man often referred to as the 'father' of MDMA, 

engaged in systematic self-trials of MDMA during the 1960s and 1970s and published 

the first paper on the pharmacological action of MDMA in humans in 1978 

(Benzenhofer & Passie, 2010). The first tablets containing MDMA were seized off the 

street in Chicago in 1970 and in 1985 the street name "ecstasy" was coined in 

California. MDMA was classified as a Schedule 1 drug in the United States in 1984 

with the UK, Australia and the majority of other countries swiftly following suit 

(Freudenmann, Oxler, & Bernschneider-Reif, 2006). MDMA and related substances are 

now considered illegal under international law and the UN actively campaigns against 

their manufacture and trafficking (United Nations, 2003). 

During the early 1980s, prior to its inclusion as a Schedule 1 drug, MDMA was 

employed as an adjunct to psychotherapy. Psychotherapists claimed that administering 

controlled doses of MDMA to their clients assisted in the therapeutic process and it was 
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employed in couples counseling and therapy with PTSD sufferers (Johansen & Krebs, 

2009). It has been estimated that around 500, 000 doses of MDMA were administered 

in psychotherapeutic settings during this time period (Bouso, Doblin, Farre, Alcazar, & 

Gomez-Jarabo, 2008). Advocates for the use of MDMA as a therapeutic tool point out 

that it temporarily reduces the anxiety and fear normally associated with accessing 

intense emotions and internal conflicts (Greer & Tolbert, 1998). The Multi-disciplinary 

Association for Psychedelic Studies is currently engaged in a 10 year, $10 million push 

to legalize MDMA for use in psychotherapy. However, given the possibility of acute 

and chronic unwanted reactions to the drug, and the anti-therapeutic characteristics of 

the drug such as low mood and irritability in the days following administration there are 

a number of issues which must first be addressed before MDMA is endorsed for use 

clinically (Green, Marsden, & Fone, 2008; Parrott, 2007). 

Purity of Ecstasy 

Ecstasy is an illegal, and therefore unregulated, substance. Due to this the 

chemical compounds present in ecstasy tablets can, and do, vary widely. The purity of 

ecstasy, where pure ecstasy is that containing MDMA, has fluctuated over time. Prior to 

and during the early 1990s virtually all ecstasy pills contained MDMA or MDA, 

however in the mid-90s a small but increasing proportion of ecstasy tablets were found 

to contain little or no MDMA (Parrott, 2004). Recent studies in Italy (Schifano, 2000, 

cited in Parrott, 2004), the United Kingdom (UK) (Ramsey et al., 2001), the 

Netherlands (Spruit, 2001) and the Czech Republic (Palenicek, Fiserova & Kubu, 2002, 

cited in Parrott, 2004) found that between 80 and 100% of tablets sold as ecstasy 

contain MDMA or a similar derivative, suggesting the purity levels were high at this 

time, however a study in the US found only slightly over half of tablets contained 

MDMA, though this study grouped tablets containing MDA and MDEA with 
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contaminated tablets and reported that these were the most common contaminants 

reported (Tanner-Smith, 2006). 

Ecstasy is generally sold in pill form with a specific colour, logo and name 

associated with particular batches of pills. These characteristics act as brand names for 

the pills and examples of these brand names include green Mitsubishis, red kangaroos 

and blue dolphins, which are respectively coloured green, red, and blue, and stamped 

with a Mitsubishi logo, a kangaroo and a dolphin. The chemical make-up of pills, and 

therefore the purity of the pills, tends to be consistent within batches, and therefore 

within brand names, with greater variety observed between batches (Cole et al., 2002; 

Duterte, Jacinto, Sales, 8c Murphy, 2009). 

Prevalence and demographics 

Since its initial development and emergence as a street drug in the '70s and '80s, 

ecstasy has risen in popularity around the world (United Nations, 2003). Ecstasy use in 

Australia was first surveyed extensively in 1988 when approximately 1%> of the 

surveyed sample reported ecstasy consumption. This had risen to 3 % by 1993 and, as 

seen in Table 1, has increased steadily to a high of 8.9% in 2007. As of 2005 Australia 

had the highest level of reported ecstasy use per capita in the world (National Drug 

Strategy Household Survey, 2007). 



Table 1: Percentage of respondents reporting having ever consumed ecstasy (Australian 

National Drug Strategy Household Survey, 2007). 

Year 

Age 

14-19 

20-29 

30-39 

40+ 

All ages 

1998 

Lifetime use 

4.5 

13.9 

5.4 

1.1 

4.8 

2001 

Lifetime use 

7.0 

19.7 

7.4 

1.0 

6.1 

2004 

Lifetime use 

6.2 

22.0 

12.5 

1.5 

7.5 

2007 

Lifetime us 

6.0 

23.9 

17.0 

2.4 

8.9 

Australian ecstasy users differ from those in the U K in the amount of ecstasy 

consumed. As mentioned previously, Australia has the highest rate of ecstasy use per 

capita in the world, however Australian ecstasy users consume comparatively small 

amounts of ecstasy compared to users in the UK. This is likely related to the cost of 

ecstasy in Australia which is up to ten times that in the UK (Dillon, 2008; United 

Nations, 2003; Thompson & Doward, 2003). The majority of research examining 

ecstasy consumption has been undertaken in the UK or Europe on groups of ecstasy 

users who have consumed high amounts of ecstasy as indicated by their lifetime 

consumption (Fisk, Montgomery, Murphy, & Wareing, 2004; Gouzoulis-Mayfrank, 

Thimm, Rezk, Henson, & Daumann, 2003; Reay, Hamilton, Kennedy, & Scholey, 

2006; Reneman, Majoie, Schmand, van den Brink, & den Heeten, 200Id; Thomasius et 

al., 2006; Wareing, Fisk, Montgomery, Murphy, & Chandler, 2007; Wareing, Fisk, 

Murphy, & Montgomery, 2004a; Wareing, Fisk, Murphy, & Montgomery, 2005a; 

Wareing, Fisk, & Murphy, 2000; Wareing, Murphy, & Fisk, 2004b). However, in 
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addition to the research examining the effects of high levels of ecstasy consumption, 

there is also a need to examine the effects of lower levels of ecstasy consumption such 

as that found in a typical Australian sample so that drug education, public policy and 

legislation is not informed only by findings from heavy users. 

Thesis outline 

The above introduction briefly reviewed general information regarding ecstasy; 

its chemical make-up, development, purity and prevalence of use. The remainder of this 

thesis will focus on the effects of long-term ecstasy use on short-term and working 

memory using sensitive behavioural and electrophysiological techniques to evaluate 

performance. Research examining the impact of long-term ecstasy use on serotonergic 

function will be reviewed and related to behavioural and neuroimaging studies of short-

term and working memory performance in ecstasy users. Quantitative analysis will be 

reported on research studies examining the effect of ecstasy use on measures of verbal 

and visuo-spatial, short-term and working memory. The electrophysiological 

components indexing short-term and working memory processes are introduced in 

Chapter 4. To examine the effect of ecstasy use on short-term and working memory, 

recognition tasks with verbal and visuo-spatial stimuli were developed which were 

suitable to be administered while electrophysiological activity was concurrently 

recorded. The tasks, which require detection of a change in the order of sequences of 

verbal and visuo-spatial material, were administered to a sample of university students 

to examine the behavioural performance and electrophysiological activity associated 

with each task type. These results are reported with reference to existing theories of 

short-term and working memory. The short-term and working memory recognition tasks 

were administered to a sample of ecstasy users, non-ecstasy-using poly-drug users and 

non-users while the electroencephalogram was concurrently recorded. The behavioral 

and electrophysiological results of this study are reported and the implications of these 



results for existing accounts of the impact of long-term ecstasy consumption on 

cognitive function are discussed. 

The final chapter will review the results from the meta-analysis and the 

experimental studies. The implications of these results will be related to issues such as 

drug education, public policy and harm reduction. Methodological considerations are 

discussed and suggested future research directions will also be outlined in the final 

chapter. 
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Chapter 2 - The Effects of Ecstasy on Memory 

Ecstasy consumption acutely alters serotonin (5-HT) levels in the brain by 

stimulating its release and blocking its re-uptake (Cole & Sumnall, 2003; Simantov, 

2004). There is also evidence from animal studies that MDMA produces changes in the 

distribution of serotonin transporters within cells (Kivell, Day, Bosch, Schenk, & 

Miller, 2010). Ethical considerations prevent long-term administration of ecstasy to 

humans; however numerous animal studies have investigated the effect of long-term 

MDMA administration on serotonergic function and have repeatedly found evidence 

that MDMA significantly alters serotonergic function in rodents and non-human 

primates. At the time of Green, Mechan, Elliot, O'Shea, and Colado's (2003a) review 

there were more than 60 published studies providing supporting evidence for the claim 

that administration of single or multiple doses of MDMA to rodents produced long-term 

reductions in markers of serotonergic function. Studies with non-human primates also 

reported serotonergic depletion and neuronal damage resulting from MDMA 

administration. The negative effect of MDMA administration on serotonergic function 

appears greater in non-human primates than rodents with a number of studies showing 

steeper dose-response curves in non-human primates relative to rodents (Hatzidimitriou, 

McCann, & Ricaurte, 1999a; Ricaurte, Yuan, & McCann, 2000a; Taffe et al., 2003). 

As noted by Cowan (Cowan, 2007) the overwhelming majority of research 

examining the neuropharmacological effects of MDMA has focused on the serotonergic 

system, however MDMA is a complex pharmacological agent and also acts on the 

dopaminergic and noradrenaline systems (Morton, 2005) and interacts with the action of 

gamma amino butyuric acid (GABA)(Cowan, 2007). Drugs that enhance neurons 

carrying GABA have been shown to attenuate MDMA-induced serotonergic depletion 



(Peng & Simantov, 2003) and decreasing dopamine transporter density has also been 

shown to attenuate MDMA-induced neurotoxicity (Kanthasamy, Sprague, Shotwell, & 

Nichols, 2002). Thus the adverse effects of MDMA use may be due in part to the action 

of these other neurotransmitter systems. 

Animal studies have examined self-administration of MDMA and have found 

that MDMA is a less efficacious reinforcer than other similar chemicals, meaning that 

animals show less consistent self-administration of MDMA than other illicit substances 

such as cocaine. This is consistent with the pattern of ecstasy consumption typically 

reported by ecstasy users (De La Garza, Fabrizio, & Gupta, 2007). The reinforcing 

properties of MDMA might vary according to genetic predisposition which might 

underlie the propensity for individuals to pursue ecstasy consumption (Schenk, 2009). 

Trigo et al. (2007) found that serotonin transporter knockout mice, or mice without 

serotonergic transporters, fail to maintain self-administration of MDMA, suggesting that 

the propensity to pursue ecstasy consumption might be related to the functioning of the 

serotonergic system. There is also tentative evidence of a genetic vulnerability to the 

negative effects of ecstasy consumption on memory function (Schilt et al., 2009). 

Extrapolating from studies examining the effects of long-term MDMA 

administration on serotonergic function in non-human primates and rodents to the 

possible effects of ecstasy consumption on humans has drawn criticism. Humans as a 

species might have greater resistance to MDMA-related damage than non-human 

primates (Ricaurte, Yuan, & McCann, 2000b). However, as MDMA-related 

serotonergic dysfunction is observed in a number of animal species and the neurotoxic 

effects appear greatest in non-human primates, it is unlikely that humans are unique in 

their resistance to MDMA-related damage to serotonergic function. It has also been 

argued that the dosage levels, route and schedule of MDMA administration in animal 

studies differs from that typical of recreational ecstasy users which reduces the 
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relevance of animal studies to determining the effect of ecstasy consumption on 

serotonergic function in humans (Ricaurte et al., 2000b). The route of administration in 

animal studies is usually parentarel, while human recreational ecstasy users typically 

consume ecstasy orally (Allott & Redman, 2006). However the level of neurotoxicity 

induced by both routes of administration is similar, thus the different route of 

administration is unlikely to protect human ecstasy users from possible MDMA-related 

serotonergic damage. The schedules of MDMA administration in animal studies differ 

from the normal consumption patterns of ecstasy users but given that a single dose of 

MDMA appears to be neurotoxic (Mechan et al., 2002), these schedule differences may 

not change the neurotoxic potential of MDMA. Finally, the neurotoxic doses of MDMA 

administered to animals are, when inter-species scaling is applied, in the equivalent 

range of the typical dose of MDMA consumed by ecstasy users per session (Ricaurte et 

al., 2000a). The findings from animal studies suggest that it is probable that human 

ecstasy users will show evidence of MDMA-related serotonergic dysfunction. 

Ecstasy's neurotoxic potential in humans has been investigated to determine 

whether ecstasy consumption over the long term interferes with serotonergic function. 

These investigations have used self-reported ecstasy consuming adults in combination 

with nuclear imaging methods such as positron emission tomography (PET) and single 

photon emission computed tomography (SPECT). Serotonin agonist studies, cerebro

spinal fluid (CSF) studies, post-mortem brain examinations and auditory evoked 

potential studies have also been used to investigate changes in serotonergic function in 

long-term ecstasy users. 

Human nuclear imaging studies use techniques such as PET or SPECT to 

examine the binding of radio-ligands. These are radioactive substances introduced to the 

blood stream which bind specifically to serotonergic neurons and serotonin transporters 

enabling estimation of the presence of these neurons and transporters. Reduced binding 



of these ligands indicates reduced functioning of the neurons and transporters that the 

ligands specifically bind to. Reduced binding indicative of serotonergic dysfunction in 

ecstasy users has been repeatedly reported in PET studies (Buchert, Thomasius, 

Nebeling, & Petersen, 2003; McCann, Szabo, Scheffel, Dannals, & Ricaurte, 1998; 

McCann et al., 2005; Ricaurte et al., 2000a). However, the results of SPECT studies 

have been less convincing; reduced binding has been found in female heavy users, but 

not in male users, moderate users or former users (Reneman, Booij, de Bruin, & 

Reitsma, 2001a; Reneman et al., 2001c; Semple, Ebmeier, O'Carroll, & Johnstone, 

1999). The mixed results from SPECT studies has been attributed to the reduced 

sensitivity and specificity of the radio-ligand employed in these studies and as such 

should be interpreted cautiously (Cowan, 2007; Kish, 2002). These nuclear imaging 

studies are reviewed in depth by Cowan (2007) who concluded that nuclear imaging 

studies employing different methodologies and varied radio-ligands have generally 

reported the same effect; that ecstasy users show reduced binding of serotonergic-

specific radio-ligands compared to non-ecstasy using controls. This supports the 

hypothesis that ecstasy use leads to decreased serotonergic function. More recent 

imaging studies not reviewed by Cowan (2007) have also found evidence for reduced 

serotonergic function in ecstasy users: de Win and colleagues (2008) found that ecstasy 

consumption reduced the binding of a selective serotonergic ligand in the thalamus of 

ecstasy users when other drug use was controlled for; Buchert et al. (2006) re-evaluated 

their previously published research with a more sensitive analysis and found evidence 

for reduced serotonin transported density in the thalamus and striatum of ecstasy 

consuming individuals; and McCann et al. (2008) found reduced binding of a serotonin 

specific radio-ligand in the absence of any reduction in binding of a dopamine specific 

radio-ligand. 
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Serotonergic function has also been investigated using serotonin agonists such 

as d-fenfluramine. Neurotoxicity is indirectly evaluated by examining prolactin and 

Cortisol responses to these chemicals as both these responses are mediated by 

serotonergic function. Reduced prolactin and Cortisol responses are indicative of 

serotonergic dysfunction. Evidence for smaller prolactin and Cortisol responses in 

ecstasy users than non-ecstasy using controls has emerged from a number of studies 

(Gerra et al., 2000; Verkes et al., 2001a) while other studies have not found any 

reductions in these responses in ecstasy users (McCann, Ridenour, Shaham, & Ricaurte, 

1994). Morgan (2000) reviewed these studies and attributed the mixed findings to 

confounds such as greater levels of drug use in ecstasy poly-drug users than control 

poly-drug users. Findings from Gouzoulis-Mayfrank, Becker, Pelz, Tuchtenhagan, and 

Daumann (2002) suggest that cannabis consumption could play a role in mediating the 

prolactin response, though the serotonergically mediated Cortisol response might be 

related to ecstasy consumption. 

Auditory evoked potentials provide another indirect measure of serotonergic 

function. Neural potentials evoked by high intensity auditory stimuli are regulated so 

that the response to a 100 dB tone will not be proportionately larger than the response to 

a 60 dB tone (Croft, Klugman, Baldeweg, & Gruzelier, 2001a; Tuchtenhagen et al., 

2005). This regulatory mechanism is controlled by serotonin and hence the regulation of 

the neural potentials evoked by high intensity stimuli provides an indication of 

serotonergic functioning. This non-invasive measure of serotonergic function has been 

found to be altered in ecstasy users who showed a larger slope than non-ecstasy using 

controls in several cross-sectional studies (Croft et al., 2001a; Tuchtenhagen et al., 

2005) and this measure does not change over the course of 18 months of abstinence 

(Daumann, Till, Fischermann, Rezk, & Gouzoulis-Mayfrank, 2006). Significantly lower 

levels of serotonin have been found in the brain of a recently deceased known consumer 



of ecstasy which could not be attributed to other drug use (Kish, Furukawa, Ang, Vorce, 

& Kalasinsky, 2000). Kish (2002) argues that post-mortem studies of drug users' brains 

are an under-utilized tool for examining neurotoxicity under circumstances as close to in 

vivo as possible. 

As acknowledged by a number of authors involved in reviewing this field of 

research, the findings supporting reduced serotonergic function resulting from ecstasy 

use are not unequivocal; inconsistent and even contradictory findings have emerged; 

however, there are multiple converging lines of evidence that support the assertion that 

long-term ecstasy use in humans reduces serotonergic function. 

Serotonin is involved in numerous processes including activity rhythms, food 

intake, sexual behaviour, emotional regulation and also a number of cognitive functions. 

One cognitive function in which serotonin is involved is memory (Buhot, 1997; 

Luciana, Collins, & Depue, 1998). Memory functions are separated in a number of 

ways, one division is between working memory and short-term memory. Working 

memory involves the active maintenance, concurrent processing and retrieval of 

relevant information and contrasts with short-term memory, which is responsible for 

retention and retrieval of unprocessed information. These two types of memory are 

closely related but distinct cognitive constructs (Cantor, Engle, & Hamilton, 1991; 

Engle, Tuholski, Laughlin, & Conway, 1999). Working memory capacity has been 

related to performance on measures of reasoning, decision-making, reading, planning 

and the acquisition of new knowledge and skills while short-term memory capacity 

appears to be less important when considering these cognitive functions (Conway, 

Cowan, Bunting, Therriault, & Minkoff, 2002). 

Working memory function is attributed to the action of the dopaminergic system 

and it has been found that the amount of dopamine measured in the prefrontal cortex is 

related to cognitive performance (Arnsten & Bao-Ming, 2005). However the 
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serotonergic system modulates the activity of dopamine in the prefrontal cortex (Nocjar, 

Roth, & Pehek, 2002) and it has also been found that the density of serotonin 

transporters is related to memory function (McCann et al., 2008). It has been recently 

shown that genetic poly-morphisms related to both serotonergic and dopaminergic 

genes are associated with performance on tasks engaging executive function (Wilkosc et 

al., 2010). Hence serotonergic activity plays a role in executive processes such as 

memory and this has been attributed to its role in the regulation of the action of 

dopamine. 

Given the relationship between long-term ecstasy use and altered serotonin 

levels, and the significant role serotonin plays in memory function, it is unsurprising 

that long-term ecstasy use is associated with impaired memory function. Long-term 

ecstasy users' memory function has been a popular avenue of investigation. A 

frequently employed investigative technique has been to administer a battery of 

cognitive tasks, including those testing short-term and working memory, to ecstasy 

users and non-ecstasy using controls. Ecstasy users' performance is compared to that of 

the non-ecstasy using controls to detect any impairment. Some studies have found that 

ecstasy users display deficits in verbal short-term memory (e.g. Morgan, 1999), verbal 

working memory (e.g. Gouzoulis-Mayfrank et al., 2000), visuo-spatial short-term 

memory (e.g. Verkes et al., 2001a) and visuo-spatial working memory (e.g. Fox, 

Parrott, & Turner, 2001). However, a number of studies have also failed to detect any 

differences in performance between ecstasy users and non-users in these memory 

functions (verbal short-term memory: Croft, Mackay, Mills, & Gruzelier (2001c); 

verbal working memory: Croft et al. (2001c); visuo-spatial short-term memory: Halpern 

et al. (2004); visuo-spatial working memory: de Sola et al. (2008)). 

The large number of cross-sectional studies comparing ecstasy users' memory 

performance to that of non-users, has been the subject of a number of meta-anlayses 
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(Kalechstein, De La Garza, Mahoney, Fantegrossi, & Newton, 2007; Laws & Kokkalis, 

2007b; Verbaten, 2003a; Zakzanis, Campbell, & Jovanovski, 2007). Although these 

meta-analyses had found that ecstasy impairs memory function they had failed to 

distinguish between working memory and short-term memory. In a later chapter I 

present meta-analytic data examining ecstasy users' short-term and working memory 

performance in the verbal and visuo-spatial domains. This meta-analysis was 

undertaken in order to clarify the variable findings from studies of the effect of ecstasy 

consumption on each of these memory domains. 

The inconsistent findings relating memory impairment to ecstasy use had been 

attributed to a number of issues specific to research in this area (see Curran, 2000 for 

review). One such issue is that drug-using participants must self-report on their drug-use 

history, which is problematic given that research suggests ecstasy users as a population 

experience memory difficulties. Furthermore, the use of memory aids such as contextual 

cues (e.g. life events) which may improve recall is rare (Bedi & Redman, 2007). The 

drug-free period prior to testing sessions differs between studies and this means acute 

intoxication and withdrawal effects may influence the results from studies with short or 

no drug-free period. Also posing problems to research in this area is the fact that ecstasy 

pills vary in chemical make-up and purity. As stated previously, "pure" ecstasy is 

MDMA and while street-bought ecstasy often contains MDMA or a similar derivative, 

such as MDA or MDEA,there is the possibility that ecstasy might contain other 

chemicals, such as heroin, caffeine or ketamine. This introduces a confound to studies 

of ecstasy users meaning that impairments observed in ecstasy users cannot be 

attributed to MDMA (Parrott, 2004; Tanner-Smith, 2006). A final issue specific to 

research examining ecstasy users is that ecstasy users are almost all poly-substance 

users meaning they consume not only ecstasy but also other illicit substances . This is 

sometimes limited to cannabis, but in other cases includes a wide variety of illicit 



31 

substances. Research examining the effects of ecstasy use on cognitive function has 

attempted to address this by using control subjects who are poly-drug users, thus 

attributing any differences in cognitive performance between these two groups due 

solely to ecstasy use, or by co-varying cannabis and other drug use in their statistical 

analysis. However, matching ecstasy users and poly-drug using controls on their level 

of drug use is difficult as ecstasy users frequently report higher levels of other drug use 

than non-ecstasy using poly-drug users and statistical techniques to control for these 

differences in other drug use are not without their limitations (Reichardt, 1979). Drug 

interactions and personality factors contributing to drug consumption also make firm 

conclusions regarding the specific effect of ecstasy difficult to draw. 

A series of studies using both participant matching and statistical controls to 

overcome the previously discussed research problems investigated ecstasy-related 

memory performance on traditional measures of working memory function, such as 

reading span and computation span, rather than the more clinically based measures used 

in previous research (Fisk & Montgomery, 2009b; Montgomery, Fisk, Newcombe, 

Wareing, & Murphy, 2005c; Wareing, Fisk, Murphy, & Montgomery, 2005b; Wareing 

et al., 2004b). These studies yielded a relatively consistent pattern of results: ecstasy 

users displayed deficits in working memory tasks using verbal and visuo-spatial stimuli, 

while their short-term memory ability was relatively unimpaired. Given that working 

memory tasks engage not only memory storage, but also information processing 

functions such as updating and manipulation it appears that ecstasy consumption 

selectively impairs performance where both storage and processing of information is 

required. 

Increases in working memory load appear to have a greater negative effect on 

ecstasy users' performance than non-ecstasy using controls. The n-back task is a 

working memory task in which level of difficulty is manipulated by altering the quantity 



of information being retained. Stimuli are presented under one of two conditions; during 

the 0-back task a stimulus is shown before the task begins and a response is required 

when it appears; during other conditions a response is required when the current 

stimulus matches the stimulus that was presented 'n' number of stimuli before and 

hence requires constant updating of the retained memory set. A similar updating task 

presents a sequence of stimuli and requires that the 'n' number of stimuli prior to the 

end of the sequence are recalled. Both these task versions require updating of the 

retained stimulus set of'n' stimuli. Daumann and colleagues (Daumann, Fimm, 

Willmes, Thron, & Gouzoulis-Mayfrank, 2003a; Daumann et al., 2003b) found no 

differences in behavioural performance on an n-back task between ecstasy users and 

non-users. However Montgomery et al. (2005c) and Fisk and Montgomery (2009b) 

found significant impairments in ecstasy users' ability to retain and update information. 

These contradictory findings may be due to differences in the memory load level. 

Daumann and colleagues' tasks required participants to hold either one or two stimuli 

and constantly update the set when a new stimulus was presented whereas Montgomery 

et al. (2005c) and Fisk and Montgomery's (2009b) tasks required participants to 

respond to stimulus loads of six stimuli or loads equivalent to or higher than their span. 

Hence ecstasy users' performance was impaired on tasks with high memory load but 

unimpaired on low memory load tasks. It seems that load and processing requirements 

interact to produce the pattern of ecstasy-related memory performance observed in these 

studies. 

Cortical activity occurring during working memory task completion has been 

examined and ecstasy users showed greater right parietal activity during a moderately-

taxing working memory task and greater activity relative to control participants in both 

right and left parietal cortices during a highly taxing task. Daumann and colleagues 

employed functional magnetic resonance imaging (fMRI) and examined regional 
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cerebral blood flow (rCBF) changes while heavy and light ecstasy users and non-using 

controls completed the n-back task. Both user groups showed significantly higher levels 

of activity in their right parietal cortex in the 1-back condition than the control group, 

with no difference between the two user groups. During the 2-back task both user 

groups again showed greater activity in the right parietal cortex than the control group 

with a small but significant increase in left parietal activity also observed. In a prior 

study using the same verbal working memory task, Honey, Bullmore, and Sharma 

(2000) found that longer reaction times to a verbal n-back task in a normal population 

were associated with higher cortical activation in bilateral parietal areas. Honey et al. 

(2000) suggested that participants with higher than average reaction times must have 

found the task more difficult and recruited the parietal lobe in order to complete the 

task. They proposed that the increased parietal activation reflected recruitment of 

additional neural resources to complete the demanding task. Daumann et al.'s (2003a) 

findings suggested that ecstasy users recruiting additional cortical areas in order to 

complete the verbal n-back task. This recruitment is necessary due to their reduced 

capacity to complete the task using the same neural networks as non-ecstasy using 

individuals. 

Amphetamine and cannabis use were controlled in a follow-up study Daumann, 

Schnitker, Weidemann, Schnell, Thron, and Gouzoulis-Mayfrank (2003b). There were 

no significant differences on either reaction time or correct responses between the pure 

ecstasy users who denied other drug use, poly-drug users who reported regular use of 

ecstasy, amphetamines and cannabis, and drug-naive control subjects on the same tasks 

employed by Daumann et al. (2003a). Imaging data obtained during the 2-back 

condition showed that pure ecstasy users displayed increased activation in the superior 

parietal lobule than poly-drug users. This suggested that the parietal activity seen during 



these verbal working memory tasks could be attributed to ecstasy consumption rather 

than other substances such as cannabis or amphetamines. 

A longitudinal study by Daumann, Fischermann, Heekeren, Thron, and 

Gouzoulis-Mayfrank (2004) tested ecstasy users twice on the n-back task; once initially 

and then again 18 months later. A proportion of the ecstasy users abstained from ecstasy 

use between the two testing sessions. Ecstasy users with continued ecstasy consumption 

showed further increases in parietal activity from the initial to the follow-up session 

during the 2-back condition. The increase in activity was directly related to the average 

quantity of ecstasy (number of tablets) individuals reported consuming within a single 

drug-use session. Individuals who abstained from ecstasy consumption during the 

interim 18-month period showed no change in parietal activity from baseline to follow-

up. It might be that abnormalities in cortical activation related to ecstasy consumption 

shown in previous studies do not remit after 18 months of abstinence, while continued 

ecstasy use is related to changes in the location of the abnormal neural activity. 

These three studies conducted by Daumann and colleagues examined identical 

working memory tasks in comparable samples of ecstasy users and controls while 

examining their cortical activity patterns. Ecstasy users performed at levels comparable 

to non-using controls, but differed from controls in the cortical areas activated during 

task performance. Ecstasy users showed significantly greater activity in their right and 

occasionally left parietal lobe during a working memory tasks than non-using controls. 

This suggests that ecstasy users require activity in extra neural circuits to complete the 

working memory task and recruit areas in the parietal cortex to do this. The extra neural 

activity that accompanies ecstasy users' working memory performance may be 

insufficient in extremely heavy users or during a highly cognitively demanding task 

therefore leading to observable performance deficits (Fox et al, 2001; Verkes et al., 

2001a). The increased activity seen in the parietal cortex might reflect a compensatory 
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mechanism whereby ecstasy use has led to decreased efficiency of working memory 

processing and greater levels of cortical activity are required for ecstasy users to 

perform at levels similar to non-users (Daumann et al 2003a, 2003b, 2004). The authors 

of a study which found that cognitively asymptomatic HIV patients displayed altered 

cortical activation patterns suggested that fMRI may be more sensitive to detecting early 

brain injury before it manifests itself in cognitive performance impairments (Ernst, 

Chang, Jovicich, Ames, & Arnold, 2002). Daumann and colleagues' findings suggest 

that ecstasy consumption may lead to brain injury which is compensated for by 

increased parietal activity. 

Frequent cannabis users have also shown evidence of compensatory brain 

activity during a short-term memory task. Jager and colleagues (Jager, Kahn, Van den 

Brink, Van Ree, & Ramsey, 2006) examined a group of cannabis-abstinent individuals 

and found that this group showed a decrease in parietal activity following practice in a 

short-term memory task, whereas cannabis users did not show a practice-related change 

in cortical activity. This suggests that normal task performance was attained by the 

cannabis users at a higher neurophysiological cost than seen in the abstinent individuals 

and the extra-activity seen in cannabis users post-practice was compensating for 

cannabis related brain changes. 

Neuroimaging techniques such as fMRI have low temporal resolution and 

therefore cannot provide information about the fast changes in neural activity associated 

with the individual psychological processes occurring during cognitively complex tasks 

such as those engaging working memory. Event-related potentials (ERPs), which will 

be reviewed in depth in a later chapter, overcome the low temporal resolution problem 

as they record electrical activity at the scalp at high temporal frequency and as such can 

detect fast changes in the brain that occur during task performance. These changes in 
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brain activity can be related to specific psychological processes occurring within 

complex tasks. 

Updating is one of a number of processes that has been related to working 

memory (Miyake et al. 2000). Order manipulation is another such process whereby the 

order of the mental representations of the presented stimuli must be changed in some 

way prior to response. This may require reversing the order, alphabetizing letters or re

ordering numbers according to a pre-defined rule. Order manipulation is the process 

which defines two of the most widely known and employed measures of working 

memory span - the digit backward span task and the spatial (block or Corsi) backward 

span task. Both these tasks have a short-term memory version - the digit forward span 

task and the block forward span task, which do not require order manipulation. The 

forward span tasks require retention and reproduction of a sequence of digits or spatial 

locations hence the identity and the sequential position of the items must be retained. 

The backward span tasks require the presented sequence to be reproduced in the reverse 

order; thus, the sequential position of presented stimuli must be retained and also 

reversed. This reversal requirement introduces concurrent processing into the task 

meaning that the task engages working memory. 

Digit and block span tasks traditionally administer sequences at increasing 

lengths until they are no longer accurately reproduced, at which point the task is 

terminated and the span is determined as the longest reproducible sequence length. This 

differs from the task methodology employed by Wareing and colleagues, in which 

participants were required to retain sequences at or above their span meaning all tasks 

were highly taxing on memory function. This also differs from Daumann and 

colleagues' task which required participants to retain only one, two, or three stimuli. 

Span tasks allow performance to be determined without the processing load being 

constrained to either highly taxing supra-span levels or low memory load tasks with 
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little retention required and can provide an accurate assessment of ecstasy users' short-

term and working memory capacity. 

In conclusion, multiple lines of evidence support the assertion that ecstasy 

consumption impairs serotonergic function. Serotonin is linked to memory function and 

ecstasy users have shown impaired working memory performance. Research examining 

updating in working memory suggests that ecstasy-related behavioural impairments are 

seen at high but not at low memory-load levels. In addition, ecstasy users show greater 

levels of cortical activity during low memory load tasks than non-users. This has been 

interpreted as reflecting a compensatory mechanism allowing ecstasy users to perform 

the task at the same level as non-users. However the tasks employed in these studies 

were not ideal for detecting behavioural differences between ecstasy-users and non-

users, and the neuroimaging technique used does not allow individual cognitive 

processes to be examined. The forward and backward, digit and block span tasks 

provide a measure of short-term and working memory within the verbal and visuo-

spatial domains and can be used to examine the effect of ecstasy consumption on 

memory function. ERPs also have a number of advantages over previously used 

measures of brain activity. Combining span tasks with ERP measures of brain function 

will provide insight into the memory functioning of ecstasy users and possible 

compensatory mechanisms in ecstasy users during working memory tasks. This could 

indicate which memory-related cognitive processes are altered in ecstasy users. 

However, as there are inconsistent findings with regards to the memory function of 

ecstasy users a quantitative review of this literature will be reported in the next chapter 

of the thesis. 
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Chapter 3 - Differential Effects of Ecstasy on Short-term and Working Memory: 

A Meta-analysis. 

A version of this chapter has been published in the journal Neuropsychology Review: 

Nulsen, C.E., Fox, A.M., & Hammond, G.H. (2010) Differential effects of ecstasy on 

short-term and working memory: A meta-analysis. Neuropsychology Review, 20, 21-32 

Ecstasy is a popular recreational drug with the primary active ingredient 3,4-

methylene-dioxy-methamphetamine (MDMA). MDMA acts by stimulating the release 

and blocking the reuptake of serotonin and dopamine. Ingestion of MDMA typically 

induces feelings of euphoria, energy, connectedness with others, and well-being, but can 

also induce side effects such as bruxism, increased heart rate and jaw clenching (Green, 

Mechan, Elliott, O'Shea, & Colado, 2003b). Repeated administration of MDMA in a 

variety of animal species reduces serotonin axon terminal markers, suggesting that 

MDMA is a selective serotonergic neurotoxin. These neurotoxic effects are long-lasting 

and possibly permanent (Hatzidimitriou, McCann, & Ricaurte, 1999b). Evidence of 

ecstasy-related serotonergic neurotoxicity in humans comes from PET, CSF and 

pharmacological challenge studies which consistently point to reduced serotonergic 

function in ecstasy users compared to controls (McCann, Eligulashvili, & Ricaurte, 

2000). 

Given the pharmacological effects noted above, it is expected that ecstasy use 

would impair psychological and cognitive processes associated with serotonergic 

function. However, determining the effects of long-term ecstasy use on humans is 

fraught with difficulties. Studies with ecstasy users suffer from methodological issues 



39 

including unknown ecstasy dose and purity, unreliable drug history information, 

polydrug use, and pre-morbid group differences in personality, cognitive function and 

physical and psychological health (Curran, 2000). However, despite these short

comings, cross-sectional studies have provided useful information regarding the effects 

of ecstasy use on cognition, and are the focus of the current meta-analysis. Longitudinal 

studies have addressed the issue of pre-morbid group differences by assessing 

individuals with high probability of using ecstasy in the near future, then re-examining 

this group of individuals at a later date, separating those individuals who have and have 

not consumed ecstasy in the interim period. Schilt et al (2007) found that, in users with 

a low lifetime consumption (mean cumulative dose of 3.2 pills), interim ecstasy use had 

a significant negative effect on performance between baseline and follow up on the 

recognition scores of a verbal memory test compared to persistent ecstasy naive 

individuals. No effect was found on other neurocognitive measures of verbal memory, 

visual memory and attention. Another longitudinal approach has involved re-testing 

ecstasy users who have abstained from using ecstasy over an intervening period. This 

latter approach addresses the issue of reversibility of impairment, and will be further 

elaborated later in this review. 

Memory processes have been associated with serotonergic function (Luciana, 

Burgund, Berman, & Hanson, 2001; Luciana et al., 1998) and these processes have been 

investigated in ecstasy users. Cross-sectional studies of memory impairment associated 

with ecstasy use have compared ecstasy users' performance on memory tasks to non-

ecstasy users, including individuals who abstain from all illicit drugs, and polydrug 

users. Previous meta-analytic reviews have identified deficits in ecstasy users across a 

broad array of neuropsychological domains including attention and concentration, 

psychomotor speed, learning and memory, and executive functions, although the largest 

effects have been reported in the area of learning and memory (Kalechstein et al., 2007; 



Laws & Kokkalis, 2007a; Zakzanis et al., 2007). W h e n verbal and visual memory were 

considered separately by Laws and Kokkalis (2007a), a larger effect of ecstasy use on 

performance in the verbal domain than the visual was reported, but this analysis 

combined measures of both short-term and long-term memory, which are regarded as 

separable processes. 

Working memory is another memory process that can be differentiated from 

short-term and long-term memory. Whereas short-term memory stores a limited amount 

of unprocessed information for a brief period of time before recall, working memory 

stores and simultaneously processes information before recall (Richardson, 2007). 

Tasks can be classed as short-term memory if they can be performed by recalling 

information in the same state in which it was originally presented e.g., Rey Auditory 

Verbal Learning Task recall trials or simple prose recall. Tasks can be classified as 

working memory tasks if they require concurrent processing of the information as well 

as retention or require the material to be altered in some way. Processing the 

information held in memory might require updating information, which can be assessed 

by the running span task (Pollack, Johnson, & Knaff, 1959) and n-back task (Kirchner, 

1958), or might require manipulating the order of the presented information, which can 

be assessed by the backward span task (Kessels, van den Berg, Ruis, & Brands, 2008; 

Zaninotto et al., 2009). Short-term memory and working memory are highly related, but 

distinct, cognitive concepts, and as such should be examined separately rather than in 

combination (Cantor et al., 1991; Conway et al., 2002; Engle et al., 1999). 

Verbal short-term memory refers to the maintenance and storage of material 

retained in a phonemic form; neuropsychological tests often used to assess this capacity 

include span tasks such as performance on the first trial of the Auditory Verbal Learning 

Test (AVLT) or digit span, although the function has been further dissociated in the 

neuropsychological literature based on whether the amount of information presented is 



41 

in excess of an individual's span (AVLT), or whether it can be grasped at once (Digit 

Span forward). The latter capacity estimates can be viewed as either an attentional 

capacity or very short-term storage capacity of the individual (Lezak, 1995). The term 

verbal working memory refers to the system that is required to actively transform, 

integrate, or manipulate this type of information in some way prior to retrieval. An 

analogous distinction has been drawn between passive (short-term) and active 

(working) memory processes for visuo-spatial material (Repovs & Baddeley, 2006). 

Examples of the neuropsychological tests used to assess these capacities include the 

Visual Patterns Test and the Corsi Block Test (Delia Salla, Gray, Baddeley, Allamano, 

& Wilson, 1999), although it is noted that a further distinction between visual memory 

(memory for objects) and spatial memory (memory for locations) has been drawn 

within the experimental psychology and neuropsychology literature (Smith et al., 1995). 

Reviews of the neurobiological literature also support the distinction between 

short-term and working memory. Temporal and parietal regions are activated during 

both short-term and working memory tasks, however subregions of the prefrontal cortex 

show differential activation during maintenance and manipulation of information; 

inferior frontal regions show greater activation during short-term memory tasks, 

whereas superior frontal regions are activated to a greater extent during working 

memory tasks. (D'Esposito, Postle, Ballard, & Lease, 1999; Owen, 1997; Park et al., 

2002). Thus determining the effect of ecstasy consumption on these separate cognitive 

functions might indicate the cortical sites likely to show ecstasy-related neural damage. 

Furthermore, short-term memory capacity and working memory capacity as assessed in 

laboratory tasks are differentially related to performance on more complex cognitive 

tasks; working memory capacity is strongly related to complex behaviours such as 

problem solving, reading comprehension and reasoning, while short-term memory 

capacity is not implicated in these skills to the same degree (Conway et al., 2002). 



Segregating the two processes thus allows predictions to be made regarding the ecstasy 

user's behaviour. Impaired working memory in ecstasy users is likely to manifest as 

deficits in higher-level skills such as reading comprehension and problem solving. 

The current meta-analysis partitioned studies of ecstasy users' memory function 

according to whether the tasks required storing information only, engaging short-term 

memory, or whether the tasks also required simultaneous processing of the information, 

engaging working memory. The aim was to determine whether the level of impairment 

displayed by ecstasy users relative to controls, indicated by effect size, is greater when 

simultaneous storage and processing of information is required than when only storage 

is required. In other words - do ecstasy users show greater impairment in working 

memory tasks than short-term memory tasks? 

A consistent pattern of results was observed in studies conducted by Wareing 

and colleagues across a number of different tasks purported to engage the same 

processes; namely short-term memory, which they describe as requiring maintenance, 

and working memory, which they describe as requiring maintenance plus additional 

processing of retained stimuli. Ecstasy users showed unimpaired short-term memory 

performance, as measured by simple span tasks, while their working memory 

performance, as measured by complex span tasks, was significantly reduced compared 

to polydrug controls. This pattern was found in both the verbal and visuo-spatial 

domains, and has been replicated (Fisk & Montgomery, 2009a; Montgomery & Fisk, 

2008; Wareing et al., 2004a; Wareing et al., 2000; Wareing et al., 2004b). The present 

meta-analysis will determine the generalizability of these findings, and it is predicted 

that the same pattern will be observed: a large effect of ecstasy use on working memory 

performance, with a small or negligible effect on short-term memory performance. 

Meta-analyses afford the advantage that numerous studies examining the same 

effect can be evaluated, integrated, and the significance and magnitude of the overall 
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effect determined. The effect of variables of interest, such as life-time ecstasy 

consumption, can also be investigated over a large sample of participants with a large 

range of ecstasy use. However there are limitations to the conclusions that can be drawn 

from meta-analyses, one being the possibility that a publication bias favouring 

statistically significant results in the studies available for inclusion. The fail-safe N 

stastistic, which will be explained in more detail later, was developed in response to 

publication bias and has been used in this meta-analysis. Further limitations when using 

meta-analyses include the fact that not all studies publish data required for inclusion in a 

meta-analysis, such as sample size and raw scores. 

The current meta-analysis examined the effect of ecstasy use on measures of 

both short-term memory and working memory in the verbal and visuo-spatial domains. 

Previous meta-analyses have separated studies of ecstasy users' memory function 

according to whether the stored material was verbal or visual in nature (Laws et al., 

2007a; Verbaten, 2003b). Evidence suggests that these two types of material are 

processed by independent systems and should be independently assessed (Repovs et al., 

2006; Wager & Smith, 2003). Individual studies examining the association between 

ecstasy use and memory have often concentrated on one type of material or the other, 

thus comparing the consistency of the effects of ecstasy on the verbal and visuo-spatial 

domains is warranted. 

Methods 

A n electronic search was conducted for all journal articles published as at 

October, 2009 which reported findings from a study or studies which compared current 

ecstasy users' and non-using controls' performance on tasks measuring verbal or visuo-

spatial short-term or working memory. Psyclnfo, Medline, and Google Scholar were 

searched with a combination of keywords: MDMA, methylenedioxymethamphetamine, 

ecstasy combined with memory, working memory, short-term memory, verbal memory, 



visual memory, visuo-spatial memory and cognition. Searches were limited to human 

studies. The reference lists of previously conducted meta-analyses examining memory 

and neurocognitive function in ecstasy users were searched for relevant studies as were 

the reference lists of studies identified from the initial electronic search. 

Studies were included when they employed a task that could be categorised as a 

measure of short-term or working memory in either the verbal or the visuo-spatial 

domain. A number of studies included more than one relevant task, but none of the 

studies included more than one task per category thus the same study was not included 

in any analysis more than once. 

In several studies the ecstasy users were classified as light, moderate, or heavy 

users according to their lifetime ecstasy consumption, although there has been no 

consistent range of consumption defined for each of these categories. In these studies, 

only the results from the heaviest lifetime usage group were included in the current 

meta-analysis. Several studies also separated their ecstasy users into groups according 

to self-reported problems attributable to their ecstasy use, resulting in one group of 

ecstasy users who reported experiencing no problems associated with their drug use and 

another group of ecstasy users who reported problems which they attributed to their 

drug use. Where this occurred, results from the problem-free group were included in the 

meta-analysis. This was done because those who reported that their drug use had caused 

cognitive problems may have had reduced motivation to perform to the best of their 

ability during testing due to preconceived ideas regarding the effect of ecstasy 

consumption on their memory performance. Where studies included groups of both 

former and current ecstasy users, results from the current ecstasy users were included in 

the current meta-analysis as the aim was to examine the effect of ecstasy on current 

users, rather than the lasting effects of prior ecstasy use. These practices follow the 

methodology adopted by Laws and Kokkalis (2007a). 



A number of studies which otherwise met criteria used control participants that 

could be classified as drug naive, that is they had little or no experience with illicit 

substances (Bhattachary et al., 2001; Halpern et al., 2004; McCardle, Luebbers, Carter, 

Croft, & Stough, 2004). Drug naive individuals are not ideal control participants for 

research into the effects of ecstasy, as ecstasy users tend to consume other drugs, such 

as cannabis, in addition to ecstasy. Therefore, group differences between drug naive 

controls and ecstasy users could be due to the effects of the other substances, rather than 

ecstasy. Including studies in the meta-analysis that used control participants who were 

drug naive makes it difficult to attribute the observed impairments to ecstasy use as 

these impairments could reflect other drug use in the ecstasy-using group. To address 

this issue, two sets of analyses were conducted: one analysis including studies using 

drug-naive controls and a second analysis where studies using drug-naive controls were 

excluded. 

Statistical analysis. 

The meta-analysis was conducted using Comprehensive Meta-Analysis, 

available online at www.meta-analysis.com. Effect sizes were calculated using Hedge's 

g which corrects for small sample size biases. 

When combining effect sizes a fixed-effects model or a random-effects model 

can be used. A fixed-effects model assumes that the effect sizes being pooled are all 

studying the same effect and that any variability in the results is due to random error, 

while the random-effects model does not make this assumption and is used when the 

effect sizes being pooled do not measure the same underlying effect. The heterogeneity 

of the effect sizes determines whether the fixed-effects or random-effects model is 

suitable. The g-statistic and corresponding p-value were used to determine the 

heterogeneity of effect sizes across the studies within each domain. Heterogeneity, 

reflected in a g-statistic < .1, indicated that a random-effects model was appropriate 

http://www.meta-analysis.com


(Lau, Ioannidis, & Schmid, 1997). Effect sizes were classified according to Cohen's 

(1969) recommendation: d= 0.20 - 0.49 is classified as a small effect, d = 0.50 - 0.79 

as a medium effect and d > 0.80 is classified as a large effect. 

Studies examining short-term and working memory were pooled across verbal 

and visuo-spatial domains in a regression analysis, due to the relatively small number of 

studies using visuo-spatial material. This allowed examination of the effect of lifetime 

ecstasy consumption on effect sizes reported in short-term memory studies and working 

memory studies. 

The "File Drawer " Problem. 

The "file drawer" problem refers to the publication bias whereby meta-analyses 

fail to capture the true effect due to an unknown number of unpublished studies which 

are not included in the meta-analysis due to a bias toward publishing significant results 

only (Rosenthal, 1979). The fail-safe N was developed in response to this issue. This 

statistic determines the number of unpublished null result studies needed to render a 

significant meta-analytic statistic insignificant. The higher the fail-safe N, the more 

confident one can be that the meta-analysis has captured a true effect rather than a 

publishing bias. Different methods have been developed for computation of the fail-safe 

N and the results based on Rosenthal's method have been reported. 

Results 

Forty-five studies met the criteria outlined previously and were included in the 

meta-analysis. Thirty studies employed tasks tapping short-term memory for verbal 

information, including forward digit span, letter span, the immediate recall sub-test of 

the Rivermead Behavioral Memory Test, the Rey Auditory Verbal Learning Test and 

the California Verbal Learning Test. Twenty-two studies employed tasks tapping 

working memory for verbal information, including backward digit span, computation 

span, sentence span, n-back tasks, and keep-track tasks. Twelve studies employed tasks 
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tapping short-term memory for visuo-spatial information, including forward Corsi span, 

spatial span, and spatial match-to-sample task. Nine studies employed tasks tapping 

working memory for visuo-spatial information, including backward Corsi span, spatial 

working memory span, n-back tasks, and token search tasks. Task descriptions, number 

of participants, and means and standard deviations of task performance for each 

participant group in the studies included in the meta-analysis can be found in Table 2. 
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All studies. 

Meta-analysis of all studies indicated that ecstasy had a medium negative effect 

on memory functioning in each of the four domains. The effect sizes and 95% 

confidence intervals can be seen in the forest plot for each memory domain in Figures 

1-4. 

The effect size, associated standard error and 95% confidence intervals, Q-

statistic and associated p-value, Z-score and associated/?-value and Rosenthal's fail-safe 

•ATfor each memory domain are summarised in Table 3. 

The overall effect sizes across the four memory domains did not differ 

significantly from each other, as shown by the overlap of the 95% confidence intervals. 

Visuo-spatial working memory had the largest effect size, followed by verbal short-term 

memory, verbal working memory, and visuo-spatial short-term memory. Verbal short-

term memory had the largest fail-safe N, while visuo-spatial short-term memory had the 

smallest fail-safe N. The difference between the effect size reported for the verbal short-

term and working memory is greater than that for the visuo-spatial short-term and 

working memory. As noted previously, Digit Span is considered by some to be an 

attentional task rather than a short-term memory task. Exclusion of the effects based on 

administration of Digit Span (Forward) from the verbal short-term memory domain did 

not change the pattern of results, with an overall effect size from the reduced data set of 

g = -0.58, p = <. 001. 
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Figure 1: Forest plot of the results of verbal short-term memory studies showing effect 

size measures (Hedge's g) with associated 95% confidence intervals. The overall effect 

size, as estimated by a random effects model, is shown at the bottom of the plot. 
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Figure 2: Forest plot of the results of verbal working memory studies showing effect 

size measures (Hedge's g) with associated 95% confidence intervals. The overall effect 

size, as estimated by a random effects model, is shown at the bottom of the plot. 
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Figure 3: Forest plot of the results of visuo-spatial short-term memory studies showing 

effect size measures (Hedge's g) with associated 95% confidence intervals. The overall 

effect size, as estimated by a random effects model, is shown at the bottom of the plot. 
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Figure 4: Forest plot of the results of visuo-spatial working memory studies showing 

effect size measures (Hedge's g) with associated 95% confidence intervals. The overall 

effect size, as estimated by a random effects model, is shown at the bottom of the plot. 
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Studies with polydrug controls. 

As previously mentioned, a number of studies included control groups which 

could be described as drug naive, made up of those with little exposure to other drugs. 

These studies were removed and all analyses were conducted on the reduced data set. 

As can be seen from Table 2, removal of studies using drug naive control groups made 

little difference to the magnitude of the effect sizes reported for each of the memory 

domains. This reduces the possibility that any observed effects are due to differences in 

other drug use, such as cannabis, and strengthens the assertion that the observed effects 

are due to ecstasy use. The ecstasy-using group performed more poorly on memory 

measures than the non-using control groups, with significant effects again found for 

verbal short-term memory, verbal working memory, and visuo-spatial working memory. 

The difference in the mean level of performance for ecstasy users and controls for 

visuo-spatial short-term memory failed to reach statistical significance at the .05 alpha-

level, although the effect size was close to that obtained in the first analysis 

Effect size and ecstasy consumption. 

Scatter plots of effect sizes and mean lifetime ecstasy consumption for short-

term memory and working memory are shown in Figure 5. The upper panel of this 

figure shows that as lifetime ecstasy consumption increased, there was a greater 

negative effect on working memory performance. 
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Figure 5: Scatter plots showing effect size (Hedge's g) and lifetime ecstasy 

consumption for working memory and short-term memory studies. The estimated line 

of best fit is plotted on each graph. 

Regression analyses were conducted to determine whether lifetime ecstasy 

consumption predicted the reported effect size for short-term memory and working 

memory. Only studies reporting mean lifetime ecstasy consumption were included in 

the analyses. Lifetime consumption of ecstasy predicted effect size for working memory 

(N=21, p = -.38, t(25) = 2.05, p = .05) and explained a significant proportion of the 

variance in working memory scores (R2 = . 14, F(l,25) = 4.22,;? = .05), but did not 

significantly predict reported effect size for short-term memory (N= 36, p = -.08, t(34) 
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= 0.05, p = 0.62). The regression analyses were also conducted with studies employing 

polydrug controls, and this did not change the reported patterns (working memory: TV = 

26, p = -.34, /(24) = 1.77, p = 0.03, short-term memory: N = 35, p = -.08, t(33) = .49, p 

= 0.63). 

Discussion 

The effect size measures showed that ecstasy users performed more poorly than 

control participants on each of the memory domains reviewed, even when results from 

studies using only polydrug controls were included in the meta-analysis. One of the 

major concerns raised in the literature assessing the effects of ecstasy on cognition is 

that people who use ecstasy have typically also experimented with other drugs of abuse 

such as alcohol, cannabis, and amphetamines (Curran, 2000; Morgan, 2000; Schifano, 

2004). The results from the present study indicate that the memory deficits are likely to 

be due to the effects of ecstasy rather than to the use of other recreational substances, a 

conclusion that is supported by three lines of additional evidence from the research 

literature. Firstly, memory deficits in ecstasy users have been reported in individual 

studies where the use of other illicit substances has been equivalent (Bedi et al., 2008; 

Morgan, 1998). Secondly, Croft et al. (2001b) reported that variance in both short-term 

memory and working memory scores was explained by the total amount of ecstasy 

consumed. Thirdly, memory deficits have been reported in the animal literature, when 

confounds associated with concurrent use of other substances of abuse is more carefully 

controlled (Capela et al., 2009). 

If the effects of ecstasy on memory are cumulative and irreversible it would be 

expected that a greater level of ecstasy use would be related to a greater impairment, 

and indeed this was the case for the working memory domain. Self-reported lifetime 

ecstasy consumption significantly predicted the size of the effect in studies of working 

memory whereby greater ecstasy use was associated with a greater degree of 



impairment in ecstasy users relative to non-using controls. The significant relationship 

between effect sizes reported in working memory studies and lifetime ecstasy 

consumption points to the cumulative and possibly irreversible nature of the 

impairments associated with ecstasy use. Related to this finding, research studies have 

compared current ecstasy users with ex-users who have abstained for a period of time to 

determine whether the effects of ecstasy use are temporary or permanent. The majority 

of these studies failed to detect any difference in performance between current users and 

ex-users, which is again suggestive of long-lasting or permanent impairments 

(Bhattachary et al., 2001; Golding et al., 2007; Reneman et al., 2001b; Roiser et al., 

2007; Thomasius et al., 2006; Wareing et al., 2007; Wareing et al., 2004a; Wareing et 

al., 2005a). Golding et al. (2007) reported that former-ecstasy users who had been 

abstinent for at least six months recalled significantly more words on an immediate 

verbal recall task than current users. Zakzanis and colleagues have also shown 

improvement on short-term memory tasks following two years of abstinence, although 

both groups in that study had lower mean lifetime consumption levels than those 

reported in the majority of the studies which showed no improvement in the abstinent 

groups (Zakzanis & Campbell, 2006). The periods of abstinence of the ex-ecstasy users 

were relatively short compared to those investigated by neurotoxicity studies which 

have suggested neurological changes such as reduced 5-HT persists for up to seven 

years (Hatzidimitriou et al., 1999b), thus differences between current and ex-ecstasy 

users could be more consistently observed if longer abstinence periods are employed. 

No relationship was found between average reported lifetime ecstasy 

consumption and the size of the effects reported in the short-term memory studies. This 

can be interpreted in several ways. The lack of relationship between lifetime ecstasy use 

and effect size in the short-term memory domain might reflect a step-wise relationship 

between ecstasy use and short-term memory impairment, that is exposure to ecstasy 
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could produce an impairment in performance, with further ecstasy use not significantly 

increasing the magnitude of the deficit. This interpretation is consistent with animal 

research which has found even single doses of MDMA to be neurotoxic (Green et al., 

2003b). Alternatively, the lack of significant relationship between effect size and 

lifetime ecstasy use in short-term memory tasks may reflect the action of a different 

mediating factor which might influence the relationship, such as concurrent cannabis 

use, as proposed by Croft et al. (2001b). 

Short-term memory and working memory are differentially affected by ecstasy 

use. Given that working memory involves both retention and processing, it may be that 

the processing component is affected cumulatively by lifetime ecstasy use. 

Alternatively, it may be that the combination of retention and processing is 

cumulatively impaired, while processing alone and retention alone are altered by ecstasy 

use in a different way. Research separating these components would provide 

information regarding the action of ecstasy on the individual memory processes. There 

are fewer working memory studies in the current meta-analysis than short-term memory 

studies and, as can be seen from the scatter plots, there were a number of short-term 

memory studies reporting very high levels of lifetime ecstasy consumption, but there 

were few studies of working memory reporting equivalently high levels of ecstasy use. 

Given the linear relationship between lifetime ecstasy consumption and impairment in 

working memory, it might be expected that inclusion of more working memory studies 

using participants with higher levels of ecstasy use would show an even stronger 

relationship. 

The current meta-analysis excluded studies examining the acute effects of 

ecstasy use, that is studies which tested users while intoxicated or shortly after 

intoxication. However, within the studies included in the meta-analysis, there was a 

variety of abstinence durations specified for substances prior to testing. Some studies 



requested participants refrain from taking illicit substances for a period of several weeks 

prior to testing (McCann, Mertl, Eligulashvili, & Ricaurte, 1999; Reneman et al., 2001a; 

Reneman et al., 2001b; Reneman et al., 200Id; Schilt et al., 2007; von Geusau et al., 

2004), while others requested abstinence for only a number of days before or on the day 

of testing (Bedi et al., 2008; Bhattachary et al., 2001; Croft et al., 2001b; Lamers et al., 

2006). Future research should take in to consideration the pharmacokinetics of each 

confounding substance when determining the most appropriate duration of abstinence, 

although it is acknowledged that compliance may not be verifiable with currently 

available biochemical screening. 

The examination of the difference between ecstasy users and poly-drug users 

enables the effects observed in the meta-analysis to be attributed to the action of ecstasy 

use rather than other illicit drugs. However this must be done cautiously as it is based on 

the assumption that the poly-drug using controls and the ecstasy users were properly 

matched on other drug use and this is not the case for all studies included in the meta

analysis (Fisk et al., 2004; McCann, Peterson, & Ricaurte, 2007; Wareing et al., 2004a; 

Wareing et al., 2005a). The relationship between LTEC and the effect size in the 

working memory analysis enables the effects to be more confidently attributed to the 

action of ecstasy consumption. 

Selection of studies for inclusion in the meta-analysis was limited as important 

information, such as task descriptions, descriptive statistics of task performance, and 

participant characteristics were not reported in a number of studies. Of particular note 

was the absence of information regarding lifetime ecstasy use which led to a reduction 

in the number of studies included in the regression analysis examining the relationship 

between reported ecstasy consumption and effect sizes (Halpern et al., 2004; McCardle 

et al., 2004; Morgan, 1998; Parrott, Lees, Garnham, Jones, & Wesnes, 1998; Rodgers, 

2000). Also of note was the absence of other drug use characteristics reported in studies, 
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and the lack of consistency with which other drug use characteristics were reported. 

Despite the shortcomings of the studies included, the current and previous meta

analyses show that ecstasy use impairs memory function in laboratory tests of memory. 

Tests with better ecological validity, such as the Rivermead Behavioural Memory Test 

(Pereira, 2007) have repeatedly found evidence of reduced performance in ecstasy users 

which is consistent with questionnaire data indicating that ecstasy users report more 

memory failures compared to non-ecstasy using controls (Heffernan, Jarvis, Rodgers, 

Scholey, & Ling, 2001; Montgomery et al., 2008; Zakzanis et al., 2006; Zakzanis et al., 

2007; Zakzanis et al., 2003). 

The tasks administered in the studies included in the verbal short-term memory 

sections of this meta-analysis included both rehearsal based serial recall tasks such as 

digit and letter span, and standard immediate free recall tasks such as the RAVLT. 

These tasks engage serial recall and free recall which have been conceptualized as 

separable processes (Andrade, Baddeley, & Hitch, 2001) however there is evidence that 

these forms or recall are underpinned by similar mechanisms (Klein, Addis, & Kahana, 

2005; Ward, Tan, & Grenfell-Essam, 2010) and as such these tasks have not been 

considered separately in the current meta-analysis. 

To conclude, this meta-analysis quantitatively reviewed published studies to 

determine the relationship between ecstasy use and memory function within four 

categories; verbal short term memory, verbal working memory, visuo-spatial short term 

memory, and visuo-spatial working memory. Across the studies, ecstasy users showed 

significantly reduced memory function in all four memory domains. Lifetime ecstasy 

consumption significantly predicted the effect size associated with working memory 

whereby greater consumption of ecstasy was predictive of greater impairment in 

working memory performance relative to controls. Short-term memory and working 

memory were differentially related to the extent of ecstasy use over the lifetime, which 
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could reflect a difference in the reversibility of cognitive changes in each type of 

memory due to ecstasy use, or the action of alternative mediating variables. 
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Chapter 4 - Event-related Potentials and Memory 

Brain activity occurring during performance of memory tasks has been the 

subject of scientific investigations for many years; the subsequent memory effect (SME) 

was first reported over 30 years ago by Chapman, McCrary and Chapman (1978) and 

the P300 component was identified more than a decade prior to that by Sutton, Braren, 

Zubin and John (1965). These phenomena continue to be the subject of investigation 

and this review encompasses both these and other memory-related event-related 

potential (ERP) components and patterns that have informed our understanding of the 

neural processes underlying memory function. The focus of this review is on the 

electrophysiological indicators of stimulus processing occurring as part of short-term 

and working memory function. This review begins with a brief introduction to ERPs 

and some observations about the benefits of ERPs compared to behavioural research 

alone and other neuroimaging techniques. Following this, the ERP components elicited 

during memory tasks will be reviewed with regard to existing theories relating cognitive 

processes to neural activity. 

Event-related potentials 

The ERP is an average wave form depicting cortical activity elicited by an 

event; this event might be external, such as the presentation of a stimulus, or internal, 

such as the generation of a response. The wave form is derived from the 

electroencephalogram (EEG) which is a continuous recording of the electrical activity 

generated by the brain. The continuous EEG is epoched into segments and the segments 

are averaged such that multiple occurrences of the same event are synchronized 

(Reinvang, 1999). This averaging process reduces random background noise and the 

resulting average waveform is the ERP. The sequence of positive and negative 



deflections which make up the waveform are attributed to the changing state of neurons 

in brain tissue and is a measure of event-locked neural activity measured from the scalp. 

The location, timing and intensity of the wave forms elicited by internal and external 

events can all be examined (Allan, Wilding, & Rugg, 1998). Recent research has 

suggested that ERPs broadly reflect the synchrony of neural activity (Klimesch, 

Freunberger, & Sauseng, 2010). Synchronous neural activity within different ranges are 

responsible for different brain functions. It has been proposed that synchronous neural 

activation in the gamma frequency range underlies visual feature integration and theta 

phase synchronization is related to encoding in memory while alpha phase 

synchronization is related to memory retrieval and inhibition. It is proposed that 

reorganization of phase synchronization might be a binding process which co-ordinates 

neural activity and this binding process is integral to memory function (Klimesch et al., 

2010). 

The high temporal resolution of ERPs has made them a popular tool for 

examining the fast psychological processes associated with initial stimulus registration 

and the later slower processing steps associated with cognitive functions (Dien, 

Spencer, & Donchin, 2004). Specific processes have been related to particular 

components within the ERP waveform and distinct processes within cognitively 

complex functions such as memory have been separately attributed to different parts of 

the wave form. These have been interpreted with regard to the functioning of these 

specific processes (Reinvang, 1999). The sequential processes that occur during the 

completion of memory tasks include, but are not limited to, initial sensory registration, 

stimulus categorization and processing of the stimuli required by working memory 

tasks, and response selection and generation. Examining these processes separately can, 

among other things, provide information regarding the precise nature of an impairment 
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seen in performance, and detect abnormal patterns of brain activity occurring during the 

memory tasks. 

Measures of brain activity could facilitate the detection of changes in neural 

function that may be indicative of forthcoming cognitive impairments. Cognitively 

asymptomatic ecstasy users have shown no impairment in task performance coupled 

with increased cortical activity relative to non-ecstasy using controls (Daumann et al., 

2003a; Daumann, Fischermann, Heekeren, Thron, & Gouzoulis-Mayfrank, 2004; 

Daumann et al., 2003b; Roberts & Garavan, 2010). Individuals with HLV, schizophrenia 

and depression, and cannabis users have also shown evidence of increased cortical 

activity during memory task performance (Callicott et al., 2003; Ernst et al., 2002; Jager 

et al., 2006; Quintana et al., 2003; Walter, Vasic, Hose, Spitzer, & Wolf, 2007). The 

increased brain activity has been attributed to a mechanism which compensates for 

neural dysfunction and reduced cortical efficiency resulting from brain insult in these 

populations. This compensatory brain activity allows these individuals to show 

unimpaired behavioural performance despite their brain injury, although in each case it 

is unclear precisely which specific cognitive process is related to the increased brain 

activity. 

Individuals suffering lesions to cortical areas responsible for particular functions 

can partially or fully regain the function. Functional imaging of the brains of such 

individuals has shown that cortical areas adjacent to the lesioned location show activity 

during performance of the function suggestive of a compensatory mechanism 

(Butefisch, Kleiser, & Seitz, 2006; Desmurget, Bonnetblanc, & Duffau, 2007). At a less 

extreme level than lesions resulting in removal of brain tissue, depression, 

schizophrenia, HIV or ongoing ecstasy consumption might reduce the functionality of 

the brain regions typically associated with performance of particular cognitive tasks 

(Callicott et al, 2003; Quintana et al., 2003). A compensatory mechanism in the form of 



extra brain activity, or activity in alternative brain regions, allows the tasks to be 

performed despite this insult. Unimpaired behavioural performance can, therefore, 

provide a false sense of brain integrity. 

Measures of brain activity provide information regarding the impact of brain-

damaging factors which have not resulted in behavioural impairments. The high 

temporal resolution of ERPs allows the brain activity attributed to individual cognitive 

processes which make up complex cognitive processes to be examined. Hence, the 

individual process or processes which are impaired and therefore eliciting compensatory 

activity can be specifically identified. 

Component names 

The positive and negative deflections that make up the ERP wave are segmented 

through visual examination, statistical procedures, and comparison to prior research into 

components. ERP components are referred to by their latency and the direction in which 

they attain their amplitude. Latency is considered to provide information about the 

timing of specific processes occurring in the brain with the peak latency reflecting the 

time at which they are maximal, whereas amplitude is considered an indicator of the 

intensity of activity within the neural structures of the brain contributing to the ERP 

(Kok, 2001). These components often, but not always, contain a peak at which the 

deflection from baseline is the greatest in amplitude. Components which contain a peak 

are frequently given names reflecting the direction of the waveform during the segment, 

P for positive, N for negative, and either their latency or relative order. For example, the 

N400 is a negative deflection occurring approximately 400 ms post-stimulus and the PI 

refers to the first positive peak in a sequence (Reinvang, 1999). Despite this logical and 

regular method by which component names can be derived, there are components which 

are frequently referred to in the literature by different names. This occurs prominently 

with respect to the P300 component and associated sub-components. These components 
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are the main focus of this review and throughout this review the term 'P300' refers to a 

positive ERP component elicited by presented stimuli. The earlier more frontally 

distributed sub-component is called the 'P3a' and the parietal sub-component is called 

the P3b. To avoid confusion within this review chapter the component names employed 

will be kept consistent with these definitions; however it must be acknowledged that the 

component names employed by the authors of some of the cited studies have been 

altered to be consistent with these definitions and are different to those used in the 

published work. 

ERPs Elicited During Stimulus Presentation 

Initial presentation of to-be-remembered stimuli during memory tasks elicits a 

number of stimulus processing steps and associated ERP wave forms (Dien et al., 

2004). The first process is stimulus registration during which the stimulus is initially 

registered by the primary cortical regions associated with the sensory organs detecting 

the stimulus. This process is marked by exogenous components such as the NI and PI 

which vary with the physical properties of the stimulus presented. The next step is 

stimulus selection where the stimulus features are processed to determine whether the 

stimulus is task relevant and, if the stimulus is task relevant, it is oriented to, these 

processes elicit a P2 component which is mediated by stimulus features. Stimulus 

identification is the third step during which the precise identity of the stimulus is 

determined. The ERP waves associated with stimulus identification vary with the nature 

of the stimuli; the visual N2 is elicited during stimulus identification in simple 

discrimination tasks and the N400 during identification of a semantic stimulus. Finally 

stimulus categorization is the process by which a stimulus is classified as sufficiently 

task relevant and the mental representation of the stimulus is integrated into the retained 

set, hence the retained set is updated to include the new stimulus. Dien, Spencer, and 
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Donchin (2004) proposed that stimulus categorization and updating mental 

representations is indexed by the parietal P3b component. 

ERPs and Memory Function 

It has been proposed that different ERP components are elicited by the different 

cognitive processes occurring during performance of tasks engaging memory. The 

components elicited during memory tasks are sensitive to task manipulations and can 

provide information regarding the underlying neural processes elicited by the cognitive 

requirements of these tasks. The P300 and the two sub-components of the P300, the P3a 

and P3b, are often associated with memory function and are shown in Figure 1. The P3a 

is considered to reflect attentional capture, while P3b is attributed to updating 

representations held in memory (Polich, 2007). P3a is frequently elicited by stimuli 

presented during memory tasks and a brief review of this component is included below. 

Following the brief review of P3a, the remainder of this review will focus on P3b as the 

main ERP component indexing memory function. 

Figure 6: The P3a and P3b components elicited by visuo-spatial stimuli. 
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P3a 

The fronto-centrally distributed P3a sub-component of the P300 is elicited by 

stimuli which capture attention. It is typically reported as being elicited by novel, 

distracting stimuli which capture attention (Friedman, Kazmerski, & Cycowicz, 1998; 

Friedman, Simpson, & Hamberger, 1993; Knight, 1996; Kok, 2001; Polich, 2007; 

Polich & Comerchero, 2003; Polich & Criado, 2006; Simons, Graham, Miles, & Chen, 

2001). However, the P3a component has been elicited by familiar task-switch cues 

(Barcelo, Escera, Corral, & Perianez, 2006), target stimuli (Knight, 1996; Spencer, 

Dien, & Donchin, 2001), and invalidly cued target stimuli (Gomez, Flores, Digiacomo, 

Ledesma, & Gonzalez-Rosa, 2008), though typically it is larger in amplitude to novel 

stimuli than non-novel stimuli (Friedman et al., 1998; Polich et al., 2003; Polich et al., 

2006; Simons et al., 2001). 

The P3a has previously been separated into three components each elicited 

under different circumstances and therefore presumed to index different processes. The 

P3a was originally described as being elicited by attention capturing non-target 

distracter stimuli or stimuli that did not require a response. This was differentiated from 

the novelty P300 elicited by perceptually novel stimuli and the NoGo P300 elicited by 

non-novel repeated distractor stimuli. These three components were proposed to be 

different, though related components. However, further analysis indicated that they 

were reflections of the same underlying process, namely attentional capture (Combs & 

Polich, 2006; Comerchero & Polich, 1998; Simons et al., 2001). Dien and colleagues 

(2004) suggested that the P3a is best conceptualized as the frontal aspect of the cortical 

response to novel and other stimuli. This broad conceptualization was further refined by 

Polich (2007) who suggested that this frontal aspect reflects the operation of an 
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automatic attention network that is sensitive to expectancy, stimulus characteristics and 

task demands. 

P3b 

The P3b subcomponent of the P300 has a centro-parietal scalp distribution and 

occurs later than the P3a. The P3b has been called the "target P300" because it is 

elicited by the presentation of task-relevant target stimuli which are attended to (Polich, 

2007). P3b is attributed to the process of memory updating triggered by the presentation 

of the "target" stimulus and is modulated by a number of factors such as attentional 

allocation, stimulus deviance, task complexity, memory load and perceptual load. The 

latency of P3b is generally considered to reflect stimulus evaluation processes 

independent of response selection and generation. The amplitude of P3b is indicative of 

the amount of cognitive resources allocated to the process of memory updating. When 

the amplitude of the P3b is reduced this indicates that less cognitive resources are being 

allocated to the task of updating representations held in memory. Hence, the amplitude 

of the P3b component can provide a measure of the cognitive resources allocated 

toward updating representations in memory. 

Neural Origins ofP3a and P3b 

Polich (2007) proposed that the P3a and P3b are generated by the frontal and 

parietal areas respectively. The P3a component is significantly reduced in individuals 

with frontal lobe lesions, suggesting that frontal lobe integrity is essential for normal 

P3a generation (Knight, 1984) and source localization has implicated frontal areas and 

the insula in P3a generation (Bledowski et al., 2004). Source localization has attributed 

the P3b component to parietal and inferior temporal regions and lesions in the temporo

parietal junction significantly impair P3b elicitation (Bledowski et al., 2004; Verleger, 

Heide, Butt, & Kompf, 1994; Yamaguchi & Knight, 1992). PC A and analysis of latency 

and amplitude showed that during the timing of the P3b component, activity occurs 
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more intensely in the region of the posterior electrodes, further supporting a parietal 

generator for the P3b (Maganioti et al., 2010). Polich (2007) theorizes that attention-

capturing stimuli initiate frontal lobe activity which, when sufficient attentional focus is 

engaged by the stimulus, generates the P3a. Information is transferred from the frontal 

structures, where the P3a is generated, to temporal and parietal structures where 

updating representations held in memory occurs, which generates the P3b component. 

P3b and Memory Processing 

The P3b component elicited by task-relevant stimuli is attributed to brain 

activity occurring when incoming stimuli trigger a revision or updating of the mental 

representations currently held in memory (Donchin, 1981). Following initial sensory 

processing and stimulus identification an attention-driven comparison process acts on 

the new information, directly comparing it to that held in memory. If the current 

representation does not require revision in light of the new information then the prior 

representation is retained and the P3b is minimal or absent. However, if the mental 

representations do require revision in light of the incoming stimuli then the P3b indexes 

the updating and revising processes that occur. This theory has retained support over the 

years since it was first proposed and while some revisions have occurred, the broad 

theory is still widely accepted (Polich, 2007). 

The attention allocation hypothesis suggests that the amplitude of P3b 

component is modulated by the cognitive resources allocated to the task of updating 

representations held in memory. The magnitude of the P3b component is attenuated 

when resources are allocated to other tasks, such as performing complex processes 

required by a working memory task (Garcia-Larrea & Cezanne-Bert, 1998), making 

difficult visual discriminations (Comerchero et al., 1998) or performing an exhaustive 

memory set search (Pelosi, Hayward, & Blumhardt, 1995). Factors impacting on P3b 



generation are reviewed below and these are integrated in to the resource allocation 

hypothesis. 

P3b and Subsequent memory effect 

The amplitude of the parietal P3b elicited by initial stimulus presentation is 

directly related to the probability that the stimulus will later be recalled and this 

phenomenon can provide information about the locus of impairments in memory 

function. Two influential studies reported that the amplitude of the P3b elicited by 

presented words predicted the likelihood these words would later be recalled (Azizian 8c 

Polich, 2007; Fabiani, Karis, & Donchin, 1986; Karis, Fabiani, & Donchin, 1984). It 

was hypothesized that the P3b elicited at initial stimulus presentation reflects memory 

updating processes; hence the increased P3b elicited by subsequently remembered 

stimuli was indicative of greater levels of encoding and subsequent integration of the 

stimuli in to the retained memory set via this updating process. Stimuli which elicit 

greater encoding and processing have a stronger memory trace which facilitates recall. 

Examining the P3b elicited by stimuli presented for storage can provide information 

regarding the impaired processes underlying memory dysfunction, a reduced P3b at 

study in the presence of a behavioural impairment can indicate that dysfunctional 

stimulus encoding is causing the behavioural impairment. 

The subsequent memory effect (SME) describes the phenomenon whereby the 

ERP wave evoked by the presentation of a stimulus which is subsequently remembered 

is larger than the wave evoked by the presentation of a stimulus which is not later 

remembered (Fabiani, Karis, & Donchin, 1985; Fabiani et al., 1986; Polich et al., 2006). 

This effect has also been called the difference according to later memory performance 

(Dm) effect (Wagner, Koutstaal, & Schachter, 1999). The relationship between P3b 

amplitude, and the more general SME and Dm is still under debate (Wagner et al., 

1999); however the time window during which the P3b is elicited is the most likely time 
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to show this effect and therefore the P3b is the most common component in which the 

effect is investigated (Polich et al., 2006). Future references to the SME in this review 

refer to the effect as found during the P3b time window. 

The SME is sensitive to stimulus characteristics and retention strategies. Single 

words reliably elicit the SME (Fabiani & Donchin, 1995; Fabiani et al, 1985; Friedman, 

Ritter, & Snodgrass, 1996) and the SME has also been found for names (Fabiani et al., 

1986), target words presented within sentences (Besson & Kutas, 1993) and pictorial 

stimuli (Friedman, 1990). There have been studies which have failed to find an SME for 

non-verbalisable visual stimuli in individuals who do demonstrate an SME with verbal 

material (Fox, Michie, & Coltheart, 1990; van Petten & Senkfor, 1996). One study also 

found a negative SME for non-words and a typical positive SME for words (Often, 

Sveen, & Quayle, 2007) suggesting that the phenomenon is affected by the nature of the 

material being presented. The SME also shows a serial position effect whereby the 

effect is largest for early items and smaller for later items (Azizian et al., 2007). The 

SME is more prominent when individuals report using rote memory strategies than 

when more elaborative strategies are used, such as combining presented words into 

stories or integrating separate stimuli into a single complex representation. Karis, 

Fabiani and Donchin (1984) observed that there were individual differences in the size 

of the SME. Examination of information collected during the debriefing interview, 

during which participants reported on strategies they employed to help them recall the 

presented stimuli, revealed that individuals who engaged in elaborative strategies, such 

as forming the letters into a story, showed smaller SME than those who remembered 

through rote rehearsal. This was also found when participants were explicitly directed to 

use either elaborative strategies or simple rote rehearsal to remember the presented 

stimuli (Fabiani, Karis, & Donchin, 1990). 



Task demands modulate the magnitude of the S M E . It is observed during tasks 

when individuals are instructed to remember the presented items for later recall and also 

when individuals are unaware there will be a recall task and are simply required to 

respond to the items in some way such as judging whether a word refers to a living or 

non-living thing. Incidental encoding generates a greater SME which appears to be 

more parietally distributed, while the smaller SME during directed remembering has a 

more frontal distribution (Munte, Heinze, Scholz and Kunkel, 1998, cited in Wagner et 

al. 1999). The large SME observed during the incidental encoding tasks has been 

attributed to reduced variability in the way in which individuals perform the initial task. 

During incidental tasks individuals are less likely to engage in elaborate strategies to 

remember the stimuli and, given that the SME is reduced when elaborative strategies are 

engaged, this means that the SME is larger during tasks when these strategies are 

unlikely to be used. 

The magnitude of the SME is also sensitive to the specific stimulus 

characteristic that is judged and responded to during within the incidental encoding 

tasks. The SME is greater when judgments are made about stimulus characteristics 

which require deep encoding at initial stimulus presentation, for example determining 

whether a word refers to an edible object, than when shallow encoding is required, such 

as determining whether the word contains exactly two vowels (Guo, Zhu, Ding, Fan, & 

Poller, 2004; Paller & Kutas, 1992; Paller, Kutas, & Mayes, 1987). These concur with 

behavioural observations that recall is enhanced when deeper processing takes place 

(Craik & Tulving, 1975) and suggest that greater levels of cognitive resource allocation 

toward stimulus processing leads to improved memory performance and mediates the 

P3b elicited by their presentation. 
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Expected and Deviant Stimuli 

The amplitude of the P3b component is greater to stimuli that violate an 

expected sequence, i.e. deviant stimuli, than to expected stimuli. This sequence may be 

a logical sequence e.g. 1, 2, 3, 8 (Polich, 1985); or a previously presented sequence that 

is violated (Bubic, Bendixen, Schubotz, & Schroger, 2010; Lefebvre, Marchand, Eskes, 

8c Connolly, 2005). This phenomenon has been demonstrated with acoustically 

presented digits (Lang & Kotchoubey, 2002; Lefebvre et al, 2005), visually presented 

digits (Polich, 1985; Szucs & Soltesz, 2010) and letters (Ferdinand, Mecklinger, & 

Kray, 2008; Polich, 1985; Schlagecken, Sturmer, & Eimer, 2000), moving spatial 

stimuli (Carrion & Bly, 2007), and visuo-spatial stimuli (Bubic et al., 2010). Deviant 

stimuli often require greater levels of memory updating either through revisions of 

expected sequences (Carrion et al., 2007) or by signaling that a particular response will 

be called for (Bubic et al., 2010; Lefebvre et al., 2005), hence P3b is larger for deviant 

than expected stimuli. The P3b is also elicited by non-deviant stimuli, though of 

reduced amplitude, because expected stimuli also elicit updating representations in 

working memory as they inform about the stage of the sequence or the expectation 

about the next stimulus. 

The P3b component elicited by expected and deviant stimuli is also modulated 

by knowledge and memory load. The increase in P3b amplitude elicited by deviant 

stimuli relative to expected stimuli is only found when expectancy is developed through 

knowledge of the logical sequence or memory of the initially presented sequence. 

Carrion and Bly (2007) found a larger P3b component to deviant stimuli than expected 

stimuli only in individuals who were explicitly aware of the logical sequence; those 

individuals who were unaware failed to show a significant difference. In Lefebvre, 

Marchand, Eskes and Connolly's (2005) digit-backward recognition task the P3b 

component elicited by deviant stimuli was greater than that elicited by expected stimuli 



only when participants were presented with sequences of stimuli below their memory 

span. When the sequences exceeded participant's memory capacity the P3b elicited by 

the unexpected stimuli was no longer greater than that to the expected stimuli. This 

suggests that the difference between the P3b component to expected and deviant stimuli 

manifests only when the individual is capable of detecting deviance, such as when they 

are aware of the sequence or it is within their memory capacity. When deviance cannot 

be detected, such as during sequences exceeding span, there is no difference between 

the P3b amplitude to expected and deviant stimuli. 

The P3b amplitude difference between expected and unexpected stimuli can 

provide information regarding short-term and working memory capacity. In Lefebvre et 

al.'s (Lefebvre et al., 2005) study digit backward span, i.e. the number of digits 

successfully recalled in the reverse order, was estimated by examining the span length at 

which individuals no longer showed a difference between P3b to expected and 

unexpected stimuli. The sequence length at which the difference was negligible was 

taken as an indication that the stimulus sequence had exceeded the individual's digit 

backward span and they could no longer detect the unexpected stimulus. The span 

produced with this technique showed a moderate to high correlation with that derived 

from the traditional span measure. Hence, the P3b amplitude difference can be used to 

gain information about memory capacity (Lefebvre et al., 2005; Marchand, Lefebvre, & 

Connolly, 2006). 

The P3b elicited by correctly identified target stimuli is larger than the P3b 

component elicited by correctly identified non-targets, and the magnitude of this 

difference shows a significant relationship with working memory capacity (Elward 8c 

Wilding, 2010). This is proposed to reflect the availability of cognitive resources to the 

task of correctly identifying target stimuli; individuals with reduced working memory 
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capacity have reduced capacity to maintain information required for successful task 

completion and this is reflected in the magnitude of the P3b component. 

Cognitive Resource Allocation and P3b 

When cognitive resources are allocated away from updating representations held 

in memory towards other demanding tasks, such as retaining a high memory load, 

performing a secondary task or detecting visually degraded stimuli, P3b is reduced in 

amplitude. P3b amplitude is sensitive to task manipulations which alter task complexity, 

memory load and which introduce a secondary task which must be performed 

concurrently with a primary task. These will be reviewed below beginning with task 

difficulty, followed by a review of dual tasks which require performance of a secondary 

demanding task and dual tasks which allocate attention between tasks, finally a number 

of tasks which manipulate memory load will be reviewed. 

Participant-rated difficulty of a series of verbal working memory tasks was 

inversely correlated with P3b amplitude elicited by a target stimuli presented during 

these tasks which signaled that a response was required for the verbal working memory 

task (Garcia-Larrea et al., 1998). Smulders, Keneman, Schmidt and Kok (1999) 

increased task difficulty by visually degrading target stimuli and introducing 

incompatible stimulus-response mapping. They also found that the amplitude of the P3b 

component elicited by the target stimuli was inversely related to difficulty. The general 

pattern that task difficulty is inversely related to target P3b amplitude has been 

attributed to limitations on attentional capacity. Attention-demanding difficult tasks 

such as reversing the order of a sequence, making an incompatible response or making 

difficult visual discrimination decisions reduces the attention allocated to the task of 

integrating the presented material in to the memory set, or updating the memory set, 

hence P3b is reduced (Kok, 2001). 



Dual task studies require a primary task and a secondary task be performed 

simultaneously. Changing the requirements of each task can impact on performance and 

ERP components elicited by the other task. Wickens, Kramer, Vanasse and Donchin 

(1983) found that the amplitude of the P3b component elicited by stimuli presented as 

part of a secondary auditory task was reduced when difficulty of the primary visual 

tracking task increased. Sirevaag, Kramer, Coles and Donchin (1989) and Singhal and 

Fowler (2005) also found similar results; the P3b component elicited by the secondary 

task was attenuated in amplitude when the primary task increased in difficulty. 

Matthews, Martin, Garry, and Summers (2009) found that P3b was reduced during a 

difficult visual discrimination task relative to an easy task, and was further reduced 

when a demanding secondary bimanual co-ordination task was introduced. Kok (2001) 

reviewed these tasks and suggested that they reflect resource reciprocity; when the 

primary task consumes more resources, the resources available to the secondary task are 

reduced and hence the P3 elicited by that task is reduced, hence resource allocation 

determines P3 characteristics. 

The amplitude of the P3b elicited by a target stimulus presented as part of a 

primary task is reduced when attention is captured by a secondary task and also when 

attention is deliberately directed away from the primary task. Attention allocation is 

regulated in dual-tasks by the attentional demands of the secondary task. However P3b 

is also sensitive to controlled attention allocation which is regulated by the participant. 

In a study by Hoffman and colleagues (1985) individuals were to vary the attention they 

gave to two simultaneous tasks, visual search and dot probe, along a gradient from 0%-

100%, 10%-90% or 50%-50%. The amplitude of the P3b elicited by stimuli presented in 

each task was proportional to the relative amount of attention directed toward that task 

suggesting that the allocation of attention affected the degree of memory updating 

occurring (Hoffman, Houck, MacMillan, & Simons, 1985). Mangan and Hillyard 



87 

(1990) found a similar pattern when individuals were directed to focus their attention to 

the right or left hand side of a screen and Matthews, Garry, Martin and Summers (2006) 

also found a changed P3b component when individuals were instructed to prioritize a 

visual or manual task. 

The P3b is sensitive to memory load which reflects the trade-off in attentional 

resources between retaining and rehearsing the memory set, and processing the stimulus 

displayed. When resources are allocated to retaining the larger memory set the 

remaining resources allocated toward processing the probe stimulus are depleted 

resulting in a reduced P3b elicited by the probe stimulus (Kok, 2001). Visual search 

tasks, the Sternberg task and the n-back task show evidence of memory load 

modulations in P3b. Visual search tasks require that single or multiple target stimuli be 

detected amongst an array of target and distracter stimuli. Memory load can be varied 

by changing the size of the target memory set that must be retained for comparison with 

presented array of distracter stimuli. The amplitude of P3b elicited by stimuli presented 

for comparison to the memory set decreases as size of the retained memory set 

increases, (Bledowski et al., 2004; Lorist, Snel, Kok, & Mulder, 1996; Pelosi et al., 

1995; Shucard, Tekok-Kilic, Shiels, 8c Shucard, 2009; Wijers, Often, Feenstra, Mulder, 

& Mulder, 1989). 

Perceptual load variables also affect P3b; when the number of concurrently 

displayed characters in the array of a visual search task is increased while the memory 

set is held constant, the P3b to target stimuli is reduced reflecting the division of 

attention (Smulders et al., 1999). The perceptual quality of stimuli also effects P3b; 

degraded stimuli typically elicit a smaller, later P3b which may suggest that resources 

are being allocated to the task of detecting the degraded stimuli (Hagen, Gatherwright, 

Lopez, & Polich, 2006; Verleger, 1997). 



The Sternberg task has been frequently employed to examine memory function 

in conjunction with ERP recording. This task presents a set of stimuli for memorization 

following which a single probe stimulus is presented and individuals are required to 

respond as to whether the probe stimulus was present in the set (Pelosi et al., 1995; 

Pelosi, Hayward, & Blumhardt, 1998). The probe stimuli elicit a P3b component which 

typically decreases in amplitude and increases in latency as set size increases, similar to 

the pattern seen in visual search tasks (Gomer, Spicuzza, & O'Donnell, 1976; Houlihan, 

Stelmack, & Campbell, 1999; Pelosi et al., 1998; Singhal et al., 2005). Probe stimuli 

which were not present in the memory set elicit a later P3b than probe stimuli which are 

present in the memory. The increase in latency is attributed to a memory scanning 

process which searches serially through the originally presented memory set until a 

match is detected. Probe stimuli not present in the original memory set require an 

exhaustive search before a response can be made, and as such P3b elicited by a probe 

stimulus which had previously been presented in the memory set is earlier than that 

elicited by probe stimuli not present in the memory set (Ford, Pfefferbaum, 

Tinklenberg, & Kopell, 1982; Gomer et al., 1976). This pattern is also seen in the 

reaction time when the probe is classified; reaction times to positive probes are shorter 

than those to negative probes (Ford et al., 1982). 

Increases in memory load reliably lead to decreases in the amplitude of P3b 

elicited by the stimuli presented in an updating task which is attributed to the attention-

demanding task of constantly holding in memory and updating the larger memory set. 

The n-back task requires that the retained set of stimuli is constantly updated and 

memory load is varied by increasing the size of the retained set. Increases in the size of 

the retained set decrease the amplitude of P3b elicited by the sequence of stimuli as 

cognitive resources are diverted from updating representations held in memory toward 

the task of retaining and updating more stimuli (Gevins et al., 1996; McEvoy, Smith, & 
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Gevins, 1998; Segalowitz, Wintink, & Cudmore, 2001; Watter, Geffen, & Geffen, 

2001). 

Proactive interference occurs when information relevant to a prior task is 

retained in memory and affects current processing. The P3b component is reduced 

during conditions of proactive interference and serves as an index of this process. This 

finding fits with the proposal that the P3b component is affected by cognitive resource 

allocation, when information relevant to prior situations is retained and engages 

cognitive resources, the resources that can be allocated toward completing the current 

task are reduced, leading to impaired performance (Zhang, Wu, Kong, Weng, & Du, 

2010) 

The P3b component is attributed to the process of updating representations held 

in working memory. The amplitude of this component is sensitive to changes in 

cognitive demands of tasks and these effects can be explained within the cognitive 

resource allocation hypothesis whereby task manipulations which draw cognitive 

resources away from the task of updating representations in working memory result in a 

reduction in P3b amplitude. 

Stimulus Qualities andP3b 

P3b has been considered to be a largely endogenous component and therefore 

relatively unaffected by changes in stimulus qualities such as the modality of 

presentation, e.g. visual or auditory, or the type of stimulus, e.g. verbal, visual, spatial or 

somatosensory. It has been assumed that because P3b reflects the process of updating 

representations held in memory it will not be altered by the presentation of different 

stimuli presented in different modalities. However, as reviewed below, this is not 

necessarily the case and the P3b elicited by a particular type of stimulus presented in a 

particular modality, and the impact of task manipulations on the P3b elicited by the 

stimulus, cannot be generalized to different task conditions. 



Modality of stimulus presentation. 

There is some debate as to whether the P3b component is modality specific, that 

is, is it affected by changes in the modality of stimulus delivery? The P3b can be 

elicited by stimuli presented in either the auditory, visual or somatosensory modality 

and the P3b component elicited by each of these stimulus types is very similar in 

latency, amplitude and topography which has led some researchers to refer to it as an 

amodal component. Snyder (1980) examined P3b elicited by auditory, visual and 

somatosensory stimuli which were presented at threshold and found the P3b to be 

significantly impacted by the modality of delivery; P3b elicited by visual stimuli was 

significantly larger than that elicited by auditory stimuli and P3b was earliest to 

somatic, later to auditory stimuli and latest to visual stimuli. The P3b component is 

differentially affected by task manipulations depending on the modality in which stimuli 

are delivered; Covington and Polich (1996) found that the amplitude of the P3b 

component elicited by visual and auditory stimuli was differentially affected by the 

intensity of these stimuli, and Comerchero and Polich (1998) found that the P3b to be 

differentially affected by changes in stimulus distinctiveness dependent on the modality 

of presentation. Task manipulations differentially affect the ERP components generated 

depending on the modality in which information is presented. 

Stimulus type. 

The effect of stimulus type on the P3b component is similar to the effect of 

modality: P3b to verbal and visuo-spatial stimuli is very similar; however task and 

stimulus variables interact with different stimulus types in different ways. McEvoy, 

Smith and Gevins (1998) noted that the P3b elicited during an n-back task was 

unaffected by whether the stimuli were verbal or visual in nature; Shucard, Tekok-Kilic, 

Shiels and Shucard (2009) also reported no effect of material type on P3b at midline or 

hemisphere locations. Closer examination found that P3b amplitude was smaller during 



verbal encoding than visuo-spatial encoding, visuo-spatial maintenance, and verbal 

maintenance (Shucard et al., 2009). Gevins, Cutillo and Smith (1995) also found that 

the P3b elicited by verbal stimuli was smaller than that elicited by non-verbal stimuli 

and the difference between these two components was greater in the left hemisphere. 

Small differences between the P3b elicited by verbal and non-verbal stimuli are 

observed, but the major differences observed in ERPs elicited by different stimulus 

types are not seen in the P3b but in the later components. Negative slow waves are seen 

after P3b over posterior parietal brain regions during spatial working memory, and 

negative slow waves over left frontal regions and positive slow waves over parietal 

regions are seen during verbal working memory (Bosch, Mecklinger, & Frederici, 

2001). 

Negative Slow waves: An Alternative to Cognitive Resources Allocation Hypothesis of 

the P3b 

Short-term memory and working memory are distinguished from each other by 

the concurrent information processing which defines working memory. The P3b is 

reduced during conditions of high complexity such as during updating tasks such as the 

n-back task (McEvoy et al., 1998), and manipulation tasks such as backward counting 

(Garcia-Larrea et al., 1998). These effects have been attributed to reduced cognitive 

resources allocated toward the task of updating mental representations resulting in a 

reduced P3b, due to the cost of other activity associated with the complex tasks. 

Ruchkin, Johnson, Mahaffey and Sutton (1988) proposed an alternative explanation for 

the reduction in P3b amplitude observed during complex working memory task 

conditions. Negative slow waves provide an indicator of the complex cognitive 

processes associated with working memory such as updating and manipulation. The 

negative slow wave generated by these processes reduces the amplitude of the P3b 

when it overlaps temporally and topographically with the P3b component. The reduced 
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P3b in this view is the result of the interaction between these two opposing polarity 

waves rather than the manifestation of a reduction in the cognitive resources allocated 

toward the process of updating representations in working memory. Negative slow 

waves are elicited during mental rotation and increase in amplitude as the difficulty of 

rotation increases (Nunez-Pena & Aznar-Casanova, 2009; Peronnet & Farah, 1989; 

Schendan & Lucia, 2009; Stuss, Sarazin, Leech, & Picton, 1983). Negative slow waves 

also vary with semantic complexity (Gunter, Jackson, & Mulder, 1995) and mental 

arithmetic requirements (Ruchkin et al., 1988). It is proposed that P3b reflects memory 

storage and perceptual operations while slow negative waves indicate conceptual 

processing like that required in working memory tasks (Ruchkin et al., 1988). Principal 

components analysis has been employed to separate the P3b and slow negative waves 

and has shown that the effects of memory load on P3b cannot be fully accounted for by 

the action of an overlapping negative slow wave (Kramer, Schneider, Fisk, & Donchin, 

1986; Mecklinger, Kramer, & Strayer, 1992). 

Conclusions 

This review has covered a number of pertinent issues in the extensive literature 

examining memory related ERP components. The P3b component is sensitive to 

manipulations of memory load, task difficulty, attention and perceptual difficulty which 

are proposed to reflect the allocation of limited attentional resources. P3b is also 

differentially affected by task manipulations depending on the stimulus type and 

modality of presentation. The amplitude of the P3b provides information about the 

effect of task manipulations on updating representations in memory which can inform 

the understanding of impairments in memory function as altered P3b activity is 

indicative of changes in these processes. 



Chapter 5 - Task Development 

This chapter reports a sequence of studies which developed short-term and 

working memory tasks compatible with ERP recording designed to engage the same 

memory functions engaged during equivalent serial recall tasks Short-term memory and 

working memory are two highly related, but separate, cognitive constructs (Engle et al., 

1999). Arguably the most influential model of working memory is that initially 

presented by Baddeley and Hitch in 1974. In its original form Baddeley and Hitch's 

model had three components: two storage systems called the phonological loop and the 

visuo-spatial sketch pad, and a higher-order control centre called the central executive. 

The phonological loop was proposed as a storage system for verbal material while the 

visuo-spatial sketchpad was proposed to fulfill the equivalent role for visual and spatial 

material. The central executive controls the processing of information retained in these 

two storage systems and mediates input, output and exchange of information between 

the storage systems (Cantor et al., 1991; Engle et al., 1999). 

A popular method for assessing short-term and working memory capacity is the 

serial recall or span task. The serial recall task is among the most time-honored 

paradigms in memory research. The task is easy to use, results are robust and it 

measures a fundamental aspect of memory, namely the memory for serial order 

(Thomas, Milner, & Haberlandt, 2003). Serial recall span tasks require retention of a 

sequence of stimuli under certain conditions and traditionally assess the number of 

stimuli that can be recalled correctly. This number is an individual's span. Span task 

requirements can be manipulated and the effect of these manipulations on the average 

span provides information regarding the cognitive processes involved in the associated 

task (Conway et al., 2005). 



Short-term and working memory span tasks in the Wechsler M e m o r y Scale III 

(WMS-III) are the digit forward and backward tasks and the spatial forward and 

backward tasks. Verbal short-term and working memory are engaged by the forward 

and backward digit span tasks respectively. During these tasks digit sequences of 

increasing length are recited aloud and individuals are then required to recite the 

sequence in either the same order (forward digit span) or reverse order (backward digit 

span). Visuo-spatial short-term and working memory are engaged by the forward and 

backward spatial span tasks respectively. During these tasks an array of raised plastic 

blocks is used and individuals are required to repeat sequences of tapped block in either 

the same order (forward spatial span) or reverse order (backward spatial span). The 

forward digit and spatial spans are proposed to tap short-term memory as they do not 

require the stimuli or sequence presented to be processed in any way prior to repetition. 

However, the backward digit and spatial span tasks do require further processing, 

namely order reversal, before a correct response can be made thus engaging the 

processing component of working memory which differentiates these backward tasks 

from those tapping short-term memory (Wilde & Strauss, 2002). 

The pattern of results obtained on the WMS-III tasks has been proposed to 

reflect the different way in which the material is represented in memory. The digit 

backward span is typically significantly lower than the digit forward span reflecting the 

large effect that reversal has on recall of verbal information. The spatial spans are 

generally similar in size showing that reversal does not have a large effect on recall of 

spatial information. It is proposed that verbal information, such as digits, is stored as a 

speech-based sequential representation in the forward direction. In the digit forward task 

the digits are simply stored, sequentially rehearsed and retrieved, making span 

dependent on storage capability. However, in the digit backward task the digits are 

stored in their original order of presentation and then repeatedly covertly sequentially 
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forward scanned to the next required item, successively retrieving the items (Thomas et 

al., 2003). Reduced performance on the digits backward task is attributed to the time-

consuming nature of this scanning process which allows the information stored in 

memory to decay before being retrieved. In contrast, it is proposed that spatial 

information, such as a sequence of block locations, is represented in memory as an 

overall pathway which links each of the locations rather than a sequential representation 

of each stimulus in its original order of presentation. The pathway representing the 

sequence of locations is easily manipulated to be retrieved in either the forward or 

backward direction, hence the backward span is not significantly lower than the forward 

span (Mammarella & Cornoldi, 2005; Parmentier, Elford, & Maybery, 2005). 

The current research aimed to measure short-term and working memory capacity 

in the verbal and visuo-spatial domains using tasks which allow the concurrent 

recording and extraction of ERPs. The traditional short-term and working memory span 

tasks from the WMS-III require speech or tapping sequences, both of which would 

introduce noise to electrophysiological recordings. For this reason the traditional 

working memory span tasks are unsuitable for use with ERPs. To overcome this 

obstacle the traditional span tasks must be modified so they can be performed with least 

possible movement. Memory tasks such as the n-back task and the delayed-match-to-

sample task require very little movement to execute a response. However performance 

on the n-back task often shows a ceiling effect and because the delayed-match-to-

sample task relies on recognition of a single stimulus rather than requiring concurrent 

processing it does not engage working memory hence neither task is suitable to assess 

short-term and working memory capabilites (Callicott et al., 1999; Owen, McMillan, 

Laird, & Bullmore, 2005). 

Lefebvre, Marchand, Eskes, and Connolly (2005) developed an ERP-compatible 

verbal working memory task designed to assess individuals with limited communication 



abilities such as stroke victims. Their backward digit span task presented an auditory 

sequence of between two and eight digits. This initial presentation was followed by 

either the reverse of the initial digit set, which required a response of 'same', or the 

exact reverse with one of the digits replaced with a previously unheard digit, which 

required a response of 'different'. Responses were made with a button press. The 

standard verbal working memory digit forward and backward span test from the 

Wechsler Memory Scale 3rd Edition (WMS-III) was also administered. In 80% of 

participants the backward digit span score derived from the WMS-III task matched that 

from the ERP-compatible task digit backward task. Lefebvre et al. (2005) suggested that 

their ERP-compatible digit backward task could be used to assess verbal working 

memory function in patients with communicative disabilities and in conjunction with 

EEG recording. 

Assessing both short-term memory and working memory is important as 

detecting impairment in an individual's working memory capacity fails to indicate 

whether the deficit is in the process of retaining information, and hence would also 

manifest in short-term memory tasks, or in the executive processing component of the 

working memory task, and thus would be confined to working memory tasks. The 

current study assessed both short-term and working memory in combination with EEG 

recording. To accomplish this, a forward version of Lefebvre et al's (2005) verbal 

working memory task was developed to engage verbal short-term memory. Baddeley 

and Hitch's model proposes that verbal and visuo-spatial material are stored in separate 

slave systems and there is evidence to suggest that these types of stimuli are processed 

in different areas of the brain (D'Esposito, Aguirre, Zarahn, Ballard, & Shin, 1998), 

hence visuo-spatial tasks were also developed. Examining both forms of material should 

therefore provide information regarding performance of each of the sub-systems 

identified by Baddeley and Hitch's model. 
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The verbal working memory task developed by Lefebvre et al. (2005) was 

replicated and extended through the development of forward and backward, verbal and 

visuo-spatial span tasks which could be successfully paired with EEG recording using 

the "same/different" recognition paradigm. As the visuo-spatial task required visual 

presentation the verbal task was also altered to match this visual presentation, thus 

visually rather than auditorily presented digits were used. Baddeley and Hitch's (1974) 

model suggests that visually presented verbal material is encoded and stored in the same 

slave system, the phonological loop, as auditorily presented verbal material (Baddeley, 

2000), thus it was not expected that visual presentation of the digits would significantly 

alter the behavioural results. Modality of presentation can impact the ERP components 

elicited, including the P3b component, and so presenting the verbal stimuli visually 

should enable comparison across the modalities. 

The "same/different" recognition tasks require only a single button-push 

response. This response requires less physical movement to complete than the responses 

required by the traditional WMS-III span tasks which require verbal repetition of digits 

or tapping a sequence of blocks. The spans produced by the digit forward and backward, 

and spatial forward and backward span tasks show a characteristic pattern; the digit 

backward span is generally lower than the digit forward span, whereas the spatial 

forward and spatial backward span show a small difference (Kessels et al., 2008; Wilde 

et al., 2002). Based on Lefebvre et al.'s (2005) results it was expected that spans on the 

forward and backward, digit and spatial spans assessed by the WMS-III, would be 

similar to those obtained from the corresponding recognition tasks. 



Study 1 

Methods 

Participants. 

Six university students (four female) participated in the study. Their mean age 

was 23.8 years (SD = 2.7) and each held a three-year undergraduate university degree. 

All were fluent English speakers with no history of neurological disturbances and had 

normal or corrected-to-normal vision. Informed consent was obtained prior to 

participation. 

Procedure. 

Participants were seated in a testing booth 90 cm from the computer screen and 

provided with a two-response button-box labeled "SAME" (right hand button) and 

"DIFFERENT" (left hand button). The four recognition tasks; digit forward, digit 

backward, block forward, block backward, were administered in pseudo-random order, 

followed by the WMS-III digit span and spatial span sub-tests. 

During the digit forward (DF) task a sequence of between three and nine digits 

was presented in a small square on the computer screen. Each digit was presented for 

300 ms with a 700 ms inter-stimulus-interval. The initial digit sequence was followed 

by a 100 ms tone. On half of the trials this was followed by an exact repetition of the 

initial sequence, requiring a response of 'same' and on the remaining half of the trials 

one of the previously presented digits was replaced with an unseen digit, requiring a 

response of 'different'. The new stimulus presented during the test phase is referred to 

as the first changed stimulus. The words 'RESPOND NOW' then appeared directly 

below the stimulus presentation display indicating that a response was required. The 

timing of the task is demonstrated in Figure 6. Participants were told to respond on 

every trial and to provide their best guess if unsure. The next trial began immediately 

after the response. If no response was made the next trial began after a period of 2000 



ms. Five trials were presented at each sequence length which resulted in a total of 35 

trials. The order of sequence lengths was randomized and there was no repetition of 

digits within a sequence. 

The digit backward (DB) task was identical to the digit forward task, except the 

second digit presentation was either the exact reverse of the initial presentation 

requiring a response of 'same', or the exact reverse with one digit replaced with a 

previously unseen digit requiring a response of 'different'. This is demonstrated in 

Figure 6. 

During the block forward (BF) task an array of nine squares outlined in black on 

a grey screen that was designed to match the array of block presented in the WMS-III 

spatial span sub-test was initially presented. A trial began with between three and nine 

of these squares being sequentially highlighted by turning white for 300 ms with a 700 

ms inter-stimulus-interval. The initial presentation was followed by a 100 ms tone. On 

half of trials this was followed by an exact repetition of the initial sequence and on the 

remaining half of trials one of the initially highlighted squares was not highlighted and 

in its place a previously unhighlighted square was highlighted. The new stimulus 

presented during the test phase is referred to as the first changed stimulus. The words 

'RESPOND NOW' then appeared directly below the stimulus presentation display 

indicating that a response was required. This is demonstrated in Figure 7. 

The block backward (BB) task was identical to the block forward task except 

that the second presentation of highlighted squares was either the exact reverse of the 

initial presentation or the exact reverse with one highlighted square replaced with a 

previously unhighlighted square. This is demonstrated in Figure 7. 
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Figure 7: Schematic of digit forward (top panel) and digit backward (bottom panel) 

recognition tasks in Study 1. Each digit was displayed for 300 ms with a 700 ms inter-

stimulus interval. The bell represents the 100-ms tone signaling the end of the study 

phase and beginning of the test phase. The left sequences represent trials requiring a 

'same' response and the right sequences represent trials requiring a 'different' response. 
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Figure 8: Schematic of block forward (top panel) and block backward (bottom panel) 

recognition tasks in Study 1. Parameters are the same as those for the digit tasks. 

For each of the four conditions, sequences greater than length four during which 

a digit or square was replaced were constrained in that neither the first or last stimulus 

was replaced. This was done to reduce the primacy and recency effects which would 

have aided in accurate responding to long sequences. 
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Wechsler Memory Scale III Tasks - the forward and backward, digit and spatial 

(block) span sub-tests from the Wechsler Memory Scale 3rd Edition (WMS-III) were 

administered. 

Data analysis. 

Span length for each WMS-III sub-test and computer task was scored following 

a technique proposed by Hulme, Maughn, and Browne (1991) whereby the proportion 

of correct sequences at each sequence length is summed and added to the initial length 

of two (WMS-III) or three (recognition tasks) to produce a single span estimate. This 

measure is argued to be more sensitive than calculating span length as the longest 

sequence in which no errors were made as fatigue or distraction might lead to an 

incorrect answer at lower spans with higher spans being error-free. Data were also 

scored using Lefebvre et al.'s (2005) method. There were no significant differences 

between the span scores generated by each method. Raw spans were converted to T-

scores (with mean = 50 and SD = 10) to facilitate comparison of the effect of reversal 

uncontaminated by overall differences in the levels of performance between tasks. Raw 

scores and //-scores are shown for each study in this chapter, however analysis has been 

conducted on the raw scores as between task differences were the object of interest. The 

raw scores enable comparison between the tasks administered, while the //-scores 

demonstrate the within-task effects of reversal. The study reported in Chapter 6 reports 

analysis of /-scores as the within task differences were the object of interest. Chapters 

7, 8 and 9 report analysis of span scores as the object of interest was between group 

differences. Within-subjects 95% confidence intervals were calculated using Loftus and 

Masson's (1994) technique. A 2x2x2 analysis of variance (ANOVA) was performed on 

the mean raw span lengths with Task (recognition, WMS-III), Stimulus Type (digits, 

block) and Direction (forward, backward) as the factors. The effect of reversal on 

performance was examined with paired-sample Mests. This enabled the direction and 
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magnitude of the effect of reversal on each stimulus type and in each task type to be 

determined. 

Results 

Span lengths and //-scores with 95% confidence intervals for each task are 

shown in Figure 8. The mean span scores from the recognition tasks were higher than 

those from the WMS-III tasks as indicated by a significant main effect of Task (F(l,5) = 

39.35, p = .002). The pattern of results obtained from the recognition tasks differed 

from that obtained from the WMS-III tasks; there was little variation among the mean 

spans from the recognition tasks, whereas the mean digit forward span on the WMS-III 

was higher than the mean digit backward span, with no difference between block 

forward and backward. This was indicated by a significant three-way interaction 

between Task, Stimulus Type and Direction (F(l,5) = 18.96,/? = .007). The mean span 

for the digit forward task in the WMS-III was significantly higher than that for the digit 

backward task (r(5) = 5.8,/? = .002, Cohen's d= 1.23) while no significant difference 

between these conditions was observed in the recognition tasks (r(5) = -2,p = .84, 

Cohen's d= -0.03). The small difference between the mean spans from the block 

forward and block backward task on the WMS-III was not statistically significant (t(5) 

= 1.2,/? = .30, Cohen's d = 0.23) there was no difference between the block forward and 

block backward spans from the recognition tasks (r(5) = Q,p= 1.00, Cohen's d= 0.00). 
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Figure 9: Means and 9 5 % within-subjects confidence intervals obtained on the digit 

forward (DF), digit backward (DB), block forward (BF) and block backward (BB) from 

WMS-III and recognition tasks in Study 1. Span scores are shown in top panel and T-

scores in bottom panel. 

Discussion 

Short-term and working memory recognition tasks using verbal and visuo-

spatial material were developed by replicating and extending methodology from 

Lefebvre et al. (2005). The tasks were designed to engage the same cognitive processes 
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as those engaged by WMS-III span sub-tests and it was expected that the pattern of 

results obtained on the recognition tasks would parallel that obtained on the WMS-III 

span tasks, however this expectation was not met. The WMS-III sub-tests used in this 

study often show a pattern of results whereby the digit backward task produces a span 

significantly lower than the digit forward task whereas the block tasks differ very little 

in the spans they produce (Wilde et al., 2002). The WMS-III span task results from this 

study showed this pattern, however the recognition tasks did not produce such a pattern, 

rather each task produced very similar span results with little variation between each 

task. 

The WMS-III produced lower span scores than the recognition tasks. This 

difference is unlikely to reflect different modalities of presentation, as the recognition 

digit tasks were visually rather than auditorily presented as had been done previously, 

and more likely to reflect differences in task demands. According to Baddeley and 

Hitch's (1974) model, the modality of presentation should not affect performance as 

visually presented verbal material is recoded and stored in the same slave system as 

auditorily presented verbal material. However, Kemtes and Allen (Kemtes & Allen, 

2008) found that both the digit forward and digit backward span are affected by 

alterations in modality of presentation, with auditory presentation leading to superior 

performance than visual presentation on both tasks suggesting a cost to performance 

when recoding visually presented verbal material. Digit forward and backward spans are 

equally affected by changes in modality, so the spans obtained on the auditorily 

presented tasks may differ from those on the visually presented tasks but the pattern 

whereby the forward verbal span is significantly greater than the backward span should 

be retained. This was not the case in the recognition tasks in the current study hence the 

modality differences alone cannot explain the difference between the results in the 

current study and those expected based on Lefebvre et al.'s (2005) findings. 
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The different pattern of performance on the WMS-III tasks and the recognition 

tasks likely reflects the demand to retain serial order versus only item identity. To 

respond correctly to the WMS-III tasks both item and order information must be 

retained, that is, the correct items must be produced in the correct order. However, as 

the recognition tasks replaced a presented stimulus with a previously unseen stimulus 

the order of the sequence does not need to be retained to respond correctly only memory 

for the identity of the stimuli in the sequence is required to detect a change and respond 

correctly. Sequence order is an integral facet of the span task and is the defining 

difference between the short-term and working memory span tasks. The backward span 

tasks are proposed to tap working memory, rather than short-term memory, due to the 

requirement to remember the items and order and also to reverse the order. When only 

item information is required for a correct response, which appears to be the case in these 

recognition tasks, the task can be argued to tap short-term memory, rather than working 

memory. Thus the current study's task methodology, as based on Lefebvre et al.'s 

(2005) study, may have failed to engage the same processes as the working memory 

serial recall tasks from the WMS-III. 

There was a lack of statistical power owing to the low number of participants in 

the current study; however the results of the WMS-III tasks conformed to those found in 

previous literature indicating that there was sufficient power to detect the typical pattern 

found on these tasks. The average span obtained for each of the recognition tasks was 

very similar and this indicates they are not engaging the same processes as the WMS-III 

tasks. 

Memory for the serial order of the items is an important factor in memory tasks 

and affects limits of memory capacity. Recognition tasks which require retention of the 

order of verbal information produce results most similar to those from serial recall 

tasks. Memory tasks with low, or even no, item memory load that require retention of 
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sequence order show results similar to those from serial recall tasks. This is despite the 

fact that there is no requirement to remember the item's identity only to retain the 

relative order (Avons, Ward, & Melling, 2004). Error analysis also shows that the 

probability of making an error of relative order shows a typical serial position curve, 

whereas errors of item identity are less common and do not show the same pattern. 

While findings in the visuo-spatial domain are less compelling it appears that order 

memory is an important aspect of recognition tasks for visuo-spatial information as well 

(Avons, 1996; Avons et al., 2004; Saint-Aubin & Poirier, 1999). Thus for recognition 

tasks to engage memory in the same way that traditional serial recall tasks do, they must 

require that both item and order information be retained for accurate performance. 

Given the importance of memory for serial order information the recognition 

tasks engaging short-term and working memory were altered so that both item and order 

had to be retained for accurate performance. The next study reports the findings from 

tasks which were designed to require both item and order memory so as to engage the 

same cognitive mechanisms as the WMS-III span tasks. In these tasks two of the 

adjacent stimuli from the initial presentation had their order of presentation switched 

which required a 'different' response. The method and results from these tasks are 

reported in Study 2 and it is expected that the results from these serial recognition tasks 

will parallel the results from the WMS-III span tasks. 

Study 2 

Methods 

Participants. 

Ten task nai've university students (five female) participated in the study. Their 

mean age was 26.4 years (SD = 4.6) and each held a three-year undergraduate 

university degree. All were fluent English speakers with no history of neurological 
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disturbances and had normal or corrected-to-normal vision. Informed consent was 

obtained prior to participation. 

Procedure. 

Participants were seated in a testing booth and provided with a two-response 

button-box. The four recognition tasks were administered in pseudo-random order, 

followed by the WMS-III digit span and spatial span sub-tests. 

The digit forward (DF) task was identical to the digit forward task in Study 1, 

however on half of trials the initial sequence was followed by an exact repetition, while 

on the other half of trials the order of two of the previously presented digits was 

switched. The two switched digits were always temporally adjacent to each other in the 

initial sequence. The first of the two changed stimuli presented during the test phase is 

referred to as the first changed stimulus. The digit backward (DB) task was identical to 

the digit backward task in Study 1, however the second presentation of digits was either 

the exact reverse of the initial presentation, or the exact reverse with the order of two of 

the previously presented digits switched. The digit forward and digit backward tasks are 

demonstrated in Figure 9. 

The block forward (BF) task was identical to the block forward task in Study 1, 

however on half of trials the initial sequence was followed by an exact repetition, while 

on the other half of trials the order of two of the initially highlighted squares was 

switched. The two switched highlighted squares were always temporally adjacent to 

each other in the initial sequence. The first of the two changed stimuli presented during 

the test phase is referred to as the first changed stimulus. The block backward (BB) task 

was identical to the block backward task in Study 1, however the second presentation of 

highlighted squares was either the exact reverse of the initial presentation, or the exact 

reverse with the order of two highlighted squares switched. The two switched 
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highlighted squares were always temporally adjacent to each other in the initial 

sequence. The block forward and block backward tasks are demonstrated in Figure 10 
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Figure 10: Schematic of digit forward (top panel) and digit backward (bottom panel) 

recognition tasks in Study 2. Parameters are the same as those for the digit tasks in 

Study 1. 
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Figure 11: Schematic of block forward (top panel) and block backward (bottom panel) 

recognition tasks in Study 2. Parameters are the same as those for the digit tasks in 

Study 1. 

For each of the four conditions, sequences greater than four stimuli during which 

a digit or square pair was switched were constrained in that the switched stimuli would 
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not occur as the first or last stimulus presented. The forward and backward, digit and 

spatial span sub-tests from the Wechsler Memory Scale 3rd Edition (WMS-III) were 

administered by the experimenter as described in Study 1. 

Data analysis. 

Data were analysed in the same manner as reported in Study 1. 

Results 

Span lengths and T-scores with 95% confidence intervals for each task are 

shown in Figure 11. A significant main effect of Task was found (F(l, 9) = 61.34,/? < 

.001) which reflects the higher mean span scores obtained on the recognition tasks than 

the WMS-III tasks. The mean span obtained on the digit forward was higher than that 

obtained on digit backward tasks from the WMS-III (r(9) = 3.9,/? = 004, Cohen's d = 

1.10) and the recognition tasks (r(9) = 2.8,/? = .02, Cohen's d= 1.21) while the small 

difference between the mean spans obtained on the block forward and block backward 

tasks from the WMS-III (t(9) = 0.4,/? = .70, Cohen's d = 0.10) tasks was statistically 

insignificant, and the non-significant difference between the block forward and block 

backward spans from recognition tasks was in the opposite direction (r(9) = -1.82,/? = 

.10, Cohen's d= -0.40). These results were also indicated by a significant interaction 

between Stimulus Type and Direction (F(l, 9) = 28.03,/? < .001). The same pattern of 

results was found on the recognition tasks and WMS-III tasks; a significant difference 

between the digit forward and backward span and no significant difference between the 

block forward and backward span. 
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Figure 12: Means and 95% within-subjects confidence intervals obtained on the digit 

forward (DF), digit backward (DB), block forward (BF) and block backward (BB) from 

WMS-III and recognition tasks in Study 2. Span scores are shown in top panel and T-

scores in bottom panel. 

Discussion 

The expectation that the pattern of results produced by the serial recognition 

tasks would be similar to those produced by the WMS-III span tasks as both tasks 

required memory for both item and order of presentation was met: the pattern of results 
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obtained from the recognition tasks and the WMS-III tasks were very similar. The 

WMS-III span tasks showed a characteristic pattern typical of these tasks with the digit 

backward task producing a span significantly lower then the digit forward task and the 

block tasks differing very little in the spans they produced. The recognition tasks also 

displayed this characteristic pattern. This suggests that requiring detection of a change 

in sequence order rather than a change in item identity increased the difficulty of the 

digit backward task relative to the digit forward task in the same way that the 

requirement to reverse the order in the WMS-III digit backward task decreases 

performance. 

The similarity between the pattern of results obtained on the WMS-III span tasks 

and the recognition tasks suggests that the requirement to reverse the order of stimuli 

for accurate performance has a similar effect on recall and recognition. Order 

recognition tasks appear to engage working memory as they are affected by the 

additional demand of order reversal in the same way. This supports the proposal that it 

is memory for serial order information, rather than memory for item information, which 

is the main factor in memory span and, as Avons, Ward, and Melling (2004) suggest, it 

is serial order memory that sets the limits on memory in both serial recall tasks and 

recognition tasks. 

The primacy model of Page and Norris (1998) provides a framework which is 

consistent with observations that memory for serial order sets the limits on memory 

capacity, and this model is further supported by findings that recognition tasks must 

engage memory for the order of items to engage working memory. The model proposes 

that stimuli activate item nodes and the level of activation of these nodes decreases 

linearly with the number of item nodes already activated creating a primacy gradient of 

activation. During serial recall the item with the greatest activation is recalled first. 

Following recall, that node's activation is suppressed and the node with the next highest 
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activation is recalled. While these processes are occurring, each node's activation is 

decreasing due to decay, and when activation has decayed below threshold the item will 

no longer be recalled. This occurs more quickly for items with lower initial activation. 

Transposition errors occur due to confusion in the relative activation of neighbouring 

items. The final item can only be confused with one, not two, other items and therefore 

these errors are reduced. 

The absolute spans obtained from the recognition tasks were significantly higher 

than those from the WMS-III tasks. This may reflect the forced choice method in the 

recognition task that participants are to respond on every trial, which differs from 

Lefebvre et al. (2005) where participants were instructed to withhold responses unless 

certain of their response. The requirement to respond on every trial inflated the 

recognition spans by awarding points for being correct by chance. However the net 

effect of this would have attenuated the characteristic relationship between digit forward 

and digit backward, as the digit backward span would have been disproportionally 

inflated by the correct guesses, due to lower span, than the digit forward task. The 

significantly higher digit forward span than backward span difference appears robust 

even to this difference in task administration. 

This study also suffered from a lack of statistical power with only ten 

participants, however as in the first study reported in this chapter, the characteristic span 

pattern was obtained on the WMS-III tasks indicating that the number of participants 

was sufficient to detect the effects of reversal within the WMS-III tasks. 

To reduce the difference between the spans obtained on the recognition tasks 

and those from the WMS-III tasks a gap of five seconds was introduced between the 

initial and the subsequent presentation of stimuli and these results are shown in Study 3. 

Theories of memory postulate that items held in memory decay over time, and thus the 

longer the retention interval, the greater the chance for item representations in memory 
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to decay below a threshold at which they can no longer be retrieved and hence 

decreasing memory performance (Barrouillet, Bernardin, & Camos, 2004; Towse, 

Hitch, & Hutton, 1998). It is hypothesized that the addition of a five-second gap 

between the study and test phase will reduce the spans obtained from the recognition 

tasks by requiring participants to hold in memory the initial presentation for 

significantly longer than had been previously required leaving the information open to 

decay and reducing performance. The gap does not render the forward tasks as working 

memory tasks as the material does not require processing to enable accurate responses 

to the tasks. 

Study 3 

Methods 

Participants. 

Twelve task-naive university students (five female) participated in the study. 

Their mean age was 24.5 years (S.D. = 1.4) and each held a three-year undergraduate 

university degree. All were fluent English speakers with no history of neurological 

disturbances and had normal or corrected-to-normal vision. Informed consent was 

obtained prior to participation. 

Procedure. 

The four recognition tasks were administered in pseudo-random order followed 

by the WMS-III digit span and spatial span sub-tests. The four recognition tasks were 

identical to those in Study 2, with the exception that there was a period of 5000 ms 

between the tone signaling the end of the initial sequence, and the start of the second 

presentation of digits or highlighted block. Participants also completed the forward and 

backward spatial and digit span sub-test from the WMS-III administered by the 

experimenter as described in Study 1. 

Results 
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Span lengths and T-scores with 95% confidence intervals for each task are 

shown in Figure 12. The mean spans obtained from the recognition tasks were higher 

than those from the WMS-III tasks as indicated by a significant main effect of Task 

(F(l, 11) = 32.38,/? < .001). A three-way interaction which approached significance 

was found between Task, Stimulus Type and Direction was found (F(l, 11) = 4.78,/? = 

.051) which reflected the different patterns of significant results from the WMS-III and 

the recognition tasks. The mean span score from digit backward task was significantly 

lower than that from the digit forward task in the WMS-III tasks (r(l 1) = 3.75,/? = .003, 

Cohen's d= 0.87) but the difference between the recognition tasks was not significant 

(t(l 1) = 2.0,/? = .067, Cohen's d= 0.83). There were no significant differences between 

the block forward and block backward tasks in the WMS-III (r(l 1) = 1.3, /? = .22, 

Cohen's d = 0.47) and the recognition tasks (t(l 1) = 1.3,/? = .22, Cohen's d = 0.61). In 

the WMS-III tasks the average digit backward span was significantly lower than the 

digit forward span and no difference was observed between the block tasks. This pattern 

was not found in the recognition tasks. 
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Figure 13: Means and 95%» within-subjects confidence intervals obtained on the digit 

forward (DF), digit backward (DB), block forward (BF) and block backward (BB) from 

WMS-III and recognition tasks in Study 3. Span scores are shown in top panel and T-

scores in bottom panel. 

Discussion 

It was expected that the five-second gap between the initial and subsequent 

sequence would reduce the spans obtained from the recognition tasks by leaving the 

information open to time-related decay. Because the task requirement was identical to 
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that in Study 2 it was expected that this change would not alter the pattern of results 

obtained from the recognition tasks but that it would increase the difficulty of each task 

resulting in an overall reduction in span. This expectation was not met. The WMS-III 

tasks displayed the characteristic pattern whereby the requirement to reverse the 

sequence led to a significant decrease in performance on the digits tasks but not on the 

block tasks. The recognition tasks produced very similar spans with no significant 

differences observed between the forward and backward tasks. It was expected that the 

five-second gap would reduce the difference between the WMS-III spans and 

recognition spans. However the five-second gap eliminated the effect of reversal on the 

digits tasks and led to significantly higher performance on the recognition tasks than the 

WMS-III tasks. 

Temporal decay theories postulate that the passage of time leads to decay of 

information in memory and therefore performance should decrease when items are 

retained for longer intervals of time (Towse et al., 1998). However Lewandowsky, 

Oberauer and Gordon (2009) suggest that purely temporal decay does not occur in 

verbal short-term memory rather it is interference that leads to decreased memory for 

items over time. It is possible that because the five-second gap was not filled with an 

interfering task, the time provided a longer opportunity to rehearse the original sequence 

displayed and cement the memory trace in working memory. Hence, rather than 

reducing span the additional time may have been used for consolidation and therefore 

had the opposite effect of increasing span. Following the reasoning of Lewandowsky et 

al. (2009), it is possible that were the intervening period filled with a distracter task 

which caused interference, a reduction in span would be observed making the spans 

from the recognition tasks more similar to the traditional serial recall tasks. However, 

this would further differentiate the recognition tasks from the traditional serial recall 

span tasks and as the aim is to develop span tasks that engage short-term and working 
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memory in the same manner as the traditional serial recall span tasks no distracter or 

interfering tasks were added to the tasks. 

The aim of these studies was to develop recognition tasks that engage short-term 

and working memory. It is assumed that the serial recognition tasks engage the same 

cognitive processes of retention and retrieval as the serial recall tasks. The serial 

recognition tasks require that the initially presented sequence is held in memory and 

retrieved for comparison to the second sequence, while in serial recall the sequence is 

held in memory and retrieved to be output in the correct order. However it is possible 

that the recognition tasks may be completed by employing a strategy for responding 

other than storing the sequences and retrieving the sequence for comparison. To 

encourage memorization of the initial sequence two serial recall trials at each sequence 

length were introduced to the recognition tasks and the results of the recognition and the 

recall trials are reported in the next study. The recall trials required the exact sequence, 

or exact reverse sequence, be input to the computer, either by keyboard or mouse click. 

To respond to these recall trials correctly the sequence must be retained in entirety, thus 

any strategies used to respond to the recognition tasks that do not involve memorization 

would not be effective in responding to the unpredictably occurring recall trials. 

Study 4 

Methods 

Participants. 

24 adults task naive (five male) completed the study. Their mean age was 25.9 

years (S.D. = 8.4) and each held a three-year undergraduate degree. All were fluent 

English speakers with no history of neurological disturbances. All had normal or 

corrected-to-normal vision with the exception of one participant who had a divergent 

strabismus. This participant had normal visual acuity (as assessed by previous vision 

research participation not related to the current studies), their data did not display any 



irregularities, nor did the participant report any visual difficulties with the task hence 

their data remained in the data set. Informed consent was obtained prior to participation. 

Procedure. 

Participants were seated in a testing booth in front of a computer with the 'z' key 

labeled "SAME" and the 'm' key labeled "DIFFERENT". The four recognition tasks 

were administered with order of presentation counterbalanced across participants. These 

were followed by the WMS-III sub-tests. 

Task order was counterbalanced. The four recognition tasks were identical to 

those in Study 2, however two recall trials at each sequence length were included in 

each task. The recall trials occurred randomly throughout the task. During the recall 

trials in the digits forward tasks the initial sequence was followed by the instructions 

"Please type in the digits you saw in the same order" and in the digit backward task it 

was followed by "Please type in the digits you saw in the exact REVERSE order". 

Participants were then required to type in the previously displayed sequence using the 

number pad. The task continued after the appropriate number of digits had been typed 

or after twenty seconds. During the recall trials in the block forward tasks the initial 

sequence was followed by the instructions "Please click on the highlighted block you 

saw in the same order" in the block backward task it was followed by "Please click on 

the highlighted block you saw in the EXACT REVERSE order". Participants were then 

required to click on each of the block using the mouse with a tone signaling each 

registered click. The task continued after the appropriate number of block had been 

clicked or after twenty seconds. There were two recall trials at each of the sequence 

lengths. Participants also completed the forward and backward digit and spatial span 

sub-test from the WMS-III administered by the experimenter as described in Study 1. 
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Data analysis. 

Data analysis was identical to that reported in Study 1, however the ANOVA 

was a 3x2x2 analysis with Task (WMS-III, recognition, recall), Stimulus Type (digits, 

block) and Direction (forward, backward) as the factors. 

Results 

Span lengths and T-scores with 95% confidence intervals for each task are 

shown in Figure 13. A significant main effect of task (F( 1.57,3 6.22) = 190.10,/? < .001) 

was found and reflects the variation in mean spans for each task type, where the scores 

on the recognition tasks were the highest and the recall tasks were the lowest. A number 

of significant interactions were found: task and stimulus type (F(2,46) = 25.36,/? < 

.001), task and direction (F(2,46) = 6.27,/? = .004) and stimulus type and direction 

(F(l,46) = 30.00,/? < .001). The mean digit forward span scores were significantly 

higher than the mean digit backward span scores from WMS-III (r(23) = 8.43,/? < 0.01, 

Cohen's d= 1.45), the recognition tasks (t(23) = 3.74,/? = .001, Cohen's d= 0.73) and 

the recall tasks (f(23) = 4.33, p < .001, Cohen's d= 1.01). The mean block forward span 

scores were significantly higher than the mean block backward span scores from the 

WMS-III (r(23) = 2.33,p = .03, Cohen's d= 0.29), but this difference was not 

statistically significant for the recognition tasks (r(23) = 1.79,/? = .09 , Cohen's d = 

0.34) and there was no difference between the mean block forward span score and mean 

block backward span score on the recall task (t(23) = -.17,p = .87 , Cohen's d= 0.00). 
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Figure 14: Means and 95% within-subjects confidence intervals obtained on the digit 

forward (DF), digit backward (DB), block forward (BF) and block backward (BB) from 

WMS-III, recognition, and recall tasks in Study 4. Span scores are shown in top panel 

and //-scores in bottom panel. 

Discussion 

Serial recall trials were added to the recognition tasks to minimize or prevent the 

use of response strategies which enabled participants to respond to trials correctly 

without needing to memorise the presented sequence. The pattern of results from the 

recall and recognition tasks was similar. Digit forward spans were significantly higher 
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than the digit backward spans, while there was no difference between the block forward 

and block backward spans. The inclusion of the recall trials did not alter the pattern of 

results from the recognition task, which suggests that during the studies which did not 

include the recall tasks, participants were indeed memorizing the presented stimuli in 

the recognition task in the same manner as would be done in a serial recall task. 

The pattern of results from the WMS-III tasks obtained in Study 4 differed from 

those obtained on previous studies. Prior studies reported in this chapter found a 

significant difference only between the digit tasks, however in Study 4 both the digit 

backward and block backward task generated spans that were significantly lower than 

those from the corresponding forward task. The size of the difference between the digits 

tasks was much greater than the block tasks which raises the possibility that the 

increased power of the current study is contributing to the finding of a significant 

difference between the block spans, where none has been observed in the prior lower 

power studies. 

General Discussion 

This series of experiments aimed to develop recognition tasks to assess short-

term and working memory in the verbal and visuo-spatial domain. These tasks were 

designed to mirror the traditional serial recall span tasks: digit forward, digit backward, 

spatial forward and spatial backward. Initial task development replicated the task 

methodology employed by Lefebvre et al. (2005) in a verbal working memory task 

during which a sequence of digits was followed by either the exact reverse of the series 

or the exact reverse with a previously presented digit replaced with an as yet unseen 

digit. Lefebvre et al. (2005) determined that their recognition task provided a good 

measure of verbal working memory and we replicated and extended the task 

methodology for use with a digit forward task, to engage verbal short-term memory, a 

block forward task, to engage visuo-spatial short-term memory, and a block backward 
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task to engage visuo-spatial working memory. The characteristic pattern normally 

obtained on the traditional serial recall span tasks is a significantly lower digit backward 

span than digit forward span, with a smaller difference between the block forward and 

block backward tasks. This pattern was found on the WMS-III span tasks. However the 

spans generated by the recognition tasks were very similar in magnitude. Lefebvre et 

al.'s (2005) task methodology engages only item memory, whereas the WMS-III spans 

engages recall for both the items and the order in which they were presented. Memory 

for sequential order is also important in determining memory capacity. 

The finding that item recognition tasks produced results different from serial 

recall tasks is consistent with findings from serial position curve research. The serial 

position curve results from a combination of the primacy effect, superior recall for 

initial items, and the recency effect, superior recall for end items. Recognition tasks 

requiring judgments to be made regarding serial order, for example whether a stimulus 

preceded or followed another one, produce a typical serial position curve whereby 

judgments made about initial and end items are more likely to be correct than those 

made about middle items (Avons et al., 2004). However recognition tasks that require 

only a judgment as to whether an item was present or absent do not show the same 

serial position curve. This suggests that the processes underlying completion of serial 

recall tasks are similar to those underlying serial recognition judgments. Order 

recognition tasks require memory for the time of presentation and/or the ordinal 

position of items. Limitations on memory arise due to confusion about the serial 

position of items leading to reduced accuracy regarding the relative order of items 

presented in the middle of a sequence (Page et al., 1998). Serial recall tasks also show 

evidence of order confusion as errors frequently involve recall of the correct items in the 

incorrect order leading to incorrect recall. Thus it seems that tasks that require order 



125 

memory engage the same processes as serial recall tasks (Avons, 1996; Avons et al., 

2004; Saint-Aubin et al., 1999). 

The apparent importance of serial order memory raises questions for 

comparisons drawn between the processes engaged by tasks such as the Sternberg task, 

match-to-sample task and visual search task, and the processes engaged by serial recall 

tasks. The Sternberg task, match-to-sample task and visual search tasks present stimuli 

for memorization followed by probe stimuli which require a response as to whether they 

were part of the original set. This engages item recognition memory only and, given that 

item recognition tasks produce different results compared to serial recall tasks, these 

tasks are unlikely to engage the same memory processes as serial recall tasks. 

The recognition tasks were modified such that rather than replacing a stimulus 

with a previously unseen stimulus, the order of stimuli in the second sequence presented 

was altered by swapping two adjacent stimuli. Altering the order of the stimuli 

presented, rather than changing the identity of a stimulus, required encoding both item 

and order information to respond to the task correctly. The pattern of span results was 

the same for the WMS-III tasks and the recognition tasks - digit forward spans were 

significantly higher than digit backward spans, while no difference was found between 

the two block span tasks. Thus it seems that memory for sequential order is required for 

recognition tasks to generate results equivalent to serial recall tasks. The difference 

between the effect of reversal on performance with verbal and visuo-spatial material has 

been attributed to differences in the representations of these sequences of stimuli in 

memory and these representations of stimuli appear to persist for recognition tasks. 

The absolute spans from the recognition tasks were significantly higher than 

those from the WMS-III tasks. To address this issue a gap of five seconds was 

introduced between the initial and second sequence of stimuli. It was hypothesized that 

time-related decay would lead to reduced span. However it was found that rather than 
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reduce span, performance on the recognition tasks continued to be significantly higher 

than that on the WMS-III tasks and the difference between the digit forward and 

backward tasks was eliminated. It is hypothesized that the five second gap provided 

participants with greater opportunity to rehearse and consolidate material in memory 

without interference, leading to increased performance. 

Towse and colleagues (1998) propose that the strength of memory traces held in 

short-term memory weakens as the temporal interval between storage and recall 

increases. Barrioullet and colleagues (2004) propose that it is interference, rather than 

the passage of time, that mediates time-related decay. They suggest that interference 

reduces the time allocated toward refreshing representations in memory and the greater 

the amount of time directed toward the interfering activity the weaker the memory 

representations become. Lewandowsky, Oberaur and Brown (2009) demonstrated that 

forgetting did not occur as a function of time delay alone and suggested that the 

interference account was a superior alternative to time-based decay. When an interfering 

task competes for cognitive resources the representations held in memory decay as 

attention is switched away from retaining the representations and toward performing the 

interfering task. The time period when attention is switched away from retaining the 

representations is crucial in determining the impact of the interfering task, the more time 

away from retaining representations, the greater the negative impact of the interfering 

task on performance. The results from the present series of studies concur with this 

hypothesis as increasing the delay between the study and recognition phase did not, as 

predicted by time-based decay, reduce the obtained spans. Typically the digit backward 

span is significantly lower than the digit forward span; however this difference was not 

significant when greater time was introduced between the study and test phase. The time 

between study and test might have been used for greater consolidation of traces in 

memory through the process of rehearsal. Thomas et al. (2003) suggest that verbal 
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information is retained in the forward direction then sequentially forward scanned to the 

next required item. The increased rehearsal time might have provided opportunity to 

begin the process of sequential forward scanning, alternatively the rehearsal time may 

have involved only forward rehearsal which, due to strengthened memory traces, led to 

more accurate sequential forward scanning thus higher performance. 

The final modification to the task was the addition of a number of recall trials to 

each of the recognition tasks. These required participants to repeat the items they had 

previously been presented with in either the same order or the reverse order depending 

on the task. The pattern of results from both the recognition and recall tasks was the 

same, digit backward span was significantly lower than digit forward span and no 

difference was observed between the block forward and block backward spans. The 

pattern of results from the WMS-III in the final study differed from those of previous 

studies. In the final study the block backward span was significantly lower than the 

block forward span, whereas in all other studies the difference between the block 

backward and block forward span was not significant. Digit backward span is typically 

lower than digit forward span, while no significant difference is seen between the block 

forward and block backward span. This pattern of results was obtained on all but the 

final study reported in this chapter where block backward span was significantly lower 

than block forward span on the WMS-III span tasks. Both normative and developmental 

studies report that typically no difference is obtained between the block forward and 

block backward span, and claim this is evidence that reversal does not impact on recall 

of visuo-spatial material (Wilde et al., 2002). However the results from Study 4 suggest 

that this interpretation may be flawed. Earlier studies with smaller sample sizes found 

smaller differences between the block forward and block backward span, though there 

were small to moderate effect sizes. The study with the largest sample and therefore the 

greatest power found a significant difference between forward and backward spatial 
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span. The pattern of results in these tasks would be better conceptualized in terms of 

effect sizes, where reversal has a large effect on recall for verbal material and a small 

effect on recall for visuo-spatial material. As mentioned previously, the difference 

between the effect of reversal on verbal and visuo-spatial recall has been attributed to 

different representations of these stimuli in memory, where visuo-spatial information is 

represented as an easily reversible pattern or pathway. However reversing this pathway 

can result in a small reduction in performance. 

The conclusions of the studies reported in this chapter, namely study 1 and 2, are 

limited by the lack of statistical power. As mentioned previously, the results of the 

WMS-III tasks conformed to those found in previous literature indicating that there was 

sufficient power to detect the typical pattern found on these tasks and as this was found 

in all studies it would seem that there was enough power to detect these effects. 

In conclusion, the recognition tasks developed through this series of studies 

provide an alternative assessment method when considering short-term and working 

memory in the verbal and visuo-spatial domain. The serial recognition tasks engage the 

same processes as the serial recall tasks and the mode of response makes these tasks 

suitable for use with EEG recording. ERPs can then be derived from the EEG which 

enables examination of the different patterns of brain activity occurring when reversal 

of verbal and visuo-spatial sequences is required. 
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Chapter 6 - Processes Contributing to Forward and Backward Span: A n E R P 

Investigation 

A version of chapter has been published in the journal Neuroreport: 

Nulsen, C.E., Fox, A.M., & Hammond, G.H. (2010) Processes contributing to forward 

and backward span: an ERP investigation. Neuroreport, 21, 298-302 

Forward span tasks, which require repetition of sequences of previously 

presented stimuli, engage short-term memory, while backward span tasks, where the 

material must be recalled in the reverse order, engage working memory (Wilde et al., 

2002). Digit span tasks, which require sequences of digits be repeated in the same or 

reverse order, engage short-term memory and working memory for verbal material 

respectively. Span refers to the longest sequence length correctly recalled, and digits 

backward spans are typically lower than digits forward spans by, on average, two items. 

Short-term memory and working memory for visuo-spatial material are examined with 

block span tasks that require that a series of visuo-spatial locations be repeated in the 

forward or reverse order (Richardson, 2007). Block forward and backward span are 

generally similar in length. Reversal thus has a greater effect on performance in the 

verbal domain than the visuo-spatial domain (Kessels et al., 2008). 

The different effect of reversal on verbal and visuo-spatial recall has been 

attributed to the manner in which these sequences are represented in memory. It is 

proposed that sequences of verbal information are stored as sequential speech-based 

representations which are maintained through subvocal rehearsal. These are sequentially 

retrieved in the digits forward span task, making span dependent on storage capability. 
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In the digits backward task the representation is, however, maintained in its original 

forward order. Items are recalled by repeatedly forward scanning to the next required 

item (Thomas et al., 2003). Decreased performance on the backward span task is 

attributed to the time-consuming nature of this process during which information stored 

in memory decays before it can be retrieved. Spatial information is internally 

represented as a complex pattern or pathway between each spatial stimulus which is 

retrieved as a single stimulus which can be traversed in either direction, from the 

beginning of the sequence or from the end of the sequence (Mammarella et al., 2005; 

Parmentier et al., 2005). 

Two event-related potential (ERP) components have been proposed as measures 

of memory-related processes. P3a is a fronto-centrally distributed positivity argued to 

reflect relatively automatic initial evaluation processes engaged when a stimulus attracts 

attention (Polich et al., 2003). P3a amplitude is determined by physical properties of the 

stimulus and expectancy, whereby unexpected stimuli elicit a larger P3a than expected 

stimuli (Schmidt-Kassow, Schubotz, & Kotz, 2009; Valessi, Mapelli, & Cherubini, 

2009). The P3b is a parietally distributed positivity elicited by task-relevant stimuli. 

This component reflects the updating of internal representations in response to task 

demands; hence it is associated with memory operations. P3b amplitude is determined 

by stimulus relevance and task difficulty (Polich et al., 2006). Both these components 

are elicited by the presentation of stimuli which do not conform to expectancy (Valessi 

et al., 2009) 

The influence of task difficulty on the amplitude of the P3b component has been 

examined in ERP studies. Task difficulty was inversely related to P3b amplitude in a 

series of verbal working memory tasks with varying task demands (Garcia-Larrea et al., 

1998). P3b amplitude was also inversely related to load demands in an n-back task 

(Segalowitz et al., 2001). A greater number of response options in complex choice tasks 
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and more difficult target discrimination have also resulted in decreased P3b amplitude 

(Falkenstein, Hohnsbein, & Hoormann, 1994; Hagen et al., 2006). P3b amplitude is 

proposed to index the capacity for processing task-relevant stimuli and reduced P3b 

amplitude during difficult tasks has been attributed to a decrease in attentional resources 

allocated to the task of updating internal representations when a second, demanding 

process must be performed (Garcia-Larrea et al., 1998). 

In this study we investigated the effect of reversal of the order of item recall on 

behavioural performance and ERP components elicited during verbal and visuo-spatial 

span tasks. ERP recognition tasks required the detection of a change in the order of a 

sequence of digits or block that were presented in either a forward or backward 

direction. The traditional span tasks were also administered. The pattern of behavioral 

results from the traditional span tasks and the ERP recognition tasks was expected to be 

in line with those obtained from previous studies; namely a greater difference between 

backward and forward spans in the digits tasks than the block tasks (Kessels et al., 

2008; Wilde et al., 2002). It was also expected that the stimulus which was responsible 

for the change in the order of the sequence of digits or blocks would elicit both a P3a 

and a P3b component due to the fact that it did not conform to expectancy. It was 

expected that the P3b elicited by the changed stimulus in the digits backward task 

would be smaller than that elicited in the digits forward task, reflecting the greater 

difficulty of this task. 

Methods 

Participants. 

Twenty-four English speaking adults (six males) participated in the study. ERP 

data were unavailable for one participant due to technical difficulties and hence was 

excluded from further analysis. The median age of the final sample was 23 years (range 

19-57) and all participants were students or employees of the University of Western 
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Australia. Participants gave written informed consent, as approved by the University of 

Western Australia's Human Research Ethics Committee. Course credit or small 

financial remuneration was offered. 

Materials. 

Participants completed four serial recognition tasks; digits forward, digits 

backward, block forward, block backward. The four recognition tasks were 

administered with order of presentation counterbalanced across participants and each 

task was administered as a separate block of trials. In the digits recognition tasks, 

sequences of between three and nine digits were randomly selected from the pool of 

digits 0-9, without replacement, and presented in the center of a computer screen in a 

frame subtending 2.06° visual angle. Each digit was presented for 300 ms with inter-

stimulus intervals of 700 ms. The study sequence was followed by a 100-ms tone to 

signal the conclusion of the study phase which was followed immediately by the test 

phase. In the block recognition tasks, each trial began with the presentation of an array 

often black outlined squares each subtending 2.06° in a 12.95° high and 16.7° wide 

frame. The array was constructed to resemble the block board used in the spatial span 

tasks in the Wechsler Memory Scale III (WMS-III). Sequences of between three and 

nine squares, randomly selected from the display grid without replacement, were 

consecutively highlighted by turning white. Each study phase for the digits and block 

tasks was followed by a test phase beginning 800 ms after the final stimulus in the study 

trial. During the test phase the sequence was represented in either the forward or 

backward direction. On half the trials, the sequence of stimuli was identical to that 

presented during the study phase, and on half the trials the order of two temporally 

adjacent stimuli was reversed. The first of the two temporally adjacent changed stimuli 

presented during the test phase is referred to as the changed stimulus. Participants were 

required to indicate whether the sequences matched or did not match the study sequence 
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by pressing one of two response keys labeled "same" or "different". Six trials were 

given at each sequence length which resulted in 42 trials for each task. Span scores were 

calculated as the sum of the proportion of trials correct at each sequence length plus two 

and converted to //-scores which were derived from the distribution of obtained spans 

for each task (with mean = 50 and SD = 10). This was done to facilitate comparison of 

the effect of reversal uncontaminated by overall differences in the levels of performance 

between tasks. The //-scores were analysed with two within-subjects ANOVAs each 

for the recognition tasks and the WMS-III tasks. The within-subjects variables were 

stimulus type (digits and blocks) and task direction (forward and backward). Planned 

comparisons were undertaken in the form of paired-sample t-tests examining the 

difference between the scores obtained on the forwards and backwards tasks. Following 

the electroencephalogram (EEG) recording phase, the digits span and spatial span tasks 

from the WMS-III were administered. 

Electrophysiological recording and analyses. 

The EEG was recorded continuously from 33 scalp locations using Ag/AgCl 

[EasyCap (EASYCAP GmbH, Herrsching Germany) Montage 40, excluding TP9 and 

TP10] referred to the right mastoid. An averaged mastoid reference was computed 

offline. Vertical electrooculogram was recorded through electrodes placed above and 

below the left eye, and the ground electrode was situated at site AFz. Data were 

amplified with a Nuamps 40-channel amplifier, digitized at a sampling rate of 250 Hz 

and digitally filtered offline with a 0.05 - 30 Hz band-pass, zero phase-shift filter (12 

dB down). Ocular artifact reduction was performed on the continuous EEG based on 

eye-blinks identified at the bipolar vertical electrooculogram channel. Epochs 

encompassing an interval from 100 ms prior to the onset of the changed stimulus and 

extending to 1000 ms post-stimulus were extracted at sites Fz, Cz, and Pz. Trials 
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contaminated by artifact exceeding 150 uV were rejected. There were greater than 14 

trials within each average. 

Results 

Behavioral data. 

The spans and T-scores of the mean spans and are shown in Figure 14 for the 

recognition tasks and WMS-III tasks. The pattern of span results from the recognition 

tasks and the WMS-III tasks was similar; the mean span length in the forward tasks was 

greater than in the backward tasks as shown by significant main effects of direction in 

both the WMS-III (F(l, 22) = 52.5/? < .001) and the recognition tasks (F(l, 22) = 19.9, 

p < .001). The mean span for the digits forward task was significantly greater than that 

for the digits backward task in the WMS-III (t(22) = 8.10,/? < .001, Cohen's d = 1.37) 

and the recognition tasks (r(22) = 3.45,/? = .002, Cohen's d= 0.74). The small 

difference between the mean spans from the block forward and block backward tasks 

was statistically significant in the WMS-III (t(22) = 2.07, p = .05, Cohen's d= 0.26) but 

failed to reach statistical significance in the recognition tasks (t(22) = 1.83,/? = .08, 

Cohen's d= 0.30). 
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Figure 15: Working memory spans determined by the WMS-III and computerized 

recognition tasks expressed as //-scores. Bars show standard error of the mean. (DF 

Digit forward, DB - Digit backward, BF - Block forward, BB - Block backward). 

Electrophysiological results. 

The grand averaged ERP waveforms elicited following presentation of the first 

changed stimulus during the recognition tasks are in Figure 15. The waveforms were 

dominated by a frontocentral maximal positivity peaking at approximately 300 - 400 

ms, followed by a parietally-distributed positivity peaking at approximately 500 - 600 

ms. On the basis of scalp topographies and latencies, the earlier anterior positivity has 

been labeled the P3a peak and the later posterior positivity has been labeled the P3b 

peak. P3a amplitudes were quantified as the mean amplitude over an interval from 200 

to 450 ms post stimulus and P3b amplitudes quantified as the mean amplitude over an 

interval 450 - 850 ms post-stimulus. P3a and P3b amplitudes were submitted to analysis 

of variance with stimulus (digit, block), direction (forward, backward) and site (Fz, Cz, 

Pz) as repeated measures factors. A statistically significant three-way interaction was 
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further examined by conducting separate two-way analyses of variance on the 

amplitudes of each of the components elicited during the digits tasks and block tasks 

separately. 

P3a. 

The amplitude of the P3a peak was larger during the block tasks than during the 

digits tasks (main effect of stimulus, F(l,22) = 16.13,/? = .001, partial r\2 = .42; stimulus 

x site interaction F(2, 44) = 8.27,/? = .002, partial n2 = .27). The amplitude of the 

component was larger following presentation of change stimuli during sequences 

presented in the forward direction than the backward direction (main effect of direction, 

F(l, 22) = 10.52,/? = .004, partial n2 = .32). The parietal topography of this effect 

suggested that it was due to contamination from the later P3b peak (direction x site 

interaction, F(2,44) = 3.32, p = .051, partial n2 = .13). At Fz, the difference between the 

P3a amplitude elicited by the forward and backward tasks was significant in the digits 

tasks (r(22) = 3.5,p < .05, Cohen's d= 0.68) but the effect, though medium sized, failed 

to reach significance in the block tasks {t{22) = 1.7, p = 0.1, Cohen's d= 0.51). 
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Figure 16: Event-related potentials elicited to change stimuli at midline sites. The 

fronto-centrally distributed P3a (250 - 450 ms) and parietally distributed P3b (450 - 850 

ms) are labeled. Forward tasks are shown in heavy line, backward tasks are shown in 

fine line. 

P3b. 

The amplitude of the P3b peak was larger following change stimuli presented 

during the digits forward task than during the digits backward task (main effect of 
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direction, F(l, 22) = 13.13,/? = .002, partial r| = .37; direction x site interaction, 

F(2,44) = 5.08,/? = .016, partial rj2 = .19). The amplitude of the P3b peak did not differ 

significantly for change stimuli presented during the block forward and backward tasks 

(main effect of direction, F(l, 22) = 1.21,/? = .28, partial n2 =.05; direction x site 

interaction, F(2,44) = 1.83,/? = .18, partial n2 = .08). At Pz the amplitude was 

significantly reduced in the digits backward task relative to the digits forward task (/(22) 

= 4.3,/? < .05, Cohen's d = 1.18), while no such difference was found between 

component elicited in the block forward and block backward task (r(22) = 0.11, ns, 

Cohen's d= 0.03). 

Discussion 

We investigated the effect of reversal of the order in which items are recalled on 

behavioural performance and ERP components elicited during recognition tasks with 

verbal and visuo-spatial stimuli. A large effect of reversal was found on performance on 

the digits tasks whereas the effect of reversal on the block tasks was small and only 

reached significance in the WMS-III recall span tasks. This pattern is consistent with 

findings from previous research (Kessels et al., 2008; Kessels, van Zandvoort, Postma, 

Kappelle, & de Haan, 2000; Myerson, Emery, White, & Hale, 2003; Wilde et al., 2002). 

The mean amplitude of the widely distributed P3a component was larger in the forward 

than backward condition for both digits and block, though this difference was 

statistically significant in the digits tasks only. Reversal had a differential effect on the 

amplitude of the parietally distributed P3b; this component was significantly larger in 

the forward than the backward condition in the digits tasks, with no difference in 

amplitude between these two conditions in the block tasks. The pattern of behavioural 

results was mirrored in the P3b amplitude; reversal resulted in significantly decreased 

performance and P3b amplitude in the digits tasks, but not in the block tasks. 
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The smaller P3a to the change stimuli in the backward than the forward tasks 

suggests that stimulus expectancy was reduced and that this reduction was greater in the 

digits than block tasks. These observations support the hypothesis that digit sequences 

are held in memory as a forward sequence (Schmidt-Kassow et al., 2009; Valessi et al, 

2009). The smaller P3a elicited during the digits backward task supports the hypothesis 

that the reversed sequence had not been maintained as a mental representation from 

which an expectation of the subsequent stimulus in the sequence could be generated. 

Spatial sequences appear to be stored as a pathway which is easily manipulated in the 

forward or backward direction allowing expectation of the location of the next block or 

step of the pathway (Mammarella et al., 2005). Deviance from this pathway elicits a P3a 

which is only slightly smaller in the backward task than the forward task. 

P3b was significantly smaller in the digits backward than the forward task 

supporting the idea that reversing verbal sequential information consumes more 

attentional resources than reversing visuo-spatial sequential information. The effect of 

task difficulty on P3b amplitude might reflect the limited attentional resources available 

for memory updating contributing to the reduced span typically observed in the digits 

backward task. 

Conclusions 

Reversal of the order of presented stimuli significantly reduces behavioral 

performance and P3b amplitude on a digit span task with a smaller corresponding 

reduction in block span tasks. We argue that this reflects the attentional demands of 

reversing the internal representations of each stimulus type, supporting the hypotheses 

that sequences of verbal and visuo-spatial information are represented differently within 

memory. 
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Chapter 7 - Electrophysiological indices of altered working memory processes 

in long-term ecstasy users. 

Ecstasy is an illicit recreational drug which acts on the brain by promoting the 

release and blocking the re-uptake of serotonin (Liechti & Vollenweider, 2000; Morton, 

2005; Simantov, 2004). Acutely, ingestion of ecstasy induces feelings of euphoria, 

energy, and increased connection with others, while extended use has been associated 

with altered sleep, changed appetite, increased anxiety, and paranoia (Baylen & 

Rosenberg, 2006; Dumont & Verkes, 2006; Liechti, Baumann, Gamma, & 

Vollenweider, 2000; Morgan, 2000; Parrott, 2001). Long-term ecstasy consumption has 

been linked to serotonergic dysfunction by nuclear imaging studies, post-mortem 

examination, and serotonin agonist studies (Buchert et al., 2006; Cowan, 2007; de Win 

et al., 2008; Gerra et al., 2000; Kish et al., 2000; McCann et al., 2005; Ricaurte et al., 

2000b). 

Consistent with the role of serotonin in memory processes (Luciana et al., 2001), 

serotonergic dysfunction resulting from ecstasy use has been proposed as a mechanism 

responsible for the link between ecstasy consumption and impaired memory function. 

Quantitative reviews of studies examining long-term ecstasy users' memory 

performance have found that ecstasy use has a significant negative effect on short-term 

(Laws et al., 2007a; Verbaten, 2003b) and working memory performance (Nulsen, Fox, 

& Hammond, 2010a). Short-term memory is responsible for retention and retrieval of 

unprocessed information. In contrast, working memory refers to a limited capacity 

system responsible for the active maintenance, concurrent processing, and retrieval of 

task-relevant processed information (Richardson, 2007; Unsworth, Redick, Heitz, 

Broadway, & Engle, 2009). A meta-analytic review found a significant relationship 



between life-time ecstasy consumption (LTEC) and effect size in working memory (r = 

0.49,/? = .01) but not in short-term memory (r = -0.07, /? = .67) (Nulsen et al., 2010a). 

This relationship showed that greater LTEC was associated with greater impairment in 

working memory performance which suggests that the negative effects of ecstasy 

consumption on working memory are cumulative and irreversible. 

Ecstasy users' performance on working memory tasks relative to non-ecstasy 

using controls is sensitive to memory load, meaning that ecstasy users' performance is 

more negatively affected by increasing the number of stimuli that must be retained for 

successful task completion than non-ecstasy using controls. N-back tasks engage 

working memory by requiring updating of a set of stimuli held in memory. Memory 

load is manipulated by changing the size of the set of stimuli held in memory. Ecstasy 

users showed unimpaired performance on n-back tasks with low memory loads of one 

or two stimuli (Daumann et al., 2003a; Daumann et al., 2003b). However, when 

performing working memory tasks requiring updating of high memory loads, where the 

set of stimuli was six or the maximum span obtained on a simple span task, ecstasy 

users showed significantly impaired performance relative to non-ecstasy-using controls 

(Fisk et al., 2009a; Montgomery et al., 2005c). The unimpaired performance shown by 

ecstasy users on the low-memory load tasks is likely to be because the tasks are not 

sufficiently taxing on memory function to show a difference between ecstasy users and 

non-ecstasy-using controls. The ecstasy-related impairments seen on high-memory load 

tasks show that ecstasy use leads to impaired performance on tasks that require updating 

large sets of stimuli held in memory. 

There is evidence that increased neural activity might compensate for ecstasy-

related brain damage on low memory load tasks and this might be responsible for the 

finding that ecstasy users and non-ecstasy using controls display similar task 

performance on these low memory load tasks. Ecstasy users have shown greater parietal 



activity than non-ecstasy-using controls during low-load verbal n-back tasks in the 

absence of behavioral impairment during functional magnetic resonance imaging 

(fMRI) studies (Daumann et al., 2003a; Daumann et al., 2003b). Longitudinal follow-up 

found that continued ecstasy consumption was linked to further increases in parietal 

activity during low memory load tasks from the initial to the follow-up session 18 

months later, again in the absence of behavioral impairment. The magnitude of the 

increased parietal activity was associated with a higher average nightly dose of ecstasy 

reported over the total period of ecstasy use (Daumann et al., 2004). Daumann and 

colleagues hypothesized that the additional cortical activity observed in ecstasy users 

might compensate for ecstasy-related brain damage which would otherwise result in 

impaired performance. Increased cortical activity has also been found during a moderate 

memory load verbal short-term memory task in a number of brain regions including the 

medial superior gyrus, thalamus and hippocampus in a sample of moderate LTEC 

ecstasy users (Moeller et al, 2004). Neither impaired behavioral performance nor 

altered cortical activity was found in ecstasy users on a verbal short-term memory task 

with low memory load (Jager et al., 2008; Jager et al., 2007), though these non

significant findings might be attributable to the low memory load of the task which 

required that only single stimuli be processed. In summary, ecstasy users showed 

increased cortical activity during short-term memory tasks with moderate memory load 

and during working memory tasks with low memory load which is suggestive of a 

compensatory mechanism whereby increased cortical activity enables unimpaired 

behavioral performance despite ecstasy-related brain damage. 

Studies examining cortical activity in ecstasy users have used functional 

magnetic resonance imagine (fMRI) which measures the hemodynamic response related 

to neural activity in the brain. This method has low temporal resolution and therefore 

the cortical activity associated with specific cognitive processes occurring during 



working memory cannot be identified. Event-related potentials (ERPs), in contrast, have 

high temporal resolution enabling examination of brain activity associated with specific 

memory-related processes occurring during task completion (Reinvang, 1999). ERPs 

would enable the altered patterns of cortical activity observed in ecstasy users to be 

linked to specific cognitive processes contributing to task completion. 

Stimuli presented during working memory tasks typically elicit a parietally 

distributed positive ERP component identified as a P3b. The P3b component is thought 

to reflect the process of updating mental representations held in memory in response to 

incoming stimuli and ongoing task demands (Polich, 2007; Schmidt-Kassow et al., 

2009).It has been proposed that P3b amplitude is reduced in more difficult tasks 

because cognitive resources are shifted away from the process of updating 

representations in memory and allocated towards other cognitive operations required by 

the task such as altering the order of presented stimuli (Garcia-Larrea et al., 1998), 

updating retained stimuli (Segalowitz et al, 2001) or discriminating between stimuli 

(Polich et al., 2006). The P3b component elicited during a verbal working memory task, 

specifically a digits backward task, has been found to be smaller than that elicited 

during a verbal short-term memory task, specifically a digits forward task (Nulsen, Fox, 

& Hammond, 2010b). It was hypothesized that during the verbal working memory task 

cognitive resources were shifted away from updating representations in memory and 

toward the demanding task of retrieving the presented sequence in the reverse order 

(Nulsen etal, 2010b). 

In the current study, ERPs elicited during verbal short-term and working 

memory tasks were examined to determine whether the electrophysiological activity 

occurring during task performance was affected by ecstasy consumption. Previous 

research has demonstrated that the P3b component is reduced in difficult tasks, 

particularly those which engage multiple processes such as working memory tasks. 



Ecstasy users show impaired performance on working memory tasks, suggesting that 

these tasks are relatively more difficult for ecstasy users to perform. Therefore it is 

expected that the P3b component elicited during the relatively more difficult working 

memory tasks will be reduced in ecstasy users to a greater degree than is observed in the 

non-ecstasy using controls. This pattern of cortical activity would imply that ecstasy 

users employ more cognitive resources to perform the cognitive operations required by 

working memory tasks. 

Methods 

Design. 

This study employed a mixed design with independent groups based on history 

of drug use and repeated measures factors of task direction, from the behavioural tasks, 

and task direction and site, from the electrophysiological data. Three participant groups 

were tested: those who had consumed ecstasy and other illicit drugs (ecstasy users), 

those who had consumed illicit drugs other than ecstasy (poly-drug users) and those 

who had never consumed illicit drugs (non-users). The behavioral dependent variables 

were the span scores for the digits forward and digits backward tasks. The 

electrophysiological dependent variables were the mean amplitudes of wave-forms 

extracted from site Fz, Cz and Pz between 450 - 750 ms post-stimulus. This time 

window corresponded to that of the P3b component. 

Participants. 

All participants had self-reported normal or corrected-to-normal vision and 

spoke English fluently. Four participants were excluded due to positive drug screens 

indicative of current intoxication or recent consumption of cannabis or 

meth/amphetamines. Four were excluded for failing to respond on more than 75% of 

trials and two participants were excluded due to outlier scores, defined as standardized 



scores greater than 3.29 (Tabachnick & Fidel, 2007), leaving 37 participants: 11 ecstasy 

users (four male), 13 poly-drug users (four male) and 13 non-users (four male). 

Materials. 

All participants completed a detailed questionnaire that requested demographic 

information and assessed alcohol, tobacco and illicit drug use. The questionnaire also 

asked participants to provide the brand names of all ecstasy tablets they had taken or to 

describe the appearance of consumed pills. A saliva sample was collected from each 

participant and analysed using the Cozart Drug Detection System SQ000381 to detect 

the presence of tetrahydrocannabinol and meth/amphetamines. Pre-morbid intellectual 

functioning was assessed by administering the National Adult Reading Test (NART, 

Nelson, 1991). 

Software for the computer administered recognition tasks was written in and 

presented with Lab VIEW version 7.0. The electroencephalogram (EEG) was recorded 

with NuAmps and analyzed with Scan 4.3. 

A 38-channel electrode cap [EasyCap, (EASYCAP GmbH, Herrsching 

Germany), Montage 40 excluding TP9 and TP10] with electrodes mounted according to 

the International 10/20 system was fitted prior to the computer tasks. Abralyt HiCL, a 

high chloride abrasive electrolyte gel, was used to ensure contact between the scalp and 

electrodes. Recordings were referred to the right mastoid and AFz served as the ground. 

Vertical electrooculogram (VEOG) was recorded through electrodes above and below 

the left eye. Data were digitized at a sampling rate of 250 Hz and filtered online from 

DC to 70 Hz bandpass filter. 

Procedure. 

Participants were requested to abstain from illicit drug use for seven days prior 

to the experimental session. Due to the sensitive nature of information requested in the 

drug and alcohol use questionnaire verbal, rather than written, informed consent was 



obtained. Course credit or small financial remuneration was offered. This procedure was 

approved by the University of Western Australia Human Research Ethics Committee 

(RA/4/1/1430). All participants provided a saliva sample and completed the 

questionnaire. The experimenter was blind to the drug use status of participants. 

The electrode cap was applied using standardized procedures. Participants were 

seated in a dimly lit, sound attenuating, shielded room, 90 cm from the computer screen. 

Participants completed the digits forward and digits backward serial recognition tasks 

with order of presentation counterbalanced across participants. 

Each trial began with a study phase during which sequences of between three 

and nine digits were randomly selected from the pool of digits 0-9 without 

replacement and presented in the center of the computer screen for 300 ms with inter-

stimulus intervals (ISI) of 700 ms. The digits were presented within a square frame 

subtending 2.06° visual angle. Each digit vertically subtended a visual angle of 1.37°. 

The conclusion of the display was signaled by a 100-ms tone. This was followed 

immediately by the test phase. During the test phase the sequence was re-presented. In 

the digits forward (DF) task the test sequence was presented in the forward direction 

and in the digits backward (DB) task the test sequence was presented in the backward 

direction. On half the trials in each task the sequence of stimuli presented in the test 

phase was identical to that presented during the study phase and on half the trials the 

order of two temporally adjacent digits was reversed. The first of the two changed 

stimuli presented during the test phase is referred to as the 'first changed stimulus'. 

Participants were required to indicate whether the test sequence matched or did not 

match the study sequence by pressing one of two response keys labeled 'same' or 

'different'. The next trial began immediately after the response or after two seconds had 

elapsed. Participants were administered six trials at each sequence length totaling 42 

trials. During sequence lengths greater than four when two temporally adjacent stimuli 
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were switched the two switched stimuli were constrained so that the changed stimulus 

did not occur as the first or last stimulus. 

Data analysis. 

The brands of ecstasy pills participants reported consuming were searched for on 

www.pillreports. com which is a website that provides an online forum for individuals to 

publish the results of chemical analysis of ecstasy pills. The published results for each 

brand of pills endorsed by ecstasy users were noted. The aim of this step was to exclude 

ecstasy users who reported consuming only ecstasy pills reported to contain chemicals 

other than 3,4-methylenedioxymethamphetamine (MDMA) or 3,4-

methylenedioxyamphetamine (MDA); no participants were eliminated. Kruskal-Wallis 

was used to examine the frequency of reported drug consumption in the previous 12 

months with Mann-Whitney U post-hoc tests done following significant values. 

Span scores were calculated as the sum of the proportion of trials correct at each 

sequence length plus two. This scoring method has been described as a more sensitive 

measure of span than other methods, such as the longest sequence at which a proportion 

of trials are responded to correctly (see Hulme, Maughn and Browne (1991) for details). 

Non-responses were coded as errors. Within-subjects 95% confidence intervals were 

calculated using Loftus and Masson's (1994) technique. The spans obtained on each 

task were submitted to a mixed design analysis of variance (ANOVA) with direction 

(forward, backward) as the repeated-measures factor and group (ecstasy users, poly

drug users and non-users) as the between-subjects factor. The effect of reversal on 

performance was examined with paired sample r-tests comparing the forward and 

backward spans for each group. 

Electrophysiological analysis. 

The EEG data were digitally filtered offline with a 0.05 - 30 Hz band-pass, zero 

phase-shift filter (12 dB down). An averaged mastoid reference was computed offline 

http://www.pillreports


and replaced the right mastoid reference. Ocular artifact reduction was performed on the 

continuous EEG based on eye-blinks identified at the bipolar VEOG channel. The 

regression based subtraction procedure available in Scan 4.3 based on Semlitsch, 

Anderer, Scuster and Presslich (1986) was employed to correct trials contaminated by 

eye blinks. Epochs encompassing an interval from 100 ms prior to the onset of stimuli 

and extending to 1000 ms post-stimulus were extracted at sites Fz, Cz, and Pz. Trials 

contaminated by artifact exceeding 150 uV were rejected. Averages were filtered with a 

7 Hz low-pass zero phase-shift filter (12 dB down) for display purposes only. There 

were more than 10 trials in each average. 

The waveforms showed a parietally distributed positivity peaking at 

approximately 500 - 600 ms. On the basis of the visual inspection of the scalp 

topographies and latencies of the grand averages this was labeled the P3b peak. The P3b 

amplitudes were quantified as the mean amplitude over an interval from 450 to 750 ms 

post-stimulus as this was determined to be the latency at which the P3b was the 

dominant component of the waveform. The mean amplitude of the P3b component 

identified in the waveforms were submitted to ANOVA with site (Fz, Cz, Pz) and 

direction (forward, backward) as repeated-measures factors and group (ecstasy users, 

poly-drug users and non-users) as the between-subjects factor. Greenhouse-Geisser 

correction was employed for data which violated sphericity as indicated by Mauchly's 

Test of Sphericity. Post-hoc tests were done following a significant F-value using 

Fisher's LSD. The magnitude of the effect of reversal on the P3b component was 

examined with paired sample /-tests comparing the mean amplitude of the P3b 

component elicited during the forward and backward tasks for each group. 



Results 

Background variables. 

Demographic variables are reported in Table 4. Mean life-time ecstasy 

consumption (LTEC), defined as the number of tablets consumed by the individual 

across their lifetime, reported by the ecstasy using group was 32.5 pills (SD = 27.2, 

Range 7 - 80). Ecstasy users, poly-drug users and non-users were similar in age, years 

of education and NART scores. 



150 

Table 4: Demographic characteristics and ecstasy consumption of ecstasy users, poly

drug users and non-users. 

Age (years) 

Education (years) 

N A R T (score) 

Estimated lifetime 
consumption of ecstasy 
(number of pills) 

Duration of ecstasy use3 

Age first consumed ecstasy 
(years) 

Time since last useb 

Average number of pills per 
session 

Maximum number of pills per 
session 

Frequency of consumption0 

Ecstasy users 

(N=ll) 

Mean (SD) 

22.9 (2.6) 

16.1 (2.0) 

33.6 (4.4) 

32.5 (27.2) 

4.0 (0.9) 

18.0(2.2) 

3.8(1.7) 

1.2(0.6) 

2.9 (2.0) 

4.3(1.5) 

Poly-drug users 

(N=13) 

Mean (SD) 

23.2 (3.3) 

15.9(2.1) 

32.0(5.3) 

Nil 

Non-users 

(N=13) 

Mean (SD) 

23.2 (4.5) 

16.1 (2.4) 

33.5 (4.8) 

Nil 

1=3 months, 2 = 6 months, 3 = 1 year, 4 = 3 years, 5 = 5 years, 6 = 7 years, 7 = over 7 years 
1 = previous week, 2 = previous month, 3 = previous three months, 4 = previous six months, 5 = 
previous year, 6 = over a year ago 
cl = daily, 2 = weekly, 3 = monthly, 4 = every few months, 5 = once or twice a year, 6 = less than once a 
year 

Frequency of alcohol, nicotine and illicit drug use during the previous 12 months 

is reported in Table 5. The groups varied in the frequency of other drug use reported 

over the previous 12 months (alcohol, nicotine, cannabis, speed (amphetamines), LSD, 

cocaine and prescription drugs). Ecstasy users and poly-drug users reported more 

frequent alcohol consumption than non-users and ecstasy users reported more frequent 
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consumption of cannabis, speed, cocaine and prescription drugs than poly-drug users 

(all/?s<.05). 
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Table 5: Frequency of use of alcohol and other drugs during the previous 12 months of 

individuals reporting drug use. Non-users reported no other drug use and hence are not 

shown in the table. 

Median (range) Percent reporting use 

Ecstasy users 

Alcohol3 

Nicotinec 

Cannabisa 

Speedb 

LSD b 

Cocaine 

Prescription drugs 

Poly-drug users 

Alcohol3 

Nicotinec 

Cannabisa 

Speedb 

L SD b 

Cocaineb 

Prescription drugs b 

Non-users 

6 (2 - 6) 

2(1-4) 

5 (2 - 6) 

3(1-5) 

10-2) 

1(1-4) 

2(1-5) 

6 (3 - 6) 

1.5(1-3) 

4(3-5) 

-

10-1) 

1(1-2) 

1(1-1) 

100 

100 

100 

75 

58 

67 

83 

100 

69 

69 

0 

7 

7 

15 

Alcohol3 4(1-6) 100 

Nicotine0 1(1-2) 23 

a8 - daily; 7 = 4+ times per week; 6 = 2-3 times per week; 5 = 2+ times per month; 4 = monthly; 3 
every 2-3 months; 2 = 1-2 times per year; 1 = never. 

6 = daily; 5 = weekly; 4 = monthly; 3 = every few months; 2 = 1-2 times per year, 1 = never 

c 5 = > 1 pack per day; 4 = 1 pack per day; 3 = 1 pack per week; 2 = 1 pack per month 1 = none 
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Behavioural results. 

The mean span lengths, which are shown in Figure 16, were greater in the 

forward task than in the backward task (F(l,34) - 39.83,/? < .001). The main effect of 

group was not significant (F(2,34) = 0.735,/? = .49) nor did group membership interact 

with the effect of direction (F(2,34) = 1.19,/? = .32). 

8 -

5 7" 
oo 
• > 

yy 6 

• 

DF DB DF D B DF D B 

Ecstasy users Poly-drug users Non-users 

Figure 17: Mean spans for non-users, poly-drug users, and ecstasy users for each task 

with 95%> within-subjects confidence intervals (DF- Digits Forward, DB - Digits 

Backward). 

The average span obtained on the digits forward task was significantly higher 

than that obtained on the digits backward task in the ecstasy users (r(10) = 6.20,/? < 

.001, Cohen's d= 1.71), poly-drug users (t(l2) = 2.30,/? = .04, Cohen's d= 0.69), and 

non-users (r(12) = 4.07, p = .002, Cohen's d = 1.08). Ecstasy users showed the greatest 

decrement in performance when required to respond to verbal stimuli presented in the 
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backward direction indicated by the largest effect size. No significant relationships were 

found between measures of span and measures of ecstasy or other drug use. Regression 

analyses were conducted to determine whether LTEC or average number of ecstasy pills 

consumed per session predicted performance on the short-term or working memory 

task. LTEC did not significantly predict performance on the short-term memory task (N 

= U,fi = -.002, r(9) = -0.359, ns) or on the working memory task (N= 11, fi = -.004, 

t(9) = -0.432, ns). The average number of ecstasy pills consumed per session also did 

not significantly predict performance on either task (short-term memory task (N = 11, /? 

= -.419, t{9) = -1.557, ns), working memory task (N=U,p=> -.501, t(9) = -1.544, ns). 

Event-related potentials. 

The grand averaged ERP wave forms elicited following the presentation of the 

first changed stimulus are presented in Figure 17. 
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Figure 18: Event-related potentials elicited to the first changed stimuli. The parietally 

distributed P3b (450 - 750 ms) is labeled. Forward tasks are shown in heavy line, 

backward tasks are shown in fine line. The left hand panel shows ecstasy users' grand 

averaged waveforms, the middle panel shows poly-drug users' grand averaged 

waveforms and the right hand panel shows non-users' grand averaged waveforms. 

The mean amplitudes of the wave forms elicited during the timing of the P3b 

component are shown in Table 6. There was a significant main effect of task direction 

on the mean amplitude of the P3b component (F(l,34) = 24.31,/? < .001, partial n2 = 

0.42). The P3b component was larger during the digits forward task (M = 5.42, SE = 

0.63) than the digits backward task (M= 2.50, SE = 0.40). There was a significant main 

effect of site (F(1.47, 49.93) = 36.96,/? < .001, partial n2 = 0.52) whereby the mean 

amplitude of the P3b component increased from anterior to posterior: the P3b 
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component was smallest at frontal site Fz (M = 2.22, SE = 0.51), larger at central site 

Cz (M = 4.17, SE = 0.52), and was largest at parietal site Pz, (M = 5.45, SE = 0.44). All 

post-hoc comparisons between site Fz, Cz and Pz were significant (all /?s < .05). There 

was a significant interaction between site and direction (F(1.55, 52.88) = 5.58,/? = .01, 

partial n2 = 0.14). The mean amplitude of the P3b component was larger in the digit 

forward task than the digit backward task at site Fz (Digit forward, M = 3.08, SE = 

0.74, Digit backward, M= 1.35, SE = 0.56), at site Cz (Digit forward, M= 5.66, SE = 

0.73, Digit backward, M = 2.69, SE = 0.47), and at site Pz (Digit forward, M = 7.52, SE 

= 0.67, Digit backward, M= 3.46, SE = 0.42) and all comparisons were significant (all 

/?s < .05). The difference between the mean amplitude of the P3b elicited during the 

digit forward and the digit backward task was smallest at site Fz (difference between 

means = 1.73), it was larger at site Cz (difference between means = 2.97), and it was 

largest at site Pz (difference between means = 4.06). Group did not have a significant 

effect on P3b amplitude (F(2,34) = 0.02,/? = .98, partial n2 = 0.001) nor did it 

significantly interact with the effect of site (F(4,68) = 0.76,p = .55, partial n2 = 0.04). 

There was a significant interaction between group and direction (F(2,34) = 3.36,p = 

*"? ™— 

.05, partial n = 0.16). The mean amplitude of the P3b component was significantly 

larger in the digit forward task than the digit backward task in the poly-drug users (Digit 

forward M = 6.42, SE = 1.06, Digit backward M = 1.41, SE = 0.69) and in the non-

users (Digit forward M = 5.09, SE = 1.06, Digit backward M = 2.68, SE = 0.69) (all/?s 

< .05). In the ecstasy using group the mean amplitude of the P3b component elicited 

during the digit forward task (M = 4.75, SE = 1.16) was not significantly larger than 

that elicited during the digit backward task (M = 3.41, SE = 0.75) (p > .05). 

At site Pz the mean amplitude of the P3b component was significantly greater in 

the digits forward task than the digits backward task in the non-users (^(12) = 4.54,/? = 

.001, Cohen's d= 1.24) and poly-drug users (r(12) = 4.53,/? = .001, Cohen's d= 1.08) 



157 

but not in the ecstasy users (/(IO) = 1.88,/? = .09, Cohen's d = 0.72). A significant 

reduction in P3b amplitude was seen in poly-drug users and non-users when responding 

to stimuli presented in the backward direction but the reduction was not significant in 

the ecstasy-using group. 

Table 6: Mean (SD) amplitude of the ERP wave form during the timing of the P3b 

component, 450 - 750 ms post-stimulus, for each mid-line site, Fz, Cz and Pz. 

Fz Cz Pz 

Ecstasy users Digits forward 2.02(4.35) 4.80(4.68) 7.42(3.59) 

Digits backward 1.91(4.33) 3.49(2.09) 4.82(2.32) 

Poly-drug users Digits forward 4.68(5.34) 6.77(4.54) 7.79(4.76) 

Digits backward 0.24(2.82) 1.34(2.81) 2.66(2.32) 

Non-users Digits forward 2.54(3.59) 5.39(4.03) 7.34(3.59) 

Digits backward 1.91(2.99) 3.25(3.47) 2.90(2.89) 

Discussion 

The results of this study suggest that ecstasy using group's performance was 

negatively affected by the requirements of the working memory task to a greater degree 

than non-users or poly-drug users and this was reflected in the pattern of effect sizes 

found across the groups. Responding to stimuli presented in the reverse direction to that 

in the study phase reduced the ecstasy using groups' performance more than the non-

users and poly-drug users relative to performance when responding to stimuli presented 

in the forward direction. This supports the claim that ecstasy consumption impairs the 

ability to perform tasks requiring concurrent processing and retention of information, 

i.e. working memory, relative to the ability to perform the same memory task without 
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the concurrent processing requirement, i.e. short-term memory. The findings from this 

study are consistent with those from Wareing and colleagues who found that ecstasy 

users demonstrated significantly impaired working memory performance which was not 

attributable to simple span limitations (Wareing et al., 2004a; Wareing et al., 2004b) 

and also fits with previous meta-analytic data which found that LTEC was related to 

working memory performance in ecstasy users but not short-term memory performance 

(Nulsen et al, 2010a). The current study also shows that ecstasy-related changes in 

working memory performance are present in low LTEC users and at moderate memory 

loads, where prior research had demonstrated this mainly in high LTEC users and at 

high memory loads. 

The P3b component was significantly smaller in the digits backward task than 

the digits forward task in the poly-drug users and non-users, whereas this was not the 

case in the ecstasy users. The P3b component reflects the process of updating mental 

representations held in working memory, and the amplitude of the P3b component is 

indicative of the amount of cognitive resources allocated towards this process. When a 

second demanding process must be performed, such as retrieving mental representations 

of verbal stimuli in the reverse order, cognitive resources are shifted away from 

updating mental representations in working memory which results in a reduction in the 

amplitude of the P3b component (Garcia-Larrea et al., 1998; Nulsen et al., 2010b; 

Polich et al., 2006). One possible interpretation of the finding that P3b is reduced in the 

working memory task in non-users and poly-drug users is that during this task both 

groups allocated cognitive resources toward the demanding task of retrieving mental 

representations in the reverse order. This reduced the cognitive resources available for 

updating representations in working memory leading to a reduced P3b component. The 

effect sizes suggest that ecstasy users did not show a significantly smaller P3b 

component in the working memory task than the short-term memory task which 
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suggests that ecstasy users failed to allocate cognitive resources toward the task of 

retrieving the verbal stimuli in the reverse order to enable correct responding to the 

working memory task. Rather, cognitive resources remained focused on the process of 

updating representations in memory and this distribution of cognitive resources was 

insufficient for accurate working memory performance. 

Theoretical accounts of verbal working memory propose that sequences of 

verbal stimuli are retained in memory in the same direction as the initial presentation 

(Baddeley, 2000; Page et al., 1998). When the sequence must be recalled in the reverse 

direction the retained sequence is repeatedly covertly forward scanned to retrieve the 

appropriate stimulus. This is a strategic process which requires that cognitive resources 

be allocated between the task of updating representations in working memory and the 

task of covertly forward scanning the retained representations (Thomas et al, 2003). 

The results from the current study, specifically the reduced amplitude of the P3b during 

the working memory task, support the proposition that verbal working memory engages 

multiple cognitive processes, in this case retention and covert forward-scanning, and are 

consistent with previous findings from a university population (Nulsen et al, 2010b). 

The results from the current study also suggest that working memory performance is 

sensitive to changes in these cognitive processes when externally introduced variables, 

such as ecstasy consumption, negatively affects these individual cognitive processes. 

Ecstasy-related changes in allocation of cognitive resources may be the 

mechanism responsible for ecstasy-related impairments found in working memory and 

other cognitive complex tasks. Ecstasy users may have failed to engage the covert-

forward scanning strategy during the digits backward task to the same degree as non-

ecstasy-using controls. This failure impaired performance on the working memory task. 

Ecstasy users have shown impaired performance on other working memory tasks which 

require that multiple processes be completed for accurate performance (Gouzoulis-
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Mayfrank et al, 2000; McCann et al., 1999) and also show impairments more clearly in 

cognitively complex tasks (Brown, McKone, & Ward, 2010) which might reflect the 

failure of ecstasy users to appropriately allocate resources between the multiple 

cognitive processes needed to complete these tasks. 

Limitations 

The ecstasy using group in the current study also reported more frequent use of 

cannabis over the previous 12 months than the poly-drug users. The effect of cannabis 

and ecstasy/MDMA on neurotransmitters, body temperature, subjective mood and 

hyperactivity have been known to interact and it has been suggested that cannabis use 

may be a protective factor against the harmful effects of ecstasy consumption (Parrott, 

Milani, Gouzoulis-Mayfrank, & Daumann, 2010). Hanson and Luciana (2010) found 

that life-time cannabis consumption significantly predicted verbal memory function in a 

sample of poly-drug users, however their sample did not show impaired performance on 

measures of verbal memory function compared to non-drug using controls. The authors 

concluded that ecstasy consumption therefore may not be the causal factor in apparent 

ecstasy-related memory impairments and the impairments might be better classified as 

reflecting generally heavy drug use. Despite the difficulty in obtaining an ecstasy using 

sample with limited exposure to cannabis, employing such a sample and comparing 

their working memory performance to that of non-users would provide a measure of 

ecstasy related impairment unaffected by these interactions with cannabis. 

The unknown chemical compounds in ecstasy tablets present a confounding 

factor when attributing ecstasy-related impairment to the action of specific chemicals. 

Pure ecstasy is MDMA, however the purity of ecstasy tablets is variable and other 

chemicals such as caffeine or ketamine may be present (e.g. Yip et al., 2005). This 

confounding factor was addressed by requesting that all ecstasy users report the brand 

names of pills they had consumed. The aim of this was to exclude ecstasy users 
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reporting consumption of only pill brands thought to contain chemicals other than 

MDMA or its close analogue MDA. This step did not lead to the exclusion of any 

participants. However, while the majority of ecstasy users were able to report a number 

of brands of pills they had consumed, comments on the questionnaires indicated that 

some users could not recall the brands of all of the pills they had taken. Attributing the 

results of the current study to the effects of MDMA can be done with greater confidence 

than if the suspected chemical contents of endorsed ecstasy brands had not been 

determined. This step, however, does not eliminate the confound completely and 

attributing the observed effects to MDMA must still be done cautiously. 

There was no significant interaction between task direction and group 

membership in the behavioral spans, however examination of the relative effect sizes 

suggested that ecstasy users' performance was more negatively affected by the 

concurrent processing requirements of the working memory task than the non-users or 

poly-drug users. The lack of a significant interaction is likely due to the small sample 

size in this study and a larger sample size would overcome this limitation. 

There was no relationship between measures of ecstasy consumption (LTEC, 

duration of use, average number of pills per session, maximum number of pills in a 

single session) and the behavioral and electrophysiological measures. A significant 

relationship between these variables would enable the results to be more confidently 

attributed to the action of ecstasy rather than some other factor such as cannabis or 

alcohol consumption. Previous studies have reported significant correlations between 

measures of ecstasy consumption and verbal memory function (Bhattachary et al., 2001; 

Fisk et al., 2009a; Gouzoulis-Mayfrank et al., 2000) and, as previously mentioned, the 

meta-analytic review conducted by Nulsen and colleagues (2010a) found a significant 

relationship between LTEC and the effect sizes associated with studies of ecstasy users' 

working memory performance. However the majority of studies do not report 



correlation or regression analyses of ecstasy consumption and cognitive performance 

which may indicate a lack of significant finding. It might be that the relationship 

between ecstasy consumption and working memory performance is small and therefore 

only found when the range of ecstasy consumption is very wide, such as in the meta

analysis. 

The ecstasy-using group reported more frequent use of illicit drugs in the 

previous 12 months than did the poly-drug using group. Attributing the impairments 

observed in the ecstasy using group to ecstasy use is confounded by the greater level of 

overall drug use reported by this group particularly LSD and cocaine. However the 

pattern of behavioral results from this study concur with a number of other previous 

studies which have matched ecstasy users and poly-drug users on other drug use 

(Gouzoulis-Mayfrank et al., 2000; Morgan, 1999; Reneman et al., 2001b), and also 

concur with those from a meta-analytic review of this literature (Nulsen et al, 2010a). 

There was also a large discrepancy in the proportion of individuals reporting 

nicotine consumption in each of the participant groups; 100% of ecstasy users reported 

nicotine use, 69% of poly-drug users and 23% of non-users. There were no nicotine 

abstinence requirements prior to the study nor was the time since last cigarette recorded. 

Given that nicotine consumption and withdrawal can affect working memory 

performance (Sweet et al, 2010) it would be wise for future studies to control these 

variables. 

Conclusions 

Ecstasy users showed impaired verbal working memory performance which 

might be due to ineffective allocation of cognitive resources between updating mental 

representations held in memory and the demanding task of processing stimuli within 

working memory. Ineffective allocation of cognitive resources might be the mechanism 

responsible for ecstasy users' impaired performance on cognitively complex tasks such 



as working memory tasks . Sensitive measures of cognitive performance and cortical 

activity have found ecstasy-related changes which, though subtle, might have serious 

and far reaching consequences. 
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Chapter 8 - Visuo-spatial short-term and working memory in ecstasy users. 

Visuo-spatial stimuli are retained in memory independently of verbal stimuli. 

Dual task studies show that performance on a primary visuo-spatial task is more 

negatively affected by the addition of a secondary visuo-spatial task than the addition of 

a secondary verbal task, indicating that tasks engaging visuo-spatial and verbal stimuli 

engage different resources (Cocchini, Logie, Delia Salla, MacPherson, & Baddeley, 

2002). There is also evidence that retention and processing of visuo-spatial stimuli 

elicits cortical activity in the right hemisphere of the brain to a greater degree than the 

left hemisphere, with verbal stimuli showing the opposite pattern, suggestive of a 

segregation between the cortical location of processing visuo-spatial and verbal stimuli 

(D'Esposito et al., 1998). Tasks engaging visuo-spatial working memory include the 

Corsi block-tapping task, during which sequences of raised blocks are touched by an 

examiner following which the sequence must be repeated in the same or reverse order 

by the examinee (Kessels et al., 2000). There is evidence that sequences of spatial 

locations are retained as the pathway between each location rather than as a sequence of 

individual locations. Retention of spatial sequences is sensitive to manipulations of the 

pathway's characteristics such as the length of the pathway between locations 

independent of the number of locations, the complexity of the pathway, which is 

represented as the number of times the pathway crosses itself, and the average angle of 

the corners in the pathway, where larger angles lead to improved performance 

(Mammarella et al., 2005; Parmentier et al., 2005). It is proposed that during visuo-

spatial memory tasks such as the Corsi block tapping task the pathway is retrieved as a 

single pattern that can be easily traversed in the forward direction and shows a small 

decrement in accuracy when traversed in the backward direction (Nulsen et al., 2010b). 
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Studies of ecstasy users' visuo-spatial short-term and working memory have 

produced varied results; ecstasy users have demonstrated impaired visuo-spatial short-

term and working memory in some cross-sectional studies (Verkes et al., 2001b; 

Wareing et al., 2005a), but have been unimpaired on these memory domains in others 

(de Sola Llopis et al., 2008; Gouzoulis-Mayfrank et al., 2000). A meta-analysis of these 

studies found that ecstasy users show significantly lower visuo-spatial short-term and 

working memory performance than non-ecstasy using controls (Nulsen et al., 2010a). 

Examination of the visuo-spatial studies contributing to the quantitative review 

suggested that memory load and life-time ecstasy consumption (LTEC) might affect 

ecstasy users' performance on visuo-spatial tasks. Ecstasy users made more errors than 

non-ecstasy-using controls on a high memory load visuo-spatial working memory task 

however there were no group differences in error rate on the lower memory load tasks 

(Fox et al., 2002) suggesting that memory load affects ecstasy users' performance on 

visuo-spatial working memory tasks. Life-time ecstasy consumption (LTEC) also 

appears to affect ecstasy users's performance on visuo-spatial working memory tasks; 

ecstasy users with high LTEC have shown significant impairment on tasks that engage 

visuo-spatial working memory (Fox et al., 2002; Fox et al., 2001; Halpern et al., 2004; 

Wareing et al., 2004a; Wareing et al., 2004b) whereas a number of studies have not 

found evidence of a visuo-spatial working memory impairment in low to moderate 

LTEC ecstasy users (Bhattachary et al., 2001; Daumann et al., 2003a; Daumann et al., 

2003b; Halpern et al., 2004; Hoshi et al., 2007; McCardle et al., 2004; Schilt et al., 

2007). It appears that memory load and LTEC affect ecstasy users' performance on 

visuo-spatial working memory tasks. 

Memory load and LTEC affect ecstasy users' visuo-spatial working memory 

performance in the same manner as seen in verbal working memory; ecstasy users show 

impaired performance on high memory load tasks, but not low memory load tasks, and 
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impairments are more frequently observed in studies with high LTEC samples. This 

suggests that there may be a common mechanism responsible for the ecstasy-related 

changes seen in working memory in both the verbal and visuo-spatial domain. 

In the previous chapter ecstasy users were shown to have impaired verbal 

working memory and evaluation of the brain activity elicited during the task suggested 

that these deficits were the result of a failure to appropriately allocate cognitive 

resources toward the demanding concurrent processing required by the verbal working 

memory task. Wickens, Kramer, Vanasse and Donchin (1983) proposed that the degree 

to which performance on cognitive tasks is negatively affected by the imposition of a 

secondary task dependent on the similarity of the tasks along three dimensions; stage of 

processing, code (spatial - verbal) and modality (auditory - visual). If the same 

cognitive mechanism responsible for the ecstasy-related impairments observed in the 

verbal tasks is also responsible for the ecstasy-related impairments seen in visuo-spatial 

working memory, then similar results would be expected for visuo-spatial short-term 

and working memory tasks. 

The aim of the current study was to examine the effect of long-term ecstasy 

consumption on visuo-spatial short-term and working memory in the same manner as 

reported in the previous chapter. Electrophysiological activity was recorded while 

visuo-spatial short-term and working memory tasks were completed and the mean 

amplitude of the P3b component was examined to determine the effect of ecstasy 

consumption on electrophysiological markers of cognitive processing. 

Methods 

Design. 

The design was identical to that reported in Chapter 7, however the behavioural 

dependent variables were the span scores for the block forward and block backward 

tasks. 
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Participants. 

The participant sample was the same as employed in the study reported in 

Chapter 7 and so all participant characteristics are identical to those reported in the 

previous chapter. 

Materials. 

All materials were identical to those reported in Chapter 7 with the exception of 

the stimuli presented on the computer screen. 

Procedure. 

Participants completed the block forward and block backward tasks reported in 

the current chapter and the digit forward and digit backward tasks reported in Chapter 7. 

The four recognition tasks were administered with order of presentation 

counterbalanced across participants. 

Each trial of the block tasks began with the presentation of an array often black 

outlined squares, each subtending 2.06°, in a 12.95° high and 16.7° wide frame. The 

array was constructed to resemble the block board used in the spatial span tasks of the 

Wechsler Memory Scale III (Wechsler, 1997, WMS-III). Sequences of between three 

and nine squares, randomly selected from the display grid without replacement, were 

highlighted successively by turning white for 300 ms with inter-stimulus intervals (ISIs) 

of 700 ms. The conclusion of the display was signaled by a 100-ms tone and was 

followed immediately by the test phase. During the test phase the sequence was re

presented. In the block forward (BF) task the test sequence was presented in the forward 

direction and in the block backward (BB) task the test sequence was presented in the 

backward direction. On half the trials the sequence of stimuli was identical to that 

presented during the study phase, and on half the trials the order of two temporally 

adjacent highlighted squares was switched. The first of the two changed stimuli 

presented during the test phase is referred to as the first changed stimulus. Participants 
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were required to indicate whether the test sequence matched or did not match the study 

sequence by pressing one of two response keys labeled 'same' or 'different'. The next 

trial began immediately after the response or after two seconds had elapsed. Participants 

were administered six trials at each sequence length totaling 42 trials. During sequence 

lengths greater than four when two temporally adjacent stimuli were switched, the two 

switched stimuli were constrained in that the changed stimulus would not occur as the 

first or last stimulus presented. 

Data Analysis. 

The behavioural and electrophysiological data were analysed in the same 

manner as reported in Chapter 7. 

Results 

Behavioural results. 

The mean span lengths, which are shown in Figure 18, were greater in the 

forward task than in the backward task (F(l,34) = 17.2, /? < .001). Group did not have a 

significant effect on span (F(2,34) = 0.14,/? = .87), nor did group significantly interact 

with direction (F(2,34) = 0.63,/? = .53). 
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Figure 19: Mean spans for non-users, poly-drug users and ecstasy users for each task 

with 95%) within-subjects confidence intervals (BF - Block Forward, BB - Block 

Backward). 

The mean span obtained on the block forward task was significantly higher than 

that obtained on the block backward task in the ecstasy-using group (r(10) = 4.79/? = 

.001, Cohen's d= 1.51). The difference between the block forward and backward span 

was not significant in either the poly-drug using group (?(12) = 1.73,/? = .11, Cohen's d 

= 0.45), or the non-using group (r(12) = 1.85,/? = .09, Cohen's d = 0.47), though the 

non-significant effects were moderately sized. Thus, only within the ecstasy-using 

group was a significant difference found between the mean span obtained on the block 

forward and block backward tasks and ecstasy users also showed the largest effect size 

compared to the poly-drug users and non-users. No significant relationships were found 

between measures of span and measures of ecstasy or other drug use. Regression 
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analyses were conducted to determine whether LTEC or average number of ecstasy pills 

consumed per session predicted performance on the short-term or working memory 

task. LTEC did not significantly predict performance on the short-term memory task (N 

= U,fi = -.001, t(9) = 0.167, ns) or on the working memory task (N=U,p = -.000, t(9) 

= 0.055, ns). The average number of ecstasy pills consumed per session also did not 

significantly predict performance on either task (short-term memory task (N = 11,/?=-

.196, r(9) = -0.854, ns), working memory task (N=U,P = -.148, t(9) = -0.612, ns). 

Event-related potentials. 

The grand averaged ERP wave forms elicited following the presentation of the 

first changed stimulus during the block tasks are presented in Figure 19. 
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Figure 20: Event-related potentials elicited to the first changed stimuli. The parietally 

distributed P3b (450 - 750 ms) is labeled. Forward tasks are shown in heavy line; 

backward tasks are shown in fine line. The left hand panel shows ecstasy users' wave 

forms, the middle panel shows poly-drug users' wave forms and the right hand panel 

shows non-users' wave forms. 

The mean amplitudes of the wave forms elicited at midline sites Fz, Cz and Pz 

between 450 - 750 ms are shown in Table 7. The P3b was larger during the block 

forward task (M = 5.24, SE = 0.57) than the block backward task (M = 2.13, SE = 0.57) 

as shown by a significant main effect of task direction (F(l,34) = 17.09,/? < .001, partial 

n2 = 0.33). There was a significant main effect of site (F(1.46, 49.62) = 62.60,/? < .001, 

partial n2 = 0.65) whereby the amplitude of the P3b component was smallest at frontal 
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site Fz, (M = 1.22, SE = 0.47), larger at central site Cz, (M = 4.07, SE = 0.47) and 

largest at parietal site Pz (M = 5.77, SE = 0.54) and all comparisons were significant (all 

/?s < .05). The amplitude of the P3b component did not vary significantly with the factor 

of group (F(2,34) = 1.91,/? = .16, partial n2 = 0.10) nor did this factor interact with the 

factor of site (F(4,68) = 0.21,/? = .93, partial n2 = 0.01) or direction (F(2,34) = 0.29,/? = 

.75, partial n2 = 0.02). 

The amplitude difference between the P3b elicited by the block forward task and 

the block backward task at site Pz was significant in the non-users (/(12) = 2.28,/? = .04, 

Cohen's d= 0.82) and the poly-drug users (f(12) = 2.99,/? = .01 Cohen's d = 0.69) but 

failed to reach significance in the ecstasy users despite a moderate-sized effect (r(10) = 

1.94,/? = .08 Cohen's d = 0.66). Responding to visuo-spatial stimuli presented in the 

backward direction led to a reduction in P3b amplitude that reached significance in the 

poly-drag users and non-users and showed a moderate to large effect size, but failed to 

reach significance in the ecstasy users despite a moderately sized effect. 
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Table 7: Mean (SD) amplitude of the ERP wave form during the timing of the P3b 

component, 450 - 750 ms post-stimulus, for each mid-line site, Fz, Cz and Pz. 

Fz Cz Pz 

Ecstasy users Block forward 1.54(2.74) 4.46(3.90) 6.61(5.49) 

Block backward -0.47(4.66) 2.64(5.36) 2.96(4.40) 

Poly-drug users Block forward 4.43(4.83) 6.24(3.46) 8.39(3.54) 

Block backward 0.44(2.11) 3.78(3.58) 5.93(3.77) 

Non-users Block forward 2.54(3.46) 5.82(3.33) 7.15(4.35) 

Block backward -1.18(3.82) 1.46(3.31) 3.58(3.06) 

Discussion 

Ecstasy users' visuo-spatial working memory span was significantly smaller 

than visuo-spatial short-term memory span indicating that the requirement to respond to 

visuo-spatial stimuli presented in the reverse direction resulted in a significant 

impairment in ecstasy users' task performance. However, the requirement to respond to 

visuo-spatial stimuli presented in the reverse direction did not significantly reduce the 

non-ecstasy-using control groups' performance on the visuo-spatial tasks. Examination 

of the effect sizes showed that the magnitude of the effect of reversal on performance 

was much greater in the ecstasy using group than either of the non-ecstasy using control 

groups. This is similar to the pattern of performance seen in the study reported in the 

previous chapter where the concurrent processing demands of the verbal working 

memory task had a larger detrimental effect on ecstasy users' performance than on the 

performance of non-users and poly-drug users. 
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Manipulating the visuo-spatial sequence in order to respond to the backward 

task reduced the amplitude of the P3b component relative to the forward task. Prior 

research found that the amplitude of the P3b component was not significantly smaller 

during the visuo-spatial working memory task than the visuo-spatial short-term memory 

task (Nulsen et al., 2010b). This differed from the pattern of results from the verbal 

tasks employed in the study in which the P3b component was significantly smaller 

during the verbal working memory task than the verbal short-term memory task. This 

differential effect of reversal on performance might be because reversing verbal 

sequential information consumes cognitive resources which would otherwise be 

allocated toward the process of updating representations in working memory. The P3b 

component is proposed to reflect the process of updating representations in working 

memory and when resources are allocated away from this process the amplitude of the 

P3b component is reduced. Findings from previous behavioural studies suggest that 

responding to visuo-spatial stimuli presented in the reverse order does not consume 

additional cognitive resources enabling those resources to remain focused on updating 

representations in working memory and so the amplitude of the P3b component should 

not reduced. The electrophysiological results of the current study are not consistent with 

this proposal as the amplitude of the P3b component was smaller in the backwards than 

the forwards task, rather it seems that visuo-spatial sequences can be represented in a 

manner in which responding to them does consume additional cognitive resources. 

Visuo-spatial backward span is typically similar to visuo-spatial forward span 

and this is attributed to the manner in which visuo-spatial sequences are represented. 

Specifically it is proposed that sequences of visuo-spatial stimuli are represented as a 

pathway between the visuo-spatial locations that is easily traversable in the forward or 

backward direction. In the current study the ecstasy users showed significantly reduced 

performance on visuo-spatial working memory tasks and also showed the largest effect 
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size when comparing performance on the short-term memory and working memory 

tasks. This pattern of performance is more commonly associated with performance of 

verbal short-term and working memory tasks which suggests that ecstasy users might be 

processing sequences of visuo-spatial information in a manner similar to the way 

sequences of verbal information are processed; specifically in the ecstasy-using group 

visuo-spatial sequences might be represented as forward sequences and covertly 

forward scanned during the backward task. This time-consuming and cognitively 

demanding task would interfere with maintaining representations of information in 

memory resulting in impaired performance and reduced span. 

Presenting visuo-spatial stimuli in the reverse rather than forward direction also 

had a negative, though moderately sized and non-significant, effect on performance of 

non-ecstasy-using controls which is consistent with prior findings from a university 

population (Nulsen et al., 2010b). In all groups there was a cost to performance when 

responding to visuo-spatial stimuli presented in the reverse direction. It might be that 

there are individual differences in the manner in which visuo-spatial stimulus sequences 

are represented. Some individuals might retain the sequence or pathway in the forward 

direction and engage in forward scanning to retrieve the locations in the reverse 

direction. 

The manner in which visuo-spatial sequences are represented in memory might 

load dependent. Sequences of visuo-spatial stimuli might be retained as an easily 

traversed pathway until a certain threshold length is reached. Sequences of visuo-spatial 

stimuli that are longer than this threshold length are not easily traversed in the backward 

direction so these sequences are retained in their original order and forward scanned. 

These explanations presume that the visuo-spatial stimuli are retained as visuo-spatial 

representations, however it is also possible that the visuo-spatial stimuli might be 

encoded in a verbal form, such as having a number or name assigned each spatial 
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location, and therefore would be retrieved in the way that verbal information is 

retrieved. A dual task study found that a concurrent articulatory suppression task, which 

is presumed to engage the verbal storage component of working memory, resulted in 

poorer backwards recall of long sequences (7-8 stimuli) of visuo-spatial locations 

(Vandierendonck, Kemps, Fastame, & Szmalec, 2004). Vandierendock and colleagues 

(2004) hypothesized that during the longer sequences of the visuo-spatial backward task 

the resources typically used to recall visuo-spatial sequences were depleted by the task 

demands and support from cognitive resources associated with verbal recall is engaged. 

This might be in the form of verbal prompts regarding the location of stimuli such as 

"upper left" or "central" or descriptions of the shape of the pathway such as "triangle" 

or "spiral". If the visuo-spatial sequence is represented as a sequence of verbal cues 

rather than a pathway between visuo-spatial locations it is probable that these verbal 

cues are processed during the backward verbal task in the same manner as described for 

purely verbal stimuli; covert forward scanning. Vandierendonck and colleagues 

(Vandierendonck et al., 2004) noted that articulatory suppression affected visuo-spatial 

working memory performance only at long sequences. The ecstasy users' results might 

be attributable to a reduction in the sequence length at which visuo-spatial resources are 

depleted by the task and verbal cues are recruited. 

Wareing and colleagues (2004b) administered a verbal working memory task, a 

visuo-spatial short-term memory task, and a visuo-spatial working memory tasks to 

ecstasy users and non-ecstasy using controls. Controlling for verbal working memory 

performance in the ecstasy users removed half of the variance in visuo-spatial working 

memory performance. This was interpreted as reflecting engagement of the same 

executive functions in both the verbal and visuo-spatial working memory tasks, 

however this might also reflect the engagement of verbal resources in the completion of 

highly cognitively taxing trials of the visuo-spatial working memory task. This could be 
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investigated in future studies by employing a dual-task paradigm to determine whether 

an articulatory suppression task would interfere with performance of the highly 

cognitively taxing trials of the visuo-spatial working memory task. 

Working memory is thought to engage domain-specific storage systems and a 

domain-general executive function system. The pattern of behavioural performance on 

the verbal short-term and working memory tasks reported in Chapter 7 and the 

performance on the visuo-spatial short-term and working memory tasks reported in the 

current chapter are similar: in both cases the working memory demands had a greater 

detrimental effect on the ecstasy-using groups' performance than on either non-ecstasy 

using control group, while the demands of the short-term memory task did not 

differentiate between the groups. Finding the same pattern of performance across 

stimulus type is consistent with the hypothesis put forward by Fisk and Montgomery 

(2009) that ecstasy consumption affects the function of the domain-general executive 

function system rather than affecting the function of either domain-specific storage 

systems. It is possible that ecstasy users engage verbal processing to the same degree 

that non-ecstasy using controls do, but in the light of the executive function deficit these 

additional resources are insufficient to enable unimpaired performance. 

The P3b component is proposed to reflect updating representations in working 

memory and it is hypothesized that reductions in P3b amplitude occur when resources 

are allocated toward other cognitively demanding tasks, such as covertly forward 

scanning stimulus representations in order to respond to stimuli presented in the reverse 

order. Given that ecstasy users, poly-drug users and non-users all showed reduced P3b 

and there is evidence that long visuo-spatial sequences might be processed in a manner 

more similar to that employed in a verbal working memory task, the 

electrophysiological findings are consistent with the proposition that participants might 

have responded to the visuo-spatial backward tasks in this way. 
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There is also evidence that visuo-spatial memory performance is subject to the 

employment of strategic planning. Naveh-Benjamin (1987) observed that training 

individuals in strategic planning improved their performance of visuo-spatial working 

memory tasks relative to those individuals who engaged in practice of the same tasks. 

Owen and colleagues (Owen, Morris, Sahakian, Polkey, & Robbins, 1996) found that 

individuals with frontal lobe excisions failed to use a visuo-spatial search strategy 

which would improve performance on a visuo-spatial working memory task. Gouzoulis-

Mayfrank et al. (Gouzoulis-Mayfrank et al., 2000) found that ecstasy users were 

impaired on the mosaic test which, though not engaging memory, does engage strategic 

planning as individuals must accurately copy a visuo-spatial stimulus using particular 

pre-determined shapes. Ecstasy users show reduced employment of strategic responding 

to verbal stimuli (Brown et al., 2010) and given that performance on visuo-spatial 

working memory tasks might be reliant on the engagement of strategic processing, 

ecstasy-related deficits in such strategic planning might contribute to ecstasy users' 

performance on these tasks. 

The pattern of electrophysiological activity seen in the ecstasy users and the 

non-ecstasy-using controls was similar, but the ecstasy-using groups' performance was 

more negatively affected by the working memory demands than non-ecstasy using 

control groups. This might reflect reduced cortical efficiency in ecstasy users due to 

ecstasy-related cortical changes whereby equivalent neural activity in the ecstasy users 

and non-using controls is insufficient to enable ecstasy users to perform the tasks at 

unimpaired levels. Previous studies have found increased cortical activity occurring 

when ecstasy users perform working memory tasks at unimpaired levels, suggesting that 

the additional cortical activity is compensating for ecstasy-related cortical changes. The 

findings of the current study suggest that ecstasy users' performance shows greater 
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vulnerability to the concurrent processing demands of the visuo-spatial working 

memory task. 

Ecstasy users have shown increased cortical activity when performing cognitive 

tasks using verbal stimuli; Daumann and colleagues found increased parietal activity in 

ecstasy users during a verbal working memory task (Daumann et al, 2003a), Roberts 

and Garavan (Roberts et al., 2010) found elevated activity in frontal and parietal regions 

during successful inhibition of prepotent responses to verbal stimuli, and Moeller and 

colleagues (Moeller et al., 2004) found increased activity in the superior frontal gyrus 

during a match to sample task. Examination of the effect of ecstasy consumption on 

cognitive performance of visuo-spatial tasks has been a far less popular avenue of 

research than cognitive performance on verbal tasks and there has been no published 

research examining cortical activity occurring during visuo-spatial tasks. 

Limitations 

There are some limitations inherent to research using samples of drug users and 

these were discussed in Chapter 7, however there is an additional limitation that is 

specific to the visuo-spatial tasks reported in this chapter. Visuo-spatial span tasks such 

as the Corsi Block Tapping task and the spatial span tasks from the WMS-III administer 

the same sequences of spatial locations in the forward and the backward task. Given that 

the backward task is typically administered after the forward task the sequence 

presented during the backward task is, in fact, being presented for the second time. 

Concerns have been raised that implicit learning of the sequence may facilitate 

performance in the backward task (Wilde et al., 2002). The current study addressed this 

limitation by randomly selecting sequences of visuo-spatial locations for presentation. 

This random selection ensured that there was a very low probability of repetition of 

even a single sequence between the block forward and block backward task. However, 

the randomness of the sequences introduces an element of uncertainty as there was no 
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control in place to ensure that the sequences presented were comparable in factors such 

as the length of the pathway, the complexity of the pathway, and the size of the angles 

in the pathway. If it possible, though unlikely, that more spatially difficult sequences 

might be presented to individuals in a particular group. These factors; length, 

complexity and angle size; should be controlled for to ensure comparability of the 

construction of visuo-spatial sequences administered during visuo-spatial memory tasks. 

There was no significant interaction between task direction and group 

membership in the behavioral spans in this study as also seen in the study reported in 

Chapter 7. The lack of a significant interaction in this study is also likely due to the 

small sample size in this study and a larger sample size would overcome this limitation. 

Conclusions 

Ecstasy users' performance was more negatively affected by the processing 

demands of a visuo-spatial working memory task than non-ecstasy using controls. No 

clear differences in electrophysiological activity were observed between ecstasy users 

and non-ecstasy-using controls despite these behavioural differences. This is suggestive 

of reduced cortical efficiency in ecstasy users when required to concurrently process 

and retain sequences of visuo-spatial information. 
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Chapter 9 - Ecstasy Consumption and Stimulus Retention. 

The imposition of concurrent processing demands in a working memory task has 

a larger negative effect on ecstasy users' performance than non-users and poly-drug 

users regardless of the stimulus type, verbal or visuo-spatial. The ERP results from the 

test phase of the verbal short-term and working memory tasks reported in Chapter 7 

suggested that non-users and poly-drug users performed additional task operations 

associated with manipulating and processing material held in working memory. This 

resulted in a reduction in the cognitive resources allocated toward updating mental 

representations as indicated by the amplitude of the P3b component and this allocation 

of cognitive resources enabled relatively more accurate performance. Ecstasy users 

show less evidence of this pattern of resource allocation which suggests that the 

negative effect that working memory task demands has on ecstasy users' performance 

may be due to inefficient allocation of cognitive resources between the primary and 

secondary demands of the working memory tasks. The amplitude of the P3b component 

elicited by the first changed stimuli during the test phase of the visuo-spatial short-term 

and working memory tasks was similar in the ecstasy-users, poly-drug users and non-

users suggesting reduced cortical efficiency is responsible for the negative impact of the 

working memory demands on their performance. 

Cortical activity displayed by ecstasy users, non-users and poly-drug users 

during the test phase of the short-term memory tasks did not show group-related 

differences, but when the demands of the verbal working memory task were present the 

ecstasy-using group differed from non-ecstasy-using controls in the manner in which 

changed stimuli presented during the test phase were processed, namely the P3b 

component was significantly smaller in working memory than short-term memory task 
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in the non-ecstasy-using controls, but no such difference was seen in the ecstasy using 

group. 

Electrophysiological markers of initial stimulus registration and retention 

occurring during the study phase were not examined. Changes in initial stimulus 

registration and retention could be a contributing factor to the pattern of behavioural 

performance and might also contribute to the group-related differences observed in the 

P3b component elicited during the test phase. It is possible that non-ecstasy-using 

controls engaged cognitive strategies when stimuli were initially presented. Cognitive 

strategies might have contributed to their superior task performance. Ecstasy users have 

shown evidence of impaired use of cognitive strategies in a previous study. Brown and 

colleagues (2010) administered a memory task requiring recall of a list of words, some 

of which were semantically related. A strategy to improve performance on this task is to 

cluster the semantically related words for recall. Ecstasy users failed to implement this 

strategy to the same degree as non-ecstasy-using controls, resulting in poorer task 

performance. Group differences in strategic processing engaged when stimuli are 

initially presented would be detectable by examining ERP components elicited by 

stimuli presented in the study phase and so the possibility that ecstasy-related 

differences in initial stimulus processing might have contributed to the behavioural 

results will be addressed. 

A sequence of stimulus processing steps and associated ERP components are 

elicited when stimuli requiring a response are presented. Following registration by the 

primary cortical regions associated with the sensory organs the stimulus is oriented 

towards and identified as task relevant or irrelevant. These processes are reflected in the 

P2 component (Akyiirek, Dinkelback, & Schubo, 2010; Crowley & Colrain, 2004). If 

the stimulus is task relevant and worthy of retention, the mental representation of the 

stimulus is integrated in to the retained set of mental representations (Dien et al., 2004). 
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This process of integration serves to update the retained mental set with task relevant 

information and elicits a P3b component (Polich, 2007). 

The subsequent memory effect (SME) refers to the observation that the 

magnitude of the P3b component elicited when a stimulus is initially presented is 

directly related to the probability that stimulus will later be recalled in a test of 

recollection (Fabiani et al., 1986; Wagner et al., 1999). The impairments observed in 

ecstasy users' working memory performance might have resulted from reduced 

integration of stimuli in to the mental set upon initial presentation. This would impair 

ecstasy users' ability to recall or recognize stimuli presented during the test phase of the 

working memory task. If ecstasy users' impaired performance is due to inadequate 

integration of stimuli in to the mental set upon initial presentation the mean amplitude 

of the P3b component occurring during stimulus presentation would be reduced in 

ecstasy users relative to non-ecstasy using controls. 

Ecstasy-related changes have been observed in stimulus registration and 

identification. Heavy ecstasy users (mean LTEC = 1054, SD = 720), moderate ecstasy 

users (mean LTEC = 52.4, SD = 3.3) and non-ecstasy using controls performed a simple 

visual discrimination task which required that a different response be performed 

following the presentation of the digit T or '2' (Casco et al., 2005). The heavy ecstasy 

users made more errors than the non-ecstasy using controls. EEG was recorded during 

task performance. Heavy ecstasy users showed a smaller P2 component than non-

ecstasy using controls. The P3b component was significantly smaller in the heavy 

ecstasy users and the moderate ecstasy users than in the non-ecstasy using controls. This 

suggests that initial integration of mental representations of stimuli was impaired in 

ecstasy users. 

Ecstasy users have also shown altered behavioural responses to visual stimuli in 

the absence of memory demands. The tilt-after effect occurs when, after an individual 
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has been exposed to and adapted to a tilted Gabor pattern, a vertically oriented Gabor 

pattern is perceived as being tilted in the opposite direction. This effect is proposed to 

be modulated by serotonin and ecstasy-related changes in serotonergic function are 

proposed to be responsible for the finding that ecstasy users showed a larger tilt-after 

effect following adaptation to a 40° tilted Gabor pattern than non-ecstasy-using controls 

(Dickson, Bruno, & Brown, 2009). Optic flow patterns simulate motion through an 

environment by displaying a pattern of stimuli which resemble the pattern created on 

the retina during self-motion. Ecstasy users were less accurate than non-ecstasy using 

controls when asked to judge the position of a line relative to the point from which the 

optic flow pattern originated. This suggested that ecstasy use impaired judgments about 

relative position using optical flow patterns (Rizzo et al., 2005). Ecstasy consumption 

can affect the early stages of stimulus registration and processing, and changes in initial 

stimulus updating have been observed in ecstasy users' cortical activity elicited by 

visual stimuli. It is therefore important to examine the cortical activity elicited by initial 

stimulus presentation in memory tasks to determine whether ecstasy-related changes in 

early stages of stimulus registration and processing, or changes in initial stimulus 

updating, might contribute to the behavioural performance of ecstasy users. 

Cortical activity elicited during initial stimulus presentation was examined to 

determine whether the altered pattern of short-term and working memory performance 

seen in ecstasy users is associated with changes in early stimulus processing steps. 

Working memory requires retention and processing of task-relevant stimuli and the 

working memory tasks used in the current study separated stimulus presentation, during 

which retention would occur, and the time period during which processing would occur. 

If the ecstasy-related changes in memory function are affected by, or result from, 

changes in initial stimulus registration would manifest as altered ERP components 

occurring during initial stimulus presentation. Ecstasy-related changes in memory 
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function may be affected by changes in updating mental representations in response to 

initial stimulus presentation and this would be observed as changes in the P3b 

component elicited by these stimuli. 

Method 

ERPs elicited during the study phase of the experiments reported in Chapters 7 

and 8 were extracted for further analysis. There were most than 100 trials in each 

average. 

Results 

Electrophysiological results. 

The grand averaged ERP waveforms elicited by all stimuli presented during the 

study phase regardless of whether the trial was 'same' or 'different' and regardless of 

whether the participant responded correctly or incorrectly are shown in Figure 20 for the 

digits tasks and Figure 21 for the block tasks. The waveforms show a broadly 

distributed positivity peaking at approximately 200 ms which is followed by a parietally 

distributed positivity peaking at approximately 500 to 600 ms. On the basis of visual 

inspection of the scalp topographies and latencies, the earlier broadly distributed 

positivity has been labeled the P2 and the later posterior positivity has been labeled the 

P3b. Based on visual inspection of the midline sites Fz, Cz and Pz the P2 amplitudes 

were quantified as the mean amplitude over an interval from 100 to 300 ms post-

stimulus and the P3b amplitudes were quantified as the mean amplitude over an interval 

from 450 to 750 ms post-stimulus. 
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Figure 21: Event-related potentials elicited to stimuli presented in the study phase of the 

digits tasks. The fronto-centrally distributed P2 (100 - 300 ms) and parietally distributed 

P3b (450 - 750 ms) are labeled. The forward task is shown in heavy line and the 

backward task is shown in fine line. The left hand panel shows ecstasy users' grand 

averaged wave forms, the middle panel shows poly-drug users' grand averaged 

waveforms and the right hand panel shows non-users' grand averaged waveforms. 

The mean amplitudes of the P2 and P3b components elicited during the digits 

tasks are shown in Table 8 and Table 9 respectively. With regard to the P2 compoennt 

there was a main effect of site (F(1.50, 51.11) = 3.79,/? = .03, partial n2 = 0.10) 

whereby the P2 component was significantly larger at site Cz (M = 1.80, SE = 0.32) 

than at site Fz (M = 1.41, SE = 0.27), and the mean amplitude at site Pz (M = 1.78, SE 

= 0.27) did not differ significantly from either Fz or Cz. There was no effect of the 
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direction of administration of the test phase on the amplitude of this component 

(F(l,34) = 2.13,/? = .15, partial n2 = 0.06). The group factor did not have a significant 

effect on the mean amplitude of the P2 component (F(2,34) = 2.16,/? = .13, partial n2 = 

0.11) nor did it significantly interact with the factor of site (F(4,68) = 1.21,/? = .31, 

partial n2 = 0.07) or direction (F(2,34) = 0.07,/? = .93, partial n2 = 0.00). 

Table 8: Mean (SD) amplitude of the ERP wave form during the timing of the P2 

component, 100 - 300 ms post-stimulus, for each midline site, Fz, Cz, and Pz. 

Fz Cz Pz 

Ecstasy users Digit forward 2.03(1.74) 2.64(2.20) 2.50(2.09) 

Digit backward 2.04(1.43) 2.84(1.93) 2.85(1.58) 

Poly-drug users Digit forward 0.80(2.02) 1.10(2.52) 1.39(1.88) 

Digit backward 1.11(1.73) 1.50(2.18) 1.63(1.95) 

Non-users Digit forward 1.14(1.85) 1.19(1.75) 0.85(1.40) 

Digit backward 1.32(1.59) 1.51(1.60) 1.46(1.63) 

The P3b component elicited during the digits tasks was largest at site Pz ( M = 

1.74, SE = 0.33), smaller at site Cz (M = 0.99, SE = 0.30) and smallest at site Fz (M = -

0.19, SE = 0.27). This was shown by a significant main effect of site (F(1.27, 43.15) = 

44.60,/? < .001, partial n = 0.57) and all post-hoc comparisons were significant (all/?s 

< .05). The effect of the direction of administration of the test phase was approaching 

significance (F(l,34) = 3.22,/? = .08, partial n2 = 0.09). The group factor did not have a 

significant effect on the mean amplitude of the P3b component (F(2,34) = 0.95,/? = .40, 

partial n2 = 0.05) nor did it significantly interact with the main factors of site 
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(F(2.54,43.15) = 1.80,/? = .17, partial n2 = 0.10), or direction, (F(2,34) = 0.23,/? = .80, 

partial n2 = 0.01). 

The mean amplitude of the P2 and P3b components elicited during the study 

phase of the digits tasks did not vary significantly between the ecstasy users, poly-drug 

users and non-users. 

Table 9: Mean (SD) amplitude of the ERP wave form during the timing of the P3b 

component, 450 - 750 ms post-stimulus, for each midline site, Fz, Cz, and Pz. 

Fz Cz Pz 

Ecstasy users Digit forward 0.15(1.45) 1.15(1.91) 2.00(1.99) 

Digit backward 0.38(1.95) 1.87(1.73) 2.78(1.92) 

Poly-drag users Digit forward -0.85(1.35) 0.22(1.79) 1.52(1.78) 

Digit backward -0.13(1.85) 0.99(1.99) 2.20(2.01) 

Non-users Digit forward -0.52(2.38) 0.74(2.62) 0.86(2.73) 

Digit backward -0.16(2.23) 0.96(2.08) 1.07(2.42) 

The mean amplitude of the P2 and P3b components elicited during the blocks 

tasks are shown in Table 10 and Table 11 respectively. The P2 component elicited in 

the block tasks at site Cz (M = 2.75, SE = 0.28) was significantly larger than that 

elicited at site Pz (M= 2.21, SE = 0.25) and at site Fz (M= 2.01, SE = 0.25)(all/?s < 

.05) and this was reflected in the significant main effect of site (F(1.31, 44.54) = 8.11,/? 

< .001, partial n2 = 0.19). There was no effect of the direction of the test phase 

presentation on the amplitude of the P2 component (F(l,34) = 1.47,/? = .23, partial n2 = 

0.04). The group factor did not significantly interact with the effect of site (F(4,68) = 

0.44,/? = .78, partial n2 = 0.02) or the effect of direction (F(2,34) = 0.97,/? = .39, partial 
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n = 0.05), nor did it have a significant effect on the mean amplitude of the P2 

component (F(2,34) = 1.05,/? = .36, partial n2 = 0.06). 
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Figure 22: Event-related potentials elicited to stimuli presented in the study phase of the 

block tasks. The fronto-centrally distributed P2 (100 - 300 ms) and parietally distributed 

P3b (450 - 750 ms) are labeled. Forward tasks are shown in heavy line, backward tasks 

are shown in fine line. The left hand panel shows ecstasy users' wave forms, the middle 

panel shows poly-drug users' wave forms and the right hand panel shows non-users' 

wave forms. 

With regard to the P3b component there was a significant main effect of site 

(F(1.33, 45.27) = 51.08,/? < .001, partial n2 = 0.60). The P3b component elicited during 

the block tasks was largest at site Pz (M = 1.61, SE = 0.28), smaller at site Cz (M = 

0.49, SE = 0.29) and smallest at site Fz (M = -0.60, SE = 0.26) and all post-hoc 

comparisons were significant (all/?s < .05). There was no effect of direction (F(l,34) = 
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0.47,/? = .50, partial n2 = 0.01). The group factor did not significantly interact with the 

effect of site (F(4,68) = 0.19,/? = .94, partial n2 = 0.01), or direction (F(2,34) = 0.02,/? = 

.98, partial n = 0.00), nor did it have a significant effect on the mean amplitude of the 

P3b component in the block tasks (F(2,34) = 0.59,/? = .56, partial n2 = 0.03). The ERP 

components elicited during the study phase of the block tasks did not vary significantly 

between the ecstasy users, poly-drag users and non-users. 

Table 10: Mean (SD) amplitude of the ERP wave form during the timing of the P2 

component, 100 - 300 ms post-stimulus, for each midline site, Fz, Cz, and Pz. 

Fz Cz Pz 

2.32(1.50) 

2.39(1.34) 

2.04(1.67) 

2.08(1.29) 

1.43 (2.06) 

1.84(1.70) 

3.36(2.15) 

3.43 (1.55) 

2.72(1.46) 

2.59(1.91) 

1.92(1.77) 

1.38(1.95) 

2.55 (2.28) 

2.53(1.53) 

2.12(1.53) 

2.33 (1.58) 

1.59(1.28) 

2.16(1.71) 

Ecstasy users 

Poly-drug users 

Non-users 

Block forward 

Block backward 

Block forward 

Block backward 

Block forward 

Block backward 



192 

Table 11: Mean (SD) amplitude of the E R P wave form during the timing of the P3b 

component, 450 - 750 ms post-stimulus, for each midline site, Fz, Cz, and Pz. 

Fz Cz Pz 

Ecstasy users Block forward -0.78(1.19) 0.32(1.38) 1.44(1.71) 

Block backward -0.59(2.06) 0.48(1.90) 1.74(2.03) 

Poly-drug users Block forward -0.35 (1.78) 0.76 (1.76) 1.95 (1.64) 

Block backward -0.07(1.50) 0.69(2.70) 2.09(1.85) 

Non-users Block forward -0.95(1.96) 0.22(1.81) 1.21(2.22) 

Block backward -0.83(1.71) 0.45(1.58) 1.21(1.71) 

Discussion 

ERP components elicited by stimuli presented during the study phase of the 

verbal and visuo-spatial, short-term and working memory tasks were examined to 

determine whether the finding that reversal had a larger negative effect on ecstasy-

users' performance than non-users or poly-drag users might be affected by or result 

from changes in initial stimulus registration and integration. No group differences were 

found in the mean amplitudes of the ERP components examined in the wave forms 

elicited during the study phase. 

That ecstasy user's performance is more negatively affected by the concurrent 

requirement of the working memory task is not attributable to changes in initial stimulus 

registration nor is it due to changes in integration of representations of new stimuli in to 

the mental set. The P2 component elicited by stimuli presented during the study phase 

was similar in the ecstasy users and the non-ecstasy-using controls suggesting that 

impairments observed in ecstasy users' working memory performance was not due to 

differences in orienting toward the stimuli reflected in the P2 component. There were 
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also no group differences in the parietally distributed P3b component showing that 

ecstasy users and non-ecstasy using controls engaged in the process of updating 

representations held in working memory in the same manner. Hence the behavioural 

results are not attributable to ecstasy-related changes in this process. 

Prior studies have found evidence for ecstasy related changes in early processing 

of stimuli. However these alterations might be specific to the type of stimulus 

employed, which were tilted Gaussian patterns (Dickson et al., 2009) and optical flow 

patterns (Rizzo et al., 2005), and therefore very different to the stimuli in the current 

study which were simple digits and patterns of block. That early stimulus processing is 

similar between ecstasy users and non-ecstasy using controls enables results of prior 

studies such as those by Wareing and colleagues (Wareing et al., 2004a; Wareing et al., 

2005a; Wareing et al., 2000; Wareing et al., 2004b) to be similarly interpreted - that 

rather than reflecting task related changes in initial stimulus registration and early 

processing, ecstasy-related changes in performance can be attributed to impairments in 

cognitive processing. 
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Chapter 10 - General Discussion 

Overview 

This final chapter will reiterate the overarching rationale and aims of this thesis 

and briefly review the research context and main experimental findings. These findings 

will be placed in the context of existing theories, real-world implications and future 

research directions. 

Rationale and Aims 

Ecstasy is a popular, illicit, recreational drag which generally contains the 

chemical MDMA or similar substances. Australia has the highest rate of ecstasy 

consumption in the world with one in five young adults reporting having consumed 

ecstasy although Australian ecstasy users consume comparatively low amounts of 

ecstasy compared to users in the UK and Europe (Allott et al., 2006; Atha, Blanchard, & 

Davis, 1999; Gowing, Henry-Hedwards, Irvine, & Ali, 2001; Winstock, Griffiths, & 

Stewart, 2001). The proportion of Australians using ecstasy has been rising in recent 

years (NDSHS, 2007) and given the trend in recreational ecstasy use research in 

Australia, examining the effect of low-level ecstasy consumption on cognitive function 

is warranted. 

Long-term ecstasy consumption has been linked to reduced serotonergic 

function and this is proposed as a mechanism responsible for the impairments in 

memory function frequently observed in long-term ecstasy users. Memory load and 

LTEC modulate the memory impairment displayed by ecstasy users who show 

increased neural activity when completing low-memory-load tasks in the absence of 

behavioural impairment (Daumann et al., 2003a). It has been proposed that this 

increased neural activity compensates for ecstasy-related brain damage enabling ecstasy 

users to perform low-memory-load tasks at unimpaired levels. The specific 
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psychological processes associated with this increased neural activity are unclear. 

Event-related potentials (ERPs) provide information about neural activity associated 

with specific psychological processes within cognitively complex tasks such as short-

term and working memory. This thesis developed ERP-compatible tasks which would 

enable the cognitive processes responsible for the altered cortical activity observed in 

ecstasy users to be determined. 

Experimental Studies 

Studies examining the effect of long-term ecstasy consumption on verbal and 

visuo-spatial, short-term and working memory were the subject of a quantitative review 

which was undertaken to aggregate the findings of multiple studies employing differing 

methodologies. The meta-analysis showed that ecstasy consumption had a significant 

negative effect on each memory domain, both in studies using drag-naive controls and 

studies using poly-drug controls. LTEC predicted the degree of impairment in working 

memory where greater ecstasy consumption was associated with greater working 

memory impairment. 

Short-term and working memory tasks compatible with ERP recording were 

developed to engage the same memory functions engaged during equivalent serial recall 

tasks. The effect of reversal on memory for verbal and visuo-spatial sequences was 

examined using recognition tasks that required the detection of a new unseen stimulus 

within a previously presented sequence. The results from the initial versions of the 

recognition tasks were expected to parallel those from serial recall tasks indicating that 

they engaged the same processes. However reversal did not affect the spans in the 

recognition tasks, unlike in the serial recall tasks which showed significantly lower digit 

backward spans than digit forward spans, and no significant difference between the 

block forward and block backward spans. The difference in the pattern of results 

obtained on the recognition and serial recall tasks was attributed to the fact that the 
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recognition tasks could be accurately completed without retaining the order of the 

presented items, unlike serial recall tasks which required retention of item and order. 

The recognition tasks were altered such that retention of stimulus order was required for 

accurate responding, making them serial recognition tasks. Spans from these serial 

recognition tasks showed the same pattern as the spans obtained on the serial recall 

tasks supporting the idea that memory for sequential order is an important factor in 

determining memory capacity. Absolute spans from the serial recognition tasks were, 

however, significantly higher than those from the serial recall tasks. To address this, the 

temporal gap between the initial and subsequent presentations was increased. This did 

not, as hypothesized, reduce the spans obtained on the serial recognition tasks; instead 

the serial recognition spans were greater than found in prior studies and the pattern did 

not parallel the serial recall results. This was attributed to the increased time available 

for rehearsal and consolidation during the interval between study and test which 

strengthened the representations in memory and improved performance. 

Serial recall trials were introduced to the serial recognition tasks to encourage 

memorization of the initial sequence. All three task types, traditional serial recall, serial 

recognition, and serial recall, produced the expected pattern of results: reversal had a 

larger detrimental effect on performance of the verbal tasks than on performance of the 

visuo-spatial tasks. The traditional serial recall tasks uniquely showed a significantly 

lower block backward span than block forward span, though this difference was reduced 

in magnitude compared to that between the digit spans. 

The serial recognition tasks were administered while EEG was concurrently 

recorded, and ERPs elicited during task performance were examined to determine the 

impact of reversal on electrophysiological markers of cognitive processing. The first 

changed stimulus elicited a frontally distributed P3a and a parietally distributed P3b 

component both of which were significantly smaller in amplitude in the digit backward 
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task than the digit forward task with no difference in amplitude between the block 

forward and block backward task in either component. P3a amplitude is thought to 

reflect detection of deviance from expectation and the reduced P3a suggests that 

expectancy of the next stimulus is attenuated in the digit backward task. The P3a 

component was not smaller in the block backward than the block forward task which 

suggests that expectancy of the next stimulus is not affected by the requirement to 

respond to stimuli presented in the reverse order. P3b amplitude is proposed to reflect 

the allocation of cognitive resources to updating memory representations and the 

smaller P3b in the digit backward task suggests that when the demanding operation of 

responding to verbal stimuli presented in the reverse order is required the cognitive 

resources allocated to updating memory representations are reduced. Responding to 

visuo-spatial stimuli presented in the reverse order was not sufficiently demanding to 

result in a reduced P3b component. 

The altered cognitive processes responsible for the ecstasy-related memory 

impairment frequently observed in behavioural studies were investigated by examining 

the effect of low-level long-term ecstasy consumption on behavioural performance and 

electrophysiological indices of memory processing during serial recognition tasks. 

Imposition of a working memory load on the ecstasy users reduced performance more 

than that seen in the poly-drag users and non-users in both the verbal and visuo-spatial 

tasks. Ecstasy users did not show the working-memory-related reduction in P3b 

amplitude in the verbal tasks that was seen in both non-using control groups. The 

electrophysiological results suggest the ecstasy-related verbal working memory 

impairment is due to cognitive resources remaining allocated toward the process of 

updating representations in memory rather than being allocated toward task relevant 

working memory processes. Ecstasy users' performance on the visuo-spatial tasks were 

more negatively affected by the demands of the working memory task than non-users or 



198 

poly-drag users, though all three groups showed similar ERP wave form. That ecstasy 

users performance is reduced despite comparable cortical activity suggests that ecstasy 

consumption may result in reduced cortical efficiency. 

Theoretical Implications 

Theoretical accounts of memory function need to recognize the important role of 

memory for item order in determining memory function. The primacy model of Page 

and Norris (1998), which proposes that stimuli activate items nodes sensitive to relative 

order, is consistent with the findings that recognition tasks must require that the order of 

items be retained for accurate task performance to engage the same processes as serial 

recall tasks. Although this model specifies that the activation of item nodes decays, the 

process by which the activation decays is not specified. Time-based theories of decay 

postulate that representations held in memory decay as a function of the passing of time 

with the temporal interval between stimulus presentation and response a major 

determining factor in performance (Towse et al., 1998). The increased time period 

introduced to the recognition tasks did not, as expected, reduce performance on the 

tasks; rather there was a relative increase in performance on the difficult verbal working 

memory task. The temporal decay theory cannot account for these findings. An 

alternative theory that can account for these findings suggests that interference, rather 

than temporal interval, is the determining factor in memory performance 

(Lewandowsky et al., 2009). This theory proposes that time alone does not decay 

representations held in memory unless the time period is filled with an interfering task. 

The interfering task competes for resources thereby reducing rehearsal which would 

otherwise act to restore of traces in memory by increasing node activation (Page et al., 

1998). 

The model of Page and Norris (1998) postulate that stimuli are represented in 

memory in the form of activated nodes and Lewandowsky and colleagues (2009) 
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propose that the activation of these nodes decays due to interference. Interfering tasks 

take cognitive resources away from the process of rehearsing the stimuli. Rehearsal 

would otherwise act to re-activate the item nodes. When activation drops below a lower 

threshold the stimuli are no longer retrievable. These models suggest that individual 

stimuli are represented in the same manner regardless of their nature, that is, both verbal 

and visuo-spatial stimuli are represented internally as nodes and subject to interference 

from tasks which compete for shared cognitive resources. However sequences of these 

stimuli appear to represented differently. Retrieving sequences of verbal and visuo-

spatial information in the reverse order to its original presentation interferes with 

performance on verbal tasks more than visuo-spatial tasks. This has been attributed to 

differences in the way sequences of verbal and visuo-spatial stimuli are represented in 

memory. Verbal sequences are thought to be stored in the same order as originally 

presented and sequentially forward scanned to facilitate retrieval in the reverse 

direction. This time-consuming task reduces performance by introducing interference. 

Sequences of visuo-spatial locations are thought to be stored in memory as an overall 

pathway which can be traversed in either the forward or backward direction and because 

there is no interfering task reversal has a smaller negative effect on performance on 

visuo-spatial tasks than verbal tasks. These observations are consistent with the model 

of Page and Norris (1998): sequential forward scanning is an interfering task which 

directs attention away from rehearsal, interference-related decay acts on the item nodes 

leading to reduced verbal backward span, however during the visuo-spatial backward 

span task the nodes with the lowest activation are retrieved first and hence are not 

subject to interference related decay. Thus visuo-spatial span is less negatively affected 

by the requirement to reverse the order of stimuli than is verbal span. 

Reversal has a small, and occasionally significant, effect on visuo-spatial span. 

In the study with the largest sample size reported in this thesis there was a small but 



significant cost to performance on the serial recall tasks when the pathway was retrieved 

in the reverse order. Earlier studies reported in this thesis that had smaller sample sizes 

found that backward visuo-spatial span was smaller than forward visuo-spatial span, but 

these differences failed to reach significance. The effect of reversal on verbal and visuo-

spatial span may be better conceptualized as differences in the magnitude of the effect: 

reversal has a large detrimental effect on verbal span and small detrimental effect on 

visuo-spatial span. This may be due to a threshold sequence length at which the visuo-

spatial sequence can no longer be retrieved in the reverse direction requiring a 

secondary process such as covert forward scanning to enable accurate task performance. 

The behavioural and electrophysiological results obtained on the verbal and the 

visuo-spatial tasks were differentially affected by reversal. The P3a component elicited 

during the digit backward task was significantly smaller than that elicited during the 

digit forward task. The amplitude of the P3a component reflects expectancy. The P3a in 

the digit forward task elicited by the first changed stimulus suggests that this stimulus 

violated expectancy. However, the P3a was smaller in the digit backward task which 

suggests that the changed stimulus did not violate expectancy to the same degree. This 

is consistent with the proposal that sequences of verbal material presented during the 

backward task were not retained as a reverse sequence; rather the original forward 

sequence was retained and sequentially forward scanned to each stimulus. When the 

sequence was maintained in this manner, the first changed stimulus presented as part of 

the reversed sequence did not elicit the same level of diversion from expectation as a 

changed stimulus from the forward task. The electrophysiological results support the 

theory that verbal sequences are retained in the forward direction and sequentially 

forward scanned to retrieve the stimuli in the reverse order. 

In two studies the difference in the amplitude of the P3a components elicited 

during the block forward and block backward tasks was larger when the difference 
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between the behavioural span from the block forward and block backward tasks was 

larger. It is proposed that visuo-spatial sequences are represented as a reversible 

pathway and therefore expectation is developed regarding the next step in this pathway 

regardless of the direction of retrieval. In the study reported in Chapter 5 with a sample 

of undergraduate individuals the P3a component was not significantly reduced in the 

block backward task relative to the block forward task, despite the presence of a 

moderately sized effect. However in the non-user group in Chapter 8 the P3a component 

was significantly smaller in the block backward task than the block forward task and a 

large effect was present. The effect sizes corresponding to the P3a components in both 

samples paralleled the behavioural effects; there was a moderately sized effect of 

reversal on behavioural performance and P3a amplitude in the study from Chapter 5 and 

a larger effect on both these in the non-user group from Chapter 8. It seems from these 

two samples that the size of the effect of reversal on behavioural performance is 

paralleled in the size of the effect on P3a amplitude. Hence the development of 

expectation is crucial for accurate performance in the visuo-spatial tasks and when 

expectation cannot be developed and is therefore reduced, performance is also reduced. 

The electrophysiological results suggest that retrieving verbal information in the 

reverse order resulted in significant change in the allocation of cognitive resources 

compared to the allocation of resources when retrieving verbal information in the 

forward order. The altered allocation of cognitive resources between the forward and 

backward tasks was less evident in the visuo-spatial tasks. P3b amplitude reflects the 

degree of cognitive resources toward updating representations in memory. During the 

digit forward task resources were allocated to the task of updating representations held 

in working memory, resulting in a substantial P3b. However, during the digit backward 

task resources are allocated toward the cognitively demanding task of responding to 

verbal stimuli presented in the reverse order. Retrieving verbal information in the 
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cognitive resources. This resulted in cognitive resources being directed away from 

updating representations in working memory, reducing P3b amplitude. The interference 

of the concurrent processing requirement prevents rehearsal leading to decay of 

activated nodes and reduced performance. Responding to visuo-spatial stimuli presented 

in the reverse order has a small effect on behavioural performance. The P3b component 

is not significantly reduced in the block backward task which suggests that the 

requirement to respond to visuo-spatial stimuli presented in the reverse direction does 

not interfere with the process of updating representations in working memory to the 

same degree as with verbal stimuli. 

Effects of Ecstasy Consumption on Memory Function 

Ecstasy consumption negatively affects the ability to concurrently process stored 

information in working memory. Ecstasy users show a larger difference in performance 

on working memory tasks relative to short-term memory tasks than poly-drag users and 

non-users. Poly-drag and non-users allocate cognitive resources toward the process of 

sequential forward scanning which facilitates retrieval of verbal information in the 

backward direction. This impinges on the cognitive resources allocated toward updating 

representations in memory, hence a reduced P3b, but performance overall is facilitated 

by this pattern of resource allocation. Ecstasy users do not appear to engage in the 

process of retrieving sequential verbal stimuli in the backward direction in the same 

manner as non-using controls; instead cognitive resources remain focused on updating 

and retaining representations in working memory, and hence P3b is not reduced. 

However, without engaging in the process of retrieving the verbal sequence in the 

reverse order, performance is less accurate. 

The reduced resource allocation toward concurrent processing during working 

memory tasks observed in ecstasy users might be the mechanism behind the finding that 
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ecstasy users show greater impairments on cognitively complex tasks than cognitively 

simple tasks. Brown, McKone and Ward (2010) found that impaired task performance 

in ecstasy users was observed in cognitively complex tasks and other studies have found 

that ecstasy users show deficits in working memory function that is not attributable to 

impairments in short-term memory (Wareing et al., 2004a; Wareing et al., 2004b). 

Working memory tasks, by their nature, require that cognitive resources be allocated 

between several tasks including retaining and retrieving information, and appropriately 

processing the information. Impaired resource allocation means that these tasks cannot 

be accurately performed, leading to reduced performance. The control required to 

allocate cognitive resources appropriately to respond to multiple tasks depends upon 

frontal lobe integrity (Garcia-Larrea et al., 1998). The P3b component is proposed to 

reflect the action of a circuit which involves the frontal lobes as described in the earlier 

review chapter. Therefore if frontal lobe integrity is compromised by ecstasy 

consumption the P3b component is likely to show ecstasy-related changes. The P3b 

components elicited during the verbal tasks differed between the ecstasy users and the 

non-using controls though this pattern failed to reach significance. Wareing and 

colleagues note that ecstasy users show impairments on tasks that place demands on the 

frontal cortex suggesting that ecstasy consumption interferes with frontal functioning 

(Wareing et al., 2007) and a number of neuroimaging studies have implicated the frontal 

lobes as sources of altered serotonergic function and activity (de Win et al., 2008; 

Moeller et al., 2004; Quednow et al., 2006; Reneman et al., 2001b). Hence it seems that 

changes in serotonergic function in the frontal lobes may be responsible for the 

impairment in allocation of cognitive resources seen in ecstasy users. Brown and 

colleagues (2010) offer an alternative hypothesis and suggest that the pattern of 

performance observed in ecstasy users might be due to ecstasy-related damage to 

multiple brain regions which, when the multiple brain regions are required to interact in 
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a complex manner, results in impaired cognitive performance on the more cognitively 

demanding working memory tasks than the short-term memory tasks relative to non-

ecstasy using controls. 

Research administering MDMA to rodents has developed an alternative 

hypothesis to the common proposal that ecstasy consumption, or MDMA 

administration, results in working memory deficits (Nulsen et al., 2010a). Rodents 

trained in a radial arm maze task were administered either MDMA or scopolamine, an 

acetylcholine agonist (Kay, Harper, & Hunt, 2010). The authors argued that the rodents 

administered MDMA showed errors in reference memory while the rodents 

administered scopolamine showed errors in working memory. Reference memory 

differs from working memory in that it is memory for task requirements that are stable 

over trials whereas working memory involves memory for task items that change from 

trial to trial. The rodent findings suggest that ecstasy users might have difficulty 

retaining task instructions, which are stable over numerous trials and therefore engage 

reference memory, which would result in impairment on those tasks. It is possible that 

when task instructions are more difficult to comprehend, which would typically be the 

case in working memory tasks rather than short-term memory tasks, ecstasy-related 

impairments in reference memory lead to reduced performance on the working memory 

tasks. To address this possibility, research studies should work to ensure task 

instructions are of comparable difficulty and provide training trials to ensure the 

instructions have been accurately understood. Within the current research framework 

the task instructions provided to the ecstasy users for the working memory tasks were 

virtually identical to those for the short-term tasks. Ecstasy users showed impaired 

performance only on the working memory task which suggests that the impairments are 

likely related to working memory demands rather than impairments in reference 

memory. 
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Limitations 

The serial recognition tasks used in each of the behavioural and ERP studies is a 

two-alternative forced choice task which can, therefore, result in a success rate of 50% 

simply through guessing. Thus the raw span scores obtained as a result of these tasks 

are not directly comparable to traditional span scores which reflect the number of 

stimuli to which a participant can correctly respond to on a pre-determined proportion 

of trials. The span scores obtained from the serial recognition tasks are overestimates of 

individual's span and potential group differences might be attenuated. 

The interaction between group and task did not reach conventional levels of statistical 

significance within Chapter 7 and Chapter 8; however planned comparisons and 

examination of the effect sizes indicate that reversal had a greater negative effect on 

ecstasy users' performance than on non-ecstasy using control's performance. The power 

of the ANOVA to detect a significant interaction was diminished by the small sample 

size. The sample size was originally larger than was included in the ANOVA, however 

individuals were excluded for testing positive for methamphetamines and cannabis 

which reduced the sample size and the statistical power of the study. The effects found 

in the behavioural data were consistent between the studies examining verbal short-term 

and working memory (Chapter 7) and visuo-spatial short-term and working memory 

(Chapter 8): in each study the effect of reversal resulted in a larger decrement in 

performance in the ecstasy using group than in the non-ecstasy using control groups. 

This manifested in a larger effect size in the ecstasy using group in both studies. These 

findings are also consistent with those reported in previous research, notably that by 

Wareing and colleagues (2004a, 2004b) whereby ecstasy use appeared to impair 

working memory performance whilst leaving short-term memory performance relatively 

intact. The studies by Wareing and colleagues used larger sample sizes which provide 

them with greater statistical power. These studies also used samples of ecstasy users 
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analysis suggest that higher LTEC results in a greater decrement in ecstasy users' 

working memory performance and so it stands to reason that studies using high LTEC 

samples have a greater chance of detecting a large effect using an ANOVA while 

studies with low LTEC samples, such as reported in the current thesis, are less likely to 

detect the smaller effect. 

Research Implications 

Memory tasks such as the Sternberg task and the visual search task, frequently 

require a judgment to be made as to whether a stimulus, or set of stimuli, was present or 

absent from a previously presented set. These tasks can be accurately completed by 

retaining only the identity of presented items. Memory for the order of items, rather 

than the identity of items, is a determining factor in serial recall tasks, therefore 

alternative tasks that do not require memory for the serial order of items do not engage 

the same cognitive processes as serial recall tasks. The results from Study 1 reported in 

Chapter 5 demonstrated that attempts to substitute serial recall tasks with memory tasks 

that require memory for item identity are flawed and the integral role of item order 

needs to be considered when developing or selecting alternative memory tasks for use 

with electrophysiological recording or assessment of individuals with limited capacity 

to respond to traditional serial recall tasks. 

Sensitive measures and targeted analyses are required when examining the effect 

of ecstasy consumption on cognitive function, particularly when the sample of ecstasy 

users has low LTEC such as in this thesis. There were no significant effects of ecstasy 

consumption on performance. This initial non-significant result could lead to the 

conclusion that low LTEC does not have a negative effect on memory function. 

However, prior research by Wareing and colleagues (Wareing et al., 2004a; Wareing et 
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al., 2004b) suggested that ecstasy consumption had a differential effect on short-term 

and working memory, a conclusion supported by the meta-analytic findings (Nulsen et 

al., 2010a). These prior findings guided the analysis of the behavioural results and the 

magnitude of the effect of reversal on performance was examined. Reversal reduced 

span to a greater degree in the ecstasy-using group than the poly-drag users and non-

users in both the verbal and visuo-spatial domain. Future studies should be guided by 

the patterns of prior findings in their selection of statistical tools. 

Real World Implications 

Low levels of ecstasy consumption can have significant effects on cognitive 

functioning. Much of the research examining the effects of ecstasy consumption on 

cognitive function has been conducted in the UK and Europe and these studies have 

used samples of ecstasy users with high LTEC, reflective of the consumption patterns 

typical of these regions (Allott et al., 2006; Atha et al., 1999; Chawla, 2009; Gowing et 

al., 2001; Winstock et al., 2001). Impaired memory function has been a frequent finding 

in these high LTEC studies which concurs with meta-analytic findings that LTEC 

modulates the magnitude of working memory impairment. This can potentially lead to 

the conclusion that lower levels of ecstasy consumption do not lead to changes in 

memory function. However, this conclusion is challenged by behavioural results from 

the current study which found that ecstasy users with low LTEC show significantly 

greater negative effects of the concurrent requirements of working memory than non-

ecstasy-using controls. Thus there are subtle, but significant, negative effects of low 

levels of ecstasy consumption on memory function. 

Laboratory-based measures of memory are far removed from real life 

experiences of navigating the outside world; rarely in real life are we required to reverse 

the order of a sequence of numbers or respond to a change in a sequence of highlighted 

block. However, research in to the effects of ecstasy consumption on completion of 



tasks similar to those encountered in real life have found that ecstasy users demonstrate 

task impairments similar to those seen in the laboratory. A virtual paradigm assessed 

ecstasy users and non-ecstasy using controls in the role of an office worker completing 

tasks such as prioritizing acitivities, organizing the office space and managing a 

schedule. These tasks require that cognitive resources be allocated between different 

ongoing tasks, such as checking the time, responding to requests and being mindful of 

one's surroundings. Ecstasy users performed poorly on tasks that loaded on to measures 

of planning and selection, indicating difficulty with these functions (Montgomery, 

Hatton, Fisk, Ogden, & Jansari, 2010). Thus the finding that ecstasy users show 

electrophysiological activity patterns suggestive of difficulties allocating cognitive 

resources between demanding tasks appears to be reflected in virtual paradigm 

difficulties in planning and selecting tasks to engage in. 

Rates of ecstasy consumption increased during the 1990s and have stabilized 

since the early 2000s showing anti-drag campaigns to actively discourage ecstasy 

consumption have failed to reduce rates of ecstasy use (UN, 2003). Government and 

non-government bodies have ran campaigns to reduce ecstasy consumption. These 

campaigns have been met with skepticism and research shows that ecstasy users 

perceive government agencies and educators to be the least dependable sources of 

information about the effects of ecstasy, likely because the situations depicted in their 

anti-drag campaigns are far removed from their own personal experiences with ecstasy. 

A longitudinal study found that college students who had been exposed to a greater 

number of negative messages about ecstasy, such as those employed in government 

campaigns, were more likely to use ecstasy, suggesting that these messages may be 

having the opposite effect of dissuading young people from ecstasy use (Vincent, 

Caldeira, O'Grady, Wish, & Arria, 2010). A survey conducted in 2005 found that over 

25%» of respondents perceived ecstasy to be safe or very safe and over half of ecstasy 



209 

users believed that their own use was unlikely to cause problems (Gamma, Jerome, 

Liechti, & Sumnall, 2005). The current research shows that at low levels of ecstasy 

consumption, ecstasy related changes in memory function are found only with analyses 

that tease apart different patterns of performance. It is unlikely that such changes 

manifest as memory problems exhibited in every-day functioning, and hence fail to 

provide ecstasy users with evidence about the presence of ecstasy-related changes in 

cognitive ability. Ecstasy users should be informed that while they may not notice 

alterations in their cognitive abilities, the sense of security that accompanies this may be 

false as evidence suggests that the brain compensates for ecstasy-related damage and 

may be reduced in efficiency despite unimpaired memory performance. The meta-

analytic data presented in this thesis suggest that these impairments are cumulative and 

permanent, and could lead to significant cognitive decline later in life, should also be 

included in education campaigns. Education that is congruent with personal experiences 

and recognized as believable should be more effective at reducing ecstasy consumption 

than the current campaigns in place (Gamma et al., 2005). 

The cognitive deficits experienced by ecstasy users should be considered by 

individuals working with ecstasy users in health, legal and occupational settings. 

Ecstasy consumption impairs the ability to appropriately allocate cognitive resources 

between different task demands, and it is probable that the degree of impairment is 

related to the extent of ecstasy consumption whereby greater ecstasy consumption leads 

to greater impairment. Individuals working with ecstasy users would benefit from being 

mindful of this when requiring that ecstasy users engage in complex tasks which require 

multiple sub-tasks be completed. There has been some success in training working 

memory capacity by requiring practice of working memory tasks such as the spatial 

span tasks and this may be an option to aid in working memory recovery in ecstasy 

users (Klingberg, Forssberg, & Westerberg, 2002). 
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Future Research Directions 

Ecstasy users are impaired on tasks requiring retention and simultaneous 

processing, but are unimpaired on tasks requiring only retention. The processing 

requirement in the current study, namely order manipulation, sits outside the framework 

of Miyake and colleagues (2000) which proposed three executive functions; inhibition, 

shifting, and updating. This conceptual framework was used by Wareing and colleagues 

(Wareing et al., 2004a; Wareing et al., 2004b) to explore their results. Their research 

found that ecstasy consumption is related to impairments in updating (Wareing et al., 

2004a; Wareing et al., 2004b) while inhibition is relatively unaffected (Morgan, 1998; 

Wareing et al., 2000) and set-shifting has shown some evidence of ecstasy related 

impairment (Dafters, 2006). Given the findings from the current study, that ecstasy 

consumption impairs the ability to appropriately allocate resources between different 

cognitive processes, it seems probable that set shifting, which is defined as shifting 

between mental tasks, operations or mental sets, might be negatively affected by ecstasy 

consumption due to the inability to appropriately allocate cognitive resources between 

tasks. Montgomery and colleagues (Montgomery et al, 2005b) failed to find any deficit 

in set-shifting or switching in a sample of ecstasy users, however this is the only study 

to examine these cognitive processes and this is a viable avenue of for future 

investigations. The impairment seen in updating should be further explored with brain 

imaging and electrophysiological recording. These measures might indicate whether 

ecstasy-related deficits in updating can be attributed to altered allocation of cognitive 

resources. The avenues of working memory training for ecstasy users experiencing 

working memory deficits should also be explored. 

Conclusions 

Ecstasy consumption impairs cognitive function by altering the manner in which 

cognitive resources are allocated to the individual processes required for successful task 
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completion. These impairments manifest at low LTEC and appear to be cumulative and 

irreversible. Future research should examine the possibility of treatment to improve 

ecstasy users' ability to allocate attention during tasks and make use of strategies to 

avoid impairments in functioning. 
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