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Abstract 

Neuropsychological testing is ever evolving into a new era of digitalization. This shift 

ensures newfound benefits for analyzing the progression of neurodegeneration since early 

prognosis. The purpose of the present study was to establish the interchangeability between a 

digital variant of the TMT and the traditional paper and pencil version. Moreso, whether the 

dTMT would be able to add to the traditional outcome measures, through the calculation of 

the MD, ISD, and rISD IIV measures, in order to be able to distinguish between those with or 

without an acquired brain injury, was of interest. Additionally, potential predictor variables 

which might have had an influence over the IIVs were assessed. Results showed that the 

dTMT was correlated with the pTMT and that the MD A, ISD A, and rISD A added value to 

the dTMT A and B, excluding the ratio score. Also, all part Bs of the IIV measures also 

added value to all variables of the dTMT and all three IIV measures were able to differentiate 

between ABI and HC participants. Age was a constant predictor for all of the MD and ISD 

IIVs in both the ABI and HC cohorts. Education level seemed to only have a predictor effect 

for the HC group and not for the ABI group for all but the rISD measures. CVA had a 

predictor effect for the dTMT B’s MD, ISD, and rISD. This research was able to provide a 

stepping stone into how the dTMT has newfound potential into improving prognostic and 

diagnostic care through the application of IIV.  

      Keywords: digital TMT, intraindividual variability (IIV), trail making test, 

neuropsychological assessment, acquired brain injury 
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Digital Administration of the TMT: An Analysis of Intraindividual Variability in 

Computerized Testing 

Neuropsychology includes the utilization of numerous methods and technologies that 

are applied to collect invaluable data for research, diagnosis, and treatment. Indubitably, the 

most used means are tests, questionnaires, and assessments (Muñiz & Bartram, 2007), which 

have found their origin from neuropsychological theories and procedures developed between 

50 to 150 years ago (Bilder & Reise, 2018). Consequently, traditional (i.e., paper and pencil-

based) testing does not aptly detect subtle cognitive changes, thus, computer-based testing 

has the potential to identify subtle impairments quicker than paper-based testing which in 

turn increases the chance of early impairment detection, diagnosis, and a more efficient 

prognosis (Bjorngrim et al., 2019). It has been noted that the differences between paper based 

and digital testing have become imperceptible as technology has become very advanced and 

common in daily use (Noyes & Garland, 2008; Bjorngrim et al., 2019). However, key 

differences between digital and paper and pencil-based testing include the advantage of the 

automatic generation of alternative forms for repetitive testing, uniformity in scoring, stimuli 

control, cost efficiency, feasibility of technological use, and the ability to live monitor and 

store the participant’s movement and responses (Gualtieri & Johnson, 2006). This reduces the 

burden of standardized precision and accuracy from the clinician, and rather, more time to 

make behavioral observations which are important in diagnostics and rehabilitation. Thus, 

clinical psychological assessment based on paper and pencil assessments in the current age 

seems outdated, does not compare to current advances in cognitive research, which confines 

the capability for an accurate detection or diagnosis of mental illness or cognitive 

degeneration (Bilder & Reise, 2018).  

Currently, many administered psychological tests and batteries are being performed 

and, scored, thus cognition is being assessed, through digitalization (Kane & Kay, 1992; 
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Parsey & Schmitter-Edgecombe, 2013) which consistently is showing a pattern of advantages 

over the paper and pencil assessments (Bauer et al., 2012; Cernich et al., 2007). This shift 

into digitalization ensures a uniformed approach to stimuli being presented, standardized 

scoring, data retrieval and storage, accurate response time stamps, and new beneficial 

possibilities which are unavailable through the traditional method of paper and pencil tests 

(Spreij et al., 2020). In addition to, research suggests that digital tests are more accessible, 

precise in assessment, and able to provide alternative forms (Gualtieri & Johnson, 2006).  

Therefore, the use of computerized assessments is currently being explored, as it is not only 

more cost-effective, rather it also reduces work-related burden of health care workers. Other 

advantages of using digitalized assessments include: (1) the capability to assess more 

individuals efficiently, (2) precise time stamp measurements on tasks, (3) ability to detect 

variability in performance (Dahmen et al., 2016), (4) standardization of tests, (5) automatic, 

instant scoring (Spreij et al., 2020), (6) performance and tests conveniently stored in online 

databases and patient’s profiles, (7) automatic generation of cognitive reports, (8) 

administrating measures in various languages (Bauer et al., 2012), (9) time and cost effective 

compared to paper and pencil tests (de Vries et al., 2017) and lastly, (10) ethically and legally 

compliant measures (Cernich et al., 2007).  

In light of the aforementioned evidence in favor of computerized assessments, de 

Vries et al., (2017) recognized the potential of using an electronic assessment battery in order 

to diagnose and test patients with acquired brain injury (ABI), especially those with 

perceptual disorders such as hemispatial neglect, spatial memory disorders, agnosias, and 

motor perceptual disorders, as they greatly influence life satisfaction. With the aim to 

improve the rehabilitation experience of ABI patients, the researchers conducted a Delphi 

study in order to produce an ideal standardized screening battery, known as the Diagnose 

Niet Aangeboren Hersenletsel (DiaNAH, translated Diagnosis of Acquired Brain Injury), 
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with screening for cognitive impairments especially with visual perception in mind. The 

research resulted in a panel of 17 international experts in the field of visual perception and 

ABIs creating a battery of eleven tests with a total administration time of 30 minutes. Of 

particular interest is one of the tests included in the DiaNAH Test Battery, the Trail Making 

Test (TMT). Historically, the trail making test was first introduced in the Army Individual 

Test Battery (1944) (Tombaugh 2004) by the U.S. Army in order to test general ability and 

intelligence, and then incorporated into the Halstead-Reitan Battery to measure brain and 

nervous system functioning (Tombaugh 2004; Reitan-Wolfson, 1986). Now, the TMT is 

frequently administered as a neuropsychological test that assess executive functioning (Park 

& Schott, 2021; Faria et al., 2015; Reitan, 1955), visual search, visual planning, visuomotor 

control, attention, and memory (Lin et al., 2021; Halstead, 1947; Reitan, 1971; Stuss et al., 

2001; Strauss et al., 2006; Lezak et al., 2012). Therefore, the TMT is used to evaluate a 

plethora of neurological disorders and cerebral functioning. Moreover, the TMT comprises of 

two parts; TMT A and TMT B. The TMT A assesses cognitive abilities consisting of 

processing speed, visual search, and tracking (Fellows et al., 2016). On the other hand, the 

TMT B assesses mainly more demanding cognitive abilities such as divided attention (Kortte 

et al., 2002; Karimpoor et al., 2017), sequencing and working memory, which also correlates 

with the domains assessed in the WAIS-III Digit Span Backwards (Sánchez-Cubillo et al., 

2009; Fellow et al., 2016). There is evidence of a correlation with the cognitive abilities 

tested in the Wisconsin Card Sorting Test (Chaytor et al., 2006; Kortte et al., 2002; Lamberty 

et al., 1994; Langenecker et al., 2007; O'Donnell et al., 1994; Ríos et al., 2004; Spikman, et 

al., 2001; Fellows et al., 2016), which corroborates the TMT B’s association with set shifting 

(Fellows et al., 2016; Arbuthnott & Frank, 2000; Sánchez-Cubillo et al., 2009), executive 

control (Fellows et al., 2016), and flexibility (Strauss et al., 2006; Fellows et al., 2016), 

because of its task of alternating between letter and number stimuli.  
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Therefore, looking at the cognitive load associated with the TMT, especially part B, it 

is clear that the test has a sensitivity to neuropsychological decline, especially in those with 

mild cognitive impairment (Specka et al., 2021; Chapman et al., 2010; Ewers et al., 2012; 

Gomar et al., 2011), brain injury (Specka et al., 2021; Hanks et al., 2008), and stroke (Specka 

et al., 2021; Wiberg et al., 2012). Various cognitive domains are affected after a patient 

experiences a stroke, which also rely on stroke etiology, what parts of the brain were affected, 

time since onset, and age (Torrisi et al., 2019; Zucchella et al., 2014). In fact, Wiberg et al. 

(2010) observed that performance on the TMT B may be able to forecast future 

cerebrovascular accident (CVA) in older patients, aged 70+. One major consequence of 

stroke are visual field defects since it occurs in 8% to 31% of patients affected (Haan et al., 

2016; Feigenson et al., 1977; Gilhotra et al., 2002). Generally, research shows that higher age 

or normal aging affected overall TMT performance; an increase in age decreased 

performance (Specka et al., 2021; Cavaco et al., 2013; Giovagnoli et al., 1996; Hashimoto et 

al., 2006; Perianez et al., 2007; Seo et al., 2006; Wecker et al., 2000). Research also indicates 

that other demographic data, such as education level, age, gender, and choice of handedness, 

might have an effect on TMT performance. Education level might influence performance on 

the TMT (Woods et al., 2015; Tombaugh, 2004; Fine et al., 2011) as education seems to have 

an impact on the TMT B more than the TMT A (Tombaugh, 2004), with those with a low 

educational level to be impacted the most (Giovagnoli et al., 1996; Amodio et al., 2002). 

Some studies report gender to have an effect on the TMT (Specka et al., 2021; Bezdicek et 

al., 2012), but it seems to have smaller effects than age or education level (Specka et al., 

2021; Cangoz et al., 2009; Giovagnoli et al., 1996; Hester et al., 2005; Seo et al., 2006). 

Lastly, Bracken et al. (2019) reported an influence of handedness on both parts of the TMT as 

participants who were left-handed tended to take more time to complete the test.    
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 Accordingly, the digitalized version of the TMT from the DiaNAH Test Battery, the 

dTMT, is meant to be a replica of Tests A and B of the TMT, thus, the underpinnings and 

cognitive demands and abilities used in the paper and pencil method, pTMT, has a possibility 

of being replicated within the dTMT as found in Bracken et al’s. (2019) research. Thus, the 

aforementioned clinical and demographic variables that influence performance on the pTMT 

may subsequently have an effect on the dTMT. For example, research found that age (Park & 

Schott., 2021) and handedness (Bracken et al., 2019) to have an effect on the pTMT and their 

version of the dTMT, respectively. Furthermore, the present study’s dTMT provides added 

valuable information in addition to the outcome measures from the pTMT. For instance, a 

plethora of data is collected from the current study’s dTMT, such as time stamps between the 

subsequent stimuli, mistakes within the test, the instance when a participant lift their stylus or 

pauses during the test, real time recordings and images from the testing, and the ability to 

store a complete profile of the administration process of the test. This allows the clinician to 

have ample data to assess and relive the administration process, if necessary, in order to 

curate a patient report for diagnostic purposes, which cannot be achieved through the pTMT. 

These additional benefits were also corroborated in a study that also established that the TMT 

is a good indicator for many cognitive dysfunctions and the computerized version may 

provide better insight than the traditional method because of all of the novel data collected 

through the dTMT, which is not provided by the pTMT (Dahmen et al., 2016).               

In addition to, there has been growing interest into further extrapolating the potential 

computerized testing has to offer within neuropsychological diagnostic and prognostic care, 

which has led to the capability to assess between tests or inter-stimuli data within tests to 

calculate the intraindividual variability (IIV) of a participant. IIV in neuropsychological 

testing is the examination of inconsistencies, fluctuations, and changes in a participant’s 

performance within tests or between tests (Burton et al., 2002). Research specifies that 



DIGITAL ADMINISTRATION OF THE TMT                                                                      9 

 

calculating IIV in the evaluation of cognitive functioning may be decisive, as it may be linked 

to neurological or behavioral degeneration (Hultsch et al., 2000). For example, a study 

determined that IIV could distinguish cerebral dysfunction caused by injury, disease, or 

aging, as it could envisage variability in behavior or cognition (Hultsch et al., 2000). In the 

domain of cognitive speed, IIV may be defined as the variation between trials of a reaction 

time assessment (Bielak & Anstey, 2019). In this case, those with neurological degenerative 

disorders such as dementia (Gorus et al., 2008; Bielak & Anstey, 2019), Parkinson’s disease 

(de Frias et al., 2012; Bielak & Anstey, 2019), and traumatic brain injury (TBI) (Stuss et al., 

2003; Bielak & Anstey, 2019), tend to score higher on IIVs than healthy controls (HC). 

Another research also claimed that IIV has promise to help neuropsychologists to understand 

and detect underlying cognitive issues and neurological development in individuals (Stawski 

et al., 2017). Remarkably, both the dTMT and intraindividual variability have the prognostic 

capability to indicate neurological degression and are affected by similar clinical and 

demographic variables, such as age and education level (Hultsch et al., 2000; Bielak & 

Anstey, 2019; Schretlen et al., 2003). Hence, calculating IIV values from the dTMT would be 

appealing in order to see whether removing the confounding effects of the aforementioned 

variables would refine the outcome measures obtained from the dTMT and to gauge their 

prognostic and diagnostic applicability within patients with ABI.   

 Moreover, multiple ways to calculate a measure for IIV have been proposed 

throughout literature, three of which will be studied in the current study; the Mean Difference 

(MD) (Schretlen et al., 2003), residualized Interstimulus Interval (rISD) (Hultsch et al., 2000; 

Bielak & Anstey, 2019), and the raw Interstimulus Interval (ISD) (Hultsch et al., 2000; 

Bielak & Anstey, 2019). In general, the time it took to connect each stimulus within the 

dTMT was crucial in the calculation of the IIVs, which is a novel way to calculate them. The 

MD has been previously calculated by Schretlen et al. (2003) in order to aid cerebral 
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dysfunction diagnostics through intraindividual variation. Research found that the MD scores 

increased with age. Interestingly, the researchers concluded that IIV is also common in 

‘normal adults,’ and that variability alone should not be the sole reason for diagnostics. 

Comparatively, the current study will assess IIV as added value to traditional outcome 

measures gleaned from the pTMT, and as a supplementary addition to a patient’s complete 

profile in order to ascertain prognosis and diagnosis. The rISD was calculated in a way that 

incorporated age, gender, and education level, in order to account for their confounding 

effects, and create a standardized IIV value. Meanwhile, the raw ISD has been discouraged 

from use for assessment of within and between person variability by previous research 

(Hultsch et al., 2008; Bielak & Anstey, 2019), however, due to slight variations in how the 

current study calculates the raw ISD for the dTMT, it was deemed appropriate to still explore 

the possibilities of the raw ISD and add to the literature of the raw ISD. By assessing IIVs 

through the dTMT, the research is trying to gauge whether performance on the test would 

also reflect in individual cognitive abilities related to the TMT A or B.     

Therefore, the objective of this current research is to discover and examine the 

possibilities of the use and application of a computerized version of the TMT. Previous 

research on the dTMT have shown practicability on performance and administration of the 

test using large sample sizes (Spreij et al., 2020), but did not explore the diagnostic 

capabilities of the dTMT. Another study of the dTMT by Salthouse & Fristoe (1995) failed to 

reflect the potential of modernized testing as there was no automatic data collection, storage, 

or patient profiles, however, they were able to establish comparability of traditional outcome 

measures of the pTMT to the dTMT, providing a small stepping stone into the validation of 

the dTMT. Dahmen et al. (2017) conducted a study on a dTMT that aimed to establish 

comparability with the pTMT, and whether or not there were any added features of the dTMT 

that could distinguish between healthy and ‘neurologic’ participants. The study was able to 
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establish interchangeability between the pTMT and dTMT, as there were strong correlations 

found between the two, and their machine learning methods were able to distinguish between 

healthy and neurologic participants. However, Dahmen et al (2017) did not calculate 

newfound outcome measures like the IIV from their dTMT, and just established correlation 

between the pTMT and a version of the dTMT. Furthermore, other studies that included the 

dTMT were found to be establishing validity and reliability of their screening tools in very 

specific samples, for example, tailored from a Japanese population (Makizako et al., 2012; 

Onoda et al., 2013). As well experimented the dTMT is, the current study is manipulating the 

potential of the dTMT in ways that have been scarcely explored. This is anticipated to be 

achieved through the assessment, calculation, and examination of whether intraindividual 

variability, calculated potentially through participant MD, rISD, and/or the raw ISD, can 

indicate cognitive abnormalities in healthy control groups and participants with a history of 

ABI. Specifically, the current study aims to compare the digital and paper and pencil versions 

of the TMT in and its added potential through four research questions. The first research 

question analyzes whether there a distinction between the paper and pencil vs digital version 

of the TMT within the HC.  The second research question asks if the IIV measures provide 

added value to the digital version of the TMT belonging to the HC cohort. Thirdly, whether 

participants with ABI show greater IIV than HC on the TMT IIV measures is explored. 

Lastly, the final research question asks what predictor variables influence IIV in ABI and HC 

cohorts. The HCs’ predictor variables include choice of handedness, gender, age, and/or level 

of education of the participants and whether those variables have any effect on the 

administration on the digital version of the TMT and their respective IIV scores. On the other 

hand, in addition to the aforementioned predictors, the ABI participants’ variables also 

included ABI etiology, binocular visual field abnormalities, which side of the brain was 

affected by the ABI, and the most recently occurred ABI. Through the examination of all 
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these research questions, the current research aims to provide insight into the digitalization of 

the TMT and the implications of doing so in neuropsychological use.  

Methods  

Participants 

A total of 405 Dutch participants were recruited with their age ranging from 21 to 87 

years old with a mean age of around 58 (M=58.19, SD=14.86). One hundred and ninety 

participants identified as male (46.91%) while the remaining 215 participants identified as 

female (53.09%). Furthermore, the participants were divided into two groups; the healthy 

control group (HC) and the acquired brain injury group (ABI). HC participants were recruited 

through advertisements in local newspapers, public establishments such as university 

buildings and libraries, social media, and by word of mouth. Inclusion criteria for the HC 

group were a minimum age of 18, absence of cognitive impairments, and a Mini Mental State 

Examination (MMSE) (Molloy & Standish, 1997) score of 24 or higher. HC participants also 

received a small monetary compensation for their contribution to the study. The collection of 

the HC data was approved by the Ethics Committee of the Psychology Department at RUG.  

Conversely, inclusion criteria for the ABI group included minimum age of 18 when the 

participant suffered from an ABI, an absence of comorbidities that could mimic the onset or 

symptoms of an ABI, and an intact vision with or without correction through glasses or 

contact lens (minimum of Snellen 0.5+). No compensation was provided to this group 

because they were clinical patients of Royal Dutch Visio where the DiaNAH Test Battery (de 

Vries et al., 2017) was implemented for a post-injury clinical assessment which included a 

neuropsychological evaluation as well. Patient data was collected under the ethical standards 

of the latest version of the Declaration of Helsinki and was subsequently approved by the 

Medical Ethical Review Board of the UMCG.  



DIGITAL ADMINISTRATION OF THE TMT                                                                      13 

 

 Moreover, 220 participants, 110 each from the ABI and HC groups, were matched 

one on one to control for the possible confounding effects of age, gender, and education level. 

This ‘Match’ variable was used in the third research question whether the ABI group was 

scoring higher IIV scores than the HC group. Age was categorized into a range consisting of 

ten years (e.g., 40-49 years) except for a younger cohort of 18-29 years of age and those 

participants older than 80+. Educational level was established with the guidelines of the 

Dutch education rating scale system consisting of seven levels. ‘Low education level’ 

consisted of levels 1 through 4 (Verhage 1-4), ‘Middle education level’ was level 5 (Verhage 

5), and a ‘High educational level’ was levels 6 through 7 (Verhage 6-7). Table 1 summarizes 

the demographic and clinical information for all three groups.    

Table 1 

Descriptive Statistics & Clinical Characteristics for Each Participant Group 

 HC ABI Match 

1. Gender (N) 

      Male (N) (%) 

      Female (N) (%) 

230 175 220 

90 (39.13) 100 (57.14) 104 (47.27) 

140 (60.87) 75 (42.86) 116 (52.73) 

2. Age (M, SD) 55.36, 16.07 61.91, 12.17 60.65, 13.16 

3. Education Level (N) 

      Low (N) 

      Middle (N) 

      High (N) 

229 175 220 

15 49 20 

64 66 92 

151 60 108 

4. Handedness (N) 

      Right (N) (%) 

      Left (N) (%)      

     Ambidextrous (N) (%) 

230 173 220 

196 (85.22) 160 (92.48) 193 (87.73) 

27 (11.74) 11 (6.36) 21 (9.55) 

7 (3.04) 2 (1.16) 6 (2.73) 

5. Binocular VA (N) 

      0.5 – 1.00 (N) (%) 

      1.05 – 1.60 (N) (%) 

0 175 110 

 97 (55.43) 60 (54.55) 

 78 (44.57) 50 (45.45) 

6. Binocular VF (N) 

      Normal (N) (%) 

      Doubtful (N) (%) 

      Impaired (N) (%) 

      Unreliable (N) (%) 

0 145 91 

 14 (9.66) 11 (12.09) 

 15 (10.34) 8 (8.79) 

 114 (78.62) 71 (78.02) 

 2 (1.38) 1 (1.10) 

7. Time Since Last ABI 

       (Range (M, SD)) 

 0 – 280 (10.21, 25.30) 0 – 74 (8.05, 9.89) 
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 HC ABI Match 

8. ABI Etiology (N) 

      Stroke NOS (N) (%) 

      iCVA (N) (%) 

      hCVA (N) (%) 

      i-hCVA (N) (%) 

0 175 110 

 19 (10.86) 8 (7.27) 

 136 (77.72) 87 (79.09) 

 17 (9.71) 13 (11.82) 

 3 (1.71) 2 (1.82) 

9. Side of Stroke (N) 

      Left (N) (%) 

      Right (N) (%) 

      Both (N) (%) 

0 144  89 

 55 (38.19) 34 (38.20) 

 71 (49.31) 41 (46.07) 

 18 (12.5) 14 (15.73) 

Note. VA = visual acuity; VF = visual field; NOS = Not Otherwise Specified; iCVA = 

ischemic stroke; hCVA = hemorrhagic stroke; i-hCVA = both ischemic and hemorrhagic 

strokes. Time since the last recorded ABI was measured in months. In variables where the N 

or % is less than the group’s total N or %, the data was unknown or not collected for that 

cohort. 

 

Materials  

The current research used data collected by neuropsychologists of a visual 

rehabilitation center, and research assistants of the University of Groningen implementing the 

DiaNAH Test Battery. For the purposes of the current research, only the data collected for the 

Trail Making Test portion of the battery was utilized and analyzed.    

DiaNAH Test Battery  

 Every participant from the HC and ABI groups was administered the DiaNAH Test 

Battery (de Vries et al., 2017) which consisted of 11 appropriate tests that can measure 

impairments in visual perception (de Vries et al., 2017), especially in those with acquired 

brain injury. The eleven tests in the battery included those that were frequently used in 

neuropsychological testing in traditional paper and pencil format, such as the Trail Making 

Test, as well as new computerized tests, such as the Birthday Party Test (de Vries et al., 

2020). The paper and pencil formatted tests were all converted into a digital version with 

Metrisquare B.V. hardware and DiagnoseIS software. This was administered on a Wacom 

24-inch screen tablet, provided with an electronic stylus pen in order to mimic a pencil and/or 

pen. At the end of assessment, there was a possibility to generate a digital report, either 



DIGITAL ADMINISTRATION OF THE TMT                                                                      15 

 

clinical or scientific, where the raw scores for each individual test, copies of the completed 

tests, demographic information, etc. were automatically compiled into a digital file. In the 

clinical report, all the raw test scores were provided, and if applicable, normed scores were 

also calculated. The scientific report could have been converted into an Excel or SPSS dataset 

for probable data manipulation. Currently, there is no normative data for the complete 

DiaNAH Test Battery (de Vries et al., 2017), however, the University of Groningen have 

been implementing the battery in a large group of participants without ABI in order to 

facilitate normative data collection and accumulate information on the validity of the 

DiaNAH. The HC dataset used in this TMT study was taken from the aforementioned data 

compilation.      

Trail Making Test (TMT) 

  The Trail Making Test (TMT) was chosen to assess visuomotor speed in the DiaNAH 

Test Battery (de Vries et al., 2017). The ABI group contributed to dTMT data whereas the 

HC group took both the paper and pencil TMT (pTMT) and the dTMT versions. Both the 

pTMT and the dTMT consisted of Part A and Part B like the traditional administration of the 

neuropsychological test. Similarly, both versions of the test consisted of the same 

instructions, with the neuropsychologist or research assistant following the administrative 

guidelines of the traditional TMT. In Part A, participants were asked to link randomly 

dispersed stimuli containing numbers, from 1 through 25, in chronological order as quickly 

and efficiently as they could have. Likewise, in Part B, participants were asked to connect the 

randomly dispersed stimuli containing numbers and letters chronologically, however, 

alternating between number and letter, starting with number one first (e.g., 1 to A, A to 2, 2 to 

B, B to 3, etc.). In both parts, they had to do this without breaking the connecting lines and 

without lifting their stylus, pen, or pencil after initiating the task. In the event of an error, 

such as breaking the chronological order or missing a link, and if the participant did not 
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notice the error and correct it themselves, the administrator of the test should correct the 

participant immediately. For example, if the participant missed a link or connected the wrong 

pair of stimuli, then the administrator should point out the mistake and tell them which pair of 

stimuli should be linked instead, cross out the error line, and briefly remind them of the 

instructions. In the dTMT, when an error is made by the participant, a sound is emitted from 

the tablet, in which then the experimenter should quickly point out the error and remind the 

participant of the instructions. Also, in the dTMT, various time stamps were recorded 

automatically; the time between the start and finish of the task and the time it took between 

connecting one stimulus to the other. In the pTMT, only start and end time of each part was 

manually recorded with a stopwatch. Time was not stopped when an error was made or when 

the participant was being corrected in both versions. Scores were calculated with the same 

process in both versions; the outcome measures were: total time, derived ratio scores 

calculated as Part B/Part A, and inter-stimulus intervals (ISIs) calculated through the amount 

of time, in seconds, it took to connect a line from one circle to the next. Normative 

information is automatically generated from the raw scores from the dTMT, however, is not 

available for use as of yet as data is still being collected. Additional derived scores were 

calculated using the various time stamps collected by the dTMT, the intraindividual 

variability (IIV) scores.      

Intraindividual Variability  

 The intraindividual variability was solely calculated from the dTMT as the calculation 

needed inter-stimulus intervals (ISIs) which were estimated from the time, in seconds, it took 

a participant to draw a line from one circle to the next. The ISIs were further refined to 

correct for the distance by measuring the space between each pair of stimuli in centimeters 

and then dividing each ISI with the distance in centimeters. By doing so, it was possible to 

create three different derived scores reflecting IIV, mainly, the Mean Difference (MD) 



DIGITAL ADMINISTRATION OF THE TMT                                                                      17 

 

(Schretlen et al., 2003), residualized Interstimulus Interval (rISD) (Hultsch et al., 2000; 

Bielak & Anstey, 2019), and the raw Interstimulus Interval (ISD) (Hultsch et al., 2000; 

Bielak & Anstey, 2019). The MD score was calculated by subtracting the lowest ISI from the 

highest ISI. This was completed for both parts of the dTMT, for every HC and ABI 

participant, resulting in two MD scores per participant in the dataset, MD A and MD B. In 

addition to, the rISD was calculated through a regression analysis with variables age, gender, 

and educational level, which was dummy coded into ‘middle’ and ‘high’ as variables with 

‘low’ as the reference variable, for every ISI. Therefore, there were 48 residuals for every 

participant for both parts of the dTMT; 24 residuals for Part A and 24 residuals for Part B. 

The 24 residuals for each part were then computed into a standard deviation (SD) for each 

participant, resulting in a SD for Part A and one for Part B. The raw ISD was retrieved by 

calculating the standard deviation across all of the ISIs.  

Procedure 

 Each participant of the HC and ABI groups experienced the same initial intake 

process before the beginning of the experimental conditions. The participant entered a private 

room where only the participant and experimenter were present for the assessments. Then, 

the HC participants were debriefed about what the purpose of the study was and their privacy 

and anonymity were ensured. Afterward, the HC participants were asked to fill out a 

demographic questionnaire, and the Mini Mental State Examination (Molloy & Standish, 

1997), in order to ensure the participant was eligible to continue as a HC. Since ABI 

participants were already diagnosed with a brain injury prior to being referred to the Dutch 

Royal Visio, the debrief and consent process was different from the HC, as the process was 

already incorporated into their clinical care, and were asked for permission to use their 

patient profile for research purposes. Both group participants were also reminded to wear 

their glasses or contact lens for corrected vision, and the distance of the tablet was adjusted to 
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conform to test requirements and/or their comfort. The participant was then asked to free 

draw on the tablet in order to adjust to the digital stylus as well as to check whether the stylus 

needed to be recalibrated. Participants of both experimenter groups completed the DiaNAH 

Test Battery (de Vries et al., 2017) in its fixed order. 

Consecutively, participants completed the DiaNAH Test Battery (de Vries et al., 

2017) The instructions for each of the 11 tests in the battery was shown on the experimenter’s 

screen and it also reflected what the participant’s movements were for each prompt, as the 

experimenter’s screen showed the exact movements the participant made on their tablet. For 

example, when the participant drew a line from circle 1 to circle 2 on the dTMT A, the 

experimenter was able to see this in real time from their own tablet. Further, the total time 

and timeframe between each pair of stimuli are automatically recorded with time being 

recorded as soon as the participant touched the tablet with the stylus. Errors were 

automatically recorded; however, it was indicated by a double time log, thus, the 

experimenter also needed to pay attention to the errors manually.  

Additionally, as part of a validation study, the HC group took all the tests or parallel 

versions of tests involved in the DiaNAH Test Battery (de Vries et al., 2017) in the form of 

the traditional paper and pencil method as well. Participants in this group always started with 

the digital administration before the paper and pencil version. Thus, the HC group partook in 

the tests twice, completing both forms subsequently one after the other with an optional 10-

minute break in between. The total time of assessment for the HC group was approximately 

2.5 hours. During the pTMT, the experimenter had to follow the traditional testing 

instructions and guidelines, manually take note of the start and end times for both parts, and 

physically point out errors and cross out error lines, if necessary. Scoring and psychometric 

information, such as norms, reliability, and validity of the traditional TMT was readily 

available as well.   
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Statistical Analyses 

 The dataset was analyzed using the 27th version of the software IBM SPSS Statistics. 

The data was examined for outliers, normality, linearity, and other assumptions as required 

by the specific analysis applied in each research question. In this case, assumptions for Paired 

Sample T-Tests, Spearman Correlations, Independent Sample T-Tests, and Multiple 

Regression were tested (as outlined below). Bonferroni post hoc corrections were applied to 

each of the research questions except for the Spearman Correlation analysis in the second 

research question.  

RQ 1: Paired Sample T-Tests to Assess Differences Between the dTMT and 

pTMT. Paired Sample T-Tests were performed for the first research question in order to 

assess if there was a distinguishable difference between the pTMT and the dTMT within the 

HC population. The first pair was between the total time of the dTMT A and the total time of 

the pTMT, the second pair analyzed the total time of the dTMT B and the total time of the 

pTMT B, and the last pair differentiated between the ratio scores of the dTMT B/A and the 

pTMT B/A. Cohen’s d was calculated for each Paired Samples T-Test in order to measure the 

effect size between the means. The interpretations of the effect sizes of Cohen (1988) were 

the benchmark used for analysis. The assumptions tested were: use of continuous (i.e., 

interval or ratio) dependent variables, the use of the same sample in both pairs, random 

sampling of the data from the population, the difference of the pairs having a normal 

distribution, and the absence of outliers in the difference between the pairs. 

RQ 2: Correlation Between IIV Measures and dTMT Variables. Next, a 

descriptive and correlational analysis was conducted in order to gauge whether or not IIV 

measures, namely the MD, ISD, and rISD, had a relationship strong enough to be able to 

provide any added value to the outcome measures commonly calculated from the TMT. Thus, 

the IIV measures were compared with the dTMT A, dTMT B, and dTMT B/A ratio scores. 
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The HC cohort were the only participants used for the correlational analysis because the 

comparability and added value of the IIV measures were being assessed, and it had to be 

conducted without the influence of confounding ABI variability. as First, the assumptions for 

a Pearson’s correlation analysis were tested. Thus, variables were computed at a continuous 

level, linear relationships between the variable were checked, significant outliers were 

assessed, and the variables involved were checked to see if they were normally distributed. 

There were violations found, thus, a Spearman’s rho analysis replaced the Pearson’s 

correlation (see Results section).     

RQ 3: Comparison of IIV Measures Between the HC and ABI Groups. Thirdly, 

an Independent Sample T-test was computed in order to distinguish the difference in IIV 

measures between the HC and ABI groups and to assess whether ABI participants score more 

in the IIV measures than the HC participants. This was evaluated through two separate tests; 

one with only the ‘Match’ sample and only the non-standardized IIV measures (MD A, MD 

B, ISD A, and ISD B) and another test with all participants and only the standardized IIV 

measure, rISD A and rISD B. Just as the first research question, Cohen’s d was used to 

interpret effect size of the t-tests. There were five assumptions tested for this analysis. The 

first checked whether the dependent variables were measured on a continuous scale and then 

the dependent variables were analyzed for normal distribution. Then, the independent 

variables were made sure to include two independent, categorical groups for analysis. After, 

the absence of outliers, independence of observations, and the test of homogeneity of 

variances were assessed.  

RQ 4: Multiple Regression Analyses to Analyze Which Predictor Variables 

Influence IIV in HC and ABI Participants. The last research question consisted of separate 

multiple regression analyses, one with only the HC participants and another with the ABI 

participants. The HC group tested all the IIV measures with predictor variables handedness, 
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gender, age, and educational level, in order to see whether there is an influence from these 

variables on the IIV measures. Subsequently, all the ABI participants were tested with all the 

IIV measures with handedness, age, education level, gender, the etiology of the ABI, on what 

side the ABI was found, time since the last ABI, and the affected binocular visual field as 

predictor variables in order to gauge whether any of those variables had an influence on any 

of the IIV measures. Etiology of the ABIs included: Stroke NOS (Not Otherwise Specified, 

hCVA (hemorrhagic cerebrovascular accident), iCVA (ischemic cerebrovascular accident), 

and i-hCVA (both ischemic and hemorrhagic cerebrovascular accident). Localization of the 

ABI were either found in both, left, or right sides of the brain. Variables of the binocular 

visual field predictor included normal, doubtful, and unreliable vision. For these analyses, 

there were six assumptions analyzed for the multiple regressions. The first assumption 

checked the linearity between the independent and dependent variables. Then, the absence of 

multicollinearity was gauged through the analysis of collinearity, tolerance, and VIF scores. 

Residuals were computed and checked for independence through the Durbin Watson value, 

the variance of the residuals was made sure to be constant, and the normality of the residuals 

were also assessed. Finally, Cook’s Distance was computed in order to make sure there were 

no influential data affecting our multiple regression models.  

Results  

General Comments on the Assumptions  

 Whenever the normality assumption was tested and failed to meet the requirement 

within the various statistical analyses used, the present study was able to overlook the 

violation of normality because of the large sample size collected in this current research, as it 

falls within the basis of the Central Limit Theorem (CLT) (Kwak & Kim, 2017). In theory, 

the CLT states that if the sample size of a study is large enough, then the means of the 

samples obtained through random sampling should be normally distributed with the mean and 
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variance, with no influence from the population distribution (Kwak & Kim, 2017). The CLT 

advises a sample size of 30 or greater as appropriate for the theorem to be upheld which 

means that the current research was able to utilize the CLT in its analyses as the sample size 

consisted of 405 participants. Thus, the current study was more than qualified to apply the 

CLT on the normality violations within each analysis and continue to make use of parametric 

testing as much as possible in order to upkeep statistical power and deduce more accurate 

conclusions from the data. Furthermore, the present study also did not remove any of the 

outliers from the data after careful consideration, as none of the outliers seemed non-

representative of the overall population, which do tend to include extreme scores, or indicated 

a source of error. It is acknowledged that the influence of outliers is substantial on the 

outcomes of some statistical testing, thus, in those instances, the use of nonparametric tests 

was favored, such as the use of a Spearman Correlation in the second research question. 

Nonetheless, outliers were preserved in order to avoid statistical bias, type I errors, and to 

represent overall generalizability of a regular population (Gress et al., 2018). Subsequently, 

all tables and figures for the assumption testing for each research question could be found in 

Appendix A.     

RQ 1: Is there a distinction between the paper and pencil vs digital version of the TMT 

within the HC? 

Assumption Testing  

 Examination of the differences between the three Paired-Sample T-Tests for the first 

hypothesis demonstrated that there were violations in the normality assumption (Table A1). 

All the other assumptions of the Paired Sample-T-Test were satisfied appropriately; this 

included independent sampling of observations, dependent variables being measured on an 

incremental value, and the dependent variables were paired (Appendix A1-A6). 

Statistical Analysis Results 
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Firstly, a Bonferroni correction was calculated because multiple Paired Sample T-

Tests were conducted, adjusting the p-value to approximately 0.0167, in order to avoid the 

risk of type I errors (Kwak & Kim, 2017). There was a significant difference between the 

dTMT A (M=30.96, SD=10.58) and pTMT A (M=28.91, SD=11.17) with t(227) = 3.82, p< 

0.001, d=0.25. This output suggested that there is variation in completion time between the 

dTMT A and the pTMT A and that participants took significantly more time, in seconds, to 

complete the dTMT A compared to the pTMT A. For the second Paired Sample T-Test, the 

results showed that there was also a significant difference between the dTMT B (M=67.47, 

SD=31.13) and pTMT B (M=58.73, SD=25.87); t(226) = 6.20 p< 0.001, d=0.41. The second 

test also suggested a contrast in completion time between the dTMT B and pTMT B with the 

HC group taking longer on the dTMT. The last Paired Sample T-Test’s output exhibited a 

slightly non-significant difference between the ratio B/A scores of the dTMT (M=2.22, 

SD=0.67) and pTMT (M=2.09, SD=0.64) with t(226) = 2.38, p=0.018, d=0.16. This outcome 

may suggest that there were little dissimilarities between the derived scores between the 

dTMT and pTMT, but completion time remained longer in the dTMT (M=2.23, SD=0.67) 

compared to the pTMT (M=2.09, SD=0.64). Overall, the results suggested that participants of 

the HC group needed more time to complete the digital test than the paper test. Table 2 

depicts the descriptive information for all the dTMT and pTMT variables used.  

Table 2 

Descriptive Statistics of the Digital and Paper TMT Variables Within the HC Cohort 

 N M SD Minimum Maximum 

dTMT A  230 31.01 10.58 13.0 76.7 

dTMT B  230 68.41 32.32 24.50 234.60 

dTMT B/A 230 2.23 0.67 0.90 4.66 

pTMT A  228 28.91 11.17 11.00 88.00 

pTMT B  227 58.73 25.87 0.00 156.00 

pTMT B/A  227 2.09 0.64 0.00 5.30 

Note. The variables of the dTMT and pTMT are total times in seconds. The ‘B/A’ variables 

for each of the TMT versions are a ratio score calculated by the division of part B by part A 

total times.   
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RQ 2:  Do the IIV Measures Provide Added Value to the digital version of the TMT? 

Assumption Testing 

 Examination of the normality outputs for the second hypothesis using Pearson’s 

Correlation also demonstrated violations of the normality assumption for all variables tested 

(Table A2). Nevertheless, the assumptions of linearity, homoscedascity, and the absence of 

outliers were also violated (Appendix A7 to A60), thus, the use of a nonparametric test, 

specifically the Spearman Correlation, was appropriate in this case.   

Statistical Analysis Results 

 Spearman’s rho correlation coefficient was used to assess the relationship among both 

the parts of the dTMT and the IIV measures. Table 3 demonstrates the Spearman’s 

intercorrelation amongst the variables. The interpretations for the analysis of a correlation 

coefficient defined by Schober et al. (2018) were used in this paper. The output showed that 

the dTMT A had a strong, significant, and positive correlation with the dTMT B scores and 

the dTMT A’s MD, ISD, and rISD IIV measures. The dTMT A had a moderate, significant, 

and positive relationship with the dTMT B’s MD, ISD, and rISD IIV measures. The dTMT A 

had a negative, non-significant, and negligible correlation with the derived score of the 

dTMT. Next, the dTMT B seemed to have a moderate, positive, and significant correlation 

with the derived score of the dTMT, and dTMT A’s MD and rISD, while a strong, positive, 

and significant relationship with the dTMT B’s MD, ISD, and rISD scores. The dTMT B also 

had a strong, positive, and significant correlation with the ISD score of part A. Lastly, for the 

derived score of the dTMT, there was a negative, weak, and nonsignificant correlation with 

the part A of the MD score. There was a significant, moderate, and positive correlation 

between the TMT B/A and the dTMT B’s MD, ISD, and rISD IIV measures. The output 

showed a nonsignificant, positive, but negligible and weak relationships between the TMT 

B/A score and the dTMT A's ISD and rISD scores, respectively. Overall, there seems to be a 
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trend where the part A of all three IIV measures add value to the dTMT’s A and B, but not 

the TMT B/A ratio score, while the part B IIV measures seem to add value to all three dTMT 

variables.  

Table 3 

Correlations Amongst the dTMT’s Parts A & B Total Times and IIV Measures from the HC 

 TMT A TMT B B/A MD A MD B ISD A ISD B rISD A rISD B 

TMT A --         

TMT B 0.709
**

 --        

B/A -0.192
**

 0.491
**

 --       

MD A 0.658
**

 0.432
**

 -0.160
*
 --      

MD B 0.414
**

 0.757
**

 0.531
**

 0.314
**

 --     

ISD A 0.741
**

 0.496
**

 -0.169
*
 0.819

**
 0.335

**
 --    

ISD B 0.421
**

 0.803
**

 0.597
**

 0.318
**

 0.860
**

 0.378
**

 --   

rISD A 0.669
**

 0.473
**

 -0.126 0.891
**

 0.342
**

 0.874
**

 0.357
**

 --  

rISD B 0.420
**

 0.784
**

 0.565
**

 0.313
**

 0.935
**

 0.351
**

 0.923
**

 0.357
**

 -- 

Note. The above table depicts the Spearman rho between the dTMTs’ A and B’s completion 

time in seconds while the B/A variable is the ratio of the score of the TMT B divided by the 

TMT A score. Total N was 230 for all variables except for the rISD A and B, which was N = 

229. **Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 

0.05 level (2-tailed).    

 

RQ 3: Do the ABI group show greater IIV than the HC group on the TMT IIV 

measures? 

Assumption Testing 

 For the third research question, two Independent Sample T-Tests were conducted; one 

for all of the non-standardized IIV measures, which include the MD and the ISD for the 

Match group, and another for the standardized IIV measure, rISD, for the whole sample. The 

assumption of independence was met; however, the assumption of normality of the dependent 

variables for each ABI and HC groups was violated (Table A3). Levene’s Test for Equality of 

Variances demonstrated that the MD, ISD, and rISD were violating the homogeneity of 

variances assumption (Table A4). Thus, in order to compare the IIV measures between the 

HC and ABI groups, the ‘Equal variances not assumed’ portion of the Independent Sample T-

Test was used for both occasions.     
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Statistical Analysis Results 

 Independent Samples T-Tests were utilized in order to deduce whether the ABI group 

score higher on the IIV measures than the HC group. The first test only including participants 

matched one on one with those with similar age, gender, and education level characteristics 

within their group (Match variable) and the all the MD and ISD variables. There was a 

significant difference in the MD A scores between the ABI participants (M=1.24, SD=1.28) 

and HC participants (M=0.77, SD=0.66); t(162.99) = 3.42, p = <0.001, d=0.46. Likewise, 

there was a significant difference in the MD B scores; ABI (M=3.37, SD=4.96) and HC 

participants (M=1.52, SD=1.32); t(124.30) = 3.79, p = <0.001, d=0.51. These results suggest 

that the ABI group did score higher than the HC group for the MD IIV measure. Next, there 

was a noticeable significant difference in the ISD A scores for the ABI group (M=8.92, 

SD=7.20) and the HC group (M=4.42, SD=2.95) with t(144.51) = 6.07, p = <0.001, d=0.82. 

For the ISD B scores, there was a significant difference in scores as well; ABI participants 

(M=8.84, SD=9.15) while the HC participants (M=3.91, SD=3.05) with t(132.94) = 5.36, p = 

<0.001, d=0.72. Again, the brain injured participants had higher scores than the healthy 

control group for the ISD IIV measures. These results suggest that, indeed, there is a 

difference in IIV scores between both groups as the participants with ABI tend to score 

higher than the HC group, even without the effects of possible confounding predictor 

variables that were controlled for in the present study.  

 Thereafter, the second test used the whole sample population with only the rISD IIV 

measures. There was a significant difference in the rISD A scores between the ABI (M=0.31, 

SD=0.27) and the HC (M=0.13, SD=0.10); with t(210.38) = 8.16, p = <0.001, d=0.91. 

Similarly, there was a significance in the difference between the rISD B scores between the 

ABI (M=0.78, SD=0.87) and the HC (M=0.27, SD=0.23); with t(190.71) = 7.51, p = <0.001, 

d=0.85. The output from the second Independent Samples T-Test suggests that there is a 
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differentiation between the scores of the two groups as the ABI participants scored higher 

than the healthy participants. The results from both the tests insinuate that all the IIV 

measures, MD, ISD, and rISD, are able to distinguish between those brain injured and healthy 

controls.  

  RQ4: What predictor variables influence IIV in the ABI and HC groups? 

Assumption Testing 

The fourth research question contained many predictors which were analyzed using 

the Multiple Regression method, one for each HC and ABI group, in order to understand 

which predictor variables, if any, had influence on the IIV measures within the HC or the 

ABI group. All of the IIV measures were log transformed in order to correct for the violation 

of each model’s assumption of linearity, independence of residuals, homoscedascity of 

residuals, and the normality of residuals. The assumption of linearity between the 

independent and dependent variables was not met for all variables (see Appendix A). The 

second assumption of no multicollinearity in the data was met for all the variables. The third 

assumption of the residuals being independent was also met for both analyses. The fourth 

assumption, the homoscedascity of residuals, was also successfully established for all of the 

variables. The fifth assumption assumes that the residuals are normally distributed, which 

was non-violated for all the variables. The last assumption, lack of influential outliers, was 

met for all the variables.       

Statistical Analysis Results 

Multiple regression models were conducted in order to assess whether any predictor 

variables were able to influence the IIV scores for any of the measures. The first set of 

multiple regression analyses utilized only the healthy controls and analyzed variables age, 

gender, level of education, and handedness as predictors of all the IIV measures. A 

Bonferroni correction was applied, by dividing the alpha value by the number of predictors, 
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readjusting the p-value to 0.0083 for the MD and ISD measures, and p-value of 0.025 for the 

rISD measure, respectively. As seen in Table 4, in reference to the MD IIV measure, MD A 

and MD B had statistically significant regression equations. ‘Age’ was the only significant 

predictor for MD A, while both ‘Age’ and ‘Education Level’ were significant predictors for 

MD B. The table also shows that both ISD A and ISD B models were found to be significant. 

The significant predictor for ISD A was ‘Age’ while both ‘Age’ and ‘Education Level’ were 

significant predictors for ISD B. Lastly, Age, Gender, and Education Level were removed as 

predictors for the rISD IIV measure because they were already included in the calculation of 

the rISD values. Both the rISD A and rISD B multiple regression outputs were non-

significant since neither of the choice of handedness variables were a significant predictor in 

either model.  

Table 4 

Results of the Multiple Regression Analyses for All the IIV Measures Within the HC Group 

 t p β F (df) p Adj. 𝑅2 

MD A        

Model    6.77 (6, 223) <0.001 0.13 

Age 6.07 <0.001 0.01    

Gender -1.19 0.237 -0.05    

Edu Level Low -0.12 0.903 -0.01    

Edu Level High -0.24 0.814 -0.01    

Left-Handed 0.99 0.325 0.07    

Ambidextrous 0.12 0.970 0.02    

MD B        

Model    13.75 (6, 223) <0.001 0.25 

Age 6.49 <0.001 0.01    

Gender -1.64 0.103 -0.06    

Edu Level Low 2.33 0.021 0.20    

Edu Level High -2.82 0.005 -0.12    

Left-Handed 1.80 0.073 0.11    

Ambidextrous -0.75 0.455 -0.08   

ISD A  

Model    8.26 (6, 223) <0.001 0.16 

Age 5.97 <0.001 0.01    

Gender -1.78 0.076 -0.05    
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 t p β F (df) p Adj. 𝑅2 

Edu Level Low 0.71 0.482 0.05    

Edu Level High -1.85 0.066 -0.06    

Left-Handed 0.23 0.819 0.01    

Ambidextrous -0.63 0.531 -0.05    

ISD B        

Model    13.86 (6, 223)  <0.001 0.27 

Age 6.50 <0.001 0.01    

Gender -1.47 0.142 -0.05    

Edu Level Low 2.35 0.020 0.16    

Edu Level High -3.21 0.002 -0.11    

Left-Handed 0.83 0.409 0.04    

Ambidextrous -0.94 0.350 -0.08    

rISD A        

Model    0.96 (2, 226) 0.386 0.00 

Left-Handed 0.15 0.881 0.01    

Ambidextrous 1.38 0.169 0.14    

rISD B        

Model    1.30 (2, 226) 0.274 0.00 

Left-Handed 1.57 0.12 0.09    

Ambidextrous 0.50 0.62 0.05    

Note. Bolded variables indicate significant predictors of the associated model. Education was 

shortened to ‘Edu.’ Variables ‘Left-Handed’ and ‘Ambidextrous’ refer to the choice of 

handedness for each participant. 

 

The second set of multiple regression analyses utilized only the ABI group and 

analyzed variables age, level of education, gender, handedness, the etiology of the ABI, the 

side the lesion was found, the binocular visual field affected, and time since the last ABI 

occurred as predictors of all the IIV measures. A Bonferroni correction was calculated by 

dividing the alpha value from the number of predictors, readjusting the p-value to 0.0033 for 

the MD and ISD measures and a p-value of 0.0045 for the rISD measures, respectively. Table 

5 depicts the MD A and MD B regression models. Both models were statistically significant; 

‘Age’ was the only significant predictor for the MD A measure while ‘Age’, ‘Gender’, and 

‘Stroke Etiology’ were the significant predictors for the MD B measure, making the 

remaining predictors nonsignificant.  

Table 5 
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 Results of the Multiple Regression Analyses for the MD IIV Measure Within the ABI Group 

 t p β F (df) p Adj. 𝑅2 

MD A        

Model    2.43 (15, 151) 0.003 0.11 

Age 4.57 <0.001 0.10    

Gender -1.86 0.066 -0.11    

Edu Level Low 0.75 0.454 0.05    

Edu Level High 0.40 0.694 0.03    

Left-Handed 0.01 0.991 0.00    

Ambidextrous -0.88 0.383 -0.23    

Recent ABI 1.17 0.244 0.00    

Stroke NOS -0.33 0.739 -0.03    

hCVA 1.42 0.158 0.14    

i-hCVA -0.11 0.912 -0.02    

Both Stroke 0.47 0.640 0.04    

Left Stroke -0.35 0.724 -0.02    

Normal -1.53 0.128 -0.16    

Doubtful -0.32 0.750 -0.03    

Unreliable 0.04 0.967 0.01    

MD B        

Model    3.97 (15, 151) <0.001 0.21 

Age 4.15 <0.001 0.01    

Gender -3.21 0.002 -0.17    

Edu Level Low 0.68 0.498 0.05    

Edu Level High -1.13 0.262 -0.07    

Left-Handed -0.84 0.402 -0.10    

Ambidextrous -0.88 0.380 -0.22   

Recent ABI 1.78 0.078 0.00    

Stroke NOS -0.69 0.489 -0.06    

hCVA 3.81 <0.001 0.34    

i-hCVA 1.37 0.172 0.27    

Both Stroke 1.35 0.179 0.12    

Left Stroke 2.02 0.045 0.12    

Normal -1.54 0.127 -0.15    

Doubtful -0.26 0.796 -0.03    

Unreliable 0.59 0.554 0.15    

Note. Bolded variables indicate significant predictors of the associated model. Education was 

shortened to ‘Edu.’ Variables ‘Left-Handed’ and ‘Ambidextrous’ refer to the choice of 

handedness. ‘Recent ABI’ is the time since last ABI. ‘Stroke NOS’, ‘hCVA’, and ‘i-hCVA’ 

are etiologies of stroke. ‘Both Stroke’ and ‘Left Stroke’ refer to stroke location. ‘Normal’, 

‘Doubtful’, and ‘Unreliable’ refer to the effect on binocular visual fields. 
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 Subsequently, the multiple regression models for the ISD A and ISD B measures 

showed statistical significance. The ISD A model depicted in Table 6 shows that ‘Age’ and 

binocular visual field were the significant predictors while the other predictors in the model 

were nonsignificant. In the ISD B model, ‘Age’, ‘Gender’, and ‘Stroke Etiology’ were the 

significant predictors while the other predictors remained nonsignificant. 

Table 6 

Results of the Multiple Regression Analyses for the ISD IIV Measure Within the ABI Group 

 t p β F (df) p Adj. 𝑅2 

ISD A        

Model    2.72 (15, 151) <0.001 0.11 

Age 4.39 <0.001 0.01    

Gender -0.35 0.724 -0.12    

Edu Level Low 1.09 0.276 0.06    

Edu Level High 0.70 0.483 0.04    

Left-Handed 0.41 0.686 0.04    

Ambidextrous -0.54 0.591 -0.11    

Recent ABI -0.29 0.771 0.00    

Stroke NOS -1.25 0.215 -0.10    

hCVA 1.72 0.088 0.13    

i-hCVA 0.75 0.456 0.13    

Both Stroke -0.26 0.795 -0.02    

Left Stroke -0.80 0.427 -0.04    

Normal -2.89 0.004 -0.24    

Doubtful -0.70 0.486 -0.06    

Unreliable -0.60 0.553 -0.13    

ISD B        

Model    3.42 (15, 151) <0.001 0.18 

Age 4.06 <0.001 0.01    

Gender -2.96 0.004 -0.14    

Edu Level Low 1.62 0.107 0.10    

Edu Level High -0.40 0.689 -0.02    

Left-Handed -0.75 0.456 -0.07    

Ambidextrous -0.94 0.350 -0.21   

Recent ABI 0.65 0.520 0.00    

Stroke NOS -1.03 0.303 -0.09    

hCVA 3.06 0.003 0.25    

i-hCVA 1.31 0.191 0.24    

Both Stroke 0.70 0.487 0.06    
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 t p β F (df) p Adj. 𝑅2 

Left Stroke 0.88 0.381 0.05    

Normal -1.98 0.050 -0.17    

Doubtful -0.66 0.513 -0.06    

Unreliable 0.94 0.351 0.21    

Note. Bolded variables indicate significant predictors of the associated model. Education was 

shortened to ‘Edu.’ Variables ‘Left-Handed’ and ‘Ambidextrous’ refer to the choice of 

handedness. ‘Recent ABI’ is the time since last ABI. ‘Stroke NOS’, ‘hCVA’, and ‘i-hCVA’ 

are etiologies of stroke. ‘Both Stroke’ and ‘Left Stroke’ refer to stroke location. ‘Normal’, 

‘Doubtful’, and ‘Unreliable’ refer to the effect on binocular visual fields. 

 

Finally, both the rISD A and rISD B models were statistically nonsignificant. Table 7 

shows that the rISD A measure had no significant predictors, while the rISD B measure had 

‘Stroke Etiology’ as a sole significant predictor.   

Table 7 

Results of the Multiple Regression Analyses for the ISD IIV Measure Within the ABI Group 

 t p β F (df) p Adj. 𝑅2 

rISD A        

Model    0.76 (11, 154) 0.677 -0.02 

Left-Handed 0.11 0.910 0.01    

Ambidextrous -0.20 0.840 -0.04    

Recent ABI 0.70 0.483 0.01    

Stroke NOS -0.52 0.603 -0.04    

hCVA 1.05 0.295 0.08    

i_hCVA 0.03 0.980 0.00    

Both Stroke 0.13 0.897 0.01    

Left Stroke -0.66 0.512 -0.04    

Normal -2.30 0.023 -0.19    

Doubtful -0.89 0.374 -0.08    

Unreliable -0.53 0.598 -0.11    

rISD B        

Model    1.89 (11, 154) 0.045 0.12 

Left-Handed -0.95 0.344 -0.09    

Ambidextrous -0.59 0.559 -0.13   

Recent ABI 1.38 0.168 0.00    

Stroke NOS -0.56 0.577 -0.05    

hCVA 2.98 0.003 0.24    

i_hCVA 1.11 0.270 0.20    

Both Stroke 0.70 0.486 0.06    
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 t p β F (df) p Adj. 𝑅2 

Left Stroke 0.94 0.347 0.05    

Normal -2.28 0.024 -0.20    

Doubtful -0.71 0.480 -0.06    

Unreliable 0.60 0.551 0.13    

Note. Bolded variables indicate significant predictors of the associated model. Education was 

shortened to ‘Edu.’ Variables ‘Left-Handed’ and ‘Ambidextrous’ refer to the choice of 

handedness. ‘Recent ABI’ is the time since last ABI. ‘Stroke NOS’, ‘hCVA’, and ‘i-hCVA’ 

are etiologies of stroke. ‘Both Stroke’ and ‘Left Stroke’ refer to stroke location. ‘Normal’, 

‘Doubtful’, and ‘Unreliable’ refer to the effect on binocular visual fields. 

 

Discussion  

 The field of neuropsychology has been evolving within the last few decades with the 

adoption of technology within their assessment testing compared to the traditional hands-on 

approach. There has been sparked interest in the potential of digitalized testing and its 

prospective in revolutionizing the way diagnostics, treatment, and rehabilitation can be 

improved through added benefits available due to the nature of computerization. As such, this 

current study tried to extract the inventive potential of digitalizing the TMT. This was done 

by assessing the comparability of the pTMT and dTMT, and whether the dTMT is able to 

provide additional information onto traditional outcome measures of the pTMT that could 

help improve the future of diagnostic care in neuropsychology. This was conducted through 

the investigation of four research questions; the first question tried to establish comparability 

and differences between the pTMT and dTMT, in order to prove the core features found in 

the pTMT to be preserved and interchangeable in the dTMT. After establishing equivalency 

of the dTMT in comparison to the pTMT, the second research question examined whether the 

IIV measures calculated from the dTMT provided any additional information of value, in 

adjunct to the traditional outcome measures conceivable from the pTMT. The third question 

assessed whether the new outcome measures calculated from the dTMT, the IIV scores, are 

able to distinguish the participants with ABI from the healthy participants, and whether those 

injured scored higher than the HCs. Lastly, after confirming that ABI participants have higher 
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IIV scores compared to the HCs, the final research question delved a bit deeper into the IIV 

measures and tried to identify potential predictor variables which had any discernable 

influence over the IIV scores.  

RQ 1: Is there a distinction between the paper and pencil vs digital version of the TMT 

within the HC? 

 Primarily, the initial question explored in the present study was whether the digital 

version of the TMT was comparable to the commonly used paper and pencil version of the 

TMT. According to the results obtained, there is a strong correlation between two pairs; the 

dTMT A and pTMT A and the dTMT B and pTMT B. This would indicate that the digital 

and paper versions of the TMT are indeed comparable, and that both parts of the dTMT 

assess neuropsychological functioning similarly to both parts of the pTMT. Similar studies 

reported high correlations with their paper and digital versions of the TMT as well, further 

supporting the current study’s analysis (Bracken et al., 2018; Dahmen et al., 2017; Lunardini 

et al., 2019; Park & Schott, 2021). Subsequently, the derived ratio scores of the dTMT and 

pTMT were poorly correlated and marginally nonsignificant after applying the Bonferroni 

correction. Possible explanations for this occurrence include the inclusion of outliers in the 

data analysis, explained more in the limitation section, and overall score differences between 

the dTMT and pTMT, as the latter was administered after the dTMT, which meant that the 

participants could have gotten used to the testing conditions which could have an influence 

over performance and scoring.  Additionally, since the HC participants were given both the 

paper and digital versions of the TMT, there could have been the influence of practice and/or 

learning effects, as both versions are very similar. Thus, it should be considered the HC group 

quickly adapted to the pTMT compared to their first chance with the dTMT resulting in the 

HCs taking less time to complete the pTMT. This could also affect the total time scores, 

however, the TMT A and TMT B both assess distinctive cognitive domains, with the TMT B 
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being more demanding, thus, participants took longer time to complete part B’s of both the 

dTMT and pTMT, which would also affect the outcome measure. Moreover, the TMT B 

assesses parts of executive functioning and the ratio score mainly measures only domains of 

executive functioning, thus, considering that the TMT A has no influence from any cognitive 

abilities of executive functioning, the ratio score was probably affected (Specka et al., 2021; 

Arbuthnott & Frank, 2000; Corrigan & Hinkeldey, 1987; Llinàs-Reglà et al., 2016; Sánchez-

Cubillo et al., 2009). This phenomenon, in addition to the practice effects, could have had an 

effect on the poor correlation.  

However, even with high correlations between the completion times of the dTMT and 

pTMT, the mean values for the dTMT for all three pairs were comparatively higher. This 

suggests that on average, participants took more time in seconds to complete the digital 

version of the neuropsychological test, which has been similarly noted in other research (Park 

& Schott, 2021). This could be the result of participants taking time to adjust to the use of the 

stylus and tablet, especially when a large portion of the participants were belonging to an 

older age category who were taking the test for the first time. As Park & Schott (2021) stated 

in their research, older participants, aged between 50 and 82, have less comfort and 

familiarity with technology unlike their younger counterparts, which is a plausible 

explanation for the present study as well since majority of the HC group comprised of 

individuals being 40+ years of age, and the average age being 55. Conclusively, it can be 

claimed that this particular dTMT does, indeed, have comparable traits with the traditional 

pTMT, as the highly correlated completion times of both tests attest to this notion. Due to the 

practice effects, the correlations found could be lower than is the true case, as there could be 

an underestimation of the effect. Considering that scoring is heavily dependent on how long it 

takes to complete the TMT, it was slightly discouraging to see the dTMT performance to take 

longer to complete than the pTMT, since this would imply that the traditional psychometric 
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data would not be applicable to the dTMT of this current research. Nevertheless, with the 

utilization of the DiaNAH Test Battery, data is being quickly collected and processed in order 

to create comparable psychometric data for the dTMT. Moreover, with only slight differences 

between the dTMT and pTMT, the present study was able to further extrapolate new outcome 

measures, the intraindividual variability scores, in order to stretch the diagnostic potential of 

the TMT along with the traditional outcome measures.     

RQ 2: Do the IIV Measures Provide Added Value to the digital version of the TMT? 

 This study’s second research question focused on whether the IIV measures 

calculated from the dTMT scores provided any additional diagnostic or clinical value in 

addition to what is already gleaned from the traditional scores of the TMT. There were strong 

relationships between the IIV measures MD A, ISD A, and rISD A and the dTMT A, which 

may indicate that the longer a participant took to complete the dTMT A, the higher their 

score for their respective IIV measure. Longer time taken to complete the TMT would result 

in higher TMT scores and would signify a deficiency from normal cognitive functioning 

(Llinàs-Reglà et al., 2016). Since there is a positive association between IIV scores and 

dTMT completion time, it can also be suggested that a higher completion time would result in 

a higher IIV score, and a higher IIV score would denote an increased risk in cognitive 

dysfunction.  This would be an appropriate conclusion considering Burton et al., (2006) were 

able to provide evidence that there is an association between an increase in neurological 

dysfunction and intraindividual variability. Furthermore, there were moderate relationships 

between the MD A, ISD A, and rISD A and dTMT B which is in line of expectation as the 

IIV measures were calculated from the dTMT A. Thus, considering the differences in 

cognitive assessments between parts A and B of the TMT, one would expect the IIV 

measures of part A to be slightly less correlated with the dTMT B and vice versa. Indeed, the 

IIV measures of part B had strong relationships with the dTMT B compared to the moderate 
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correlation of the dTMT A with the dTMT B. This is a good indication that indeed the IIV 

measures may provide some added potential to the cognitive assessment of an individual, 

considering none of the correlations equaled to 1, so it can be assumed the IIV measures do 

provide additional information for consideration, in addition to the traditional measures. 

Accordingly, some studies have shown that intraindividual variability in testing has potential 

to reflect neuropsychological and performance decline (Hultsch et al., 2000; Bleiberg et al., 

1997; Collins & Long, 1996; Stuss et al., 1989, 1994). Thus, there is potential for IIV 

measures calculated from the present study’s dTMT to account for some shift in mental 

functioning, which was explored in the third research question. Interestingly, however, the 

ratio score of the dTMT had very low to negative and non-significant relationships with all 

the part A’s IIV measures while having moderate, positive relationships with all of the part 

B’s IIV measures. A possible explanation could be found in the study of Sanchez-Cubillo et 

al. (2009). These authors conducted research to assess the underlying cognitive mechanisms 

behind the TMT A, TMT B, and its derived scores. According to the study, much of the TMT 

A’s variance was explained by perceptual speed and visual search while task switching and 

working memory accounted for TMT B’s variance, both of which did not correlate with the 

ratio score derived from the TMT. Research suggests that the ratio score is the strongest 

measure of executive functioning as it is derived from working memory and inhibition 

control, without the influence of processing speed (Specka et al., 2021; Arbuthnott & Frank, 

2000; Corrigan & Hinkeldey, 1987; Llinàs-Reglà et al., 2016; Sánchez-Cubillo et al., 2009). 

This explanation seems applicable to the results of the present study as well, since the dTMT 

B assesses higher executive functioning than the dTMT A, the ratio score probably diluted 

the effects of part A, which makes it less correlated with part A than with part B. Therefore, a 

low correlation was expected between the IIV measures and the dTMT A, and moderate 

correlations were assumed between the IIV scores and the dTMT B. All in all, the results 



DIGITAL ADMINISTRATION OF THE TMT                                                                      38 

 

provided insight for the current research to be able to believe that the IIV measures are able 

to provide essential and novel information along with the traditional scores calculated from 

the TMT. It also laid the foundation for the IIV scores’ capability to potentially differentiate 

between healthy populations from those with ABIs which was further appraised in the third 

research question. 

RQ 3: Do the ABI group show greater IIV than the HC group on the TMT IIV 

measures? 

 The third research question in the present study explored whether the IIV measures 

could discriminate between healthy controls and those with acquired brain injury by 

reflecting those with ABIs having higher scores than the HCs. This was conducted through 

two separate Independent Samples T-Tests; one with the matched participants sample as the 

independent group and the MD and ISD variables as the dependent group and another with 

all the participants as the independent group and just the rISD variables as the dependent 

group. For the MD and ISD variables, the study was able to use a cohort of 220 participants 

with and without ABI who were matched one-on-one with those with similar educational, 

age, and gender backgrounds in order to control for the confounding effects of those three 

demographics. Research suggests that age does have a confounding effect on performance on 

the TMT, especially for the TMT B (Woods et al., 2015; Zalonis et al., 2008), with 

performance diminishing as age gets higher. Education level also seems to have an effect on 

TMT performance as performance may increase or decrease depending on intelligence 

(Tombaugh, 2004; Spreen & Strauss, 1998). Overall, demographic data such as age, gender, 

and education level seem to have an effect on TMT performance, and the present study 

wanted to assess the viability of the IIV measures without the influence of confounding 

factors in the dTMT. The results of the current research show that for each of the MD and 

ISD variables, the ABI patient group had significantly higher scores, on average, than the 
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healthy control group. This could suggest that the present study’s IIV measures are able to 

discriminate between ABI and HC groups, with a higher score indicating compromised 

neurological functioning. Likewise, other studies corroborate the aforementioned finding, as 

certain neurological conditions, such as traumatic brain injury, have higher IIV scores than 

the healthy cohort (Stuss et al., 2003; Bielak & Anstey, 2019). Moreover, research has 

documented that baseline IIV scores have a potential to predict future neuropsychological 

deterioration, such as mild cognitive impairment (Bielak et al., 2010; Cherbuin et al., 2010; 

Bielak & Anstey, 2019) and dementia (Kochan et al., 2016; Tales et al., 2012; Bielak & 

Anstey, 2019). For the rISD variable, there was no matched group as the variable is 

standardized in itself; the residualized ISD scores were converted with normalized scores 

within a standard population in order to maintain uniformity through the removal of within 

and in between person performance differences through the use of the residuals (Ali et al., 

2019). Thus, the whole sample population was used for this variable as there are no large 

confounding effects due to the standardization applied. Results clearly indicated that the ABI 

group, again, scored higher than the HC group, for both rISD A and rISD B, which means 

that all of this study’s IIV variables are suggested to differentiate between brain injured 

persons and healthy participants. Indeed, a study conducted by Bielak & Anstey (2019) 

documented that those with a higher rISD score, on average, showed greater decline in 

functioning over time. The rISD variables had large effect sizes as well, which means that the 

IIV measure showed a great difference between the ABI and HC participants. For the 

purposes of the present study, seeing such differences between healthy participants and those 

with ABI gives a strong indication that all three of the IIV measures were able to separately 

identify the two groups, and a higher score in any of the IIV variables indicated brain injury. 

By establishing the differential capabilities of the IIV measures, the current research is able to 

support its ability to distinguish between ABI and non-ABI participants, however, there could 
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be some predictor variables that have influence over the measures in its aptitude to 

differentiate. Thus, the last research question of the present study assessed potential 

predictors that might have had, if any, effect on the IIVs.   

RQ 4: What predictor variables influence IIV in ABI and HC participants? 

 The final research question studied was to see whether certain predictor variables had 

an impact on the IIV variables. This was conducted by separate multiple regression models 

for the ABI and HC groups. For the healthy participants, age, gender, handedness, and 

education level were analyzed in the model. Currently, there are inconsistencies on the effects 

of gender on the performance on the TMT (Woods et al., 2015) thus the present study would 

like to assess whether these inconsistencies are also apparent in the dTMT. While age and a 

higher educational level had significant relationships for all of the dTMT B’s IIV measures, 

age was the only variable that had a significant relationship for all of the dTMT A’s IIV 

measures. Interestingly, the rISD A and B measures had no significant relationships with 

handedness. There are some conclusions that can be possibly drawn from the influence of 

predictor variables in healthy control groups. Firstly, the higher the age of the participant, the 

higher the score of the IIV measures. This finding is consistent with other research which 

have shown that IIV scores tend to increase with age even in healthy cohorts (Bielak & 

Anstey, 2019; Hultsch et al., 2002; MacDonald, Hultsch, & Dixon, 2003). Schretlen et al. 

(2003) found that the MD IIV measure also increased in value as age increased even in 

healthy populations. Naturally, cognitive performance does decline with age in healthy 

populations as seen in a longitudinal study by Bielak & Anstey (2019). The researchers 

reported that the association of higher IIV scores and lower cognitive functioning was 

stronger in their young cohort compared to their middle and older cohorts as cognitive 

decline was more apparent, from individual baseline, in the younger sample in a span of over 

8 years. Thus, this shows that it is naturally expected to decline in cognitive performance as 
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one gets older, regardless of the absence of an ABI. Hence, the results of the current research 

are in accordance to other studies which reflect age as an influential predictor variable for IIV 

measures. This could be explained by the idea that an IIV measure is seen as a developmental 

phenomenon (Bielak & Anstey, 2019) and can assume longitudinal cognitive changes (Bielak 

& Anstey, 2019; Kochan et al., 2016) which is apparent as well in older, healthy populations 

because of natural cognitive decline as one gets older. Secondly, since the TMT B tests 

higher executive functioning than the TMT A, it is insinuated that a higher education level 

would decrease as the IIV value increases, since education level has been a constant predictor 

for performance on the TMT (Tombaugh, 2004; Woods et al., 2015). This current research’s 

result also corroborates the aforementioned phenomenon as there was an indication that there 

is some relation between the dTMT B’s IIV and education level; specifically, a higher 

education level. Tombaugh’s (2004) study also concluded that there were only effects of 

education and age, but not gender, on the performance on the TMT, which seems to be the 

case in the present study as well. For the handedness variable, there was no indication of 

influence on the performance on the dTMT, which is contradictory to the study conducted by 

Bracken et al. (2018) as they found effects of both left and right handedness on their iPad 

version of the dTMT and the pTMT in a sample of currently enrolled students starting at the 

age of 18. This discrepancy could be due to their cohort consisting of a smaller sample size 

than the present study as well as the fact that their cohort consisted of college students who 

are well versed in test taking and technology in comparison to this current study’s older, 

mixed cohort.  

 Subsequently, the influence of age, gender, handedness, education level, ABI 

etiology, the left, right, or both sides of the brain affected by the ABI, time since the last ABI, 

and if the binocular visual field was affected for each IIV measure was analyzed within the 

ABI population. In the ABI cohort, the significant predictors were variant for the IIV 
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measures, with age being the only constant predictor for all of the IIVs, except for the rISD 

measures, as age was not a predictor that was tested with it. For the MD B and ISD B 

measures, gender and ABI etiology were significant, in addition to age. In the ISD A model, 

binocular visual field was significant alongside age. The rISD B model had ABI etiology as 

the only significant predictor. As mentioned previously, age being a significant predictor for 

all the IIVs is in accordance with previous research regarding higher age and subsequent 

diminishing functioning. Interestingly enough, education level was no longer a predictor 

variable for any of the IIVs for the ABI cohort. This could be in part that the ABI cohort were 

older on average and naturally undergo cognitive decline and their ABI diagnosis probably 

also affected their performance. Thus, the effects of education might have diminished due to 

the aforementioned confounding factors. Moreover, most of the ABI participants had a low or 

middle education level, which affects performance. Indeed, a study conducted by Tombaugh 

(2004) reflected that as age increased and education level decreased, participants performed 

worse on the TMT. It is thought-provoking to see ABI etiology only influencing the MD B, 

ISD B, and rISD B IIV measures, especially those with hemorrhagic cardiovascular accident, 

and a possible explanation could be that the neurological impairment in the 17 participants 

with hCVA coincided with the cognitive domains affected in the performance of the dTMT-

B, which was screened in the subsequent IIV measures. Another possible explanation could 

be that the effects a hCVA would have in everyday functioning would be variant from person 

to person, as brain injury in one area would not cognitively or physically affect someone else 

with a hCVA in the same way. Indeed, studies state that after an event of a stroke, various 

cognitive domains are affected depending on stroke etiology (Torrisi et al., 2019; Zucchella 

et al., 2014). So, since it is not known what neurological functioning has been affected by the 

brain injury, it cannot be assumed how every ABI participant would be affected in their TMT 

performance, especially when various domains are assessed while performing the TMT. 
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Other research suggest that processing speed and executive functioning are most commonly 

affected post-stroke (Kliem et al., 2021; Cumming et al., 2012). To the best of our 

knowledge, there is little research on different CVA types and IIV measures derived from a 

dTMT. Therefore, future research should delve deeper into these IIV measures and their 

capacity in differentiating between other disorders, etiologies, and diseases.     

Limitations 

 The results of this current study should be approached with some caution as the 

conscious decision to include outliers in the data analysis was made. This is because the 

removal of any outlier would have purposefully excluded participants with extreme scores in 

the dTMT or pTMT, which would then tailor the results to reflect statistical significance, and 

remove legitimate observations. This would then become an erroneous decision as the study 

would no longer be representing a real-world population analysis. Thus, in order to avoid data 

manipulation, bias, and Type I Errors (Gress et al., 2018), the data was treated with logarithm 

transformations in order to meet the assumptions for the multiple regression analyses. 

However, the ‘Time before onset’ predictor variable remained independently nonlinear for 

each IIV measure. Nonetheless, due to the residual plots for the model being normal and 

linear, this issue was overlooked. Another limitation includes the purchase and use of specific 

hardware, the Wacom 24-inch screen tablet from Metrisquare B.V., and DiagnoseIS software.  

Moreover, the DiaNAH Test Battery that includes the dTMT from the current 

research has to be purchased separately as well. The aforementioned limitations could be very 

costly to purchase and difficult to justify the cost effectiveness to your employer or 

organization. Also, the constant need to update the software and test battery versions is not 

only cost inefficient, but also time consuming to learn and adapt to the new formatting as an 

individual practitioner or a whole clinic. Additionally, normative and psychometric data is 

currently being collected, so as of the present study, there are no standardized information 
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available for comparison, however, normative data for the Dutch population is being updated 

and will be soon available for use and include the benefit of automatic test scoring. A third 

limitation includes the possibility of practice and/or learning effects within the healthy 

participants as they took both TMT versions subsequently. Thus, there is a chance that some 

participants were able to perform better in the pTMT as they may have gotten used to the test 

through their first trial of the dTMT which could have influence over the size of the effect 

found in the correlational analysis between the two. Namely, the participants who took the 

pTMT could have finished the test quicker than their attempt at the dTMT, which would 

affect their scoring, as scoring relies on time. However, an overestimation of results would be 

preferred over an underestimation in order to avoid undetected neurological decline.  

Interestingly, Bracken et al. (2019) found that the spatial dimensions of their screen 

versus the paper TMT could have had an effect on performance. This could hold true in this 

research as well, considering the screen’s dimensions were larger than the paper-based test, 

which would affect the distance between dispersed stimuli. Lastly, while some may argue the 

irrelevance of the Bonferroni adjustment in clinical use (Perneger, 1998), as the argument is 

that the Bonferroni method relies on the generic null hypothesis, which is the “wrong 

hypothesis” as it is of no use to the researcher. Perneger argues that the risk of type II errors 

is increased through the method, and that important results are then seen as non-significant 

and the statistical dependency remains on the number of other tests performed. Nonetheless, 

the present study applied the Bonferroni method in order to avoid the possibility of rejecting 

a true null hypothesis, as it is the safer statistical mistake to occur in comparison to a type II 

error.    

Future Direction 

With the novelty of the current research’s dTMT, the future direction for further 

studies has many possibilities. Firstly, the transferable qualities from the pTMT to the dTMT 
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should be replicated in other research in order to establish corroboration and psychometric 

data, such as norms, validity and reliability. The first indications of psychometric data for the 

dTMT from the DiaNAH Test Battery (de Vries et al., 2017) are currently being collected 

within the Dutch population, and would be available for use in the near future, allowing for 

the added benefits of automatic scoring and reporting. Nevertheless, there have been some 

studies which digitalized the TMT with other methods, such as an android application-based 

test on a 12-inch multi-touch screen Samsung Galaxy Note Pro (Park & Schott, 2021) or a 

9.7-inch iPad with a stylus (Bracken et al., 2019), which provides some psychometric insight. 

The iPad research conducted by Bracken et al. (2019) showed that Part A of their dTMT did 

not provide efficient test-retest reliability, however, Part B showed promising test-retest 

reliability in most of their groups. On the other hand, their Part B did not result in acceptable 

concurrent validity while Part A did. However, the authors of the study did point that the 

promising validity in Part A had no significance without acceptable reliability. Conversely, 

the research conducted by Park & Schott (2021) resulted in adequate reliability, validity, and 

high sensitivity. Clearly, further research is necessary in order to figure out the psychometric 

information of computerized TMT testing, including the DiaNAH Test Battery (de Vries et 

al., 2017), in order to pertinently assess whether or not digitalized testing could be used as a 

replacement for traditional neuropsychological testing.  

Next, intraindividual variability as calculated in the present study should be replicated 

in future research using this current dTMT, in order to establish further evidence for the use 

of the three IIV measures in the context of predicting neurological functioning. It would also 

be interesting to see whether this dTMT would be able to distinguish between malingerers 

and genuine performance like in other versions of the dTMT (Woods et al., 2015). The 

current study was able to indicate that these IIV measures have the possibility of 

distinguishing between participants with ABI and those in the HC group, which should be 
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further replicated and tested within other disorders to gauge whether they can differentiate 

between the dysfunctional and healthy, and what higher or lower scores actually translate to 

in real world functioning through longitudinal analyses of the sample population (Bielak & 

Anstey, 2019). Furthermore, with regards to the three different IIV measures, there are some 

considerations to review, even though all three were able to differentiate between the ABI 

and HC cohorts, because there are clear differences amongst the IIV measures in theory and 

practicality. For example, the ISD measure does not control for mean reaction time, and since 

the ISD is calculated the standard deviation (SD) over ISIs, the value of the IIV can be 

skewed (Bielak & Anstey, 2019; Hultsch et al., 2008). This is because the SD is strongly 

correlated with the mean, so a participant scoring high or low could be because of the 

correlational effect between the SD and mean. Thus, the ISD measure would not be reflective 

of true variability (Bielak & Anstey, 2019; Hultsch et al., 2008). Also, the method of 

calculating the ISD is questionable in itself, as the value would be reliant on the main effect 

of the ISD, effect of the mean performance, and the interaction of the two, which means the 

ISD score could be influenced by the aforementioned effects, and not just variability (Bielak 

& Anstey, 2019; Hultsch et al., 2008). Therefore, it would be recommended to follow the 

calculation of the rISD measure, inspired in part by Hultsch et al (2000; 2008), as this is the 

residualized version of the raw score. The rISD is more apt in apportioning the influence of 

the interaction and main effects of other factors, making the variability score more accurate. 

With regards to the MD measure, the only limitation with it is that those who show 

pronounced IIV at the uppermost distributed scoring on the TMT might be less likely to 

reflect their IIV score since mean scores are already “close to their ceilings (Schretlen et al., 

2002).” This could be explained by the fact that some neuropsychological tests measure a 

person’s ability rather than deficit, in which the MD fails to establish in those people who 

score really high. Hence, the choice to use which IIV measure relies on what the researcher 
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wants, which neuropsychological test is being used, and whichever measure suits their study 

best. Overall, however, the rISD seems to be the most flexible in analysis, while the MD 

depends on the testing used or to interpret the results with the hiccup in mind. With the 

increasing use of computerized testing and technology in neuropsychology, the present 

study’s dTMT has a lot of potential that needs to be further replicated and researched. The 

application of the dTMT and its IIV measures in clinical practice would revolutionize the 

diagnostic and rehabilitation competencies of neuropsychology. People could be informed 

about their cognitive health longitudinally and have it profiled over time to note progress and 

decline of disorder or disease. Treatment can initiate at earlier times which could preserve 

disease progression or compensatory skills can be taught in advance in order to be prepared 

for life long changes. All of these benefits could preserve and increase the life expectancy 

and satisfaction of patients, which would now can be possible through the extended research 

of the dTMT and intraindividual variability.   

Conclusion 

 The research conducted in this study was able to extend the possibilities of traditional 

paper and pencil testing, opening doors to the many potential opportunities offered through 

the digitalization of traditional testing, for prognosis, diagnostic, and rehabilitation purposes. 

The dTMT garnered from the DiaNAH Test Battery has been shown to be comparable and 

consistent with the pTMT, but with more potential offered. The dTMT was valuable for 

clinical use in addition to the traditional outcome measures, such as the calculation of the 

intraindividual variability of a participant. The digitalization and assessment of the IIV was 

conducted through four research questions analyzed in the present study. The first research 

question found the dTMT to have variant completion times to the pTMT, which laid the 

foundation for the present study to further assess why there were noticeable differences and if 

there was any added value in the dTMT. Thus, the second research question utilized a 
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correlational analysis to extrapolate the newfound potential of the dTMT in addition to the 

pTMT and when that was noticed, the correlations helped in order to justify the calculation of 

IIV measures from the dTMT. Subsequently, the third research question wanted to gauge 

whether the IIVs had the capability to differentiate between those with and without an ABI, 

which was confirmed in our results as the ABI cohort scored higher IIV values than the HC. 

The fourth research question found ‘Age’ to be a predictor variable for the MD and ISD 

measures in both participant groups. Education level had a predictor effect for the HC group 

for all the IIVs, excluding the rISD while stroke etiology had an effect on the dTMT B for the 

IIV measures.   

The current research was the initial one to establish validation of the dTMT and its 

potential through the IIV outcome measures. Other immediate benefits include decrease in 

administration time and effort, easy storage of information, standardization of the whole 

assessment process, and efficient scoring and patient profiling, all unattainable through the 

pTMT. Moreover, the IIV measures calculated from the dTMT seems to have potential to 

differentiate between normal and brain injured functioning, however, there is a lot of research 

needed in order to understand what the distinction between the ABI and HC mean, how it 

translates into real world functioning, and in what capacity can it be used in diagnostics. 

Nevertheless, the validation and establishment of one of the first research into the dTMT and 

intraindividual variability calculated in three different ways is groundbreaking in 

neuropsychological care. Through the continued development of the findings of this dTMT 

and IIV, there is no doubt the added potential would blossom and be essential in future care. 

Consequently, the present study has cemented some of the foundation into unlocking the 

many intraindividual, diagnostic possibilities that can be gleaned from the TMT. 
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Appendix A 

Assumption Section’s Tables and Figures 

The tables and figures below belong to the Assumptions section of the four research 

questions analyzed. All figures are labeled from left to right.  

RQ 1: Paired Sample T-Tests to Assess Differences Between the dTMT and pTMT 

Table A1 depicts the normality assumption for the Paired Sample T-Tests of the first 

research question. As seen in the table, all three pairs violate the normality requirement as 

they all fail to reject the null hypothesis. 

Table A1 

Kolmogorov-Smirnov Test of Normality Between the Differences of the dTMT and pTMT  

 Statistic df p 

Difference TMT A  0.08 227 0.002 

Difference TMT B  0.12 227 <0.001 

Difference B/A 0.10 227 <0.001 

Note. Difference TMT A refers to the subtraction of the total time of the pTMT A from the 

dTMT A. Difference TMT B is the difference between the total time of the dTMT B and the 

pTMT B. Similarly, Difference B/A referred to the difference between the dTMT’s ratio 

score and the pTMT’s ratio score. Lilliefors Significance Correction.  

 

Figures A1 to A6, below, are corresponding histograms and scatterplots which also 

corroborate the normality violation. 
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Figures A1 to A6. Figures A1, A3, and A5 depict the difference in total time it took 

participants to complete part A of the pTMT and dTMT. This difference was calculated by 

the subtraction of the pTMT A from the dTMT A. The x-axis represents the difference score 

of each HC participant in seconds, while the y-axis represents the number of participants who 

completed in the allocated time in seconds. Figures A2, A4, and A6 depict the nonnormality 

of the paired sample variables due to the inclusion of outliers. Scatterplots that depict the 

difference of the pTMT A from the dTMT A, pTMT B from the dTMT B, and difference of 

the ratio scores of the pTMT from the dTMT, respectively, as a plotted value for each HC 

participant. As seen, the outliers detrend the plot from a linear form into a nonlinear trend. 

 

RQ 2: Correlation Between IIV Measures and dTMT Variables 

The next set of tables and figures belong to the second research question exploring the 

correlations between all the variables of the dTMT.  

Table A2 

Kolmogorov-Smirnov Test of Normality Between Variables of the dTMT and IIV Measures 

 Statistic df p 

dTMT A 0.09 229 <0.001 

dTMT B  0.15 229 <0.001 

dTMT B/A 0.13 229 <0.001 

dTMT MD A 0.16 229 <0.001 

dTMT MD B 0.21 229 <0.001 

dTMT ISD A 0.15 229 <0.001 
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 Statistic df p 

dTMT ISD B 0.20 229 <0.001 

dTMT rISD A 0.18 229 <0.001 

dTMT rISD B 0.21 229 <0.001 

Note. The normality assumption for the correlation analysis was violated for all variables. 

Variables were measured in time in seconds. Lilliefors Significance Correction. 

The corresponding histograms and Q-Q plots, Figures A7 through A24, also depict 

the failed normality of the variables of the second research question below.  
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The following scatterplots (Figures A25 through A42) show that the correlational 

variables failed the linearity assumption as well. 
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The standardized residual scatterplots, Figures A43 to A48, below show the failed 

homoscedascity by the IIV measures and dTMT A Total Time involved in the second 

research question. 
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Figures A49 to A54 are scatterplots that show the IIV measures with the dTMT B 

Total Time failing the homoscedascity assumption requirement. 
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Figures A55 through A60 reflect the IIV measures along with the dTMT B/A Ratio 

Score. Likewise, they also failed to reflect homoscedascity. 

 

 

 

RQ 3: Comparison of IIV Measures Between the HC and ABI Groups 
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 The ‘Tests of Normality’ table A3 below depicts that the normality assumption was 

violated for the Independent Samples T-Test for the HC and ABI matched groups. This 

violation is further supported by the histograms and scatterplots (Figures A61 to A76) that 

follow for the MD and ISD measures.  

Table A3 

Kolmogorov-Smirnov Test of Normality Between Variables of the dTMT, MD, and ISD in the 

HC and ABI Populations 

 Statistic df p 

HC    

    MD A 0.17 110 <0.001 

    MD B 0.18 110 <0.001 

    ISD A 0.17 110 <0.001 

    ISD B 0.22 110 <0.001 

ABI    

      MD A 0.20 110 <0.001 

      MD B 0.27 110 <0.001 

      ISD A 0.17 110 <0.001 

      ISD B 0.24 110 <0.001 

Note. Table A3. The normality assumption for the Independent Samples T-Test was violated 

for all variables. Lilliefors Significance Correction 
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The violation of the homogeneity assumption is seen below in the Test of 

Homogeniety of Variance, Table A4. 

Table A4 

Test of Homogeneity of Variance for the MD and ISD IIV Measures 

 

Levene 

Statistic df1 df2 p 

MD A  Based on Mean 12.25 1 218 <0.001 

Based on Median 6.88 1 218 0.009 

Based on Median and with adjusted df 6.88 1 154.61 0.010 

Based on trimmed mean 9.54 1 218 0.002 

MD B  Based on Mean 15.50 1 218 <0.001 

Based on Median 8.75 1 218 0.003 

Based on Median and with adjusted df 8.75 1 121.31 0.004 

Based on trimmed mean 10.50 1 218 .001 

ISD A  Based on Mean 25.66 1 218 <0.001 

Based on Median 20.29 1 218 <0.001 

Based on Median and with adjusted df 20.29 1 149.84 <0.001 

Based on trimmed mean 21.89 1 218 <0.001 

ISD B  Based on Mean 36.22 1 218 <0.001 

Based on Median 16.91 1 218 <0.001 

Based on Median and with adjusted df 16.91 1 131.01 <0.001 

Based on trimmed mean 25.76 1 218 <0.001 
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Note. Table A4 shows that the variables failed the homogeneity of variance 

assumption.  

  

A second Independent Samples T-Test was conducted with the whole sample and the 

rISD measures. The normality assumption was violated as seen by the supporting Table A5, 

histograms, and scatterplots (Figures A76 to A83).  

Table A5 

Kolmogorov-Smirnov Test of Normality Between Variables of the dTMT and rISD in the HC 

and ABI Groups 

 Statistic df p 

HC    

    rISD A 0.18 229 <0.001 

    rISD B 0.21 173 <0.001 

ABI    

      rISD A 0.20 229 <0.001 

      rISD B 0.23 173 <0.001 

Note. Table A5. The normality assumption for the Independent Samples T-Test was    

violated for all variables. Lilliefors Significance Correction. 
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Table A6 shows that the Test of Homogeneity of Variance for the rISD measures also 

failed the assumption requirements.  

Table A6 

Test of Homogeneity of Variance for the rISD IIV Variables 

 

Levene 

Statistic df1 df2 p 

rISD A  Based on Mean 60.98 1 400 <0.001 

Based on Median 33.95 1 400 <0.001 

Based on Median and with adjusted df 33.95 1 233.92 <0.001 

Based on trimmed mean 47.11 1 400 <0.001 

rISD B  Based on Mean 49.10 1 400 <0.001 

Based on Median 31.68 1 400 <0.001 

Based on Median and with adjusted df 31.68 1 202.26 <0.001 

Based on trimmed mean 39.03 1 400 <0.001 

Note. Table A6 shows that the rISD A and rISD B variables fail the assumption for 

homogeneity of variance.  
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RQ 4: Multiple Regression Analyses to Analyze Which Predictor Variables Influence 

IIV in HCs and ABIs 

 There were two multiple regression models analyzed in the fourth research question. 

The first used four predictor variables (Handedness, Age, Gender, and Education Level) and 

below are the residuals plotted of the model. All six assumptions were met in this model 

(Figures A86 to A97). 
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The second multiple regressions used eight predictor variables (Handedness, Age, 

Gender, Education Level, ABI etiology, side of ABI, affected binocular visual field, and 

Time Since Recent ABI) and are the residuals plotted of the model. All six assumptions were 

met in this model as seen in Figures A98 to A109. 
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