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ABSTRACT 

Reports of working memory in healthy and neurologically impaired individuals are 

commonly used in discussions of the theoretical models of working memory created to 

hypothesize the link between working memory and verbal comprehension. Because of the 

evidence implicating the frontal cortex and circuitry in working memory, the influence of verbal 

working memory abilities on language is of particular interest in people with Parkinson’s disease 

(PD), a population with neurological impairment in subcortical and frontal cortex circuitry, and 

executive deficits that affect language processing. 

The development of computerized measures for working memory has improved the 

precision of clinical researchers’ assessments and provided tools for interventions. The effects of 

manipulating parameters of computerized tests are unclearly understood and should be carefully 

considered when selecting or developing computerized measures of attention or memory. 

Empirical studies rarely provide a strong rationale for selecting a particular interstimulus interval 

(ISI), which vary greatly across studies. ISI is particularly important to consider in tasks of 

verbal working memory, in which subjects are required to retain and manipulate information for 

the duration of the ISI. The influence of stimulus modality also has not been adequately 

explored, although Schumacher et al. (1996) conclude that verbal working memory is amodal, 

simply using phonological representations translated from visual or auditory stimuli. 

Twenty four non-demented individuals with PD performed similarly to an age- and 

gender-matched healthy control group for all measures. Both groups performed more slowly and 

less accurately in a 2-back compared to a 1-back test of working memory. Response time 

lengthened but accuracy improved as ISI lengthened across three levels (800, 1600, and 3200 

ms) in the n- back tests, indicating participants utilized the additional time to determine the 

correct response. Visual or auditory presentation of stimuli did not generally influence response 

time or accuracy, supporting an amodal theory of verbal working memory. Influential parameters 

of stimuli in computerized measures of working memory need to be carefully considered and 

reported in the continuing investigations of the complex relationship between language use and 

working memory.  
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INTRODUCTION 

Cognitive-Linguistic Interactions 

Various processes of cognition and language are entwined in an intricate relationship and 

may be inseparable, a concept widely supported and now referred to as cognitive-linguistic 

interaction (Body, 2004; Helm-Estabrooks, 2001; LaPointe, Maitland, Blanchard, Kemker, 

Stierwalt, Heald, 2004; LaPointe, Maitland, Kemker, Stierwalt, 2004). Carefully controlled 

processes, such as attention and various forms of memory, are coordinated during language 

comprehension. It may take longer to interpret “His inability to inhibit laughter is unrelated to 

your unremarkable joke” than to understand “He’s not laughing at your bad joke.” Lengthy, 

complex sentences require more cognitive processing to interpret the linguistic structure and 

derive accurate meanings, though the exact processes and extent of involvement are not wholly 

agreed upon. Comprehension of complex sentence structure requires some clauses to be held in 

memory while other parts are decoded. Pronouns referencing characters first mentioned in 

previous sentences can only be comprehended if the referent was encoded and available for 

recall and comparison. Real-world knowledge and linguistic comprehension are crucial to 

accurate interpretation. For example, lexical cues such as ‘after’ or ‘but’ aid the reader to 

remember the previous phrase and reserve interpretations until after reading the phrase that 

follows, which often alters the meaning of the sentence. Sentences beginning with ‘before’ 

require more computations than those beginning with ‘after’; the additional processing can be 

measured by event-related brain potentials and correlated with working-memory spans (Münte, 

Schilta, & Kutas, 1998). Some sentences, referred to in research as garden-path sentences and 

used to test language processes, are designed to initially mislead language comprehension simply 

by omitting a comma or rearranging clauses (Ferreira, Bailey, & Ferraro, 2002).  In all of the 

sentences below, comprehension occurs with the help of cognitive processes coordinating, 

retrieving, and comparing information across phrases. 

• The golden retriever that is next to the mailbox is older than the collie hiding behind 

the doghouse. 

• After you drop off two shirts at the dry cleaners and put gas in the truck, please pick 

up the kids at their new school.  

• She won two million dollars but could not find her lottery ticket without my help. 

• The man who kissed the girl was holding white rabbits. 
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• While mom washed the dog slept in the sun. 

Working memory ability can be described as being able to store some information for a 

short time while additional information necessary to solve a problem is computed 

simultaneously. Working memory is often required for comprehension of both written and 

spoken language, particularly for comprehension of complex and long sentences, ambiguous 

words or phrases, referenced pronouns, and when information is irrelevant or interrupted (Engle 

& Conway, 1998). In a pronoun reference test, individuals with high working memory spans 

scored higher than individuals with a low span, resulting in a .90 correlation between working 

memory span and pronoun test performance (Daneman & Carpenter, 1980). Daneman and 

Carpenter concluded that the individuals able to keep more relevant information in working 

memory were better able to store the pronoun reference in working memory while processing 

other sentences. Another possible explanation is that individuals with higher spans have better 

processing abilities, as opposed to storage capacities. Perhaps the high-span individuals were 

better able to control their attention and focus on the most relevant information, thereby 

conserving space for more storage. Whichever the case, this seminal investigation related 

language processing and working memory.  

Jonides (1995) summarizes evidence implicating working memory involvement in many 

thinking tasks, including language comprehension. People with larger working memory spans 

are faster and more accurate in tasks of language comprehension, perhaps because they can 

simultaneously store previously read text while also using it to interpret a sentence in entirety 

(Jonides, 1995). The deleterious effects of a small or taxed working memory in dual-task 

conditions may only appear during more complex sentence comprehension, indicating working 

memory is utilized on a selective basis. 

Working memory in healthy individuals can be influenced by age, more specifically by 

the decline in speed of processing or executive functioning ability during the aging process. In a 

meta-analysis of 34 studies using a common measure of executive function, the Wisconsin Card 

Sort Test (WCST), Rhodes (2004) discussed effect sizes and determined the WCST is sensitive 

to age and education differences, with older adults (i.e., averages of 71 and 72 years) achieving 

less total categories and more preservative errors than younger adults (i.e. average age 25 years). 

Age also has been reported as a significant effect on the California Stroop Test (CST), another 

test requiring controlled attention and inhibition, but not for all tests of executive function; age 
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was reported to have no effect on the California Trail making test (CTMT) that requires 

switching and planning (Wecker, Kramer, Wisniewski, Delis, Kaplan, 2000). Storage limitations 

also may play a role in working memory performance. Brebion (2003) reported older subjects 

were slower and less accurate than younger subjects, and tended to devote resources to 

processing over maintenance demands. These reports of working memory in healthy and older 

people, as well as other reported case studies of neurologically impaired individuals discussed 

below, are commonly used in discussions of the theoretical models of working memory created 

to hypothesize the link between working memory and verbal comprehension.  

Theoretical Bases 

The first cognitive capacity theory was put forth by Kahneman (1973) in the domain of 

attention.  Resource allocation theory of attention (Kahneman,1973) proposed a finite capacity, 

influenced to some degree by arousal, able to be divided any number of ways into any number of 

tasks but only to the extent that the total cognitive requirements do not exceed the total available 

capacity. The capacity theories hold that automatic tasks such as counting or singing Happy 

Birthday do not consume much of the available capacity, but more complex tasks of reading, 

speaking, and writing dissertations require larger portions of an individual’s available capacity. 

Other cognitive domains, such as working memory, may function in a similar manner during 

cognitive-linguistic tasks but more empirical data should be collected to clarify understanding of 

the many theoretical proposals found in the literature. 

 Baddeley and Hitch’s seminal work on a theory of working memory began in 1974 with a 

simple schematic of three parts. The central executive acts as a regulator and processor for 

cognitive processes such as planning, reasoning, language comprehension, and learning 

(Baddeley & Hitch, 1974). The visuo-spatial sketchpad and phonological loop help the central 

executive by maintaining some information and reducing the overall load on the central 

executive. These two slave systems, as Baddeley termed them, sometimes perform low-level 

processing of their respective type of information (visual-spatial or verbal) but have limited 

attentional resources and may drain the resources of the central executive if the task demands 

exceed the slave system’s resources (Ashcraft, 2002; Rypma, Prabhakaran, Desmond, Glover, & 

Gabrieli, 1999). 

After thirty years Baddeley’s model continues to serve as a foundation for many 

empirical studies and commentaries on the mechanism, or mechanisms, involved in working 
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memory. The central executive’s role is particularly mysterious, as it is pivotal to the smooth and 

efficient cognitive processing but difficult to test in isolation. Studies of individuals with 

impaired executive functions, such as those with dementia of the Alzheimer’s type (DAT) or 

frontal lobe lesions, shed some light on the contributions of a central executive (e.g., Baddeley, 

1996; Allain, Etcharry-Bouyx & LeGall, 2001). Baddeley (1996, 2001) summarized the 

necessary functions of the central executive: focus, divide, and switch attention, coordinate the 

slave systems, and select and manipulate information in long-term memory. An episodic buffer 

was added to the original working memory model as a way for information from the slave 

systems to be integrated with information from long-term memory for processing (Baddeley, 

2000, 2001).   

Shared resource. 

 Although the exact mechanism of interaction continues to be investigated, it is clear that 

working memory is involved in language, and many other forms of higher-level cognitive 

processing. Verbal working memory involves linguistic or verbal information. Two prevalent 

theoretical frameworks discussed in the verbal working memory literature are the capacity 

constrained comprehension theory, supported by Just and Carpenter (1992), and the theory of 

separate language processing resources, proposed by Waters and Caplan (1996a). 

Conceptually similar to Kahneman's resource allocation theory in the domain of 

attention, capacity constrained comprehension theory of verbal working memory describes 

elements associated with activation levels and poses an activation capacity that cannot be 

exceeded without degradation of both storage and processing functions (Just and Carpenter, 

1992). Just and Carpenter (1992) explained that the storage load may be reduced to make room 

for more storage or more efficient processing by certain mechanisms that selectively retain only 

most recent or most central clauses. Other mechanisms retain only the most relevant aspects. 

Investigating a pattern of mutual interference, Just and Carpenter (1992) cited the effects of 

aging and extrinsic memory load on language processing to demonstrate that sentence 

interpretation and memory capacity share resources. Additional studies of individual differences 

are described to relate working memory to processing syntax, complex embedded clauses, 

syntactically ambiguous sentences, and pronominal references (Just and Carpenter, 1992). 

Reports of individual differences could be explained by an overall reduced capacity or reduced 

processing efficiency. The performance differential between low- and high-span readers occurs 
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only when the total demand is raised, which provides greater evidence for the total capacity 

hypothesis. To summarize, the capacity constrained comprehension theory predicts that dual 

tasks of comprehending more complex sentences and maintaining a larger load in verbal memory 

will compete for processing resources from a single pool of resources that varies in size across 

individuals.  

To test the hypothesis that the Daneman and Carpenter reading task draws on the same 

resource pool as does sentence comprehension, Just, Carpenter, and Keller (1996) used fMRI to 

see the location and degree of brain activation during a read-only condition and a read-and-

maintain condition in which subjects were instructed to remember the last word of each sentence. 

Sentence comprehension and reading span task activated the same cortical areas (Wernicke's and 

Broca's areas) and read-and-maintain condition resulted in more activation in Wernicke's area 

than did reading comprehension alone. According to Just et al. (1996), more activation in a 

common area suggests a higher demand from a shared resource.  

There is also evidence from neurological populations that working memory capacity is 

related, and indeed affects, language performance. In a group of 22 individuals with aphasia, 

those who were least impaired on the Western Aphasia Battery’s (WAB) measures of reading 

comprehension demonstrated the largest working memory capacities, resulting in positive 

correlations between language performance and listening span (Caspari, Parkinson, LaPointe, & 

Katz, 1998). Correlations between working memory and language comprehension tasks were 

also found in a group of 25 patients with right hemisphere damage from a unilateral 

cerebrovascular accident (CVA); these correlations only reached meaningful levels for the more 

difficult tasks, hypothesized to reflect a straining effect on a single shared cognitive resource 

(Tompkins, Bloise, Timko, Baumgaertner, 1994). At least some aspects of sentence 

interpretation, such as lexical-semantic decisions, may depend on the same brain regions (i.e., 

Broca's area) as do working memory tasks (Martin, 1999). 

Multiple resources. 

Waters and Caplan (1996a) are among the most adamant opponents of the capacity 

theory of comprehension on the basis of other neuropsychological data. Reports of individuals 

with preserved syntactic processing but impaired verbal working memory, such as stroke victims 

with only storage and rehearsal problems and individuals with DAT who have primarily central 

executive problems, suggest some other mechanism for language comprehension is involved. In 
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addition, Waters and Caplan (1996a) studied patients with aphasia and found that external 

memory load did not significantly affect syntactic processing, arguing against the predictive use 

of Just and Carpenter's model to measure the strain on the system by increasing task demand. 

Waters and Caplan do not believe that the degree of complexity of the linguistic task will 

necessarily impact performance on standard tests of working memory because processing is not 

recruited from the same limited resource. Unsatisfied with the empirical evidence for a capacity 

constrained model, Waters and Caplan proposed an alternative hypothesis of specializations 

within verbal-processing resource systems.  

Rather than one pool of finite capacity, the theory of separate language processing 

includes two separate resource pools, one used during on-line psycholinguistic processing and 

another in more controlled linguistic tasks, such as searching semantic memory (Waters and 

Caplan, 1996). This model asserts that working memory tasks, such as the Daneman and 

Carpenter reading span task, draw on a resource pool separate from the pool of resources used in 

sentence comprehension. Waters and Caplan (1996a) considered possibilities of further divisions 

within the separate pools and encouraged further research investigating interactions among the 

variables to delineate exactly how verbal working memory components are involved in various 

types of language processing.  

Caplan and Waters (1999) proposed a distinction between interpretive processing, simply 

interpreting meaning using syntax, and post-interpretive processing, using the meaning to store 

information in long term memory, reason, or plan. They supported the predictions of a separate 

sentence interpretation resource (SSIR) theory by explaining that “speed and accuracy of 

syntactic processing does not differ in a systematic way in normal subjects with different 

working memory capacities as measured by performance on sentence span tasks” and that, only 

under certain conditions, few interference effects have been found between verbal memory loads 

and syntactic processing (Caplan and Waters, 1999; Cocchini, Logie, Della Sala, MacPherson, 

Baddeley, 2002; Waters and Caplan, 2001). They presented studies of patients with a variety of 

neurological impairments to demonstrate a disassociation between capacity of verbal working 

memory and ability to use syntax to comprehend sentences. 

Yet another theoretical model of discourse processing, the construction-integration (CI) 

computational model by Kintsch (1988) emphasizes the role of LTM in language processing. 

Central to the CI model is the integration of general knowledge with the text to achieve 
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comprehension. Unique to the working memory component of this model is the distinction 

between a long-term working memory (LT-WM), which coordinates retrieval cues to LTM 

during comprehension, and the traditional short-term working memory (ST-WM) housing 

transitory information for manipulation. Ericsson and Kintsch (1995) advocated a LT-WM in 

activities requiring skill, such as text comprehension, by citing evidence from experiments using 

induced interruption during text comprehension and explaining how previous findings presented 

by capacity theorists are better explained by skilled use of LT-WM. Successful text 

comprehension across various lengths and types of interruptions (e.g., math problems, sentence 

reading) indicated that previously read material is maintained and able to be retrieved even after 

a long duration in which information in ST-WM would be irretrievable, necessitating a 

component of LTM to be available and used (Ericsson & Kintsch, 1995; Fischer & Glanzer, 

1986). Ericcson and Kintsch (1995) attribute any individual differences to the acquired skill of 

utilizing the LT-WM to keep previously read information highly accessible, or rapidly retrieved 

from LTM. The inclusion of LT-WM limits the influence of ST-WM in complex skills, such as 

text comprehension, and attributes larger effective working memory to sophisticated strategies 

and more extensive retrieval structures involving LTM, as opposed to a larger capacity of ST-

WM. 

The use of strategy and skilled use of a LT-WM in Ericsson and Kintsch’s working 

memory theory clarifies the somewhat ambiguous role of the capacity theorist’s central 

executive, processor of all information exchanged in working memory. In addition to studies 

discussed above in which the types of storage or types of processing used in working memory 

during text comprehension are divided based on task demands, several studies have investigated 

how more general cognitive processes may contribute to overall efficiency of text 

comprehension, particularly as they may be impaired in neurological populations (Pearlmutter, 

1999).  

General processing. 

A defect in strategy generation or implementation, common in frontal lobe damage, may 

explain language comprehension deficits found in DAT and Parkinson’s disease (PD) (Conway 

& Engle, 1994; Herman, Kolk, Hartsuiker, 1999). Sentences with little context and high lexical 

ambiguity require control of inhibitory processes, which is often missing after damage to the 

prefrontal cortex (Frattali & Graffman, 2005). Patterns in aphasia research support the notion 
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that poor sentence comprehension results from inadequate allocation of cognitive resources to 

syntactic processing (Caplan and Waters, 1999). When Berndt, Mitchum and Wayland (1997) 

compared these hypotheses of sentence comprehension in aphasia, performance of 10 aphasic 

patients (five Broca’s type, five anomic type) was best explained - although not every patient fit 

the model - by a capacity constrained theory (Just & Carpenter, 1992) that predicted increased 

error as length and complexity of sentence type increased. 

The processing component of working memory was targeted by Bayliss, Jarrold, Gunn, 

and Baddeley (2003) when they demonstrated that processing efficiency and storage capacity 

operate independently in complex span tasks. Bayliss et al. (2003) suggested that instead of a 

trade-off between storage and processing, as some shared-resource theories would predict, 

storage capacity is domain-specific and the processing is more general. This format is similar to 

Baddeley’s original working memory model of modality-specific storage systems with a central 

executive acting as a general processor and coordinator. 

Other possible explanations for the results indicating interaction between working 

memory and language comprehension are the costs of switching attention, managing 

interruptions, or other concurrent control processes. In which case, measured spans may reflect 

ability to allocate attention or resource to various components of the tasks rather than a capacity 

of working memory (Caplan and Waters, 1999; Kane, Bleckley, Conway & Engle, 2001).  Kane, 

Conway and Engle (1999) declared that the ability to shift attention or manage distraction drives 

any relationship between working memory span measures and higher cognitive tasks. In an 

antisaccade task, which requires attentional control but not memory, individuals with high 

working memory spans performed better than those with low-spans. In addition, no relationship 

was found between length of working memory span and the prosaccade task, which does not 

require reflexes to be suppressed (Kane et al. 2001). Perhaps working memory span measures 

ability to exert attentional control. Although antisaccade tasks and sentence comprehension tasks 

seem different, they both may require ability to control attention and withhold responses to some 

degree. It may be the case that the attentional control of the central executive is required only 

when demands increase, such as in dual-task conditions, and the complexity of syntactic 

processing requires working memory (Allain, Etcharry-Bouyx, Le Gall, 2001; Kane, Conway, 

and Engle, 1999; Rosen and Engle, 1998; Rypma, Prabhakaran, Desmond, Glover, Gabrieli, 

1999). 
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McCarthy and Warrington (1999) described two clinical cases (RAN and NHB) 

displaying remarkable sentence comprehension concurrent with digit and word spans of only 

one. Although it may appear to indicate, and certainly some authors have suggested, that 

working memory and sentence comprehension are unrelated, it only demonstrates that operations 

of working memory measured by spans are not indicative of sentence comprehension. This more 

specific interpretation is supported by studies finding a limited relationship between reading span 

and executive tasks (Carpenter, Just, & Shell 1990; Lehto 1996; Waters & Caplan, 1996b). RAN 

and NHB struggled with sentence comprehension when some degree of backtracking was 

required due to many propositions, unexpected pragmatics, or other demand for supplementary 

cognitive process (McCarthy & Warrington, 1999). An elegant coordination between the storage 

of information for future review and on-line language processing would require a common 

central processor, much like the central executive described in Baddeley's original working 

memory model. Therefore, a measure of central executive ability would serve as a good indicator 

in the investigation of the relationship between working memory and language comprehension 

(Caplan & Waters, 1999; Waters & Caplan, 1996b), as would a clearer description of the 

resources available to the central processor, such as a LT-WM (Ericsson & Kintsch, 1995). 

Traditional Assessment of Working Memory 

Delayed memory tasks require subjects to maintain information over variable lengths of 

time. Simply holding the information, however, primarily utilizes the short-term memory 

component of working memory. In working memory tasks, information must be temporarily 

stored or held available for reference during the manipulation (e.g., calculation, comparison) of 

information. Delayed memory tasks that include distraction or require manipulation of the target, 

such as alphabetizing a group of randomly presented letters, include both the storage and 

processing components and are more precise measures of working memory, as evidenced by the 

increased brain activity in the areas responsible for executive processing in working memory 

(i.e., dorsolateral prefrontal cortex) during these tasks (Kane & Engle, 2002).  

Several tasks have been developed and used in empirical studies to assess working 

memory and its various components. Perhaps the most commonly referenced measure when 

discussing the relationship between working memory and language is the Daneman and 

Carpenter reading span task. The task generally requires subjects to read sentences of increasing 

length and remember the last word of each sentence, or an unrelated word after the sentence. 
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After comprehension questions confirm the subject did utilize resources to process the sentences, 

the number of final words recalled is reported as verbal working memory span. Variations using 

mathematic operations also have been reported and are referred to as operational spans (Riccio, 

Reynolds, & Lowe, 2001). A meta-analysis by Daneman and Merikle (1996) concluded that 

measures tapping processing and storage capacity (i.e., reading span) are better predictors of 

comprehension than measures addressing only storage capacity; even math processes coupled 

with storage measures (i.e., arithmetic) can predict language comprehension, though to a lesser 

degree than verbal processes plus storage. Studies using this measure operate under the belief 

that the span indicates the amount of processing and storage capacity available while 

simultaneously using the portions of the same cognitive resources to process the sentence.  

However, as discussed above, studies have reported mixed conclusions about using span 

measures to indicate cognitive-linguistic function. For example, in addition to remembering the 

last word of each sentence in the reading span task, the individual must handle proactive 

interference (PI) from non-final words. The ability to overcome this PI was reported as at least 

one explanation for differences between ages or comprehension predictions from reading span 

tasks (Lustig, May & Hasher, 2001; May, Zacks, Hasher, Malthaup, 1999). Protocols using 

reading spans beginning with the longest trials result in higher scores than the traditional 

hierarchical sentence presentation and may be one way to reduce the influence of PI (Lustig, 

May & Hasher, 2001; May, Zacks, Hasher, Malthaup, 1999). Another methodological factor 

influencing the outcomes of working memory studies is the administration methods. Self-paced 

and administrator-paced span assessments result in different correlations between span measures 

and reading comprehension scores (Friedman & Miyake, 2004). Even when span is predictive of 

comprehension, precisely what working memory span measures (capacity, processing, both, or 

other cognitive processes) is not conclusive in the current literature, with as many explanations 

as there are theoretical perspectives on working memory in general (Towse, Hitch, & Hutton, 

2000). 

Another task requiring simultaneous storage and processing is the n-back task in its many 

forms. During the presentation of stimuli (e.g., letters, numbers, objects, or locations) the subject 

is required to respond to a stimulus when it matches the item seen n items ago. For example, in a 

1-back task, the subject responds to items that are identical to the item presented one previous to 

it. 3-back tasks require a longer storage period and more processing because subjects must 
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compare each stimulus to the item seen (or heard) three items ago, as well as retain each stimulus 

for future comparisons and constantly update memory to include only the three most recent 

items. Jonides et al. (1997) specified seven processes required for successful n-back 

performance: 

• Encoding each letter 

• Storing any letter relevant to future decision 

• Rehearsing to keep items in storage active and ready 

• Matching when comparing present item to previous item(s) 

• Temporal ordering to know which item should be used for comparison to the 

present item  

• Inhibiting the oldest item to replace with newest item in the series 

• Executing the response 

There is some concern in the literature as to whether 1-back is too simple to require use 

of working memory. Generally, studies report linear patterns as memory load is increased from 

0- to 3- back (e.g., Braver et al. 1997; Schumacher, 1996). In contrast, a study using fMRI 

reported the DLPFC to show almost no increase from 0- to 1-back or 2- to 3- back but a large 

increase from 1- to 2- back, indicating the DLPFC is not affected by increased memory load until 

the 2-back task and that the 2-back task is not much different than the 3-back (Smith, Jonides, 

Marshuetz, & Koeppe,1998). Those findings suggest processes used in 1-back are more similar 

to those used in the 0-back, sometimes referred to as choice test, than to the 2- and 3-back tasks 

that clearly involve working memory. The DLPFC largely contributes the executive control 

component of working memory. Perhaps the 1-back indeed does not use much executive control. 

That would not substantiate the claim that 1-back is not working memory, only that it is simple 

working memory and does not require DLPFC activation. Smith, Jonides, Marshuetz, & Koeppe 

(1998) also reported activation in other working memory areas to increase consistently with 

memory load. Reviewing the component processes of working memory as outlined by Jonides et 

al. (1997) and discussed above, only the temporal ordering processes, which certainly would 

require executive control, might be considered unnecessary in the 1-back test. Although the 

storage and rehearsal demands of the 1-back task are reduced, the participant still performs most 

of the processes constituting working memory.  
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Several standardized tests of working memory are available. The Tower of Hanoi and the 

Raven Progressive Matrices test both require creating and coordinating subgoals of a process, 

internally comparing and planning (Jonides, 1995). Any task that requires simultaneous storage 

and manipulation of information can be used to assess some component of working memory. 

Random number generation is a difficult task and certainly requires executive functioning to 

monitor for repeated numbers without using a pattern or numeric strategy. Sequencing letter- 

number pairs (e.g., Q4, R5, S6, T7…) requires retaining the previous pair while generating the 

correct pair to continue the sequence (Humphreys, Ford, & Francis, 2000).   

Non-standardized tools are often used for research and clinical purposes because they can 

be tailored to a specific situation often defined by the population involved, specific construct of 

interest, time requirements, and ease of administration; however, limited reliability and validity 

data on non-standardized tools limit generalization (Lehman & Tompkins, 1998). In order to 

eliminate the influence of academic knowledge and target the linguistic processing and storage 

components of working memory, Lehman and Tompkins (1998) modified the Daneman and 

Carpenter (1980) listening span task for use with older adults and individuals with brain damage. 

Individuals were instructed to remember the final words of sentences while making true/false 

statements about each sentence. In addition to task modifications, stimuli were simplified to 

simple, declarative sentences 3-5 words in length and reflected common world knowledge.  

While this modified task was reliable over time, convergent validity results differed for 

individuals with no brain damage compared to those with right hemisphere damage (RHD), 

suggesting that, in this group of 11 patients with RHD, the modified task did not measure 

working memory as it is measured in the standardized backward digit recall task from Wechsler 

Memory Scale-Revised. Measures of working memory may need to be adapted for clinical 

populations but must maintain validity by measuring what they profess to measure. Until further 

investigation of validity and reliability of measures designed for neurologically impaired 

populations, researchers and clinicians should be cautious when modifying assessment tools and 

interpreting results. 

Several other considerations are necessary when assessing cognitive performance. All 

working memory tasks involve doing at least two tasks simultaneously, but additional demands, 

such as distraction or speed pressure, can influence the difficulty of these working memory tasks. 

Dual-task paradigms in experimental research generally increase task demands by forcing a 
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participant’s attention to be divided. In most dual-task paradigms, participants are instructed to 

perform a primary task, such as pressing a button when a particular picture is shown, while 

simultaneously performing a secondary task, such as counting aloud or listening to music. 

Regardless of the primary task involved, individuals must determine how to handle these 

competing demands by considering the difficulty of each task, their own ability to perform each 

task, and their cognitive resources available at that moment. 

In addition to cognitive resources, psychological factors such as fatigue and learning can 

affect responses and should be carefully controlled in cognitive research experiments. Cognitive 

performance also can vary as a function of arousal, influenced by caffeine or time of day. Task 

difficulty can influence the effect of arousal on performance. High cortical arousal will result in 

better performance in an easy task compared to a difficult task, but when arousal is low, 

performance will be better in the difficult task than in the easy task (Humpreys & Revelle, 1984).  

However, for both the easy and difficult task, peak performance occurs at a medium level of 

arousal with equally poor performance in low and high arousal, forming an inverted-U pattern of 

performance across degree of arousal (Hebb, 1955). An early study by Yerkes and Dodson 

(1908) did not discuss arousal per se, but it did demonstrate an inverted U-shaped relationship 

between the strength of a stimulus and avoidance learning in mice. Several years later, the 

inverted-U pattern robust in studies of performance and arousal became known as the Yerkes-

Dodson Law (Winton, 1987).  Arousal is related to natural circadian rhythms, which influence 

perception of quality of life, mood, and performance (Blanchard, LaPointe, Bourgeois, & Licht, 

2001; Craig & Condon, 1985). Especially when working with clinical populations, the best time 

and place for assessment should be determined in advance (Teresi & Holmes, 1997). 

Computerized Assessment of Working Memory 

 Instrumentation of working memory assessment has advanced with technology, utilizing 

precision and reliability available from computerized responses. While several parameters in 

computerized assessment are not uniform, the ease and flexibility of programming and 

administration is appealing for clinical and research purposes. Computerized measures of 

working memory typically require keypad responses to stimuli visually presented on a computer 

screen or aurally presented through a speaker system. Clear directions and practice examples 

prepare the subject and criteria for accuracy and speed measures ensure that the subject 

understands the directions before moving on to the measured responses. Below are a few 
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examples of continuous performance test (CPT) instructions for tests measuring sustained 

attention, inhibition, and working memory. 

• Respond whenever the stimulus X appears 

• Respond when X is followed by another X  

• Respond to X only when X is preceded by A  

• Respond when X is preceded by X-1 

• Respond when anything except X is presented 

• Respond when X is the same as the X presented 3 items previously (n-back, specifically 

3-back) 

Riccio, Reynolds, and Lowe (2001) emphasized that CPTs are similar, but measure very 

different constructs by varying demands on attention, executive control, and memory. The 

following discussion will review commonly reported outcome measures of computerized 

assessments, which typically relate to processing efficiency (response time), accuracy (hit rate, 

errors of omission and commission), and signal detection theory (sensitivity and response bias), 

and then turn to the most often manipulated parameters of computerized assessments. 

Response time. 

A common measure of information processing in experiments involving computerized 

measures is response time (RT), reported in milliseconds (ms). Very complex cognitive tasks 

require more processing and therefore result in longer RT when compared to performance in 

simple tasks.  Generally, as the complexity or number of tasks is increased, response time slows 

and accuracy decreases, known as the speed/ accuracy trade off. An interesting exception to this 

phenomenon occurs when the initial task is very easy and then more tasks are added.  In this case 

it seems that participants realize they will need to allocate more resources, or “try harder”, and as 

the overall task becomes more difficult they actually can become slightly faster. Additional 

resources may be made available if adequately motivated (Humphreys & Revelle, 1984). 

Therefore, shorter RT can occur in boredom or high arousal if an individual compensates using 

concentrated attentiveness (Sersen, Clausen, Lidsky, 1982). This exception to the Yerkes-

Dodson Law is related to the type and difficulty level of the cognitive task, as well as arousal and 

effort, as predicted by Humphreys and Revelle (1984) and discussed previously. The 

phenomenon of a speed/accuracy trade off can be individualized and vary if participants are 

motivated to focus on speed rather than accuracy (or accuracy rather than speed). Often RT is 
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reported in conjunction with accuracy scores to provide a more overall perspective of 

performance. 

RT reflects total processing from the moment the stimulus is presented until the response 

key is pressed. Without fMRI data, it is difficult to portion the total RT into distinct types of 

processing involved (i.e., perception, cognition, motor). Some researchers compare SRT to CRT, 

deriving the selective attention processing time by simply subtracting SRT, a very simple 

cognitive task, from the CRT task requiring selective attention. This method dates back to Frans 

Donders in 1868, when he proposed “building” complexity to derive time of the additional 

mental process (as translated in Kosters, 1969, and discussed in MacDonald & Meck, 2004; 

Sternberg, 2001). This requires careful interpretation, as the additive tasks may involve more 

than one cognitive process or not use the same time for the original process. Cautioning the use 

of Donders’ subtraction method, Sternberg (2003) discusses the typically unrealistic assumptions 

that the original task is accomplished by only one process (which may involve sub-processes) 

and that the duration attributed to the original task is identical in both measures (e.g., SRT and 

CRT). More complex cognitive processes, such as working memory, will involve many sub-

processes that could muddy Donders’ simple derivation formula if comparisons are not 

appropriate. 

Because RT usually involves pressing a button, there is also some discussion as to how 

much of the RT is a result of motoric processing and movement compared to actual cognitive 

processing. For parsing the movement time (MT) from the cognitive processing time, 

physiological measures are sometimes used in lieu of the SRT to CRT comparison. 

Electromyography sensors placed on the hand muscles can be used to record the time between 

target stimulus onset and initiation of movement, resulting in a more precise measure of the time 

involved in cognitive processing because it eliminates the time between initiation of response 

and pressing the response button. The MT portion of RT can vary according to neurobiological 

factors as well as task requirements. In rats MT is affected by striatal lesions and decreased 

levels of dopamine in the brain, which may have implications for testing individuals with 

disorders such as Parkinson’s disease (Brasted, Dobrossy, Robbins, Dunnett, 1998). Contreras-

Vidal and Stelmach (1996) reviewed studies on motor control in PD and concluded that the 

slowed MT resulting from impaired basal ganglia function contributes greatly to the slowed 
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overall RT commonly reported. Investigation of the consistency or predictability of the MT 

portion of RT in PD has not been investigated. 

Accuracy measures. 

In addition to processing speed, researchers are interested in the accuracy of processing. 

Inevitably, cognitive demands occasionally exceed cognitive ability and errors occur. Errors also 

can result from inadequate or inefficient processing, which could be attributed to decreased 

arousal, inability to determine task demands, and/or neurological damage. Measures of accuracy 

include hit rate, errors of omission (not responding to a target), and errors of commission 

(responding to a foil, also called false alarm). Errors of commission can be further divided into 

target-related errors and random errors. Target related errors occur when subjects respond to a 

stimulus that is part of the target. For example, if the target is "A" followed by "D" and the 

subject responds to a single "D" not preceded by an "A" or to an "A" not followed by a "D", he 

has committed a target-related commission error. In contrast, responding to an "R" or other 

unrelated target is considered a random error.  

 The speed/ accuracy trade off is highly individualized. If the CPT instructions clearly 

stress the requirements of speech and accuracy, subjects are left to develop their own criteria and 

judgments regarding the relative priorities for speed and accuracy. A conservative subject might 

have a perfect score, yet have a longer RT than someone with a fast RT who commits more 

errors. Further investigation and other accuracy indices aim to clarify subject's responses for 

standardization and comparison. 

 Signal detection theory. 

Signal detection theory uses measures of sensitivity (d' or d-prime) and response bias 

(Beta) as measures of performance that can be used to investigate a subject's response patterns. 

Although d’ is the traditional index used in signal detection theory, the non-parametric statistic 

of sensitivity, A’, can be used to avoid possible pitfalls of d’ and eliminate the necessary 

precautions required when using collapsed d’ from averaged data to estimate the average d’ 

(Macmillan & Kaplan, 1985; Macmillan & Creelman, 1990). For example, an individual’s true 

hit rate or false alarm rate of one or zero cannot be computed as a z-score in the d’ formula. An 

obstacle of d’ more specific to group data is that if participants’ sensitivities or response criteria 

are disparate, averaged d’ is not an accurate reflection of performance (Macmillan& Kaplan, 

1985). Sensitivity (d' or non-parametric A’) indicates the likelihood that an individual will 
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respond when and only when a target is presented. A good sensitivity score would indicate the 

subject discriminated among stimuli and differentiated targets from non-targets, specifically 

(Riccio, Reynolds, & Lowe, 2001).  Beta is dependent on sensitivity, but more specifically 

relates omission and commission errors. Similar to the speed/ accuracy trade off, risk-takers will 

have few omission errors but increased commission errors while conservative subjects will have 

less commission errors but also more omission errors (Riccio, Reynolds, & Lowe, 2001). 

Impulsive responders might have high hit rates and appear quite accurate without considering the 

rate of commission, or false alarms.     

Reporting several measures of accuracy with the RT illuminates the processing 

possibilities and helps clinicians and researchers investigate the cognitive domain assessed. A 

responsible examiner should reduce or eliminate the effects of extraneous variables contributing 

to the speed and accuracy measures but not stemming from the assessed cognitive process. For 

example, providing clear instructions for responding quickly and accurately, or setting criteria 

for practice sessions to be sure the task is comprehended reduces anxiety influences. Populations 

with neurological damage often require more consideration when designing a CPT task and 

when interpreting the results. Physical or sensory impairments, such as limb apraxia, hemiplegia, 

visual neglect or agnosia, can affect outcome measures and provide a skewed picture of 

performance. For example, one result of basal ganglia damage is tremor, which can contribute to 

inaccurate measure due to unintentional hits. A variation of the RT response sometimes used 

when tremor becomes a concern is the lever-release, in which subjects release - rather than press 

- a button to signal response. This and other types of accommodations can be made to help 

specifically measure the construct of interest. 

 The development of computerized measures for working memory and other cognitive 

skills has improved the precision of clinical researchers’ assessments and provided tools for 

monitoring behavioral and pharmaceutical treatment effects as well as early identification of 

disease or cognitive impairment. Several factors should be considered when selecting or 

developing a computerized measure of attention or memory. Parameters of stimulus duration, 

stimulus frequency, and interstimulus interval can easily be manipulated to suit the examiner; 

however, the effects of manipulating these variables are still unclearly understood. 
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Stimulus properties (modality, frequency, and duration). 

 Stimuli in CPT can be numbers, letters, words, or particular categories (e.g., animals, real 

words vs. nonwords). Visual tasks may use geometric forms, colors, or pictures, position. Tests 

of spatial ability often display stimuli and ask the subject to respond to certain placement or 

configuration of items. Most auditory tasks use various tones, some use letters or words.  

Modality of stimulus presentation can influence some CPT performance outcome 

measures, reflecting the contributions of modality to general cognitive processing (Riccio, 

Reynolds, & Lowe, 2001). Out of 229 studies using CPT, indexed by Riccio, Reynolds, and 

Lowe (2001), only 27 presented at least some auditory stimuli and even fewer studies directly 

compare modalities. According to Riccio, Reynolds, and Lowe (2001), performance is generally 

slower and less accurate in tests of auditory (compared to visual) vigilance and may be a more 

sensitive measure for identifying problems with vigilance and executive control.  

The influence of stimulus modality specifically on verbal working memory has not been 

adequately explored. Baddeley and Hitch’s (1974) model of working memory suggests all verbal 

input would be processed (stored and rehearsed) in the phonological loop, making input modality 

irrelevant. Based on studies using predominately visual stimuli, neuroimaging data support 

frontal-parietal involvement in verbal working memory. However, some neuroimaging data and 

case studies of brain-damaged individuals suggest the inferior parietal cortex and some 

subcortical structures (e.g. thalamus) may exclusively be involved in auditory-verbal working 

memory and lend support for a verbal working memory system or at least components of a 

system specific to auditory input (Schumacher et al. 1996; Smith, Jonides, Marshuetz, Koeppe, 

1998). Schumacher et al (1996) used positron emission tomography (PET) and a subtraction 

method to deduce common areas of brain activation during visual and auditory 3-back tasks. 

Accuracy was not affected by modality but RT was significantly increased in the auditory 3-back 

task, perhaps due to encoding differences. Interestingly, despite the differences on behavioral 

measures, generally the same neural areas were activated in both modality conditions and few 

quantitative differences were found; the only differences were in the right supplementary motor 

area and the inferior portion of Broca’s area (more activation in auditory condition). Further 

calculations between modality and control conditions indicate that Brodman’s area (BA) 18, in 

the occipital lobe, may translate visual representations to phonological, whereas BA 21 and 22 of 

the temporal lobe are activated during tasks when auditory representations are translated to 
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phonological. Schumacher et al (1996) conclude that verbal working memory is amodal, simply 

using phonological representations that - one way or another - have been translated from visual 

or auditory stimuli. 

Performance on CPTs of vigilance also can be influenced by the proportion of target 

stimuli included and by temporal properties of the stimulus presentation. When proportion of 

target stimuli is high (e.g., 90% targets), subject’s responses are less accurate but much faster 

compared to a less frequent condition. This speed/ accuracy trade-off applies the other direction 

as well; the slowest, but most accurate, responses occur in relatively low target frequency (e.g. 

30% targets) conditions (Riccio, Reynolds, & Lowe, 2001). Silverstein, Weinstein, and Turnbull 

(2004) performed a CPT experiment using just 75% for the high-target frequency condition. 

Response times were still faster in the 75% condition, and more omission and commission errors 

occurred, than when targets were relatively infrequent (i.e., 30%). A standard percentage for 

each type of CPT has not been utilized across studies, making results difficult to compare. 

Accuracy declines (fewer hits and more false alarms) with shorter stimulus display times 

(200ms or 400ms) compared to longer times (800 ms) (Chee, Logan, Schachar, Lindsay & 

Wachsmuth, 1989). Perhaps a minimum time is required to locate and encode the stimuli for 

necessary processing after it disappears. A similar temporal factor is stimulus onset asynchrony 

(SOA), the time between the appearance of one stimulus and the next. There is usually a blank 

screen or pause between each stimuli presentation, so the subject can begin processing the 

stimulus immediately when it appears and during the following blank before another stimulus is 

presented and additional processing begins. Chee et al. (1989) reported SOA of 0 to 500 ms to be 

too short to perform well, but if the SOA is too long attention can wander between stimulus 

presentations. Again, no standard SOA has been recommended because it is dependent on 

stimulus duration and the parameter discussed next, interstimulus interval (ISI).  

Interstimulus interval. 

In addition to the actual stimulus duration is a time interval between each presentation of 

a stimulus, referred to as the interstimulus interval (ISI). ISIs may be preset in trial blocks (test-

generated) or programmed to adjust based on the accuracy of the subject’s prior response 

(subject-driven). Empirical studies rarely provide a strong rationale for selecting a particular ISI. 

It can be difficult to compare results of studies using different ISIs, as there is great variation 

across studies because no standard has been suggested for a short, medium, or long ISI.  
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Okazaki et al. (2004) reported response time (RT) differences between conditions of ISIs 

of relatively short (800 ms) and medium (1500 ms) and long (3000 ms) ISI durations in a cued 

continuous performance test (i.e., press button when “9” appeared after a “1”). Healthy child and 

adult subjects performed better on the cued continuous performance tests when ISI was longest; 

RT decreased and accuracy (i.e., hit rate) improved (Okazaki et al. 2004). However, Silverstein, 

Weinstein, and Turnbull (2004) tested 107 healthy adults and found no difference in RT between 

650 ms and 900 ms ISI, but accuracy did improve in the longer ISI condition. Chee, Logan, 

Schachar, Lindsay and Wachsmuth (1989) tested 51 hyperactive boys using three levels of ISI 

(800, 1600, 3200 ms) in a sustained attention task and found the opposite results: longer ISI 

increased RT.    

Long ISI may influence performance differently on other types of CPT or in other 

neurological populations. Although individuals with temporal lobe lesions, dorsolateral 

prefrontal cortex damage, and no neurological damage performed equally on short-delay trials of 

500 milliseconds, performance of patients with frontal lobe lesions significantly decreased on 

long-interval trials of 10 seconds, indicating an inability to maintain active representations of the 

visual stimuli over a longer period of time during computerized tasks of spatial recall and 

temporal recall (Ferreira et al., 1998). ISI is particularly important to consider in tasks of 

working memory, in which subjects are required to retain and manipulate information for the 

duration of the ISI. If the ISI is too brief, participants will not have time to process and respond. 

If the ISI is longer, the storage demands of working memory will be more taxed. Barch et al. 

(1997) compared ISIs of one- and eight-seconds in a CPT of simple working memory (i.e., 

“Respond to X when it follows A”). While no behavioral differences in RT or d’ reached 

significance in this group of healthy participants, fMRI revealed greater neural activation in the 

DLPFC, Broca’s area, and left posterior parietal area more during the long ISI (Barch et al. 

1997). Individuals with degeneration or dysfunction in these areas (i.e., people with PD, aphasia, 

TBI) may demonstrate behavioral impairment on CPT measures of working memory. Riccio et 

al. (2001) summarized the small ISI literature to conclude that additional studies should explore 

the influence of ISI across various CPT tasks and populations. 

 Behavioral tests of continuous performance, administered via computer or otherwise, 

reported in the literature provide some insight into information processing demands and help to 

identify specific processing impairments present in various populations. Advances in technology 
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have allowed researchers to couple these assessments of cognitive processes with neuroimaging 

tools to explore the neurological substrates of many of the cognitive processes measured by CPT, 

including working memory. 

Neurological Bases of Working Memory 

Response times and brain activation in Brodmann’s area 46, the dorsolateral prefrontal 

cortex (DLPFC) and Broca’s area (as measured by fMRI) increase as memory load increases. In 

other words, a linear pattern emerges across the 0-back, 1-back, 2-back, and 3-back tasks 

indicating more processing is required as the memory load is increased (Braver et al. 1997; 

Schumacher, 1996). Similar patterns of increased RT and more neural activation were found in a 

study increasing memory load by parametrically varying the number of letters in a to-be-

remembered set maintained during a 5-second delay before judging probe letters to be or not be 

part of the previous set (Rypma, Prabhakaran, Desmond, Glover, Gabrieli, 1999). However, 

when memory load is increased to the degree that capacity is exceeded (e.g., in a dual task 

condition) prefrontal activity actually decreases, implicating a failure in neural networks rather 

than the predicted recruitment of cortical structures, but temporal and cerebellar activity can 

increase depending on the type of processing required (Callicott et al., 1999; Goldberg et al., 

1998). This is still consistent with the inverted U-shape pattern of performance in the prefrontal 

cortex: as an individual approaches their capacity limit (influenced by cognitive ability and 

arousal), performance deteriorates and performance is most affected when capacity is reached or 

exceeded.  

The prefrontal cortex is significantly involved in attention processes of working memory, 

but works with a network of many other structures (e.g., anterior cingulate, thalamus), depending 

on the specific task. Components of verbal working memory are categorized by their respective 

neural substrates: subvocal phonological rehearsal (Broca’s area, motor areas), executive control 

(DLPFC), attentional systems (anterior cingulate), and pure storage (posterior parietal cortex) 

(Smith et al., 1998; Wei et al., 2004). Using fMRI, Hautzel et al. (2002) demonstrated that 

prefrontal, parietal, premotor regions and the anterior cingulate cortex are activated in four 

subtypes of working memory: verbal, object, shape and spatial. Nystrom et al. (2000) also found 

no prefrontal activation differences between verbal and object working memory, but it is quite 

possible that subjects used verbal labels to subvocally rehearse the object stimuli in the same 

phonological store and loop used for the letters in the verbal condition. Several studies have 
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demonstrated a clear dissociation between phonological and spatial working memory. PET scans 

revealed significant activation in the left hemisphere during verbal tasks and in the right 

hemisphere during spatial working memory tasks (Jonides, 1995; Kane & Engle, 2002; Smith & 

Jonides, 1998).  

Tasks that emphasize executive control show strong activity in Brodmann’s area 46, the 

DLPFC. Kane and Engle (2002) provided evidence from nonhuman primate and human research 

concluding the role of DLPFC in working memory is to maintain information in an active and 

accessible state, particularly in distraction, and term this skill “executive attention”. Case studies 

of a participant labeled RC provide evidence of working memory and central executive 

impairments resulting from a large lesion in the left inferior frontal gyrus. In addition to declines 

in working memory similar to any patient with frontal lobe damage, RC also showed longer 

response time (RT) and decreased accuracy in the presence of interference (Allain, Ettcharry-

Bouyx, & Le Gall, 2001; Thompson-Schill et al., 2002). 

Verbal working memory, specifically, involves many areas of the left frontal lobe: 

premotor area (BA 6), anterior cingulate and DLPFC (BA 46), and Broca’s area (BA 44, 45) 

(Ashcraft, 2002). In addition, phonological working memory tasks (e.g., two-back task) activate 

the left hemisphere's posterior parietal lobe (Jonides, 1995). Smith and Jonides (1998) reviewed 

several neuroimaging studies to suggest that the storage component of verbal working memory is 

housed in the posterior parietal cortex of the left hemisphere whereas the subvocal rehearsal 

component is controlled by Broca’s and premotor areas of the left hemisphere. Visual- and 

auditory- verbal working memory impairments in healthy and neurologically impaired 

populations are attributed to deficits in the DLPFC and frontostriatal circuitry of the basal 

ganglia and thalamus (Callicott et al., 1999; Huguelet, Zanello, & Nicastro, 2000).  

An fMRI study comparing individuals with schizophrenia to matched controls on tests of 

visual and auditory-verbal working memory tasks revealed that the basal ganglia and thalamus 

were activated only in the schizophrenia group (Huguelet, Zanello, & Nicastro, 2000). Some 

studies of healthy working memory demonstrated activation of the basal ganglia and thalamus, 

but only under conditions of high working memory load (Barch et al., 1997; Callicott et al., 

1999; Goldberg et al., 1998; Rypma et al., 1999).  With decreased DLPFC function and 

reduction of working memory capacity, as in Parkinson’s disease and schizophrenia, thresholds 

for overload would be quickly surpassed. Perhaps people with these neurological disorders 
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compensate for a decreased capacity by recruiting additional cortical and/or subcortical areas to 

avoid neural failure associated with capacity overload (Goldberg et al., 1998). 

Clinical Populations  

Cognitive-linguistic deficits due to cognitive capacity or processing disabilities are 

prevalent in persons with diseases of the central nervous system and damage to the neurological 

structures described previously.  The early signs of Alzheimer’s disease (AD), which primarily 

affects functions of the frontal lobe, include forgetfulness and loss of concentration.  In later 

stages of AD, individuals exhibit memory loss, language deterioration, poor judgment, and mood 

swings. Deficits associated with Multiple Sclerosis include slowed information processing, 

impaired attention and concentration, and reduced executive functions (Schieffer, 1999). Stocchi 

and Brusa (1999) estimated 90 percent of individuals with Parkinson’s disease (PD), particularly 

in later stages, experience cognitive decline with subtle effects on everyday life.  

As discussed above, language comprehension requires the memory and attention skills 

impaired by several neurological diseases (Tompkins, Bloise, Timko, & Baumgaertner, 1994). 

Because of the evidence implicating the frontal cortex and circuitry in working memory, the 

influence of working memory abilities on language is of particular interest in populations with 

damage to this area. Of relevance to the current study, this discussion will now turn to PD, a 

population with neurological impairment in subcortical and frontal cortex circuitry, with 

subsequent cognitive deficits in the executive functions of working memory, planning, and 

attentional control that affect language processing. 

Neurological Bases of Parkinson’s Disease   

Disruption in the frontostriatal circuitry connecting frontal cortex and the basal ganglia is 

related to the cognitive and behavioral impairments of PD. Specifically, dysfunction of three of 

the non-motoric frontostriatal circuits: DLPFC, anterior cingulate cortex (ACC), and 

orbitofrontal cortex (OFC), are responsible for the skills commonly impaired in PD. As 

discussed above, the DLPFC is likely the primary area responsible for executive functions such 

as sustained attention and working memory. Zgaljardic, Borod, Foldi, and Mattis (2003) 

reviewed several studies and arrived at the consensus that the DLPFC is not operating properly 

in PD, causing central executive deficits. The ACC associated with conflict-monitoring, 

motivation, and response-inhibition functions, and OFC, more related to emotional regulation, 

are also likely to be affected in PD and help explain the emotional and behavioral characteristics 
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of PD (Chow & Cummings, 1999; Zgaljardic et al., 2003). These frontostriatal circuits can be 

disrupted by striatal dysfunction resulting from neurochemical imbalance.  

Dopamine is the neurotransmitter released from the substantia nigra to the striatum to 

produce smooth, controlled movement. When 70-90% of the neurons in the substantia nigra die, 

dopamine is depleted and symptoms of PD emerge (Eriksen, Dawson, Dickson, Petrucelli, 

2003). Braak and Braak (2000) highlight the misconception that only dopaminergic neurons in 

the substantia nigra are affected. The nigrostriatal dopamine pathway deteriorates, causing 

depletion in the striatum as well. While dopamine levels decrease, the presence of Lewy bodies 

increases. Lewy bodies containing wild α-synuclein and ubiquitin (neural proteins) are found in 

affected neurons. According to Riess, Kuhn, and Kruger (2000), α-synuclein can transform from 

a cell communication facilitator to a clog-forming, Lewy body-producing, dopamine-choking 

protein. Scientists have determined numerous genetic causes: mutations on chromosome 4q 

transform α-synuclein, mutations in the Parkin gene block destroyers of wild α-synuclein, and 

genetic mutations along the ubiquitin proteasomal pathway (UPP) prevent ubiquitin from 

breaking down toxic proteins (Eriksen, Dawson, Dickson, & Petrucelli, 2003; Riess, Kuhn, 

Kruger, 2000).  

As a result of neurological damage, most individuals with PD struggle with motoric as 

well as cognitive-linguistic impairments. However, motor and cognitive impairments in early, 

untreated PD do not correlate (Cooper, Sagar, Jordan, Harvey, Sullivan, 1991). Four most 

common characteristics of PD are tremor, rigidity, bradykinesia (slow movement) and stooped 

and unstable posture. These chronic and progressive symptoms can affect walking and speech. 

Individuals with PD walk with small, fast steps, hardly lifting their feet off the ground, and often 

loose their balance or fall. Their monoloud, monotone voice sounds breathy and harsh and they 

speak in quick, short phrases. Hypokinetic dysarthria is most often associated with Parkinsonism 

(Duffy, 2005). Approximately 25% of individuals with PD report moderate depression, and 

another 10% experience major depression (Slawek, Derejo, & Lass, 2003). There are therapies, 

medications, and surgeries available to manage the signs and symptoms of this neurological 

disease, but no cure has been identified. 

Pharmaceutical treatments - most commonly Levodopa - alleviate some motoric 

symptoms by facilitating more dopamine uptake in the striatal receptors in the frontostriatal 

circuits, but the effect can decrease after a few years and the on-off cycle can be difficult to 
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manage. Surgical interventions, such as thalamotomy, pallidotomy, and deep brain stimulation 

(DBS) to the thalamus, internal globus pallidus, or subthalamic nucleus, are used to decrease 

tremor when medication cannot achieve the desired effect. Although DBS can result in over 60% 

improvement in motor abilities and activities of daily living, little or no effects have been 

documented for motor speech or cognitive function, even though these impairments affect 

quality of life as well (Patel et al., 2003; Wheelan, Murdoch, Theodoros, Hall, & Silburn, 2003).  

Parkinson’s Disease and Working Memory 

Working memory impairment is considered by Higginson et al. (2003) as a fundamental 

cognitive disturbance in PD. Because the DLPFC is impaired in PD, some capacity limitations 

influence working memory performance in PD (Callicott et al., 1999; Tompkins, Bloise, Timko, 

& Baumgaertner, 1994). However, working memory impairments in individuals with PD could 

be more related to certain executive impairments, such as manipulation, than to rehearsal or 

storage problems (Gilbert, Belleville, Bherer & Chouinard, 2005). Lewis et al. (2003) tested the 

verbal working memory of two groups of patients with PD, distinguished by the presence of 

executive dysfunction. When compared to a control group and the PD group with no executive 

dysfunction, the PD with executive dysfunction demonstrated specific impairment in 

manipulating information, but not in maintaining or retrieving information. Working memory 

deficits clearly emerge in individuals with PD when task conditions become more demanding, 

which likely indicates a reduced ability to simultaneously process and store information (Bublak, 

Muller, Gron, Reuter, von Cramon, 2002).  

Individuals with PD often struggle when manipulating information within working 

memory, although short-term memory is intact (Bublak, Muller, Gron, Reuter, von Cramon, 

2002). Inhibitory mechanisms, disrupted in early PD, may contribute to impairments in working 

memory processes (Kensinger, Shearer, Locascio, Growdon, & Corkin, 2003). Sharpe (1996) 

found that PD patients had more difficulty than controls when required to divide their attention 

between two competing auditory inputs. Performance is particularly impaired on tasks that 

require attention and fast cognitive processing or internal guiding of attention, such as language 

(Pahwa et al., 1998; Raskin, Borod, & Tweedy, 1990; Ridenour & Dean, 1999).  

Cognitive-Linguistic Deficits in Parkinson’s Disease 

Lewis, LaPointe, Murdoch, & Chenery (1998) found no language impairments in a group 

of PD patients without cognitive impairment. However, individuals with idiopathic PD and 
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below normal scores on the Mattis Dementia Rating Scale performed below normal on language 

tasks associated with cognitive processing, especially interpreting metaphors, constructing 

sentences, and naming (Lewis, LaPointe, Murdoch, & Chenery, 1998). Individuals with PD also 

demonstrate deficits in immediate recall of verbal material, language production, semantic 

fluency, set-formation, sequencing, and visuomotor construction. Caplan and Waters (1999) 

reported reduced verbal working memory spans with normal rehearsal and storage functions 

even in nondemented patients with PD. When sentences contained propositions PD patients 

performed more poorly than controls on sentence comprehension tasks (Caplan & Waters, 1999). 

Grammatical complexity and semantic ambiguity compromised sentence comprehension in 

another study of nondemented patients, although this was inconsistent across patients and across 

testing sessions (Grossman, Carvell, Stern, Gollomp, Hurtig, 1992).  

Sentence processing deficits in individuals with PD may be attributed to an inability to 

attend to sentence structure resulting from impaired working memory and slowed information 

processing (Grossman et al., 2002; Lee, Grossman, Morris, Stern, & Hurtig, 2003).  The 

executive function deficits in PD are very similar to those of patients with dysexecutive 

syndrome resulting from frontal lobe damage, particularly damage in the DLPFC. When asked to 

process sentences with high demands of working memory, fMRI revealed that non-demented PD 

patients recruited less striatal regions than did normal controls; furthermore, PD patients 

demonstrated more cortical activation to compensate for depleted working memory resources 

(Grossman et al., 2003). The limited executive and attentional resources, particularly of working 

memory, appear to impede language processing in PD.    

 

Rationale and Statement of the Problem 

  Investigation of working memory in PD and other neurogenic populations has played a 

crucial role in the theoretical debate as to how and when working memory is involved in 

language. Working memory impairments are common in individuals with Parkinson’s disease 

and are related to the litany of cognitive-linguistic deficits reported in this population. However, 

working memory performance profiles of PD are still unclear. Evidence suggests executive 

control and attention deficits are significant contributors to working memory problems in PD, but 

this is a difficult construct to isolate and requires careful methods of assessment. 
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Computerized measurement of working memory for clinical and theoretical purposes has 

numerous advantages, but many methodological questions remain. The influence of 

computerized task and stimulus properties has been explored and documented in some studies of 

healthy and impaired populations, although few specifically investigate verbal working memory. 

Several studies have contributed to differentiating types of working memory (e.g., verbal, 

spatial), but fewer have investigated differences within each type, such as the influence of 

modality. While most CPTs present stimuli in the visual modality, investigation of the auditory 

modality and comparisons between performance in the visual and auditory modalities may prove 

useful in the investigation of working memory and cognitive function and guide clinicians in 

further investigation of the executive control processes that comprise the overlap between visual 

and auditory working memory tasks.  

Even with the careful calculations and controls implemented by Schumacher et al., 

(1996), future studies could examine Schumacher et al.’s assertions of amodal verbal working 

memory by investigating populations with verbal working memory impairment or sensory 

perception problems. Verification of Schumacher et al.’s (1996) results would be relevant both 

theoretically and clinically. Theoretically, the information supports the working memory model 

of Baddeley and Hitch (1974) and broadens our knowledge about verbal working memory. 

Clinically, if modality differences do not exist in healthy nor neurogenic populations, clinical 

assessment may be affected (e.g, shortened) and multi-modal therapy approaches would be 

supported. Furthermore, more patients would have access to services if protocols using 

behavioral measures could be designed to reflect the same processing differences detected in 

neuroimaging assessments.  

With evidence suggesting that modality, ISI, and other variables can influence 

performance, an important course appears to be to explore these variables and determine whether 

or not manipulation of these parameters affects derived performance results. This may influence 

not only working memory assessment procedures and intervention strategies but also inferences 

about working memory and PD. More broadly, clear understanding of the effect of these 

assessment variables may contribute to our understanding of working memory and cognitive-

linguistic processing. In summary, the components of the current problem are as follows: 

1. Verbal working memory performance and its affect on cognitive-linguistic deficits in 

Parkinson’s disease remain unclear. 
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2. Computerized measures of verbal working memory are promising tools, but the influence 

of many parameters, including stimulus modality and interstimulus interval, have not 

been adequately explored, particularly in populations with working memory impairment.  

Therefore, the purposes of the present study are: 

1. To lend evidence to the growing contention that cognitive processing, specifically verbal 

working memory, is degraded in PD.   

2. Compare auditory and visual n-back verbal working memory task performance of 

individuals with Parkinson’s disease. 

3. Explore the effect of interstimulus interval on response times and accuracy of responses. 

The objectives and overall general purposes of this study have generated the following specific 

hypotheses: 

1. Patients with PD will perform more slowly and less accurately in continuous performance 

tests, particularly in visual and auditory n-back tasks, compared to a group of healthy, 

age-matched participants. 

2. For both healthy and PD groups, performance on verbal working memory tasks will not 

be significantly affected by modality, especially after implementing a parametric 

subtraction method to isolate the working memory component.  

3. For both healthy and PD groups, memory load will increase with longer ISIs and in a 2-

back compared to a 1-back task. As memory load is increased, RT will lengthen and 

accuracy will decrease in both auditory and visual modalities of the n-back tasks.  
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METHOD 

Participants 

 Thirty-three people randomly selected from lists of individuals with idiopathic PD 

provided by Dr. Charles Maitland (neurologist) and Monica Hubmann, ARNP, coordinator of the 

Parkinson’s Center at Tallahassee Memorial Hospital, agreed to participate. Although both 

demented and non-demented PD patients demonstrate working memory and linguistic deficits, 

differences between demented and non-demented groups have been reported (Caplan & Waters, 

1999; Lewis, LaPointe, Murdoch, & Chenery, 1998; Lewis et al., 2003). Because the purposes of 

the present study do not address those differences, patients with dementia were excluded to 

control the likely influence of dementia as a confounding variable in the investigation of 

modality and ISI influence. Individuals were screened for dementia using the Dementia Rating 

Scale 2 (DRS-2; Jurica, Leitten, & Mattis, 2001). In accordance with the suggested guidelines in 

the DRS-2 manual, eight individuals with a total standard score adjusted for age and education 

level of eight or less (possible range: 0 - 20) were considered impaired and consequently 

disqualified from the remainder of the study. 

In addition to the presence of dementia, any reported history of psychological disorder, 

non-parkinsonian neurological disorder or trauma, or drug or alcohol abuse excluded the 

individual from this study. One individual reported being in a coma for three days and therefore 

did not continue to participate in the study. Individuals were native speakers of English and able 

to name five of five letters presented on a computer screen in the same font, size, resolution, and 

position as the stimuli in the cognitive battery. Participants were required to have hearing levels 

characterized by a pure tone average of 40 dB or less in at least one ear, as tested by the 

examiner using a calibrated portable audiometer, or use hearing aids. Individuals were allowed to 

use corrective lenses when necessary. When scheduling testing, the participants suggested the 

day and time of day most appropriate for testing (i.e., when they feel least affected by fatigue, 

tremors, bradykinesia, and other signs of PD). This self-reported level of “peak” performance 

was used in an attempt to control the variance in the effects of the medication cycle across 

participants. 

Twenty-four healthy individuals, matched to the PD group by gender and within three 

years of age, served as a comparison group. Healthy individuals qualified to participate in the 

study with no report of any history of psychological disorder or neurological trauma or disease. 
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Vision and hearing criteria for the comparison group were identical to that discussed above for 

the PD group. Healthy individuals were recruited from the Tallahassee and Clearwater, Florida 

communities (e.g., senior centers, churches, and volunteer groups). Characteristics of both 

groups of participants are summarized in Table 1.  

Individuals were recruited and screened until 24 participants with idiopathic PD and 24 

healthy individuals qualified and completed all testing. Counterbalancing contributed some 

experimental control in the design of the study (discussed below) and required the number of 

participants to be a multiple of twelve in order to have a complete set of counterbalanced testing 

sequences.  

Materials  

  Screening instruments and materials included an audiometer, the DRS-2, and forms for 

recording information about the participant’s Hoehn and Yahr (1967) score, medical history, 

demographics, and results of the hearing, vision, and dementia screening measures (see 

Appendix A). The portable audiometer (model MA-40) was calibrated and maintained by the 

Department of Communication Disorders at Florida State University. The DRS-2 is a 

standardized measure of cognitive status for adults (aged 55-105) with cortical impairment, 

particularly of the degenerative type, and is suggested for monitoring cognitive function in PD 

(Jurica, Leitten, & Mattis, 2001). The five DRS-2 subscales provide information on specific 

abilities including Attention (8 items), Initiation/Perseveration (11 items), Construction (6 

items), Conceptualization (6 items), and Memory (5 items). Stimulus items consist of material 

familiar to most individuals. Test administration required 15-30 minutes. The test-retest 

reliability of the DRS-2 is .97 and the DRS- 2 is significantly correlated with the Mini-Mental 

State Examination (r = .82) and the Wechsler Adult Intelligence Scale (r = .75) (Jurica, Leitten, 

& Mattis, 2001). Although the large normative sample consists largely of Caucasian adults, the 

majority of participants were Caucasian also. The severities of clinical symptoms were measured 

using the Hoehn and Yahr (1967) five-point rating scale. Because PD patients with medication 

fluctuation were tested in an “on” state, the rating will refer to function in the “on” condition. 

Although the Hoehn and Yahr (1967) stage is determined by motoric signs, Owen, Iddon, 

Hodges, Summers, and Robbins (1997) found relationships between verbal working memory 

performance and clinical severity measured by this scale. 
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The computerized measure of attention and working memory was administered using a 

lap-top computer with 15-inch monitor and headphones. E-prime (Schneider, Eschman, & 

Zuccolotto, 2002) was used to customize a computerized assessment battery including the 

following tests:  

• Visual Simple Response Time 1 (vSRT1) “Respond to any letter you see” 

• Auditory Simple Response Time 1 (aSRT1) “Respond to any letter you hear” 

• 1-back visual (three tests with varied ISIs: 800, 1600, and 3200 ms) 

• 1-back auditory (three tests with varied ISIs: 800, 1600, and 3200 ms) 

• 2-back visual (three tests with varied ISIs: 800, 1600, and 3200 ms) 

• 2-back auditory (three tests with varied ISIs: 800, 1600, and 3200 ms) 

• Visual Simple Response Time 2 (vSRT2) “Respond to any letter you see”  

• Auditory Simple Response Time 2 (aSRT2) “Respond to any letter you hear” 

Every test included 45 letter stimuli selected from a set of 14 letters (all consonants except B, L, 

M, S, V, W, and Y) (Nystrom et al., 2000; Schumacher et al., 1996). During the visual subtests, 

black, bold 48-point Times New Roman font letters were displayed in the center of a white 

screen. A fixation cross was displayed during each auditory stimulus. The letters presented 

aurally were randomly varied between male and female voices and visually presented letters 

varied between capital and lower case to prevent visual matching strategies (Schumacher et al., 

1996). Half of the targets in the visual n-back tests were lower case-upper case pairs; the 

remaining half of the targets were matched case pairs.   

The auditory stimuli were recorded using Multi-Speech model 3700 (Kay Elemetrics, 

2002) and presented at the participant’s most comfortable listening level (Lehman & Tompkins, 

1998). Duration of auditory stimuli were between 400 – 700 ms, visual stimuli were set at a 

constant 500 ms. Based on other studies of n-back tasks, target frequency was set at 33%, or 15 

out of 45 trials (Schumacher, 1996; Wei et al., 2004). ISI for the SRT tests varied between 800-

1200 ms. Slight variation around the standard 1000 ms was intended to prevent participants from 

using an anticipation strategy. Table 2 summarizes the stimulus characteristics for each test in 

the 45-minute battery. 

Procedure 

Individuals were recruited by phone or at community meetings. Testing occurred at the 

Regional Rehabilitation Center, First Baptist Church, or the participant’s residence. The 
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screening tasks required 30-40 minutes and the computerized assessment approximately 45 

minutes, with breaks allowed at the participant’s request.  

All testing environments were quiet and participants were instructed to ignore any 

distractions that may occur (e.g., phone ringing). After an explanation of the experiment and an 

overview of the testing session, participants were able to ask questions before signing an 

approved Institutional Review Board consent form. For confidentiality purposes, each individual 

willing to participate (even if they did not pass DRS-2 inclusion criteria) was assigned a number 

for use on all test forms. The legend linking name to number was kept locked in the primary 

investigator’s office or with the investigator. The session began with collecting information from 

the participant about his or her age, gender, education level, and brief medical history and current 

condition, including medications (see Appendix A). If those inclusion criteria were met, the 

DRS-2 was administered to test for dementia; individuals meeting the above-specified criteria 

continued to participate in the study. The examiner documented the Hoehn and Yahr (1967) 

score, and results of hearing and vision screening. 

After a short break (approximately five minutes), the participant began the computerized 

testing. The examiner explained that the participant would be instructed to press the spacebar 

when certain stimuli appeared on the screen or were heard through the headphones, and that 

while the type of target may change, the response was always to press the space bar. Participants 

used their dominant hand or the hand least affected by PD (tremors, rigidity). The examiner 

stressed the importance of both speed and accuracy and instructed the participant to try their best. 

A practice session was presented before each type of test. Participants were allowed up to three 

practice sessions until a passing criterion of 80% accuracy was achieved to ensure the participant 

understood the directions and to reduce any task-switching effects. All participants were able to 

achieve criterion within three practice sessions. A mandatory comfort break in the middle of the 

computerized battery was implemented to further reduce any influence of fatigue or boredom. 

Throughout the computerized battery, the examiner remained near to answer any questions and 

observed the participant’s performance. At the conclusion of the study, all participants received a 

letter of appreciation and a brief summary of the overall results. 

Variables 

 For each response, the computer recorded RT in milliseconds as a measure of processing 

speed. Processing efficiency is reported in terms of hit rate and omission rate, as well as statistics 
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based on signal detection theory: A’ for response sensitivity and BD” for response bias.  In the 

current study, participants were informed that both RT and accuracy would be measured; 

therefore the response criteria were determined independently and not necessarily uniform across 

participants. By using A’ instead of d’, these concerns were avoided. True and false positives 

(i.e., hits and false alarms) in each test were recorded and used to calculate A’ and BD” according 

to the formulas presented by Donaldson (1992). 

Several independent variables were manipulated for investigation: 

• Diagnosis (healthy vs. PD without dementia)  

• Cognitive test (SRT, 1-back, 2-back) 

• Modality (auditory or visual) within all tests  

• ISI (800ms, 1600 ms, 3200 ms) within 1-back and 2-back tasks  

The n-back tests were selected because they are commonly used tests of working 

memory, requiring both storage and comparison of stimuli (Jonides et al., 1997). As discussed 

above, Jonides et al. (1997) found overall increased activation as the level of n-back increased, 

with many more reliable areas of activation specifically in the DLPFC during 2- and 3-back tasks 

than in 0- and 1- back tasks. This study measured 1- and 2- back performance to investigate the 

behavioral evidence of any difference. During the development of this investigation, several 

people with no neurological impairment subjectively reported difficulty performing the 2-back 

task and described the 3-back task as “nearly impossible” or “incredibly difficult.” With 

concerns about the length of the testing session and frustration levels of the participants with 

neurological impairment in particular, the 3-back test was never included in this battery. Indeed, 

several of the participants (control and neurological impaired alike) almost gave-up after the 2-

back tasks.  

Unlike some working memory tasks, the n-back tests can be included in a computerized 

measure and require an ISI. The blocked ISI durations of 800, 1600, and 3200 ms were selected 

based on previous studies investigating effects of ISI in other populations and include the range 

of ISIs commonly reported (Chee, Logan, Schachar, Lindsay, & Wachsmuth, 1989; Okazaki et 

al., 2004). 

Measurement and Design 

 For all computerized tests, RT, true positives (hits), omission errors, and false positives 

(false alarms) were recorded. Counterbalancing across modality and ISI for the n-back tasks 
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requires blocks of 12 subjects (2 tests x 2 modalities x 3 ISI) (see Table 3). Half of the 

participants responded to visual stimuli before auditory, the other half were presented with 

auditory stimuli before visual. Similarly, half of the participants responded to 1-back before 2-

back, the other half started with 2-back. ISIs of relatively short, medium, and long durations 

were counterbalanced within modality and test so that one-third of the participants had short-

medium-long, one-third had medium-long-short, and one-third had long-short-medium. This was 

intended to reduce learning or practice effects.  
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RESULTS 

Group Characteristics 

The results of this study will be displayed in a series of tables and graphs. Data were 

recorded, reduced, and analyzed using both descriptive and inferential statistics. All statistical 

analyses were performed using SPSS version 12.0 (SPSS, 2003). Participant characteristics of 

both the healthy and PD group are described above and summarized in Table 1. Independent t-

tests comparing descriptive characteristics of the two groups found no significant differences 

between mean age (t= .068, df= 46, p=.946), education level (t=.738, df=46, p=.464), nor DRS-2 

score (t=.592, df=46, p=.557). 

Scatter plots indicated no correlation between DRS-2 score and Hoehn and Yahr score 

and resulted in non-significant Pearson correlation coefficient of .28 (p= .190, two-tailed; r
2
= 

.08, small effect). Pearson correlations between the computerized tests and the total DRS-2 score 

or the Hoehn and Yahr score did not reach significance and the resulting r
2
 statistics revealed 

small or medium effects (see Table 4), indicating that neither standard measure is highly 

predictive of SRT or n-back performance (Cohen, 1988). However, it is important to note that 

this sample included only individuals with high scores on the DRS-2 (i.e., intact, no dementia). 

Removing Outliers and Deviant Stimuli 

Visual inspection of the data confirmed the need to remove reaction times that were 

oddly shorter than most RTs. A very short RT probably did not allow time to perceive and 

process a stimulus and was more likely due to an error or even an extremely delayed response to 

a previous stimulus. However, it is difficult to determine what is considered “too short” for 48 

subjects ranging in age and neurological status, both of which are reported to affect RT. Rather 

than arbitrarily selecting a length of time as being too short, a traditional method of eliminating 

responses below two standard deviations from the mean was implemented. Responses that were 

especially long were not eliminated. There is not a clear explanation for long responses other 

than the participant spent more time perceiving, processing, and responding to the stimuli, which 

is of interest in the current investigation. The means and standard deviations for RTs in each type 

of test before outliers were removed are displayed in Table 5. Reaction times of 11 responses in 

SRT, 18 responses in 1-back, and 28 responses in 2-back were below two standard deviations 

less than the mean and therefore eliminated from the data before any further analysis.  
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Although the process of selecting letters for stimulus items was based upon previous 

research and aimed to reduce ambiguity or confusion (e.g., “m” was excluded because it sounds 

like “n”), RT and accuracy data were analyzed to determine if a particular letter, presented 

visually or aurally, influenced performance. For example, a few participants said it was difficult 

to tell if the auditory presentation of “z” was “z” or “c” and therefore may have used more time 

to discriminate or perceive the stimulus, and may not be an accurate reflection of working 

memory speed. Several parameters of each participant response were investigated to uncover 

stimuli associated with performance deviating from that associated with any other stimuli.   

Response times were pooled across participants, and ISI (800, 1600, 3200) and then 

grouped by letter (14 were included in the testing) and type of presentation (lower case, upper 

case, male voice, female voice) for each type of test (SRT, 1-back, 2-back). Tables 6, 7, and 8 

display the means, standard deviations (sd), and coefficients of variation (a ratio of sd to mean) 

for RTs to each letter presented aurally in SRT, 1-back, and 2-back tests, respectively.  

Means and standard deviations appeared to vary across tests, but until later analysis 

compares the tests and groups, the cv ratio is a useful statistic for comparing across these tests. 

Coefficients of variation range from .19 to .61 with no obvious deviations, therefore no letters 

were deemed odd or influential based on RT performance.  

The above RT analysis investigated the possibility that some stimuli may have required 

more time for perception, which would alter the total RT. Another possibility is that the 

participant took too long to determine the stimulus or determined the stimulus to be something 

else. For example, if the participant was to respond to the presented “p” stimulus, but incorrectly 

perceived it as “t”, his non-response - although correct from his perspective - would be scored as 

an omission and no RT would be recorded. Because these instances would not be included in the 

above analysis, an additional analysis of the stimuli using omission rate was performed. The rate 

of omission (proportion of targets missed) was calculated for each letter in all four types of 

stimulus presentation for both tests of working memory. For example, a lower case “c” was 

presented as a target 65 times, and was not responded to 11 times, resulting in a 17 % omission 

rate. A relatively high omission rate is indicative of a stimulus that was perceived incorrectly or 

too difficult to perceive in the allotted response time. Omission rate and the corresponding hit 

rate (proportion of targets responded to) associated with each letter are displayed for 1-back, and 

2-back tests in Tables 9 and 10, respectively.     
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These data concur with a few participants’ subjective reports that the female sometimes 

sounded like the Greek letter “phi”, as well as the general report that the female voice was not as 

clear as the male voice and that it was more difficult to determine the letter when presented 

quickly (e.g., 800 ISI) and during the 2-back test. The omission rates ranged from 2% to 45%, 

with the female c, female d, and female z resulting in omission rates above 40% in the 2-back 

tests. A 40% omission rate is only slightly above chance probability (i.e., 50%) and cause for 

suspicion; however, the discrepancy between tests is evidence that the test, in addition to or 

instead of the letter stimuli, is influencing the omission rate. The omission rates for the female c 

and female d stimuli in the 1-back test are 17% and 18%, respectively. The female z stimulus 

resulted in the highest omission rates, which approach chance performance, in both 1-back and 

2-back tests. Therefore, all responses to the female z stimuli in all tests were removed before 

analyzing the variables of interest in this study.  

Analysis of Dependent Measures 

Inclusion of SRT1 and SRT2 was intended to monitor for fatigue or practice effects over 

the duration of the testing. A paired-sample t test comparing SRT1 and SRT2 in each modality 

revealed significant differences between the tests for both visual (t=3.138, df=47, p=.003, two-

tailed) and auditory (t=3.588, df= 47, p=.001, two-tailed) modalities. Despite these unexpected 

differences, Cohen’s effect size was small to medium for comparisons between first and second 

presentations of SRT for both visual (d= .45) and auditory (d= .52) modalities. Furthermore, 

scatter plots and paired-samples correlations revealed the SRT tests were correlated in both 

visual (r =.537, p<.000, r
2
= .29, large effect) and auditory (r = .647, p<.000, r

2
= .42, large effect) 

modalities, providing additional assurance that performances in the identical tests were related. 

In healthy and PD groups, and both in visual and auditory modalities of presentation, the mean 

RT was always shorter during the second presentation of SRT, implying that participants’ fatigue 

did not interfere with performance but rather additional confidence or strategy may have 

developed through the testing session. SRT1 and SRT2 scores were kept separate in further 

analysis despite confidence that the significant difference between these two identical tests was 

of minimal importance.  

  Descriptive statistics are reported for the dependent measures of RT (see Table 11 and 

Figure 1) and accuracy (see Table 12 and Figures 2 and 3) in all conditions. Visual inspection of 

the data reveals the PD group has fairly equivalent or slightly longer RT and lower accuracy 
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scores than the healthy group in most conditions. Furthermore, RT appears to lengthen as the ISI 

increases, and RT appears shorter for tests with visual stimuli compared to auditory stimuli.   

These patterns were statistically analyzed for significant differences using repeated 

measures analysis of variance (ANOVA; α = .05) with between-subjects factor of diagnosis 

group and Bonferroni method for planned comparisons analyzed within-subject main effects of 

cognitive test, modality, and ISI, as well as between-subjects main effect of group (healthy or 

PD), and possible interaction effects. Effect size is indicated by the partial eta squared (η2
) 

statistic and judged using Kinnear and Gray’s (2004) guidelines: <.01=small effect, .01 to .10 = 

medium effect, and >.10 = large effect.  

Comparing Four Cognitive Tests and Modality 

Each test presented auditory and visual stimuli, but only the working memory tests varied 

ISI level; therefore levels of ISI in n-back tests were pooled to analyze the influence of modality 

in all cognitive tests in a 2(diagnostic group) x 4(all tests) x 2(modality with pooled ISI) repeated 

measures ANOVA (α = .05) using the mean RT (see Table 13 and Figure 4). Significant main 

effects were found for within-subject comparisons of test (F(2.2, 99.2)=327.047, p<.000, ηp
2
= 

.877) and modality (F (1,46)= 656.838, P<.000, ηp
2
= .935) (see Table 14). Pairwise comparisons 

with Bonferroni adjustments revealed significant differences between modalities and between all 

four types of tests (see Tables 15, 16, 17, and Figures 5, 6). RT was significantly longer when 

stimuli were presented aurally and during the 2-back test. Another ANOVA using hit rate instead 

of RT found statistically significant differences between all four tests (F(1.5, 71.8)= 119.329, 

p=.000, ηp
2
=.722), but not modalities (F(1,46)=.872, p=.355, ηp

2
=.019) (see Tables, 18, 19, 20, 

21, and Figures 7, 8). Auditory presentation of stimuli increased RT, but did not significantly 

affect hit rate. Differences in mean RT between groups did not reach statistical significance in 

RT (F(1,46)=2.005, p=.163, ηp
2
 =.042) or hit rate (F(1,46)=.049, p=.829, ηp

2
 =.001) analyses. 

Comparing Two Working Memory Tests and Modality and ISI Level  

Additionally, the influence of both modality and ISI specifically in working memory tasks 

was evaluated in a repeated measures ANOVA: 2(diagnostic group) x 2(n-back tests) x 

2(modality) x 3(ISI) investigating mean RT. Descriptive statistics of RT for comparison of n-

back tests, modalities, and ISI levels are reported in Tables 15, 22 and 23, respectively (also see 

Figures 9, 10, and 11). Significant main effects were found for n-back tests (F=(1,46)= 100.604, 

p<.000, ηp
2
 =.686), modality (F(1,46)=356.944, p<.000, ηp

2 
=.8860), and ISI (F(1.5,69.5)= 
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83.869, p<.000, ηp
2
 =.646) (see Table 24). However, two-way interactions between modality and 

ISI as well as between test and ISI reached significance and a three-way interaction between 

modality, test and ISI was also significant (see Table 24) implicating ISI as influencing the 

reported effect of test and modality. Pairwise comparisons with Bonferroni adjustments revealed 

significant differences between the two modalities, between the two n-back tests, and between all 

three levels of ISI (see Table 25). As in the previous analysis of all four tests, RT was 

significantly longer when stimuli were presented aurally and the RT in the 2-back test was 

significantly longer than RT in the 1-back. RT increased significantly with each increase of ISI 

duration. Group differences did not reach significance (F(1,46)= 1.548, p=.220, ηp
2
 =.033). 

This 2(diagnostic group) x 2(n-back tests) x 2(modality) x 3(ISI) repeated measures ANOVA 

was repeated using A’ to investigate the influences on accuracy of working memory 

performance. Accuracy statistics are displayed for comparisons between tests (see Table 18), 

modalities (see Table 19), and ISI level (see Table 26) (also see Figures 12, 13, 14, and 15). 

Although the above ANOVA suggested modality had the largest effect on RT, the ANOVA 

using A’ reported the largest effect to result from the n-back test. Table 27 displays the relevant 

statistics, but it is of note that only the main effects of n-back test (F(1,46)=277.724, p<.000, ηp
2
 

=.858) and ISI (F(2, 92)= 37.783, p<.000,  ηp
2
 =.451) are significant when using A’. Interactions 

between n-back test and modality (F(1,46)=7.336, p=.009, ηp
2
 =.138) and between n-back test 

and ISI (F(2,92)=12.169, p<.000,  ηp
2
 =.209) also were significant. Table 28 displays the results 

of pairwise comparisons performed as a result of this ANOVA. Accuracy differences between 

groups did not reach statistical significance (F(1,46)=2.414, p=.127, ηp
2
= .050). 

 Isolating Working Memory Processing 

As discussed previously, one way to reduce the influence of possible motoric differences 

in the analysis comparing PD and healthy groups is to use an individual’s mean SRT RT as a 

baseline to be subtracted from all other tests before statistical analysis (MacDonald & Meck, 

2004; Sternberg, 2001, 2003). In effect, the statistical analysis would use the amount of time 

beyond the mean RT of SRT. For example, if a participant’s mean RT for SRT is 300ms, 300 

would be subtracted from the mean RT of each n-back task to result in data for analysis that 

reflects the cognitive portion of RT for that particular individual. This somewhat controversial 

procedure assumes that the motoric contribution to RT will remain constant across tests for each 
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individual, and that all the processes (cognitive or motoric response) involved in SRT are also 

involved in the other tests.   

As an alternative, comparisons between the 1-back and 2-back tasks can be compared 

with less fear of violating the “pure insertion” assumption required for the subtraction method. 

Because the n-back tests primarily differ quantitatively (more load) as opposed to qualitatively 

(different constructs involved), RT differences between 1-back and 2-back performances reflect 

the additional load on working memory only. This variation of the subtraction method has been 

used in neuroimaging analyses of verbal working memory to determine the effects of increasing 

load (0-, 1-, 2-, 3-back tasks) in working memory of healthy individuals (Jonides et al., 1997; 

Smith, Jonides, Marshuetz, Koeppe, 1998). The Computed Working Memory (CWM) scores (2-

back RT – 1-back RT) for both groups are displayed in Table 29 and Figure 16. A positive CWM 

score indicates that 2-back RT was longer than 1-back RT in that condition. In addition to the 

ANOVA analysis described above using mean RT in 1-back and 2-back separately, a 2 

(diagnostic group) x 2(modality) x 3(ISI) repeated measures ANOVA (α = .05) used CWM to 

determine any differences between the healthy and PD groups’ ability to manage working 

memory load, either by modality (see Table 30, Figure 17) or duration of ISI (see Table 31, 

Figure 18), with less concern about possible motoric influences. 

Differences between CWM across the three levels of ISI reached statistical significance 

at the .05 level (F=(1.55, 71.4)=17.77, p<.000, =.279) (see Table 32). Pairwise comparisons 

revealed significant differences between 800 and 1600 ISI levels and between 800 and 3200 ISI 

levels, but not between 1600 and 3200 ISI levels (see Table 33).  There was a significant 

interaction between modality and ISI (F(1.78, 82.0)=6.412; p=.004, ηp
2
 =.122), mostly likely 

because of the healthy group’s variability across ISI in the auditory condition. Differences 

between CWM in auditory and visual modalities did not reach statistical significance 

(F(1,46)=.478, p=.493, ηp
2
 =.010). 

The CWM analysis was designed to isolate the effect of working memory, specifically 

the added effect of updating and recalling two letters previous to the stimuli instead of only one. 

It was predicted that the PD group would show the greatest CWM to reflect increased working 

memory processing time. However, CWM was not different between the groups (F(1,46)=2.456, 

p=.124, ηp
2
=.051) (see Table 32). Furthermore, CWM was shortest for the PD group in all 

conditions except auditory 800ISI. This unanticipated finding does align with findings of non-
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significant group differences reported above. An intriguing pattern of CWM emerged in the 

healthy group’s CWM; although CWM was steady across visual presentations, it ranged from 

seven ms during 800 ms ISI up to 303 ms during 3200 ISI in the auditory conditions.  
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DISCUSSION 

Group Differences 

 The RT and accuracy performance of healthy and PD groups in this study were 

consistently similar across tests, modalities, and ISI levels, with differences never reaching 

statistical significance. The neurological evidence that the DLPFC and frontostriatal circuitry  

have roles in working memory and the evidence that degeneration in these same areas occurs in 

PD sum to a reasonable conclusion that individuals with PD will have working memory 

impairment. And in fact this has been documented (Higginson et al., 2003; Stocchi & Brusa, 

1999; Zgaljardic, Borod, Foldi, & Mattis, 2003). Following the same logic, rationale for not 

finding working memory impairment in this group of PD patients has two possibilities.  

First, the type or complexity of the working memory measure (i.e., n-back) was not 

sensitive enough. Perhaps the level of working memory impairment in the PD group was so low 

that even the 2-back task, clearly more complex than the 1-back, was manageable even with 

some impairment. Bublak, Muller, Gron, Reuter, and von Cramon (2002) found working 

memory deficits in individuals with PD only when task conditions were very demanding. A 

composite measure of several tests of working memory may result in a more reliable 

characterization of working memory ability and may be more sensitive to subtle differences 

between groups (Caplan & Waters, 2004).  

A second possible explanation is that this group of individuals, rated by the DRS-2 as 

cognitively intact, did not have sufficient degeneration in these neurological areas to impair the 

working memory processes (Goldberg et al., 1998). In a sentence processing task with high 

demands on working memory, Grossman et al (2003) found a group of non-demented PD 

patients to have decreased activation in striatal regions, but compensate by recruiting cortical 

areas. A group of individuals with PD confirmed to have working memory impairment, either by 

extensive testing or neuroimaging results, may diverge from the non-impaired group and respond 

differently to changes in stimulus modality or ISI (Ferreira et al., 1998). 

  Working Memory 

 Investigations of working memory in language and other tasks have used a variety of 

tasks that require both storage and manipulation of information (Waters & Caplan, 2003). The n-

back task requires a participant hold items in working memory, compare previous items to the 

item currently being presented, and then update the number and sequence of items in working 
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memory. This particular working memory task is relatively easy to administer and record 

responses via computer program, as in the current study. It is generally accepted that n-backs 

requiring more items to be stored in working memory will consume more resources and affect 

performance (Braver et al., 1997; Jonides et al., 1997; Schumacher, 1996). In the current study, 

as expected, performance in the 2-back test was slower and less accurate than in the 1-back test 

for both groups. 

 An additional analysis was planned to compare these working memory tests without the 

possible influence of motoric differences between the two groups. CWM RT is the additional 

time required for the 2-back test compared to the 1-back test.  Theoretically this reflects the time 

required to process the working memory component, without the perception and motoric 

response portion of the total RT. It was initially hypothesized that if the individuals in the PD 

group responded with significantly longer RT than their healthy counterparts, it may reflect 

slower motoric response alone or in addition to any working memory differences. Because no 

group differences were found, CWM RTs were expected to be similar. Indeed, no significant 

differences between groups were found for CWM RT. Perhaps unexpectedly, the PD group’s 

CWM was less than the healthy group’s in almost every condition, an indication that the PD 

group was less affected by the additional working memory load at the trend level.   

In within-subject comparisons CWM was not different in the two modalities, but the 

main effect of ISI was statistically significant. The interaction between modality and ISI was 

significant, with the source of interaction displayed clearly in Figure 16. The healthy group’s RT 

was slower in the 2-back by only seven milliseconds in the 800 ISI condition, but steadily 

increased to 303 milliseconds slower in the 3200 ISI condition during auditory presentation of 

stimuli. These two points represent the extremes in the range of CWM RTs. The healthy group 

did not have this pattern in the visual condition, and the PD was fairly constant with a slight 

upward trend as ISI increased for both auditory and visual conditions. It is difficult to determine 

why the healthy group’s auditory CWM diverged to such an extent. The effect of ISI must have 

been exaggerated in the 2-back condition for the healthy group only. In light of the other results, 

discussed in more detail below, it is possible that the healthy group had more difficulty 

perceiving the auditory stimuli and took advantage of the longer ISI to spend more time deciding 

if each stimulus was correct. It is possible that this apparently odd result is actually an indication 
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of a strategy that was necessary in the auditory but not visual conditions, and was not developed 

or implemented by individuals with neurological impairments of PD.  

In the current study, CWM was an informative measure contributing another perspective 

of differences in the n-back tasks that were less obvious in the initial analysis. The n-back task is 

a unique measure of working memory because of the linear pattern of complexity and demand 

created by such a simple modification of adding one number to the set to be stored and 

manipulated. The stair-step pattern of RT was significant in the current study and highlighted by 

the CWM RT pattern (see Figure 16). Perhaps with the exception of the healthy group’s 

performance in auditory conditions, the patterns of modality and ISI in CWM were similar to 

results from analysis of the total RT and accuracy measures.   

Influence of Modality 

 The influence of stimulus modality in the current study varied depending on the measure 

of interest. While measures of accuracy (i.e., hit rate, A’) were not significantly affected by the 

modality of stimuli presented, RT was longer with auditory stimuli. The discrepancy indicates 

that participants were able to perform all the tests, but only required more time during the 

auditory conditions. Processing of auditory stimuli was somehow more complex, requiring more 

time, without being too complex, which would cause errors. Because this modality difference 

was evident in SRT as well as the n-back tests, the difference is more indicative of different 

perceptual processing times than complexity of working memory. It probably required more time 

to hear the entire presentation of the aurally presented letter and perceive the auditory stimuli 

than was required to perceive the visually presented letter. 

Schumacher et al. (1996) reported the same findings from several n-back tasks and also 

attributed the discrepancy to encoding differences. Using PET, Schumacher et al. (1996) found 

similar neural patterns of activation in conditions of visual and auditory presentation with the 

exception of activation in the occipital lobe (i.e., BA18) only during visual presentations and 

activation in temporal lobe (BA 21 and 22) only during auditory presentation. Smith, Jonides, 

Marchuetz and Koeppe (1998) reviewed these findings and attempted to remove the input 

differences by deriving images of activation in the 3-back condition minus activation in control 

conditions. A single site in Broca’s area remained as active after the computed visual image was 

subtracted from the computed auditory condition’s image. The behavioral results from the 

current computerized assessment concur with the conclusion of Schumacher et al. (1996) and 
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Smith, Jonides, Marchuetz and Koeppe (1998): only the translation of stimuli into phonological 

representations is modality-dependent and the working memory process is amodal.  

The effect of modality was consistent across tests, indicating that any additional time 

used for auditory perception was universal and need not invalidate results from studies using 

auditory stimuli. However, direct comparisons of studies or tests using different modalities of 

stimuli presentation should heed caution, or perhaps be avoided completely. ISI in auditory 

conditions should allow for additional perceptual processing time. The pragmatic choice when 

designing a study is to present only visual stimuli, thereby avoiding the risk of participants 

lacking or varying in auditory acuity or processing speed as well as avoiding the potential to add 

variability by using different voices (e.g., male or female) or intensity levels across studies. 

Perhaps this is why most of the CPT studies summarized by Riccio, Reynolds, and Lowe (2001) 

use visual stimuli. Although a few participants reported difficulty with hearing some letters, 

which led to a time-consuming outlier analysis and loss of data, none reported difficulty with 

lowercase or uppercase letters, or the random presentation of uppercase and lowercase. In 

summary, RT should not be compared across tests using different stimulus modalities and the 

visual modality can be used with less concern about sensory variability in participants. 

Influence of ISI Duration 

Time during ISI may be helpful if the participant uses it to mentally update or repeat 

previous stimuli subvocally or implement some other sort of strategy, but it also may be 

detrimental if it is so long as to create a burden on the storage and processing capacities of 

working memory by having to maintain information for a longer period, perhaps even using 

some short-term memory (Stuss et al., 2005). Conversely, a short ISI may be helpful by reducing 

the strain on the storage and processing capacities or detrimental by not allowing time and 

increasing processing demands to update information and inhibit old or irrelevant stimuli quickly 

(Silverstein, Weinstein, & Turnbull, 2004). The current study’s determination of what qualified 

as short or long was based on the few studies that have reported ISI, but even the studies 

including multiple ISIs often do not provide rationale for selection. The minimal concern for ISI 

influence in the literature implies that effects of ISI are disregarded, acknowledged without 

proposed solutions, or not yet recognized.  

Significant effects of ISI were found in this study. Participants in this study used more 

time, but also became more accurate, with each increase of ISI duration. The significant 
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interaction between n-back test and ISI, coupled with visual inspection of Figures 1 and 2, 

indicate these effects were particularly evident for the more complex 2-back test. The current 

study is consistent with previous reports that a short ISI compromises performance findings; 

longer ISI allowed participants to have the amount of time necessary for processing and 

responding accurately (Chee et al., 1989; Riccio, Reynolds, & Lowe, 2001; Silverstein, 

Weinstein, & Turnbull, 2004). It is possible the short ISI caused participants to be more 

conscious of their speed and motivated them to make a response decision quickly, before more 

stimuli were deposited in the filling working memory bank. Perhaps attending to accuracy and 

balancing speed and accuracy was more manageable in longer ISI conditions when participants 

did not feel the urgency of preparing for the next stimuli. This hypothesis is difficult to test but is 

supported by the pattern of results for lengthening ISI and general participant comments such as: 

“it was hard to keep track of [the letters] when they were going so fast” and “it was hard to keep 

up sometimes”.  

The findings presented here highlight the importance of using an appropriate ISI, or at 

least considering the contribution of ISI to a participant’s performance and reporting multiple 

parameters of performance, such as RT with accuracy. Although a standard ISI has not been 

established in CPT, perhaps because an appropriate ISI may vary by test and tested population, 

researchers sharing results in literature or presentations should report ISI and other parameters 

for purposes of interpretation and comparison to similar studies as well as for replications.  

If the current study is used as a guideline, participants were rushed during the 800 ISI 

condition and made more errors when responding quickly. Accuracy was very high in the 3200 

ISI condition, particularly in the 1-back test. The discrepancy between accuracy in the ISI levels 

indicates participants were capable of performing, but a short ISI taxed their capability, resulting 

in underestimations of their capabilities. The 3200 ISI condition was not long enough to become 

more detrimental to accuracy than shorter ISI, as might be predicted if 3200 ms was long enough 

to strain working memory limitations. Performance in the 3200 ISI condition only approached 

100% accuracy, or ceiling effects. The non-significant difference between 1600 ISI and 3200 ISI 

in the CWM analysis implies a leveling in the amount of time sufficient for working memory 

processing in 1- and 2- back tests. The results of this study indicate 3200 ISI to be a reasonable 

ISI in 1- and 2-back tests, given that participants were able to achieve the highest accuracy in this 
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condition, but not so much higher than 1600 ISI that a continuing linear trend is apparent in the 

CWM analysis.          

Duration of ISI is one way ISI can influence results. The ISI in this study was presented 

in blocks, counterbalanced across participants, and was therefore predictable. According to Stuss 

et al. (2005), when ISI is blocked, RT may increase with longer ISI because it is difficult to time 

and maintain peak preparedness over longer ISI (no quantification of “longer” is provided by 

Stuss et al.). When Stuss et al. (2005) reported decrease in RT as ISI increased, the ISIs of 4-7 

seconds were random (unblocked) and warning signals prepared the subjects for response. A 

change in RT with changes in the time between a warning signal and the stimulus is known as 

the foreperiod effect (Los, Knol, & Boers, 2001). Duration of ISI must be considered in context 

of the entire experiment, including the construct measured, whether ISI is blocked or random, 

and whether warning signals are present to aide peak preparedness. All of these variables should 

be included when reporting results to aide in study comparisons and perhaps explain conflicting 

results. Overall, the conclusions from this study can be summarized as follows: 

1. Individuals with PD but no dementia do not demonstrate significant impairment 

in SRT and n-back tasks, 

2. Responses in 2-back tests are later and less accurate compared to responses in 1-

back tests, 

3. Modality of stimuli presentation in n-back tests affects RT, but not accuracy, 

4. ISI can influence performance profiles, particularly if the ISI is too short to 

allow for complete perception and processing of the stimuli. 

Future Directions 

 Cognitive-linguistic studies will continue to investigate the involvement of working 

memory and other executive functions in language using a variety of assessment measures, 

including computerized methods that can be precise and easily administered and reported. 

Innovative research using technological advancements is shadowed by basic methodological 

variations, such as presentation of stimuli, which can confound outcomes. The specific aim of 

this study was to explore possible confounding parameters of stimuli in computerized n-back 

tests addressing working memory in healthy people and people with Parkinson’s Disease. More 

generally, this study highlighted the need to carefully select and understand tools of assessment 

and treatment in clinical and empirical research.  
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 This fairly methodological study is preparation for future studies comparing working 

memory abilities to measures of language comprehension. The intricacy of cognitive-linguistic 

relationships is evident regardless of theoretical perspective. Models of capacity constraints, 

specialized processing, or skilled use of retrieval cues in working memory all posit an integral 

role of some sort of working memory in language processing. While span counts and n-back 

tasks may seem far removed from the linguistic processes, as a measure of working memory the 

n-back task is an enduring tool used to investigate performance differences across groups of 

varying language impairments and neurological differences. Clinical implications of 

deteriorating working memory clearly include language and communication impairments, as 

well as adjustments in plan of care. Furthermore, as cognitive-linguistic impairments continue to 

be recognized and quantified in various clinical populations, more study of appropriate 

assessment and efficacious treatment is necessary.  

If working memory or cognitive-linguistic interactions deteriorate only in later stages of 

PD, in individuals with evidence of dementia, the use of computerized measures may be limited. 

Currently the research regarding the ability for persons with dementia or some cognitive 

impairment to learn how to use computers in assessment or treatment indicates specific skills can 

improve with significant coaching and motivation, including frequent feedback and graphic 

illustrations of results (Kado, Ouellette, & Summers, 2002; Lynch, 2002; Park & Ingles, 2001). 

Perhaps more sensitive measures or composite measures of working memory could distinguish 

the groups before substantial cognitive impairment is detected (Waters & Caplan, 2003). These 

tests will need to be modified for computerized response. Designs of future studies of cognitive-

linguistic interactions in healthy and clinical populations incorporating computerized 

measurement could be guided by the findings presented here regarding stimulus modality and 

ISI.  
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Table 1 

Means (and Standard Deviations) of Participant Age, Education, DRS-2 Score, and Hoehn –

Yahr Score and Gender Ratios for Healthy and Parkinson’s Groups      

 Healthy (n=24) Parkinson’s Disease (n=24) 

Age 71.7 years (10.7) 71.9 years (10.5) 

Gender ratio (M:F) 17:7 17:7 

Education  16.1 years (3.1) 15.4 years (4.1) 

DRS-2 12.1 (2.8) 11.7 (2) 

Hoehn-Yahr Score N/A 2.3 (1.3) 

Note. The Hoehn-Yahr score scale ranges 0-5, with 0 indicating no visual symptoms of 

Parkinson’s Disease.



50 

Table 2 

 

Number and Duration of Stimuli, and Interstimulus Interval Required for Each Test in the 

Computerized Cognitive Battery          

 

Cognitive Test Number of stimuli Duration (ms) ISI (ms) 

direction screen 1 180000  

practice 5 800 1000* 

visual SRT 45 500 1000* 

direction screen 1 180000  

practice 5 800 1000* 

auditory SRT 45 500 1000* 

direction screen 1 180000  

practice 8 800 1000 

1-b visual 800 45 500 800 

1-b visual 1600 45 500 1600 

1-b visual 3200 45 500 3200 

direction screen 1 180000  

practice 8 800 1000 

1-b auditory 800 45 500 800 

1-b auditory 1600 45 500 1600 

1-b auditory 3200 45 500 3200 

direction screen 1 180000  

practice 8 800 1000 

2-b visual 800 45 500 800 

2-b visual 1600 45 500 1600 

2-b visual 3200 45 500 3200 

direction screen 1 180000  

practice 8 800 1000 

2-b auditory 800 45 500 800 

2-b auditory 1600 45 500 1600 

2-b auditory 3200 45 500 3200 

direction screen 1 180000  

practice 5 800 1000* 

visual SRT 45 500 1000* 

direction screen 1 180000  

practice 5 800 1000* 

auditory SRT 45 500 1000*  

Note: * indicates that the actual ISI varied between 800-1200 ms. 
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Table 3 

 

Counterbalanced Sequence of Subtests in Computerized Cognitive Battery for a Block of Twelve 

Participants             
 

Subject 2-back Auditory 2-back Visual 1-back Auditory 1-back Visual   

1 SRT 800 1600 3200 800 1600 3200 800 1600 3200 800 1600 3200 SRT

2 SRT 1600 3200 800 1600 3200 800 1600 3200 800 1600 3200 800 SRT

3 SRT 3200 800 1600 3200 800 1600 3200 800 1600 3200 800 1600 SRT

                 

   2-back Visual 1-back Auditory 1-back Visual   2-back Auditory    

4 SRT 800 1600 3200 800 1600 3200 800 1600 3200 800 1600 3200 SRT

5 SRT 1600 3200 800 1600 3200 800 1600 3200 800 1600 3200 800 SRT

6 SRT 3200 800 1600 3200 800 1600 3200 800 1600 3200 800 1600 SRT

                 

   1-back Auditory 1-back Visual 2-back Auditory  2-back Visual   

7 SRT 800 1600 3200 800 1600 3200 800 1600 3200 800 1600 3200 SRT

8 SRT 1600 3200 800 1600 3200 800 1600 3200 800 1600 3200 800 SRT

9 SRT 3200 800 1600 3200 800 1600 3200 800 1600 3200 800 1600 SRT

                 

   1-back Visual   2-back Auditory  2-back Visual 1-back Auditory   

10 SRT 800 1600 3200 800 1600 3200 800 1600 3200 800 1600 3200 SRT

11 SRT 1600 3200 800 1600 3200 800 1600 3200 800 1600 3200 800 SRT

12 SRT 3200 800 1600 3200 800 1600 3200 800 1600 3200 800 1600 SRT

 

Note. 800 = 800ms ISI, 1600 = 1600ms ISI, 3200 = 3200ms ISI 
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Table 4 

 

Pearson Correlations (r) with Associated p-values (two-tailed) and Coefficient of Determination 

(r
2
) Values Between Computerized Measures and DRS-2 Scores of Healthy and PD Groups and 

Hoehn Yahr Scores of the PD Group          

 

 Hoehn-Yahr Score  DRS-2 Score 

 r p r
2
  r p r

2
 

SRT 1 auditory -.291 .167 .08 
b
 .078 .599 .01

 a
 

SRT 1 visual -.035 .872 .00
 
 -.150 .308 .02

 b
 

       

1-back auditory 800 ISI .264 .213 .07 
b
 .086 .562 .01

 a 
 

1-back auditory 1600 ISI .118 .583 .01 
a
 -.063 .673 .00

 
 

1-back auditory 3200 ISI .019 .929 .00
 
 .042 .777 .00

 
 

    
 

   

1-back visual 800 ISI .298 .157 .09
 b
 -.128 .387 .02

 b 
 

1-back visual 1600 ISI .060 .782 .00
 
 -.263 .071 .07

 b
 

1-back visual 3200 ISI .092 .668 .01
 a
 -.216 .139 .05

 b 
 

    
 

   

2-back auditory 800 ISI -.246 .246 .06
 b
 .032 .826 .00

 
 

2-back auditory 1600 ISI .015 .946 .00
 
 .025 .868 .00

 
 

2-back auditory 3200 ISI -.019 .931 .00
 
 -.078 .597 .01

 a 
 

    
 

   

2-back visual 800 ISI .127 .554 .02
 b
 .037 .801 .00

 
 

2-back visual 1600 ISI .008 .969 .00
 
 -.140 .344 .02

 b
 

2-back visual 3200 ISI .190 .374 .04
 b
 -.018 .903 .00

 
 

    
 

   

SRT2 auditory -.260 .220 .07
 b
 .123 .407 .02

 b 
 

SRT 2 visual .113 .599 .01
 a
 .001 .995 .00

 
 

Note:  Only the PD group (n=24) received Hoehn-Yahr scores, but both groups (n=48) received 

DRS-2 scores 
a 
small effect size, 

b
 medium effect size (Cohen, 1988) 

 



53 

Table 5 

Means and Standard Deviations (sd) for Response Times (ms) in Three Tests Before Outliers 

were Removed  

 

Test Mean Standard deviation 

SRT 503 232 

1-back 742 303 

2-back 869 399 
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Table 6 

 

Means, Standard Deviations (sd) and Coefficients of Variation (cv) for Response Times (ms) in 

the Four Types of Stimulus Presentation in SRT 

 

 Lower Case Upper Case Male Voice Female Voice 

 Mean sd cv Mean sd cv Mean sd cv Mean sd cv 

C 335 89 0.27 348 99 0.28 783 181 0.23 923 187 0.20 

D 348 112 0.32 330 99 0.30 580 184 0.32 962 188 0.20 

F 347 111 0.32 341 93 0.27 625 169 0.27 685 182 0.27 

G 339 128 0.38 337 130 0.39 676 151 0.22 669 170 0.25 

H 342 94 0.27 332 92 0.28 710 177 0.25 561 183 0.33 

J 349 105 0.30 330 134 0.40 646 142 0.22 745 144 0.19 

K 334 90 0.27 335 95 0.28 663 172 0.26 763 175 0.23 

N 346 122 0.35 330 107 0.32 839 202 0.24 621 176 0.28 

P 324 76 0.23 345 108 0.31 509 138 0.27 792 149 0.19 

Q 339 98 0.29 327 83 0.25 604 179 0.30 605 164 0.27 

R 346 114 0.33 331 89 0.27 654 155 0.24 673 195 0.29 

T 366 130 0.35 343 96 0.28 547 153 0.28 516 176 0.34 

X 355 114 0.32 349 142 0.41 548 180 0.33 551 168 0.30 

Z 363 161 0.44 341 114 0.34 517 165 0.32 628 191 0.30 
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Table 7 

 

Means, Standard Deviations (sd) and Coefficients of Variation (cv) for Response Times (ms) in 

the Four Types of Stimulus Presentation in 1-back Test 

 

 Lower Case Upper Case Male Voice Female Voice 

 Mean sd cv Mean sd cv Mean sd cv Mean sd cv 

C 555 145 0.26 597 230 0.39 1018 316 0.31 1242 371 0.30 

D 587 156 0.27 626 315 0.50 826 271 0.33 1215 342 0.28 

F 665 311 0.47 591 182 0.31 884 320 0.36 976 327 0.34 

G 582 163 0.28 586 204 0.35 925 242 0.26 909 175 0.19 

H 615 266 0.43 573 173 0.30 962 260 0.27 827 151 0.18 

J 596 176 0.30 627 302 0.48 813 180 0.22 937 217 0.23 

K 618 221 0.36 597 337 0.56 863 216 0.25 948 157 0.17 

N 577 171 0.30 560 161 0.29 1119 340 0.30 817 213 0.26 

P 590 196 0.33 616 374 0.61 783 306 0.39 979 216 0.22 

Q 718 467 0.65 655 214 0.33 784 181 0.23 835 235 0.28 

R 559 144 0.26 544 196 0.36 850 196 0.23 897 187 0.21 

T 584 184 0.32 619 215 0.35 749 253 0.34 763 278 0.36 

X 595 177 0.30 563 162 0.29 803 289 0.36 759 284 0.37 

Z 604 183 0.30 618 345 0.56 779 454 0.58 852 294 0.34 
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Table 8 

Means, Standard Deviations (sd) and Coefficients of Variation (cv) for Response Times (ms) in 

the Four Types of Stimulus Presentation in 2-back Test 

 

 Lower Case Upper Case Male Voice Female Voice 

 Mean sd cv Mean sd cv Mean sd cv Mean sd cv 

C 692 370 0.53 758 325 0.43 1115 449 0.40 1227 347 0.28 

D 684 244 0.36 742 348 0.47 901 356 0.40 1284 317 0.25 

F 757 289 0.38 702 230 0.33 964 476 0.49 1188 413 0.35 

G 697 287 0.41 734 317 0.43 1024 391 0.38 1048 359 0.34 

H 709 235 0.33 723 207 0.29 1087 397 0.37 916 371 0.40 

J 717 279 0.39 795 408 0.51 1020 481 0.47 1160 480 0.41 

K 731 310 0.42 747 342 0.46 977 327 0.34 1098 411 0.37 

N 702 279 0.40 718 286 0.40 1139 384 0.34 949 312 0.33 

P 696 256 0.37 746 266 0.36 904 427 0.47 1194 620 0.52 

Q 778 340 0.44 778 317 0.41 943 418 0.44 958 321 0.33 

R 771 358 0.46 653 323 0.49 1001 321 0.32 1020 422 0.41 

T 753 331 0.44 637 220 0.35 944 463 0.49 1006 391 0.39 

X 764 449 0.59 711 298 0.42 965 405 0.42 893 322 0.36 

Z 674 327 0.48 749 325 0.43 932 400 0.43 1090 434 0.40 
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Table 9 

 

Omission and Hit Rates Associated with Each Letter in Four Types of Presentation During 1-

back Test 

 

Lower Case Upper Case Male Voice Female Voice  

Omission 

rate 

Hit rate Omission 

rate 

Hit rate Omission 

rate 

Hit rate Omission 

rate 

Hit rate

C 6% 94% 6% 94% 6% 94% 17% 83% 

D 2% 98% 9% 91% 16% 84% 18% 82% 

F 13% 88% 10% 90% 14% 86% 32% 68% 

G 11% 89% 5% 95% 11% 89% 17% 83% 

H 2% 98% 2% 98% 3% 97% 3% 97% 

J 9% 91% 5% 95% 2% 98% 4% 96% 

K 5% 95% 8% 92% 4% 96% 6% 94% 

N 4% 96% 3% 97% 12% 88% 7% 93% 

P 9% 91% 10% 90% 9% 91% 8% 92% 

Q 14% 86% 3% 97% 5% 95% 10% 90% 

R 8% 92% 6% 94% 3% 97% 2% 98% 

T 7% 93% 6% 94% 6% 94% 5% 95% 

X 5% 95% 8% 92% 4% 96% 3% 97% 

Z 10% 90% 4% 96% 29% 71% 32% 68% 
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Table 10 

 

Omission and Hit Rates Associated with Each Letter in Four Types of Presentation During 2-

back 

 

Lower Case Upper Case Male Voice Female Voice  

Omission 

rate 

Hit rate Omission 

rate 

Hit rate Omission 

rate 

Hit rate Omission 

rate 

Hit rate

C 24% 76% 33% 67% 33% 67% 45% 55% 

D 35% 65% 31% 69% 31% 69% 43% 57% 

F 30% 70% 31% 69% 33% 67% 32% 68% 

G 36% 64% 23% 77% 29% 71% 39% 61% 

H 35% 65% 26% 74% 18% 82% 15% 85% 

J 20% 80% 20% 80% 24% 76% 26% 74% 

K 29% 71% 34% 66% 5% 95% 13% 87% 

N 29% 71% 18% 82% 26% 74% 26% 74% 

P 39% 61% 16% 84% 27% 73% 38% 62% 

Q 27% 73% 19% 81% 11% 89% 15% 85% 

R 21% 79% 26% 74% 17% 83% 12% 88% 

T 26% 74% 36% 64% 23% 77% 27% 73% 

X 29% 71% 37% 63% 12% 88% 15% 85% 

Z 27% 73% 22% 78% 33% 67% 45% 55% 
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Table 11 

 

Mean, Standard Deviations, and Ranges of Response Time (ms) for Healthy and Parkinson's 

Disease Groups in Four Tests, Two Modalities, and Three Levels of ISI     

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

SRT 1 auditory 693 133 390 - 931 
 

695 131 461 - 912 

SRT 1 visual 343 57 263 - 438  366 62 280 - 514 

        

1-back auditory 800 ISI 816 87 629-1003  822 99 643 - 1088 

1-back auditory 1600 ISI 876 122 703 - 1174  923 139 733 - 1306 

1-back auditory 3200 ISI 883 112 680-1074  1010 187 757 - 1385 

        

1-back visual 800 ISI 551 106 384-860  583 116 393 - 888 

1-back visual 1600 ISI 576 111 445-961  633 157 438 - 923 

1-back visual 3200 ISI 604 159 428 - 1036  661 171 405 - 1144 

        

2-back auditory 800 ISI 822 118 483 -1010  832 139 541 - 1008 

2-back auditory 1600 ISI 1024 122 790 - 1243  1066 110 883 - 1277 

2-back auditory 3200 ISI 1186 297 888 - 2302  1138 252 651 - 1718 

        

2-back visual 800 ISI 686 114 460 - 903  676 105 477 - 884 

2-back visual 1600 ISI 741 146 535 - 985  750 146 541 - 1101 

2-back visual 3200 ISI 760 182 459-1184  834 215 558 – 1299 

        

SRT2 auditory 615 121 444 - 862   662 126 490 – 895 

SRT 2 visual 317 44 249 - 444   341 66 232 – 512 
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Table 12 

 

Mean Hit Rate and Sensitivity (A’) and Bias (BD”) for Healthy and Parkinson's Disease Groups 

in Four Tests, Two Modalities and Three Levels of ISI        

 

 Healthy (n=24)   Parkinson’s Disease (n=24) 

 Hit Rate A’ BD”  Hit Rate A’ BD” 

SRT 1 auditory 0.98    0.99   

SRT 1 visual 0.99    0.98   

        

1-back auditory 800 ISI 0.91 0.89 0.40  0.88 0.83 0.35 

1-back auditory 1600 ISI 0.92 0.89 0.32  0.87 0.83 0.16 

1-back auditory 3200 ISI 0.96 0.93 0.17  0.91 0.87 0.41 

        

1-back visual 800 ISI 0.92 0.91 0.05  0.90 0.87 0.25 

1-back visual 1600 ISI 0.94 0.93 0.22  0.94 0.90 0.04 

1-back visual 3200 ISI 0.94 0.92 0.18  0.95 0.90 0.10 

        

2-back auditory 800 ISI 0.64 0.64 0.67  0.64 0.62 0.55 

2-back auditory 1600 ISI 0.81 0.78 0.31  0.78 0.69 0.31 

2-back auditory 3200 ISI 0.80 0.76 0.46  0.85 0.77 0.25 

        

2-back visual 800 ISI 0.61 0.64 0.67  0.66 0.63 0.36 

2-back visual 1600 ISI 0.72 0.70 0.45  0.75 0.69 0.18 

2-back visual 3200 ISI 0.83 0.78 0.28  0.76 0.70 0.17 

        

SRT2 auditory 0.98    0.98   

SRT 2 visual 0.96    0.97   

 

Note: A’ and BD” cannot be calculated for SRT tests because there are no opportunities for false 

alarm responses in the SRT test.
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Table 13 

 

Mean Response Time (ms) for Healthy and Parkinson's Disease Groups in Four Tests and Two 

Modalities with Pooled ISI           

 

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

SRT 1 auditory 693 133 390 - 931  695 131 461 – 912 

SRT 1 visual 343 57 263 - 438  366 62 280 – 514 

        

1-back auditory  858 94 707 - 1010  918 122 723 – 1149 

1-back visual  577 114 435 - 946  625 136 414 – 915 

        

2-back auditory  1010 131 789 - 1354  1012 123 794 – 1296 

2-back visual  729 126 533 - 1008  753 133 534 – 1015 

        

SRT 2 auditory 615 121 444 - 862   662 126 490 – 895 

SRT 2 visual 317 44 249 - 444   341 66 232 – 512 
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Table 14 

 

Analysis of Variance for Mean RT in Healthy and Parkinson’s Disease Groups Across Two 

Modalities and Four Tests (ISI of n-back tests pooled) 

 

 df F p ηp
2
 

Between subjects 

Healthy & PD (1, 46) 2.005 .163 .042
 b
 

Within subjects 

Modality (1, 46) 656.838* <.000 .935
 a
 

Test (2.2, 99.2) 327.047* <.000 .877
 a
 

Modality*Test (2.3, 107.3) 3.715 .022 .075
 b
 

*significant at the .05 level 

a
 large effect, 

b
 medium effect (Kinnear & Gray, 2004) 
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Table 15 

 

Mean, Standard Deviation, and Range of Response Time (ms) for Healthy and Parkinson's 

Disease Groups in Four Tests with Modality and ISI pooled        

  

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

SRT 1
 a
 518 87 327 -657  530 77 377 – 673 

1-back
 a
 718

 
 94 575 - 974  772

 
 110 579 -968 

2-back
 a
 870

 
 107 711 - 1123  883

 
 103 700 – 1149 

SRT 2 
a
 466

 
 75 350 - 645  501

 
 83 372 – 648 

a 
differences reached statistical significance at the p<.05 level (see Tables 14, 17) 
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Table 16  

 

Mean Response Time (ms) for Healthy and Parkinson's Disease Groups in Two Modalities with 

Three Levels  of ISI and All Cognitive Tests Pooled        

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

Auditory
 a
 794 92 630 - 951 

 

822 89 663 – 992 

 

Visual
 a
 492 61 382 - 604 

 

521 77 390 – 730 

 
a
 differences reached statistical significance at the p<.05 level (see Tables 14,17) 
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Table 17 

 

Pairwise Comparisons for Mean RT in Healthy and Parkinson’s Disease Groups Across Two 

Modalities and Four Tests (ISI of n-back tests pooled) 

 

 Mean Difference Std. Error p 

Healthy & PD 28.491 20.119 .163 

Auditory & Visual 301.536* 11.766 <.000 

SRT1 & 1-back 220.479* 16.068 <.000 

SRT1 & 2-back 351.917* 17.358 <.000 

SRT1 & SRT2 40.510* 9.093 <.000 

1-back & 2-back 131.437* 13.104 <.000 

1-back & SRT2 260.990* 13.827 <.000 

2-back & SRT2 392.427* 16.101 <.000 

Note: Bonferroni adjustments for multiple comparisons 

* significant at the .05 level 
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Table 18 

 

Mean Hit Rates and Sensitivity (A’) and Bias (BD”) for Healthy and Parkinson's Disease Groups 

in Four Tests with Modalities and ISI Levels Pooled        

 

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Hit Rate A’ BD”  Hit Rate A’ BD” 

SRT 1
 a
 .99    .99   

1-back
 a b

 .93 .91
 
 .23  .91 .87

 
 .21 

2-back
 a b

 .73 .72
 
 .47  .74 .68

 
 .30 

SRT 2 
a
 .97    .97   

 

Note: A’ and BD” cannot be calculated for SRT tests because there are no opportunities for false 

alarm responses in the SRT test. 
a
  Hit rate differences reached statistical significance at the p<.05 level (see Tables 20, 21) 

b
  A’ differences reached statistical significance at the p<.05 level (see Tables 27, 28) 
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Table19 

 

Mean Hit Rates and Sensitivity (A’) and Bias (BD”) for Healthy and Parkinson's Disease Groups 

in Two Modalities with Tests and Three Levels of ISI Pooled      

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Hit Rate A’ BD”  Hit Rate A’ BD” 

Auditory .87 .81 .39 

 

.86 .77 .34 

 

Visual .86 .81 .31 

 

.86 .78 .18 

Note: SRT tests were only included in pool for hit rate calculations because A’ and BD” cannot 

be derived from SRT responses.
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Table 20 

 

Analysis of Variance for Hit Rates in Healthy and Parkinson’s Disease Groups Across Two 

Modalities and Four Tests (ISI of n-back tests pooled) 

 

 df F p ηp
2
 

Between subjects 

Healthy & PD (1, 46) .049 .827 .001
 c
 

Within subjects 

Modality (1, 46) .872 .355 .019 
b
 

Test (1.56, 71.8) 119.329* .000 .722 
a
 

Modality*Test (1.76, 81.1) 3.020 .061 .062 
a
 

*significant at the .05 level 

a
 large effect, 

b
 medium effect 

c
 small effect (Kinnear & Gray, 2004) 
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Table 21 

 

Pairwise Comparisons for Hit Rates in Healthy and Parkinson’s Disease Groups Across Two 

Modalities and Four Tests (ISI of n-back tests pooled) 

 

 Mean Difference Std. Error p 

Healthy & PD .003 .015 .827 

Auditory & Visual .006 .006 .355 

SRT1 & 1-back .067* .011 .000 

SRT1 & 2-back .250* .020 .000 

SRT1 & SRT2 .016* .005 .009 

1-back & 2-back .184* .018 .000 

1-back & SRT2 .051* .010 .000 

2-back & SRT2 .235* .020 .000 

Note: Bonferroni adjustments for multiple comparisons 

* significant at the .05 level 
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Table 22 

 

Mean Response Time (ms) for Healthy and Parkinson's Disease Groups in Two Modalities with 

Three Levels of ISI and n-back Tests Pooled         

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

Auditory
 a
 934 104 752 - 1156 

 

965 108 799 – 1223 

 

Visual
 a
 653 104 488 - 867 

 

689 110 474 - 947 

 
a
 differences reached statistical significance at the p<.05 level (see Tables 24, 25) 
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Table 23 

 

Mean Response Time (ms) for Healthy and Parkinson's Disease Groups in Three Levels of ISI 

with Two Modalities and n-back Tests Pooled        

 

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

800 ISI
 a
 719 68 536 - 841  728 58 599 - 860 

        

1600 ISI
 a
 804 99 654 - 1038  843 99 680 - 1061 

        

3200 ISI
 a
 858 135 655 - 1187  910 147 639 - 1264 

a
 differences reached statistical significance at the p<.05 level (see Tables 24, 25) 
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Table 24 

 

Analysis of Variance for Mean RT in Healthy and Parkinson’s Disease Groups Across Two n-

back Tests, Two Modalities, and Three Levels of ISI  

 

 df F p ηp
2
 

Between subjects 

Healthy & PD (1, 46) 1.548 .220 .033
 b
 

Within subjects 

Modality (1, 46) 356.944* <.000 .886
 a
 

n-back test (1, 46) 100.604* <.000  .686
 a
 

ISI (1.5, 69.5) 83.869* <.000 .646
 a
 

Modality * test (1, 46) .478 .493 .010
 b
 

Modality * ISI (1.6, 75.6) 17.809* <.000 .279
 a
 

Test * ISI (1.6, 71.4) 17.777* <.000 .279
 a
 

Modality*test*ISI (1.8, 82.0) 6.412* <.004 .122
 a
 

*significant at the .05 level 

a
 large effect, 

b
 medium effect (Kinnear & Gray, 2004) 
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Table 25 

 

Pairwise Comparisons for Mean RT in Healthy and Parkinson’s Disease Groups Across Two n-

back Tests, Two Modalities, and Three Levels of ISI  

 

 Mean Difference Std. Error p 

Healthy & PD 33.535 26.951 .220 

Auditory & Visual 278.625* 14.748 <.000 

1-back & 2-back  131.437* 13.104 <.000 

800 ISI & 1600 ISI 100.125* 9.814 <.000 

800 ISI & 3200 ISI 160.891* 15.644 <.000 

1600 ISI & 3200 ISI 60.766* 11.452 <.000 

Note: Bonferroni adjustments for multiple comparisons 

* significant at the .05 level 
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Table 26 

 

Mean Hit Rates and Sensitivity (A’) and Bias (BD”) for Healthy and Parkinson's Disease Groups 

in Three Levels of ISI with Two Modalities and n-back Tests Pooled     

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Hit Rate A’ BD”  Hit Rate A’ BD” 

800 ISI
 a
 .77 .77 .45  .77 .74 .37 

        

1600 ISI
 a
 .85 .83 .33  .85 .78 .17 

        

3200 ISI
 a
 .88 .85 .27  .87 .81 .23 

a
 A’ differences reached statistical significance at the p<.05 level (see Tables 27, 28) 
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Table 27 

 

Analysis of Variance for A’ in Healthy (n=24) and Parkinson’s Disease (n=24) Groups Across  

Two n-back Tests, Two Modalities, and Three Levels of ISI  

 

 df F p ηp
2
 

Between subjects 

Healthy & PD (1, 46) 2.414 .127 .050
 b
 

Within subjects 

Modality (1,46) .477 .493 .010
 b
 

n-back test (1,46) 277.724* <.000 .858
 a
 

ISI (2,92) 37.783* <.000 .451
 a
 

Modality * test (1, 46) 7.336* .009 .138
 a
 

Modality * ISI (2, 92) 1.006 .370 .021
 b
 

Test * ISI (2, 92) 12.169* <.000 .209
 a
 

Modality*test*ISI (2, 92) 2.873 .062 .059
 b
 

*significant at the .05 level 

a
 large effect, 

b
 medium effect (Kinnear & Gray, 2004) 
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Table 28 

 

Pairwise Comparisons for A’ in Healthy (n=24) and Parkinson’s Disease (n=24) Groups Across 

Two n-back Tests, Two Modalities, and Three Levels of ISI  

 

 Mean Difference Std. Error p 

Healthy & PD .037 .024 .127 

Auditory & Visual .007 .010 .493 

1-back & 2-back  .191* .011 <.000 

800 ISI & 1600 ISI .048* .009 <.000 

800 ISI & 3200 ISI .075* .010 <.000 

1600 ISI & 3200 ISI .027* .007 .002 

Note: Bonferroni adjustments for multiple comparisons 

* significant at the .05 level
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Table 29 

 

Mean Computed Working Memory (2 back - 1 back) RT (ms) in Two Modalities and Three 

Levels of ISI for Healthy and Parkinson's Disease Groups      

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

Auditory 800 ISI 7 137 -341 - 218  11 162 -290 - 291 

Auditory 1600 ISI 147 102 -75 - 310  143 137 -145 - 474 

Auditory 3200 ISI 303 268 5 - 1391  128 241 -424 - 588 

        

Visual 800 ISI 134 116 -93 - 349  93 131 -239 - 347 

Visual 1600 ISI 165 110 24 - 361  117 181 -325 - 463 

Visual 3200 ISI 155 190 -408 - 567  173 233 -512 - 667 
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Table 30 

 

Mean Computed Working Memory (2 back - 1 back) RT (ms) of Healthy and Parkinson's Disease 

Groups in Two Modalities with Three Levels of ISI Pooled       

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

Auditory 152 93 -15.33 - 395  94 116 -187 - 407 

       

Visual 152 120 -158 - 393  128 159 -359 - 378 
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Table 31 

 

Mean Computed Working Memory (2 back - 1 back) RT (ms) of Healthy and Parkinson's Disease 

Groups in Three Levels of ISI with Modalities Pooled       

 

 Healthy (n=24)  Parkinson’s Disease (n=24) 

 Mean sd Range  Mean sd Range 

800 ISI 
a b

 70 106 -216 – 232  52 96 -177 – 217 

        

1600 ISI 
a
 156 78 -11 – 290  130 117 -131 – 386 

        

3200 ISI 
b
 229 157 -76 - 684  151 175 -372 - 489 

a
 differences reached statistical significance at the p<.05 level (see Tables 30, 31) 

b 
differences reached statistical significance at the p<.05 level (see Tables 30, 31) 
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Table 32 

 

Analysis of Variance for Computed Working Memory (CWM) Score in Healthy and Parkinson’s 

Disease Groups 

 

 df F p ηp
2
 

Between subjects 

Healthy & PD (1, 46) 2.456 .124 .051
 b
 

Within subjects 

Modality (1, 46) .478 .493 .010
 b
 

ISI (1.55, 71.4) 17.777* .000 .279
 a
 

Modality*ISI (1.78. 82.0) 6.412* .004 .122
 a
 

* significant at the .05 level
 

a
 large effect, 

b
 medium effect (Kinnear & Gray, 2004) 
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Table 33 

 

Pairwise Comparisons for Computed Working Memory (CWM) Score in Healthy and 

Parkinson’s Disease Groups 

 

 Mean Difference Std. Error p 

Healthy & PD 41.069 26.208 .124 

Auditory & Visual 16.611 24.03 .493 

800 ISI & 1600 ISI 82.187* 14.926 <.000 

800 ISI & 3200 ISI 128.844* 25.047 <.000 

1600 ISI & 3200 ISI 46.656 24.21 .180 

Note: Bonferroni adjustments for multiple comparisons 

* significant at the .05 level 



82 

3
1
7

6
1
5

7
6
0

7
4
1

6
8
6

1
1
8
6

1
0
2
4

8
2
2

6
0
4

5
7
6

5
5
1

8
8
3

8
7
6

8
1
6

3
4
3

6
9
3

3
4
1

6
6
2

8
3
4

7
5
0

6
7
6

1
1
3
8

1
0
6
6

8
3
2

6
6
1

6
3
3

5
8
3

1
0
1
0

9
2
3

8
2
2

3
6
6

6
9
5

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

au
di
to

ry

vi
su

al
80

0
16

00
32

00 80
0

16
00

32
00 80

0
16

00
32

00 80
0

16
00

32
00

au
di

to
ry

vi
su

al

Test Conditions

R
e
s
p

o
n

s
e
 T

im
e
 (

m
s
)

Healthy

Parkinson's Disease

SRT1 visual  

1-back

auditory  

1-back

visual  

2-back
auditory  

2-back
SRT2

 
 

Figure 1. Mean response time (ms) (+sd) for healthy and Parkinson's Disease groups in four tests, two modalities, and three levels of 

ISI. 
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Figure 2. Mean hit rate for healthy and Parkinson's Disease groups in four tests, two modalities, and three levels of ISI. 
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Figure 3. Mean sensitivity (A’) for healthy and Parkinson's Disease groups in four tests, two modalities and three levels of ISI. 
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Figure 4. Mean response time (ms) (+sd) for healthy and Parkinson's Disease groups in four tests and two modalities with pooled ISI. 
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Figure 5. Mean response times (ms) (+sd) for healthy and Parkinson's Disease groups in four tests with modality and ISI pooled. 

* Within-subjects effect of test on RT was significant at the p<.05 level. 
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Figure 6. Mean response times (ms) (+sd) for healthy and Parkinson’s Disease groups in two modalities with three levels of ISI and 

all cognitive tests pooled. 

* Within-subjects effect of modality on RT in all tests was significant at the p<.05 level. 
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Figure 7. Mean hit rates for healthy and Parkinson's Disease groups in four tests with modalities and ISI levels pooled.  

* Within-subjects effect of n-back test on hit rate was significant at the p<.05 level. 
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Figure 8.  Mean hit rates for healthy and Parkinson's Disease groups in two modalities with tests and three levels of ISI pooled. 
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Figure 9. Mean response times (ms) (+sd) for healthy and Parkinson’s Disease groups in n-back tests, two modalities, and three levels 

of ISI. 
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Figure 10. Mean response times (ms) (+sd) for healthy and Parkinson's Disease groups in two modalities with three levels  of ISI and 

n-back tests pooled.  

* Within-subjects effect of modality on RT in n-back tests was significant at the p<.05 level. 
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Figure 11. Mean response times (ms) (+sd) for healthy and Parkinson's Disease groups in three levels of ISI with two modalities and 

n-back tests pooled.  

* Within-subjects effect of ISI on RT in n-back tests was significant at the p<.05 level.  
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Figure 12. Mean sensitivity (A’) for healthy and Parkinson's Disease groups in two tests with modalities and ISI levels pooled. 

* Within-subjects effect of n-back test on A’ was significant at the p<.05 level. 
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Figure 13.  Mean sensitivity (A’) for healthy and Parkinson's Disease groups in two modalities with tests and three levels of ISI 

pooled. 
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Figure 14. Mean hit rates for healthy and Parkinson's Disease groups in three levels of ISI with two modalities and n-back tests 

pooled. 
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Figure 15.  Mean sensitivity (A’) for healthy and Parkinson's Disease groups in three levels of ISI with two modalities and n-back 

tests pooled. 

* Within-subjects effect of ISI on A’ was significant at the p<.05 level.  
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Figure 16. Mean computed working memory (2 back - 1 back) RT (ms) in two modalities and three levels of ISI for healthy and 

Parkinson's Disease groups.  
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Figure 17. Mean computed working memory (2 back - 1 back) RT (ms) of healthy and Parkinson's Disease groups in two modalities 

with three levels of ISI pooled. 
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Figure 18. Mean computed working memory (2 back - 1 back) RT (ms) of healthy and Parkinson's Disease groups in three levels of 

ISI with modalities pooled. 

* Within-subjects effect of ISI on CWM was significant at the p<.05 level. 
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APPENDIX A 

 

Participant # ___________________                      Date _____________ 

 

Hearing aids?  ______ 

 

Glasses? ______ 

 

Education level ______________ 

 

Age ______ 

 

Gender ______ 

 

Brief Medical History: (including medications & schedule) 

 

 

 

 

 

 

 

 

Hearing thresholds and PTA: 

 500 Hz 1000 Hz 2000 Hz PTA 

Right 

 

    

Left 

 

    

 

Vision screening: 

Did   /  Did not     identify five out of five numbers presented on the computer screen 

 

DRS-2 Score and interpretation:  

 

 

Hoehn and Yahr (1967): 

0: No visible symptoms of Parkinson's disease  

1: Parkinson's disease symptoms just on one side of the body  

2: Parkinson's disease symptoms on both sides of the body and no difficulty walking  

3: Parkinson's disease symptoms on both sides of the body and minimal difficulty walking  

4: Parkinson's disease symptoms on both sides of the body and moderate difficulty walking  

5: Parkinson's disease symptoms on both sides of the body and unable to walk 
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