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Abstract 

In this thesis, the relationship between cognition and speech-in-noise recognition, in normally-

hearing Swedish students, is examined. The Trail Making Test, hypothesized to measure a wide 

range of cognitive functions, including executive function and working memory, has been 

criticized for being a culturally biased measure, hence the need for a culturally unbiased version. 

A between-group experiment was conducted in which a non-semantically dependent version of 

the Trail Making Test was compared to the original Trail Making Test in order to test for 

psychometric equivalence. A total of 21 young normally-hearing Swedish students were given 

three tests: TMT or TMT (non-semantically dependent version), a Swedish Reading Span Task 

and a Swedish speech-in-noise recognition task. The B parts of the two Trail Making Test versions 

differed significantly and both were moderately to highly correlated to speech-in-noise and reading 

span performance. The results indicates that the original Trail Making Test is a more plausible 

index for executive function and strengthens the relationship between executive function, working 

memory and speech-in-noise recognition.  

 

 

Keywords: cognition, trail making test, speech in noise recognition, reading span task, working 

memory, executive function  
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Introduction 

Communication is essential for humans. And one of the most valuable and essential abilities 

we have in communication is the ability to listen to each other. Listening is not just the passive 

process of receiving sounds from the outside, as in hearing, but also processing the sound 

internally in the brain with attention and intention using your cognitive abilities (Kiessling et 

al., 2003). In the emerging field of cognitive hearing science, the role of cognition in speech 

recognition in people with hearing impairment is widely acknowledged (Arlinger et al., 2009, 

Pichora-Fuller, 2007). Focus has shifted from tackling hearing deficits from an engineering 

perspective or researching how single word stimuli is perceived to understanding how speech 

recognition functions in a more naturalistic everyday environment (e.g., Arlinger et al., (2009)).  

 

Thus, the ability to listen and perceive someone speaking is not independently determined by 

the acoustical properties of the speech, but also on the surrounding noise and an individual’s 

cognitive abilities. If, for example, you and I were to be talking and a third-party person were 

to be speaking in the background at the same time, you would be distracted to a certain degree, 

and the degree that you would be distracted to is believed to partially be determined by your 

working memory capacity (Stenbäck, Hällgren, & Larsby, 2016). 

 

Recent findings have showed that the Trail Making Test is a suitable tool for predicting speech-

in-noise recognition (Ellis et al., 2015; Ellis & Munro, 2013, 2015). However, the Trail Making 

Test is in some cases not usable in populations of non-Latin alphabet users (see for example H. 

J. Kim, Baek, & Kim, 2014; Maj et al., 1994). The purpose of this thesis is to test whether a 

non-semantically dependent version of the Trail Making Test is psychometrically equivalent to 

the original Trail Making Test and examine the relationship between Trail Making performance 

and working memory capacity and how it influences the ability to perceive speech in a noisy 

context.   
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2. Theory 

In this section the theoretical framework that this work is built upon will be explained. 

2.1 Executive functions  

Executive function (EF), sometimes also referred to as executive control or cognitive control, 

is a cluster term for three core top-down cognitive functions: inhibition, working memory and 

cognitive flexibility (Diamond, 2013; Lehto, Juujärvi, Kooistra, & Pulkkinen, 2003; Miyake et 

al., 2000). Although the three functions might be considered completely separate, each function 

will be briefly explained and its relation to the other functions will be described.  

 

Inhibition, as will be denoted inhibitory control from now on in this text, refers to the ability to 

control ones’ attention, behavior and thoughts. Without this ability, we would fall victim under 

our impulses unable to steer our behavior and achieve our goals. Sometimes we are unable to 

control our reaction to stimuli. Important to note is that inhibitory control is not to be considered 

to be one single controlling mechanism, but that there are several types of inhibition (Diamond, 

2013). At a perceptual level for example, we have what Diamond (2013) calls interference 

control, when our attention is involuntary the stimuli is called exogenous and our attention is 

automatic since it is stimuli-driven (Theeuwes, 1991). But often we can choose to ignore a 

stimulus, in order to complete a certain task or goal determined beforehand (Posner & 

DiGirolamo, 1998). Diamond (2013) acknowledges another aspect of interference control 

which is cognitive inhibition. The ability to suppress previously stored information, or mental 

representations, such as unwanted memories (Andersson & Levy, 2009) or resisting proactive 

interference (Ellis & Rönnberg, 2015). On a more behavioral level, Diamond (2013) refers to 

inhibitory control as self-control, which is the ability to for example resisting temptations, such 

as eating chocolate when on a diet. Very often self-control involves the process of resisting 

something that one part of you might want to do (Hofmann et al., 2009) but sometimes there 

are no competing stimuli, such as when you resist to say something you maybe not are supposed 

to say, which is typically measured by a go/no-go task (see for example Gomez, Ratcliff, & 

Perea, 2007).  

 

The second core EF, Working memory, as will be explained more in the next section, involves 

holding and manipulating information, which is no longer perceptually present, in the brain 

(Baddeley & Hitch, 1994).Working memory allows us not only to process new incoming 
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stimuli, but also process the new stimuli while maintaining and manipulating previously stored 

stimuli accordingly, which in turn makes us able to connect seemingly unrelated information 

so that it makes sense to us (Diamond, 2013). Working memory relates to inhibitory control 

since in order to achieve a goal for example, you need to know what input signals to inhibit, 

while keeping the goal in mind. Stenbäck, Hällgren, & Larsby  (2016) explains this in the 

context of listening as in order to focus on a target voice, you need to inhibit competing noise 

or speech. 

 

The last core EF, cognitive flexibility, is in a sense dependent on the inhibition and working 

memory. Diamond (2013) explains cognitive flexibility as the ability to change perspective, 

both spatially and interpersonally, or being able to adjust to changed you point of view in a 

discussion or prioritize your work tasks in a changing environment (Cañas, Quesada, Antolí, & 

Fajardo, 2003). Typically cognitive flexibility is measured using some type of task-switching 

or set-shifting task such as the Wisconsin card sorting test (Milner, 1963). Experimentally 

during a task-switching task, there is usually two tasks to complete, and the participant is 

supposed to alternate between the tasks (Diamond, 2013).  

2.2 Working memory 

Historically, theories of the working memory are among one of the most debated and researched 

areas in cognitive psychology. The theoretical concept of working memory is complex and not 

easily pinpointed. The foundation of different working memory models explained in this article 

rest on decades of work in the more general research area of memory models.  

In Miller’s (1956) well-cited article, he proposed some general features of how information is 

processed in the brain. Miller approached the brain as a system of input- and output-signals that 

could be measured, and he claimed that our ability to store and retrieve information was of 

limited capacity. Broadbent (1958) in turn proposed his model of selective attention where he, 

like Miller, claimed that the information processing system of humans was of limited capacity, 

and therefore a filter for selective processing was needed. Jumping forward in time, Atkinson 

and Shiffrin (1968) proposed the multi store model of memory which at the time of publishing 

was one of the most influential models of memory (Bower, 2000). The multi store model 

conceptualized memory in terms of three memory stores: a sensory store, a short-term store and 

a long-term store. 
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The model though was soon to be challenged as pointed out by Baddeley (2012). The linear 

approach in Atkinson and Shiffrin model where information was assumed to be streamlined 

from the sensory store into the short-term store and finally into the long-term store was 

criticized for being an over-simplified box model (maybe a common problem in the world of 

psychology). In the study of pattern recognition for example, how a stimuli is perceived is 

dependent on a lot of features in the stimuli itself such as the invariance in brightness, shape or 

position, all which cannot be explained purely linearly, but must also be explained in a 

hierarchical manner (Sutherland, 1968). Instead, Craik and Lockhart (1972) came up with the 

levels-of-processing (LOP) model, postulating that memory was not made up of three different 

stores, but rather that memories were encoded at (an infinite amount of) different levels, hence 

the name “levels-of-processing”. Baddeley and Hitch (1974) challenged the view of Atkinson 

and Shiffrin (1968) by showing evidence that  short-term memory was more than just one single 

storage component and derived that there must be at least some other component that itself 

consisted of several components, and the suggestion was the working memory. The working 

memory model can be seen as an extension, rather than a replacement, of the levels-of-

processing framework as it is integrating key concept from the LOP framework with new 

functional pieces (Sternberg, 2012).  

 

Baddeley and Hitch’s (1974) multicomponent model initially consisted of three components: 

the central executive, which controls the two other systems, the phonological loop and the 

visuo-spatial sketchpad. Baddeley (1996) then identified four possible functions for the central 

executive: focus attention, divided attention, task-switching and the last function, which 

eventually led to an expansion of his model, interfacing with long-term memory. Baddeley 

(2000) then added the episodic buffer into the multicomponent model, it is assumed to act as a 

buffer store between the subcomponents of working memory but also as a linking device 

between perception and long-term memory (Baddeley, 2012).  

 

One of the most commonly used tests of working memory span is the Reading Span Test, 

which was originally created by Daneman & Carpenter (1980) and revised by Rönnberg, 

Arlinger, Lyxell, and Kinnefors (1989). In the Reading Span Test, participants are instructed 

to read aloud a set of sentences and then try to recall the first or last word in every sentence. 

The maximum number of correctly recalled words (sometimes only including words recalled 

in correct serial order) is referred to as the participant’s working memory span. There are 

several cognitive processes involved during the task: the process of encoding visual patterns 
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when reading the sentences and accessing their semantic, syntactical and referential relations 

as well as storing the final words of each sentence (Daneman & Merikle, 1996). Daneman and 

Carpenter’s (1980) reading span task turned out to be a good predictor of reading 

comprehension and has also been interpreted as an index of a domain-general working 

memory capacity (Turner & Engle, 1989, Conway et al., 2005).  

 

The distinction and conjunction between working memory capacity and executive function is 

however not entirely clear. The term executive attention is sometimes used to denote the fact 

that the two terms are closely linked together and some suggestions is that individual 

differences in working memory capacity is a reflection of the ability of attentional control, 

thus raising the question whether there is a separate attention mechanism or not (Engle, 2002; 

Kane, Bleckley, Conway, Kane, & Bleckley, 2001).  

2.3 Working memory and its connections to speech recognition 

Rönnberg et al. (2003, 2008, 2013) have, in a range of studies modelled the relationship 

between working memory and speech recognition based on numerous studies where several  

direct cognitive predictors of speech recognition have been identified: sentence completion 

(Lyxell & Rönnberg, 1989), context free word decoding (Lyxell & Rönnberg, 1991), 

information processing speed (Rönnberg, 1990) and rhyme decision speed (Lyxell, Rönnberg, 

& Samuelsson, 1994), and three indirect predictors: VN130/P200 visual evoked potentials 

(Rönnberg et al., 1989), reading span test performance (Lyxell & Rönnberg, 1989) and 

general verbal ability (Lyxell & Rönnberg, 1992). All the different predictors are in many 

ways intertwined and related to each other but one of the most contributory predictors of 

speech recognition is working memory. In a review conducted by Akeroyd (2008), a sample 

of 20 studies examining the relation between speech-in-noise recognition and cognition were 

summarized and analyzed. In one of the studies, the results showed that the among aging 

people approximately two-thirds of the systematic variation of speech was due to high-

frequency of hearing- loss because of aging, and approximately one-third was due to general 

decrement in cognitive functions (van Rooij & Plomp, 1990). As such, low performance on 

different speech recognition tasks might not be due to physical changes in the ear, as it easy to 

believe, but due to some kind of cognitive decline. This in turn implies that there might be 

cases of misdiagnosis or mistreatment where people with cognitive deficits are treated as if 

their hearing deficits are due to being physically ill whereas they are not and thus do not 

receive appropriate treatment. Thus cognitive deficits can lead to hearing loss, but as studies 
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have shown is that hearing loss, often due to age-related reasons, can cause cognitive 

dysfunction, such as dementia, as well  (Lin et al., 2011; Lin & Albert, 2014; Uhlmann, 

Larson, Rees, Koepsell, & Duckert, 1989). According to Akeroyd (2008), the data points to 

the fact that the reading span test was amongst the most successful cognitive predictors of 

speech in noise recognition. Although RST did not always significantly relate to speech-in-

noise recognition, it still gave an indication of its predicative power and importance.  

 

Rönnberg et al. (2003, 2008, 2013) have suggested the Ease of Language Understanding 

(ELU) model as a framework to understand the importance of cognition in speech recognition. 

The ELU model shares some similarities with Baddeley’s (2000) working memory model as 

the RAMBPHO element in the ELU model nearly acts as an episodic buffer when multimodal 

perceptual (phonological) input is matched against previously stored information in the long-

term memory (Rönnberg et al., 2013). In short, the ELU model suggests that the processing of 

the multimodal input works in two ways, by implicit and explicit processing. We can think of 

this in terms of a top-down versus a bottom-up approach. Input is first processed in the 

RAMBPHO element and where the signal is either matched to previously known knowledge 

stored in the episodic long-term store, by lexical access processing speed elements (this would 

represent the bottom-up part) or if no match is found however, the signal is explicitly 

processed in the explicit processing loop (this would represent the top-down approach). An 

example of explicit processing could be you listening to someone talking but maybe you 

missed a word or two, then you would actively try to comprehend what the other person were 

saying, and this is where high-function cognitive processes are involved (Rönnberg, Rudner, 

Lunner, Zekveld, 2010). Thus, it is hypothesized that as processing demand raises the storage 

capacity declines, and as such the greater the working memory one have the easier it will be to 

recognize speech in a noisy environment as more resources are available for explicit 

processing (Rönnberg et al., 2013).  This implies that people with low working memory 

capacity might have a harder time trying to perceive speech in a noisy environment.  

2.4 Trail Making Test 

The Trail Making Test (TMT) is widely used neuropsychological screening tool, often used in 

larger test batteries, used for detecting neurological alternations (Reitan, 1958, 1992). The 

TMT is a pen and pencil test consisting of two parts, A and B. In TMT part A (TMT-A) there 

are 25 encircled numbers in a scattered pattern. The goal is to connect the numbers in 

ascending order from 1 to 25 as fast as possible. In TMT part B (TMT-B), 25 encircled 
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numbers and letter are scattered across the paper and the goal is to connect all the numbers 

and letter in ascending order while alternating between the numbers and letters. Part A and B 

are hypothesized to measure different cognitive abilities. Arbuthnott and Frank (2000) 

describes how the test initially was interpreted: TMT-A was seen as a baseline measure for 

motor and visual control as well as speed, whereas for TMT-B, the addition of having to 

switch between numbers and letters would require additional demand on executive functions. 

In a review by (Sánchez-Cubillo et al., 2009) they suggests that the cognitive abilities 

measured by TMT-A are mainly visuoperceptual, and the abilities measured by the TMT-B 

involve, in addition to those measured by TMT-A, working memory and task-switching. 

Sánchez-Cubillo et al.:s (2009) study showed that in healthy old adults (Mage = 59.4) the B-A 

measurements would be a pure indicator of executive function.  

 

The Reading Span Task turned out to be a significant predictor of speech recognition, as 

mentioned in the earlier section, and the results of, for example, Arbuthnott and Frank (2000) 

and Sánchez-cubillo et al. (2009) opened up the question whether the TMT for example could 

be a predictor of speech recognition as well since the cognitive abilities involved during TMT 

performance are similar to those involved during speech recognition (Ellis et al., 2015). Ellis 

et al.:s (2015) study was built upon findings that TMT could predict speech recognition under 

various conditions. Adank and Janse (2010) found in a study of older (Mage = 74.1 years old) 

and younger (Mage = 23.3 years old) Dutch speaking participants that TMT performance could 

predict novel accent recognition, which confirmed that cognitive flexibility and executive 

processing are required to match distorted (distorted in terms of a unfamiliar accent) incoming 

speech to word representations stored in long-term memory. TMT-B scores have also been 

shown to correlate to RST performance and speech-in-noise recognition, in a sample of 

normally hearing people (Mage = 26.3 years old) (Ellis & Munro, 2013). In another study, by 

Ellis and Munro (2015), with older adults (Mdnage = 75.5 years old) with hearing loss and 

hearing aids both TMT-A and B performance could predict speech-in-noise performance. 

Ellis et al's (2015) large scale internet study also showed that both the TMT-A and B could 

significantly predict speech-in-noise recognition, even when the age factor was removed.  

 

The trail making test is easily administered, and if it is proven to be a reliable tool in hearing 

loss assessment and treatment it can be of great use. However, as pointed out by Dugbartey, 

Townes and Mahurin (2000) the TMT may be of limited utility since it is believed to be 

sensitive to age, formal education and cultural variances. The TMT relies on the participant's 
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ability to comprehend the Latin alphabet in the TMT Part-B and illiterate and nonnative Latin 

alphabet users may be put at a disadvantage (Hashimoto et al., 2006, Kim, H. J, Baek, & Kim, 

S., 2014). To tackle these problems different versions of the TMT have been developed such 

as the Color Trails Test (CTT) (D'Elia, Satz, Uchiyama, & White, 1996; Maj et al., 1991; 

Dugbartey, Townes, & Mahurin, 2000), the Color Trails Test for children (Williams et al., 

1995, Konstantopoulus, Vogazianos, Thodi & Nikopoulou-Smyrni, 2013), and Trail Making 

Test Black & White (TMT-B&W) (Kim et al., 2014).  

 

In the Color Trails Test, letters have been switched out to a corresponding colored number, 

and the participants’ goal is to alternate between the colors and connect the numbers in 

ascending order, similar to the TMT. Dugbartey, Townes, & Mahurin’s (2000) study showed 

that in a healthy sample of 64 Turkish university students the CTT-A was of equivalence to 

the TMT-A which supports the results of D'Elia, Satz, Uchiyama, & White (1996) whilst 

CTT-2 however did not show equivalence with TMT-B, indicating that the CCT-2 might 

measure different cognitive skills than the TMT-B. A possible explanation according to 

Dugbartey et al. (2000) is the tracing of the circles differ between TMT and CTT, and the 

greater number of stimuli given in CTT-2 which may imply that it is a task of mere 

visuoperceptual ability rather than the hypothesized task-switching ability. Williams et al. 

(1995) suggested that the color of the encircled numbers in the Color Trails Test for children 

might be an interfering variable amongst children with altered neuropsychological functioning 

such as learning, emotional or behavioral difficulties, which is in line with Dugbartey et al.’s 

(2000) finding where they suggested that there can be a possible Stroop effect on CTT-2.  

 

Kim et al. (2014) studied older adults, ranging from 50 to 80 years old, divided into three 

cognitively different groups (cognitively normal, with mild cognitive impairment and with 

Alzheimer’s disease). Their results showed that even for what they considered, in the context 

of elderly Korean people, highly educated (>6 years of education) cognitively normal 

participants the completion rate for the TMT was 76%, and worse for people with mild 

cognitive impairment (60%) and Alzheimer’s disease (37%). For participants with <6 years of 

education the completion rate for the TMT was 0% for all three groups. Kim et al. (2014) 

developed the TMT-B&W under the assumption that the completion rate would go up, which 

it did, but the question remains whether the TMT-B&W is still maintaining the same 

psychometric properties of the TMT. The TMT-B&W-B consists of 49 encircled numbers just 

as in the CTT, indicating that the TMT-B&W might be a purer measure of visual perception 
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rather than task-switching. The results showed that the TMT-B&W correlated to other 

neuropsychological tests related to frontal executive functions indicating that the TMT-B&W 

actually is in some aspect equal to the TMT. In an attempt to further explore the usage of 

TMT-B&W, another study was conducted (Kim, K, Jang, Baek, Kim, S, 2016). Three 

versions of the TMT were used: TMT, TMT-B&W, and a Korean version of the TMT (TMT-

K). The results showed yet again a low completion rate of the TMT and also a low completion 

rate of the TMT-K, indicating that simply switching the Latin alphabet to the Korean alphabet 

was not sufficient enough for use in a clinical setting. In their study the group of highly 

educated Korean elderly (Meducation = 15.32 years) who knew both the Korean and English 

alphabet showed difficulty of recalling the order of both the alphabet, suggesting that knowing 

the alphabet and knowing the order of alphabet is two separate things. Kim, K, Jang, Baek, 

Kim, S (2016) thus suggests that replacing the English alphabet with the Korean alphabet 

does not help in the assessment of detecting early stages of cognitive impairment. This speaks 

in favor of a non-colored and non-semantic version of the TMT in studies when controlling 

for language is a must. 

 

2.5 Research questions 

 

Earlier studies have shown that alternative versions of the TMT have been of psychometric 

equivalence of the TMT, however, no studies have examined the relationship between 

alternative versions of the TMT and speech-in-noise recognition and Reading Span Task 

performance. By combining strengths and weaknesses of previously created alternative TMT 

versions, a new version of TMT was created. This study will be unique in its sense that it uses 

a never previously tested version of the TMT. Very few previously conducted studies 

examining the relationship between working memory, executive functions and speech-in-

noise recognition have been conducted in a Swedish setting, and therefor this study may serve 

as a gap closer in that regard, since it not only can find new recommendations for future 

Swedish speech-in-noise studies, but can also possibly validate previous findings.  

 

If a non-semantically dependent version of the TMT correlates as well as the original TMT 

with speech-in-noise performance and Reading Span Task performance, we would consider 

them of psychometric equivalence in that regard. This can indicate that the relationship 



10 

 

between TMT, RST and speech-in-noise performance is due to shared cognitive functions 

which are not semantically dependent. Thus the research questions for this thesis is: 

 

1. Is the alternative version of the Trail Making Test of psychometric equivalence of the 

original Trail Making Test? 

2. Is the cognitive abilities thought to be indexed by the Trail Making Test and Trail 

Making Test (alternative version) the same or similar to the cognitive functions 

thought to be indexed by the Reading Span Task and Speech-in-noise recognition? 
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3. Method 

In this method section the design of the study, the participants and ethical aspects, materials 

and cognitive tests used and the procedure will be explained.  

3.1 Design 

The study used a between group design to control for possible training effects on the alternate 

forms of the Trail Making Test. 11 of the participants were given the three tests: Trail Making 

Test (Part A and B), Reading Span Task and Speech-in-Noise Test. 10 of the participants were 

given the Trail Making Test – Black & White (Part A and B), Reading Span Task, Speech-in-

Noise Test. The order for the three tests were randomized for each participant. All tests were 

completed in a quiet room in one session lasting approximately 35 minutes. 

 

3.2 Participants and ethics 

A convenience sample of 21 university students (13 men and 8 women) was recruited by e-

mail and word of mouth at Linköping University, Sweden. Participants were all informed 

before the test session that the study was within the area of cognitive hearing science, 

consisted of three different cognitive tests and it would approximately take 35 minutes to 

complete. All participants were native Swedish speakers with a minimum of one-year of full 

time study at undergraduate level, and reported that they had no documented hearing deficits. 

Ages varied between 21-40 years (M = 25.81, SD = 5.60). Before each test session began each 

participant was given an information sheet about the broader context of the study and that it 

comprised part of a bachelor thesis in cognitive science. After reading through the information 

sheet, a consent form was signed by the participant, in which they were asked to confirm that 

they had received enough information about the study and understood it, and that they, at any 

moment could cancel their participation without giving any reason.  
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3.3 Materials 

Three tests were administered. The trail making test (either the original version or a newly 

created black and white version), a Swedish version of the Reading Span Task and a Swedish 

Speech-in-noise test.  

 

3.3.1 Trail Making Test 

The original Trail Making Test (Part A and B) was conducted according to standard procedure 

(Reitan, 1958) with paper and pen. In Part A the participants is required to connect the 

encircled numbers in descending order from 1 to 25. In Part B the participant is required to 

connect the encircled numbers in descending numeric order as well as connecting the letters in 

alphabetic order, while altering between the numbers and letters, as fast as possible. The 

outcome measure is time taken to complete the task. If a participant were to incorrectly 

connect two circles in the correct order it was pointed out by the test leader, thus no errors 

were counted and the error rate was instead reflected in the total completion time. Before each 

part (A and B) were carried out, an example trial was given for the participant to try out in 

order to confirm that the participant had understood the task.  

3.3.2 Trail Making Test – Black & White 

The Trail Making Test - Black & White was a remade version of the original Trail Making 

Test. Whilst Part A was kept the same, in Part B the letters (eg. A-B-C) were switched out for 

a corresponding number (eg. A=1, B=2, C=3).Each circle were then either colored in black 

with the number printed in white, or colored in white with the number printed in black. In 

order to combat the problems with the greater number of stimuli as in the Color Trails Test 

(Dugbartey, Townes, & Mahurin’s, 2000) and the Korean TMT-Black & White (Kim et al., 

2014) the spatial layout and number of circles were kept exactly the same but the value and 

color of the circles differed from the original Trail Making Test. The outcome measure is time 

taken to complete the task. As with the original Trail Making Test, if a participant were to 

incorrectly connect two circles in the correct order it was simply pointed out by the test leader, 

thus no errors were counted and the error rate was instead reflected in the total completion 

time. Before each part (A and B) were carried out an example trial was given for the 

participant to try out in order to confirm that the participant had understood the task. 
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3.3.3 Reading Span Task 

The reading span test administered in this study was a shorter version of the Swedish RST 

used in Rönnberg et al., 1989. The short RST was used by Classon (2013) where the results 

showed that the shorter RST was comparable to the longer RST, only that it differed in scores 

in older adults, which possibly indicates that the longer version is more mentally demanding 

for older adults specifically.  

 

A total of six blocks of three to five sentences each was presented for the participant at a 13 

inch laptop screen. Every sentence consisted of three words and was presented word-by-word 

at a rate of 800msec per word. After each sentence the participant were to answer whether the 

sentence was normal or not (yes/no), the time limit to answer this question was five seconds 

before the first word of the next sentence appeared. At the end of each block a dialog box 

popped up on the screen where the participant was asked to recall either the first or last word 

of each sentence from that block. Participants were not pre-informed about whether they were 

to remember the first or last word. No time limit for this was given. The answers were typed 

in manually in any order, if the participant did not remember a word they were asked to 

simply leave it blank. A total of 24 sentences were presented in sets of 3-5 sentences each, 

with a total of two trials per set. In contrast to the original Reading Span Task (Daneman and 

Carpenter, 1980) the scoring system used in this study was the one suggested by Rönnberg et 

al. (1989), Lunner (2003) and Rönnberg (2003), where the score is the total numbers of words 

correctly recalled, in any order. It has been suggested to be a more accurate way of scoring the 

reading span task.  

 

3.3.4 Speech-In-Noise test 

Six blocks with ten sentences each were presented for the participant. The sentences were 

taken from the Swedish HINT corpus (Hällgren et al., 2006) and were the same sentences 

used in Ellis & Rönnberg (2014). The participant listened to the sentences using a pair of 

Steelseries Siberia V2 headphones. All sentences were presented at the same level for each 

participant: approximately 60 dB SPL. Within each block, the background noise (which was 

two-talker babble) varied in 3 dB steps from +12 to -15 dB in an ascending order, where the 

signal-to-noise ratio decreased as the participant went further into the block, making it harder 

to perceive the sentences at the end of the block. The sentences were presented one at a time, 

and after each sentence the participants were to repeat the sentence out loud to the test leader. 
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Participants were encouraged to repeat as much as they heard even in cases where they could 

not hear the whole sentence. Before the trial began the participant was presented with a test 

block to ensure that they had understood the task. The total number of correctly repeated 

keywords were counted as the outcome measure.  

3.4 Analysis 

To see test whether the data was normally distributed and that the assumptions of normality was 

met Shapiro-Wilks tests were conducted and the histograms and P-P plots for each variable 

were analyzed.  

 

Although only one of the variables turned out to be significant on the Shapiro-Wilks tests, most 

other variables were close to being significant and due to the small sample size and the highly 

selective sample non-parametric tests were chosen.  

 

In order to understand the relationship between the two versions of the Trail Making Test, the 

Reading Span Task and Speech-in-noise recognition test, non-parametric Spearman’s rho was 

used to examine the correlation between the scores on each test. A Mann-Whitney U Test were 

used to examine whether the completion time between the two versions of the Trail Making 

Test differed in order to interpret whether they are of qualitative difference or/and psychometric 

equivalence.  

 

All tests were conducted using the IBM SPSS Statistics 24 software.  
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4. Results 

In this section the results from the TMT-A and B, TMT-Black & White- A and B, Reading 

Span Task and Speech-in-noise test will be presented. Along with the results from the 

correlation tests. 

 

Table 1. Descriptive statistics of the variables. 

Variable N M SD Range 

RST 20 12.65 2.98 8-18 

SIN 21 156.33 15.39 124-179 

TMT-A (seconds) 11 28.91 8.829 18-47 

TMT-B (seconds) 11 88.73 46.06 36-166 

TMT-B&W-A (seconds) 10 23.30 7.33 17-41 

TMT-B&W-B (seconds) 10 43.80 19.28 24-83 

 

Comparison between TMT and TMT-Bl&W 

 

The Mann-Whitney U Test for the Part A of the two TMT versions indicated that there was no 

significant difference between the two groups (Mdn = 24), U = 30, p = .078, r = -.38. For Part 

B however a significant difference between the two version were found (Mdn = 57), U = 19, p 

=  .011, r = -.55, indicating that it took significantly longer time to complete the TMT-B 

compared to the TMT-Bl&W-B. 
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Correlations of TMT and TMT-Bl&W with RST and SIN 

 

Table 2. Correlations between TMT, TMT-Bl&W, RST and SIN. 

 RST SIN 

TMT-A 

(Sig.) 

-.127 

(.727) 

-.162 

(.634) 

TMT-B 

(Sig.) 

-.512 

(.130) 

-.574 

(.065) 

TMT-Bl&W-A 

(Sig.) 

-.327 

(.356) 

-.031 

(.933) 

TMT-Bl&W-B 

(Sig.) 

-.495 

(.145) 

-.575 

(.082) 

TMT (B-A) 

(Sig.) 

-.562 

(.091) 

-.605* 

(.049) 

TMT-Bl&W (B-A) 

(Sig.) 

-.346 

(.328) 

-.596 

(.069) 

 

The Spearman’s correlation tests showed that no standard measure (eg. time) for  participants 

conducting the TMT (A and B) or participants conducting TMT-Bl&W (A and B) was 

significantly correlated to either Reading Span or Speech-in-noise performance. The B-A 

difference score for the original Trail Making Test was significantly correlated to Speech-in-

noise performance whilst the B-A difference for the TMT-Black & White version showed a 

similar pattern but no significant correlation to neither Reading Span nor Speech-in-noise 

performance.  

 

Spearman’s rho was calculated between scores on the RST and SIN resulting in r(20) = .215, p  

= .364, showing that there was no significant correlation between the two variables. 
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5. Discussion 

This discussion section is divided into two parts: one for results discussion and one for 

method discussion. 

5.1 Result discussion 

The purpose of this study was to test whether a non-semantically dependent version of the 

Trail Making Test was psychometrically equivalent to the original Trail Making Test, in order 

to try to create a culturally unbiased version of the Trail Making Test. The purpose was also to 

examine the relationship between Trail Making performance and working memory capacity 

and how it influences the ability to perceive speech in a noisy context. Two groups of 

participants was assed the original TMT or TMT-Black & White, a Reading Span Test and a 

Speech-in-noise test. Completion time between the two TMT versions was compared to each 

other, and correlation between completion time, RST and SIN performance was calculated in 

order to examine the relationship between the three variables.  

 

By first looking at the descriptive data (in Table 1) and trying to compare the results with 

previously conducted studies it is possible to see whether this study gave similar results. 

Tombaugh (2004) gathered a large set of sample data of TMT scores stratified by age (ranging 

from 18-89 years old) and education in a sample of 911 healthy Canadian individuals. To see 

whether the results in this study could be compared to Tombaugh’s study only those samples 

of similar age was selected. Since Tombaugh’s (2004) data was stratified in different age 

intervals resulting in different ranges and means for each group, the highest mean of all groups 

was selected and the highest value of minimum time and maximum time in all groups was 

selected to give a fair comparison. Giving the age span of 18-44 years old with TMT-A; M = 

28.54, range = 12-50 and TMT-B; M = 58.46, range = 29-95. By a quick look at Table 1. we see 

that the normative data in Tombaughs (2004) sample is fairly comparable to both TMT-A and 

B and TMT-Bl&W-A and B in terms of mean and range, with the exception of the very high 

upper limit of TMT-B score in this study. Although the tests of normality showed now 

significance which cancels out possible extreme outliers, these results might be the result of 

some unforeseen factor such as undetected cognitive decline or unclear instructions. The 

significant difference in completion time between TMT-A and B, and TMT-Bl&W might 

possible be due to these outliers, given the small sample of this study. The B part of the TMT-

Bl&W took longer to complete than corresponding A part, indicating that the condition in part 
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B is in some aspect more difficult than part A, but regarding the high upper limit of the TMT-

B it is problematic to compare the completion times between TMT-Bl&W and TMT. The 

equivalence of the two tests is instead to be decided by comparing the versions by looking at its 

relations to the RST and SIN scores.   

 

The results shows that there was no significant difference in completion time between the both 

groups on TMT-A and TMT-Bl&W-A, which is of no surprise considering the fact that it is the 

same test. On Part B however, there was a significant difference in completion time, showing 

that the completion time was significantly longer for the participants who conducted the original 

TMT version compared to those how conducted the TMT-Bl&W. Neither TMT-A nor TMT-

Bl&W-A was correlated to RST or SIN scores, showing very weak correlation values and low 

significance levels, which in the case of TMT-A is contradictory to the findings of Ellis et al. 

(2015) where they showed that both TMT-A and B significantly correlated to speech-in-noise 

recognition. However the speech in noise test used in Ellis et al’s (2015) study was a set of di-

sybyllic words in a speech-shaped background noise. Although the B parts of both TMT version 

did not significantly correlate to SIN, their r-values was considering the small sample very high, 

with small p-values. This suggests that TMT-B and TMT-Bl&W-B scores both indicate a 

relationship to speech-in-noise performance. This would be in line with the findings of  Ellis & 

Munro (2013, 2015) where TMT-B performance was a significant predictor of speech-in-noise 

recognition. Although the SIN tests used in their studies was different, it contained sets of 

sentences read out by a female speaker in a background of multitalker babble, the stimuli 

resembled the HINT sentences (Hällgren, Larsby, & Arlinger, 2006) since both stimuli utilized 

whole sentences and the background noise was actual people speaking and not speech-shaped 

noise as in Ellis et al. (2015).   

 

Sánchez-Cubillo et al. (2009) suggested the B-A difference as a pure measures of executive 

function and was thus utilized in this study. Ellis and Munro (2013) suggested, along with 

previous findings by Engle (2002), that a greater working memory capacity was the result of 

better attentional control rather than storage capacity, hence the interpretation that the Reading 

Span Task would be a measure of executive function rather than pure working memory. The 

TMT B-A score of this study was significantly correlated to SIN performance, and was 

strongly correlated (close to significant) to RST. Taken all the points above together this 

would strengthen both the argument that the RST is a measure of executive function and that 

the B-A difference score is a plausible measure of executive function. For TMT-Bl&W the B-
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A measure did not significantly correlate to RST or SIN performance. Although the value 

seemed to follow the same pattern as for the original TMT version, the correlation was not as 

strong (p = .069). This might indicate that the TMT-Bl&W does not measure executive 

function or working memory capacity to the same extent the original TMT does, or that it 

does not measure the same executive functions.  

 

Probably the most shocking results it the weak correlation between Reading Span and speech-

in-noise scores. This contradicts most studies reviewed in this thesis (Akeroyd, 2008; 

Rönnberg et al., 1989; Rönnberg et al., 2013). A possible explanation to this can be the lack of 

statistical power, since the correlation was not very weak and not totally insignificant. 

Füllgrabe & Rosen (2016) however suggested that in younger populations with normal 

hearing thresholds working memory capacity is not a strong predictor of speech-in-noise 

recognition, at least not when measured by the Reading Span Task.  

5.2 Method discussion 

One obvious weakness of this study is the small sample size. Many of the correlation scores 

were moderate to high, indicating a possible effect, but due to low statistical power did not 

show significance. The sample was also a convenience sample of undergraduate students 

which makes you question the external validity. The sample may not be a correct 

representation of population as a whole since both age and education level have been shown 

to effect TMT performance (H. J. Kim, Baek, & Kim, 2014; K. Kim & Jang, 2016; 

Tombaugh, 2004). As pointed out in the section above, a few outliers may have affected the 

result, but due to the small sample none of the scores was removed. Another aspect to mention 

is the fact that the participants had no self-reported hearing deficit, which does not exclude the 

possibility that they may have had some kind of hearing deficit. Participants was not asked 

whether they had any self-reported or clinically diagnosed cognitive impairment, which 

makes it unpredictable to say to what degree the group was homogenous in terms of cognitive 

abilities.  

 

Experimentally, many of the studies that have been comparing different versions of the TMT 

have used a within-group design ( Williams et al., 1995 ,Dugbartey et al., 2000; H. J. Kim, 

Baek, & Kim, 2014; K. Kim & Jang, 2016). This may cause either a possible training or 

transfer effect as suggested by Dugbartey et al. (2009). In order to combat these two threats to 

validity a between-groups design was chosen. This of course requires more participants but is 
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weighed up by the elimination of named threats of previous studies. A possible way to 

validate the results of this study could be to conduct a repeated measures or a longitudinal 

within-group experiment to see whether participants performed different under similar 

conditions. Since the Black and White version has never been tested previously a study with 

larger sample and a test-retest design would be suitable.  

 

The short version of the Reading Span Task (Rönnberg et al., 1989) was used since Classon 

(2013) found that it was more or less equivalent to the longer version. The assumption about 

the equivalence is based on this finding only which does not cancel out the possibility that the 

use of the longer version would yield different results. The use of a Swedish RST can make it 

more difficult to compare the results to other international studies. However, Rönnberg et al.:s 

(1989) version have been used extensively and been translated to other languages as well 

(Rudner, Foo, Sundewall-Thorén, Lunner, & Rönnberg, 2008).    

 

Something that speaks on favor of the ecological and external validity of this study is the use 

of sentences from the Swedish HINT corpus (Hällgren et al., 2006). The Swedish HINT 

corpus was created with the intention of being a clinically usable hearing test tool comparable 

to the widely used American English HINT sentences (Nilsson, Soli, & Sullivan, 1994) and as 

a complementary tool to the Swedish Hagerman sentences (Hagerman, 1982). This might 

make the results more comparable to other national as well as international studies in the field.  

 

Due to the fact that this was the first time the TMT-Bl&W was tested it cannot be compared 

to similar longitudinal studies, which of course makes you question its validity. In this study 

only two other cognitive tested were used to compare the two TMT versions, thus it may not 

be satisfactory enough to say that the TMT-Bl&W is not of psychometric equivalence with 

TMT since this is only based on the comparison of two other cognitive tests beyond the tests 

themselves. Further suggestion would be to include more cognitive tests for referential data.  
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6. Conclusion 

The results points at being both in line with previous studies as well as showing some 

contradictory findings. The two TMT versions significantly differed in completion time and 

the original TMT version was more correlated to RST and SIN performance compared to the 

TMT-Bl&W. This indicates that the cognitive functions indexed by the original TMT differed 

from the functions indexed by the TMT-Bl&W. This could however be an effect of many 

different variables, such as lack of statistical power, a previously untested version of the Trail 

Making Test, lack of normative data for alternative Trail Making versions, and too few 

referential cognitive tests, thus one cannot say for sure whether or not the TMT and TMT-

Bl&W is of psychometric equivalence. The B-A difference score is suggested to be the best 

measure of executive function and the greatest predictor for Reading Span and speech-in-

noise performance. Suggestion for further studies is to test a larger sample for the TMT-Black 

& White, additional cognitive tests and using a repeated measures design.  
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