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ABSTRACT
Introduction: Many medical facilities and research institutes start using digital assessment methods
to assess cognitive abilities, such as processing speed, instead of the traditional pen and paper
versions. Even though many of the new digital assessment methods have shown to have a stable
internal validity, the comparability of results across assessment modes is unclear. The study investi-
gated whether results for assessing processing speed via (i) the traditional pen and paper version, (ii)
a tablet and pen version, and (iii) a tablet and finger version are comparable.
Methods: In a within-subject design, each participant (N= 30) completed the 90-number version
by Oswald and Roth (1987) of the trail-making test (TMT) in three different assessment modes in
randomized order. Each participant completed four TMT versions in each assessment mode (3 × 4
within-subject design).
Results: Repeated measures ANOVA and mixed-effects analyses adjusted for age, gender, mode
order, and trial number reveal significantly faster test TMT completion times (about 5 s) for the
tablet and pen version compared to the pen and paper and the tablet and finger version.
Conclusions: Our findings indicate that assessing processing speed can lead to different results
with different digital versions depending on their setup, especially different input devices.
Medical professionals and researchers who use digital assessment methods to assess cognitive
abilities need to be aware of mode effects, even within the digital assessment domain, because
the results may not be comparable and the available norms may not be applicable.
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Technological innovations and the increasing availability
of online services are changing the world. This includes
epidemiologic and psychometric assessments. Many med-
ical facilities and research institutes started using digital
assessment methods to assess cognitive abilities, such as
processing speed, instead of the traditional paper and
pencil versions. However, digital assessment methods
may not necessarily lead to the same performance scores
as the traditional paper and pencil assessments. Previously
established norms may not be applicable and validity and
reliability may differ.

The visual input of a digital display requires more
perceptual and executive cognitive resources compared
to paper, which strain working memory resources and
can alter response accuracy (Noyes & Garland, 2008).
Reading speed on digital displays is also slower and read-
ing accuracy is sensitive to the visual context (Noyes &
Garland, 2008). Even though studies and meta-analysis
report strong correlations between paper and pencil and
computer versions of psychometric assessments

(Gwaltney, Shields, & Shiffman, 2008; Muehlhausen et
al., 2015; Riva, Teruzzi, & Anolli, 2003; van Ballegooijen,
Riper, Cuijpers, van Oppen, & Smit, 2016), some instru-
ments show low inter-format reliability (Alfonsson,
Maathz, Hursti, & Eysenbach, 2014). For most of the
digitized adaptations, there are no psychometric norms
reported and concurrent validity with the original paper
and pencil version is not established (Gates & Kochan,
2015; Zygouris & Tsolaki, 2014). Vora and colleagues
(2016) investigated differences between computerized
neurological testing and the respective paper and pencil
tests in young adults and came to the conclusion that the
computerized neurological tests are valid but research
teams do not compare the performance scores to the
norms of the paper and pencil version (Vora, Varghese,
Weisenbach, & Bhatt, 2016). Hence, the comparability of
performance score across modes is often unclear.

Assessment mode may considerably alter performance
scores in tests that aim to assess processing speed.
Processing speed is an important clinical marker, for
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instance, for brain infarcts and generalized brain atrophy
(Prins et al., 2005). Processing speed is also used as an
indicator for disease severity in multiple sclerosis
(Demaree, DeLuca, Gaudino, & Diamond, 1999), reading
disability and Attention Deficit/Hyperactivity Disorder
(Shanahan et al., 2006). Yet, assessing processing speed
may be confounded by the assessment mode. Instruction
wording and format, stimuli presentation, and response
methods can cause differences between responses
(Zygouris & Tsolaki, 2014). Digital assessments, for
instance, may come with an increased perceptual load
(Carpenter & Alloway, 2018). Bando, Asano, and Nozawa
(2017) observed that reading from digital devices activates
the parasympathetic nervous system more than reading
frompaper (Bando et al., 2017). Responses on digital versus
paper versions differ also with regard to other factors such
as individual response strategies (i.e., gaming effects), user
expectations, use of one or more fingers, feedback on
errors, and physical challenges (Jenkins, Lindsay,
Eslambolchilar, Thornton, & Tales, 2016). Therefore, it is
necessary to re-evaluate psychometric properties when
developing a new, digital version of an assessment
(Meade, Michels, & Lautenschlager, 2007).

An instrument that is widely used to assess proces-
sing speed is the Trail Making Test (TMT), in particu-
lar, the version in which participants have to connect
numbers in ascending order as fast as possible (Misdraji
& Gass, 2010). The TMT was originally developed for
the Army Individual Test of General Ability to assess
intelligence (Tombaugh, 2004) and was later adopted to
be used in clinical settings (Reitan, 1958). Given its
usability as a clinical screening tool (Martin, Hoffman,
& Donders, 2003), it is important to ensure the validity
of the TMT. The TMT, in which participants connect
numbers in ascending order, requires mainly visuoper-
ceptual abilities (Sanchez-Cubillo et al., 2009).
Therefore, it may be sensitive to simple aspects of the
assessment mode. Previous studies tested digital ver-
sions of the TMT. In 1995, Salthouse and Fristoe devel-
oped a digital version of the TMT in which participants
used the arrow keys on the keyboard to move the
cursor. They observed that a longer completion time
in the digital version that was attributable to the greater
number of keystrokes (Salthouse & Fristoe, 1995). A
study by Fellows, Dahmen, Cook, and Schmitter-
Edgecombe (2016), on the other hand, reported mod-
erate correlations between a tablet-based TMT with a
pen and a paper and pencil version. The input method
may play an important role, as another study that used
the mouse as input device did not observe significantly
different performance scores (Drapeau, Bastien-
Toniazzo, Rous, & Carlier, 2007). These observations
suggest that motor components of the digital TMT –

such as the use of the finger or of a pen – may influence
performance scores. Moreover, the different versions of
the TMT differed in their design. For instance, the
tablet-based TMT contained 20 number-circles whereas
their paper and pencil version of the TMT contained 26
number-circles (Fellows et al., 2016). Differences in the
design of those studies do not allow us to draw any
conclusions on assessment mode effects. For that rea-
son, it is essential to investigate to what extent the
assessment mode affects validity of the TMT, especially
when there are alterations in the design such as the
visual stimuli or the handling of errors. If performance
differs systematically between assessment modes, then
the digital version needs its own psychometrics and
validity testing.

Aim of our study was, therefore, to test for assess-
ment mode effects within subjects while keeping the
design of the TMT the same. We investigated whether
results for assessing processing speed via (i) the paper
and pencil version of the TMT, (ii) a tablet and pen
version of the TMT, and (iii) a tablet and finger version
of the TMT are comparable. For this purpose, we used
the TMT developed by Oswald that contains the num-
bers 1 to 90 in a systematic 9 × 10 grid (Oswald &
Roth, 1987) because it had four different versions avail-
able in which the respective numbers are at different
locations and could thus systematically be tested on the
tablet. This version differs from the version in the
Army Individual Test Battery from 1944 in which 25
numbers are randomly distributed over the paper
(Tombaugh, 2004) but is comparable to a version that
Salthouse and his colleagues used with 49 numbers in a
7 × 7 grid (Salthouse et al., 2000). Our study investi-
gated how performance in the three different assess-
ment modes of the 90 number version of the TMT
differed within-subjects by (a) having participants com-
plete four versions in each assessment mode and (b)
counterbalancing the order of the assessment mode. In
this way, the study also presents findings on the order
of the assessment modes, learning effects over time,
and the role of subjective preferences.

Methods

Study design

The study was approved by the ethics committee of the
Department of Social Science of the University of
Kaiserslautern and was carried out in conformity with
the principles embodied in the Declaration of Helsinki.
The study employed a 3 × 4 within-subject design that
included three different assessment modes with four
TMT versions each. A total of 30 students (73% male)
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from the University of Kaiserslautern participated in
this study. Information about the study was commu-
nicated verbally in meetings, courses, and occasional
encounters on the university campus. If someone was
interested in participating, we gave him or her a date
and time. All participants had a high level of education,
as all of them were actively enrolled at the university.
Of the participants, n = 22 were male and 8 were
female. A total of 10 participants were 22–25 years
old, 14 participants were 26–29 years old, 4 participants
were 30–34 years old, and 2 participants were 34 years
or older. All but one participant reported to be familiar
with tablets.

Trail making test (TMT)

We used the TMT by Oswald and Roth (1987), which
was developed as an alternative method for assessing
intelligence assuming that perceptual information pro-
cessing is a good indicator of intelligence (Oswald &
Roth, 1987). This TMT contains 90 numbers that are
systematically ordered in horizontal and vertical lines
(9 × 10 grid, dimensions 19.5 × 22 cm). The task is to
connect the 90 numbers as fast as possible in ascend-
ing order. The next number to be connected is always
one of the eight adjacent numbers. There are four
different versions (a, b, c, d) of this TMT. The differ-
ence between versions a, b, c, and d is the order of the
numbers. The tablet version of the TMT was devel-
oped using HTML and JavaScript as a web-based
application. It is therefore platform-independent and
can be employed on every browser-enabled device. In
our study, the application was running on an 8-in.
screen of a Samsung Galaxy A touchscreen tablet. The
tablet and the paper and pencil version of the TMT
were scaled to 13 × 13 cm (that is almost 50% of
original size) for them to be exactly the same size. The
screen of the tablet contained 90 empty circles that
were filled with numbers corresponding to one of the
four versions as soon as the participants pressed
“Start”. A timer started from exactly that moment.
To guarantee the comparability of the tablet version
and the paper version, the participants always had to
press a “stop” button as soon as they finished the task.
A screenshot of the completed TMT was either saved
on the tablet or collected by the investigator. We
prepared three different setups each using versions a,
b, c, and d: (i) the traditional paper and pencil ver-
sion, (ii) a tablet and pencil version, and (iii) a tablet
and finger version (3 × 4 design). Accordingly, each
of the 30 participants completed the TMT 12 times in
counterbalanced order.

Procedure

Participants who were interested in taking part in our
experiment were invited to a testing session at our
institute. Each session started with information about
the study and the opportunity to ask questions.
Participants then received instructions about the task.
The instructions included the information to correct
any error immediately by returning to the last correctly
connected number. During the study, participants were
sitting at a desk with a tablet lying flat on the table’s
surface. A regular pen and a special pen for the tablet
were placed next to the tablet. The participants were
informed beforehand about which setup they had to
complete. For the paper version, the TMT was placed
in front of the participant and the participant immedi-
ately pressed “Start” on the tablet timer and began
completing the TMT. For both tablet versions, the
participants had to press “Start” to start the timer and
to begin completing the TMT. The time that the tablet
screen took to refresh after pressing the “Start” button
was comparable to the time that the participants
needed to move their hand from the tablet after press-
ing the “Start” button to the paper. For every version,
the participant had to press “Stop” as soon as he or she
finished the task. The tablet-based TMT picture was
then saved on the tablet and the paper TMT picture
was handed to the investigator. This process was
repeated 12 times in a predetermined, counterbalanced
order of assessment mode and TMT version. After the
last TMT, participants were asked to fill out a short
questionnaire on paper that included questions on age,
gender, familiarity with tablets, perceived ease/control/
comfort (from 1 = low to 5 = high) in completing the
different setups, and setup preference. Following the
testing sessions, the investigators counted the errors on
the TMT pictures. When a participant skipped a num-
ber or connected the wrong number without a visible
trace of him or her going back to the correct number,
then the investigator marked an error.

As the study investigated within-subject effects, the
order in which the participants completed the three
different setups of the TMT – (i) paper and pencil
version, (ii) tablet and pen version, (iii) tablet and
finger version – was counterbalanced between partici-
pants. To guarantee that throughout the entire study,
each setup was completed as first, second, or third by
the same number of participants, we predetermined the
following order: 10 participants doing (i), (iii), (ii); 10
participants doing (iii), (ii), (i); and 10 participants
doing (ii), (i), (iii). Each participant completed each
setup of the TMT four times (e.g., four times (i), four
times (iii), and four times (ii)). The reason for this
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procedure was to make sure that every participant
completed all of the TMT versions a, b, c, and d for
each setup. We counterbalanced the order of these
versions between the setups and between the partici-
pants. In this way, we can test whether the assessment
mode effects are stable across different versions.

Statistical analysis

Statistical analyses were performed using STATA 15
and employed an alpha level for statistical significance
of .05 (two-tailed). Power was estimated retrospectively
using means via the Stata command “power repeated”
specifying between- and within-effect calculation for 30
participants over three conditions that are each
repeated each four times. Results indicated a power of
1.000 when alpha is 0.05.

TMT completion times were normally distributed
and there were no missings. With respect to errors,
we had three missings out of 357 TMT tests because
the screenshots of the respective TMTs did not allow us
to draw firm conclusions on the number of errors that
were made.

Comparisons between assessment modes and the
different versions of the TMT (a, b, c, and d) were
carried out using Analyses of Variance (ANOVA). As
errors were not normally distributed, we repeated the
analysis using Pearson’s Chi-square test. To test for the
influence of age, gender, setup order, number of errors,
and number of uncorrected errors on performance in
the TMT, linear regression analyses were used. Within-
subject effects of assessment mode were analyzed using
repeated measures ANOVA as well as mixed-model
analyses. We chose to calculate mixed-models because
it allows us to model performance in the TMT in the
different assessment modes over time. The mixed-
models included, in Model 1, fixed effects for a trial
number for each participant and random effects for age
and gender and, in Model 2, in addition, nested effects
for assessment mode. Random effects for age and gen-
der were included to adjust for variances in perfor-
mance caused by age and gender. For errors, we used
mixed-effects ordered logistic regression analysis as
errors were not normally distributed.

In the last step, we analyzed the responses on the
questionnaires by calculating means. We created a bin-
ary variable (yes/no) representing whether the trial was
completed in the preferred assessment mode or not. In
this way, we were able to analyze differences in perfor-
mance in the TMT with respect to preference for a
specific assessment mode (using ANOVA).

Results

Average completion times

The average time to complete the TMT was 62.59 s
(standard deviation (SD) 9.14). The completion time
did not differ significantly between the different versions
a, b, c, and d of the TMT (ANOVA F(3,356) = 0.64, p =
.592, see also Figure 1). However, participants com-
pleted the TMT significantly faster in the tablet and
pen version (M= 59.07 s, SD = 10.88 s) than in the
paper and pencil (M= 64.16 s, SD = 13.10 s) or the tablet
and finger version (M = 64.57 s, SD = 13.87 s; ANOVA F
(2,357) = 7.01, p = .001, Bonferroni comparison: Tablet
and pen vs. Paper and pencil −5.092, p = .006, Tablet and
pen vs. Tablet and finger 5.500, p = .003, Paper and
pencil vs. Tablet and finger 0.408, p = 1.000).

Average number of errors

The overall mean error was 0.62 (SD= 0.58). Out of the
357 valid trials, 215 trials (60.22%) did not contain any
errors, 95 trials (26.61%) contained one error, 27 trials
contained two errors (7.56%), 11 trials (3.08%) con-
tained three errors, five trials (1.40%) contained four
errors, and four trials (1.12%) contained five errors.
The mean number of uncorrected errors (i.e., the par-
ticipant did not go back to the last correct number) was
0.09 (SD= 0.15). Out of the 357 valid trials, 29 trials
(8.12%) contained uncorrected errors of which 25 trials
(7.00%) had one uncorrected error, three trials (0.84%)
had two uncorrected errors, and one trial (0.28%) had
four uncorrected errors. All the other errors reported
before were self-corrected. Participants made a similar
amount of errors across assessment modes (ANOVA F
(2, 354) = 1.31, p= .270; Pearson’s chi2 = 15.47, p =
.116) and TMT versions a, b, c, and d (ANOVA F(3,
353) = 0.08, p= .972; Pearson’s chi2 = 20.26, p = .162).

Order of assessments on completion times and
errors

The order of the assessment modes did not lead to
significant different completion times (ANOVA F(2,
357) = 2.56, p= .079) but possibly to significantly dif-
ferent errors (ANOVA F(2, 354) = 5.55, p= .004;
Pearson chi2 = 17.31, p = 0.068). Descriptive inspection
of the data suggested that if participants completed the
tablet and finger version first, they had more errors on
average (M= 0.80, SD= 1.18) than if they completed the
paper and pencil version (M= 0.67, SD= 0.99) or the
tablet and pen version (M= 0.39, SD= 0.67) first.
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Statistical analysis of the errors in the first trial only
revealed no significance (ANOVA F(2, 27) = 0.63, p=
.539; Pearson chi2 = 4.70, p = 0.319).

Multivariate influence on completion time

Age, gender, setup order, and errors on completion
times
The influence of age, gender, setup order, number of
errors, and number of uncorrected errors was analyzed
using linear regression analyses. Results with respect to
each person’s average TMT completion time indicated
no significant effects (p > .20, see Table 1). Linear regres-
sion analyses on each trial’s completion time indicated
that older age (e.g., participants in their 30s), fewer
errors, and the assessment mode tablet and pen were
associated with significantly faster per completion times
(see Table 1). Whether somebody corrected the error did
not significantly alter completion time.

Within- and between-subject effects of assessment
mode on completion times via repeated measures
ANOVA
Repeated measures ANOVA revealed significant
between-subject effects as well as significant within-
subject effects for the trial number indicating a learning
effect (model 1, see Table 2). With each participant

having completed the TMT 12 times, the trial number
(from one to twelve) refers to the first, second, third,
etc., time that the participant completed the TMT
during the experiment. Including nested effects for

Figure 1. Mean completion time by assessment mode in the four different versions a, b, c, and d of the Trail-Making Test (TMT),
separated by the three assessment modes paper and pencil version, tablet and pen version, and tablet and finger version (N = 30).
Error bars reflect the standard error.

Table 1. Linear regression analyses for the impact of age,
gender, order of assessment modes, errors, and uncorrected
errors on each person’s average Trail-Making Test (TMT) com-
pletion time and per trial completion time (N = 30).
Independent variable on each person’s
average TMT completion time b SE t p

Independent variable on each person’s
average TMT completion time

Age −2.51 2.09 −1.20 .241
Gender (female) 2.09 4.29 0.49 .630
Order ((iii), (ii), (i) a) 2.67 4.22 0.63 .540
Order ((ii), (i), (iii) a) 2.70 4.45 0.61 .550
Mean errors 3.56 3.98 0.90 .380
Mean uncorrected errors 6.35 15.21 0.42 .680
Independent variable on each trial
completion time

Age −2.67 0.78 −3.42 .001
Gender (female) 2.36 1.54 1.53 .126
Order ((iii), (ii), (i) a) 3.08 1.62 1.90 .059
Order ((ii), (i), (iii) a) 2.35 1.63 1.44 .151
Assessment mode (Ref: paper and pencil)
tablet and pen

−4.88 1.60 −3.04 .003

Assessment mode (Ref: paper and pencil)
tablet and finger

0.46 1.61 0.29 .773

Number of errors 1.65 0.82 2.00 .046
Number of uncorrected errors 1.97 2.14 0.92 .359

aAssessment mode order with (i), (iii), (ii) being the reference group; (i) =
paper and pencil version; (ii) = tablet and pen version; (iii) = tablet and
finger version; b, coefficient; p, level of significance; Ref., reference group;
SE, standard error; t, t statistics from Analysis of variance test.
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the assessment mode in the model (model 2) revealed
significant main effects for the assessment mode and
the trial number, indicating that participants were able
to complete the tablet and pen version faster and that
the completion time varies between assessment modes
depending on the trial number (see Table 2). Eta-
squared was 0.889 (df 116) for the model, 0.064 (df 2)
for the assessment mode, 0.558 (df 11) for the trial
number, and 0.180 (df 18) for the interaction effect
between assessment mode and trial number. Pairwise
comparison of the estimates suggests the following
contrasts: Tablet and pen vs. Paper and pencil −5.092,
95% CI [−6.419, −3.764], Tablet and pen vs. Tablet and
finger 5.500, 95% CI [4.172, 6.828], Paper and pencil vs.
Tablet and finger 0.408, 95% CI [−0.919, 1.736].

Within- and between-subject effects of assessment
mode on completion times via mixed-models
We analyzed the effect of assessment mode over the
trials in more detail using mixed-effects models (with
random effects for age and gender). Results indicated
that TMT completion times were always significantly
faster in the tablet and pen version than in the paper
and pencil version (see Table 3). Learning effects dis-
appeared after trial eight, and completion time in the
tablet and finger version were not significantly different
from the paper and pencil version (see Table 4). The
predicted mean completion times from the mixed-
effect models were M= 65.15 s (SE = 1.33) in the
paper and pencil version, M= 65.55 s (SE = 1.33) in
the tablet and finger version, and M= 60.05 s (SE =
1.33) in the tablet and pen version; confirming that
participants completed the tablet and pen version
about 5 s faster than the other versions. Analyses with
respect to the number of errors indicated significant
between-subject effects but no effects for trial number
or assessment mode in an repeated measures ANOVA

(see Table 4) and mixed-effects ordered logistic regres-
sion analysis (results not shown).

Subjective preferences of the assessment modes

The responses on the questionnaires indicated that 70.0%
(n = 21) of the participants preferred the tablet and pen
version, while three participants preferred the paper and
pencil version, three participants the tablet and finger
version, and three participants had no preference.
Similarly, n = 20 participants (68.9%) felt that they had
a better performance in the tablet and pen version than in
the other versions. However, participants reported
slightly higher levels of control in the traditional paper
and pencil version (M= 4.30, SD = 0.88) compared to
(M= 4.00, SD = 0.98) in the tablet and pen version and
(M= 3.97, SD = 1.22) in the tablet and finger version (p >
.05). Even though not significantly different, there was a
trend of participants reporting more comfort in the paper
and pencil version (M= 4.03, SD = 0.85) compared to the
tablet and pen version (M= 3.57, SD = 1.19) and the tablet
and finger version (M= 3.90, SD = 1.21) and more ease of
performance in the paper and pencil version (M= 4.30,
SD = 0.84) compared to the tablet and pen version (M=
4.07, SD = 1.01) and the tablet and finger version (M=
4.00, SD = 1.02, p > .05). The TMT completion time was
significantly faster in the assessment mode that the parti-
cipant preferred (M= 58.81 s, SD = 13.75 vs. M= 64.22 s,
SD = 9.69, ANOVA F(1, 358) = 13.75, p< .001).

Discussion

The study investigated whether results for assessing pro-
cessing speed via (i) the traditional paper and pencil
version of the TMT, (ii) a tablet and pen version of the
TMT, and (iii) a tablet and finger version of the TMT are
comparable. The three versions were counterbalanced in
a within-subject study design. Results indicate that per-
formance in the tablet and pen version was significantly
faster (by about 5 s) compared to the tablet and finger
version and compared to the traditional paper and pencil
version. Participants did not only perform best with the
tablet and pen version but they also subjectively preferred
this version. Only one previous study seems to have
compared different digital modes of the TMT:
Performance on the touch screen did not differ signifi-
cantly from performance with the mouse (Canini et al.,
2014). Accordingly, the superior performance that we
observed in our study appears to be related to the use of
the pen on the touch screen. It is surprising that the tablet
and pen version resulted in faster completion of the TMT

Table 2. Repeated measures analysis of variance (ANOVA) on
the impact of trial number and assessment mode on Trail-
Making Test (TMT) completion time (N = 30).
Models df F p

Model 1
Participant 29 22.20 <.001
Trial number 11 32.51 <.001

Model 2
Setup 2 2.91 <.001
Participant over setupa 85
Trial number 11 27.88 <.001
Setup # trial number 18 2.97 <.001

#, interaction; aBetween subject error terms; df, degrees of freedom; F, F
statistics from the repeated measures ANOVA; p, level of significance.
Model 1 includes fixed effects for trial number for each participant and
random effects for age and gender and model two includes model 1
together with nested effects for assessment mode.
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than either using the tablet and finger or the traditional
paper version. With regard to the finger, this observation
is unexpected because a study that compared shape tra-
cing by pen and by finger on a tablet has shown that using

the finger was fastest (Zabramski, 2011). Maybe the faster
reaction times that Zabramski (2011) observed with the
finger compared to the pen on the tablet have to do with
the nature of the task, which was a shape-tracing task. As
performance on the TMT is attributable to visual search
andmotor speed together (Crowe, 1998), using the finger
may severely hinder the visual search. Holding the hand
right in front of the display makes it difficult to see the
next number that has to be connected and, hence, slows
down the overall performance in the TMT. Moreover,
Zambramski and Stuerzlinger (2012) have shown that the
pen is the least and the finger is the most error-prone
entry method, which could contribute to faster comple-
tion times. With regard to the traditional paper version,
however, it is unclear how the tablet surface facilitates
performance compared to completing the TMT on paper.
Nonetheless, this is not a new finding: Gerth and collea-
gues investigated handwriting performance in children
and observed faster writing velocity on tablets on all tasks

Table 4. Repeated measures analysis of variance (ANOVA) on
the impact of trial number and assessment mode on errors in
the TMT (N = 30).
Models df F p

Model 1
Participant 29 5.63 <.001
Trial number 11 0.79 .654

Model 2
Setup 2 0.71 .493
Participant over setup a 85
Trial number 11 0.84 .599
Setup # trial number 18 0.81 .694

aBetween subject error terms; df, degrees of freedom; F, F statistics from
the repeated measures ANOVA; p, level of significance. Model one
includes fixed effects for trial number for each participant and random
effects for age and gender and model two includes model 1 together
with nested effects for assessment mode.

Table 3. Fixed effects estimates of the mixed-effects model on the impact of assessment mode on Trail-making Test (TMT)
completion times (N = 30).
Fixed Effects § b CI 95 z p

Assessment mode (Ref: paper/pencil)
Tablet/pen −20.55 −28.73; −12.73 −4.93 <.001
Tablet/finger −3.77 −10.83; 3.30 −1.04 .296

Trial number −2.77 −3.41; −2.13 −8.45 <.001
Trial number (Ref: 1)
2 −15.13 −19.92; −10.34 −6.19 <.001
3 −16.16 −20.84; −11.48 −6.76 <.001
4 −15.59 −20.25; −10.93 −6.55 <.001
5 −17.07 −24.37; −9.79 −4.59 <.001
6 −16.61 −23.79; −9.42 −4.53 <.001
7 −11.64 −18.79; −4.48 −3.19 .001
8 −11.87 −19.04; −4.69 −3.24 .001
9 −4.61 −9.27; 0.05 −1.94 .053
10 −2.44 −7.12; 2.24 −1.02 .307
11 −1.45 −6.26; 3.32 −0.60 .548
12 omit.
Assessment mode (Ref: paper/pencil) # trial number (Ref: 1)
Tablet/pen # 2 13.2 6.16; 20.24 3.67 <.001
Tablet/pen # 3 11.7 4.66; 18.74 3.26 .001
Tablet/pen # 4 14.3 7.26; 21.34 3.98 <.001
Tablet/pen # 5 23.44 10.01; 36.87 3.42 .001
Tablet/pen # 6 22.44 9.01; 35.87 3.27 .001
Tablet/pen # 7 18.34 4.91; 31.77 2.68 .007
Tablet/pen # 8 18.84 5.4; 32.27 2.75 .006
Tablet/pen # 9 13.52 1.35; 25.69 2.18 .029
Tablet/pen # 10 14.02 1.85; 26.19 2.26 .024
Tablet/pen # 11 16.92 4.75; 29.09 2.73 .006
Tablet/pen # 12 18.82 6.65; 30.99 3.03 .002
Tablet/finger # 2 10.00 2.96; 17.04 2.78 .005
Tablet/finger # 3 1.60 −5.44; 8.64 0.45 .656
Tablet/finger # 4 5.10 −1.94; 12.14 1.42 .156
Tablet/finger # 5 13.31 1.51; 25.49 2.15 .032
Tablet/finger # 6 9.22 −2.95; 21.39 1.48 .138
Tablet/finger # 7 5.32 −6.85; 17.49 0.86 .392
Tablet/finger # 8 5.02 −7.15; 17.19 0.81 .419
Tablet/finger # 9 −2.82 −14.21; 8.56 −0.49 .627
Tablet/finger # 10 4.28 −7.11; 15.66 0.74 .461
Tablet/finger # 11 0.38 −11.01; 11.76 0.07 .948
Tablet/finger # 12 −1.32 −12.71; 10.06 −0.23 .820

§, random-effects for gender b = 111.84, age b = 12.87; CI 95, 95% confidence interval; omit., omitted because of collinearity, b, coefficient; p, level of
significance; Ref, reference category; tablet/finger, tablet and finger version; paper/pencil, paper and pencil version; tablet/pen, tablet and pen version; z, z
statistics from the repeated measures ANOVA.
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(Gerth et al., 2016b). Their findings suggest that the pen is
slidingmore on the smoother surface of the tablet than on
the paper (Gerth et al., 2016a). However, differences in
the pen itself such as material and flexibility of the top as
well as characteristics of the tablet such as pressure sensi-
tivity and operating systemmay affect performance in the
tablet and pen version to an extent that is not yet known.

Further, our results suggest that errors increased the
completion time irrespective of whether the participants
corrected the errors. Usually one would expect that the
simple action of correcting an error would also slow com-
pletion time. It is possible that the awareness of having
made a mistake affected the participant and thus slowed
down performance. Making errors are associated with an
increase in skin conductance and a heart rate deceleration,
which is correlated with a post-error slowing of perfor-
mance (Hajcak, McDonald, & Simons, 2003). It seems as if
the fact that the brain recognizes an error evokes a physical
reaction that slows subsequent performance. The brain
area dealing with error processing is the anterior cingulate
cortex (ACC) and increased ACC activity has shown to
influence reaction time in face of errors (Mulert, Gallinat,
Dorn, Herrmann, & Winterer, 2003). Holroyd and Coles
(2002) emphasize the relevance of error processing by the
dorsal anterior cingulate in the early stages of learning
(Holroyd & Coles, 2002). Error information processing
can thus influence decision-making of further actions
independently of whether the error was actually corrected.
Our results suggest that this error processing then leads to
TMT completion time that are similar whether the error
was corrected or not.

Another important finding of our study is learning
effects. We observed learning effects until trial eight, sug-
gesting that the threshold for arriving at the best perfor-
mance levels occur after the eighth trial. Previous studies
already reported practice effects in variants of the Trail
Making Test during serial assessment (Buck, Atkinson, &
Ryan, 2008). Interestingly, we observed that learning
effects were less pronounced in the tablet and finger ver-
sion. Whether this has to do with the restrictions to the
visual field is unclear. The lack of familiarity of using a
finger to draw instead of a pen might have also hampered
the learning process. Habits of using the wrist, hand, and
fingers determine learning speed (Krakauer, Mazzoni,
Ghazizadeh, Ravindran, & Shadmehr, 2006). Researchers
and practitioners should keep that in mind when applying
digital versions of psychometric tests because the input
method (mouse, keyboard, pen, finger, laser pointer, etc.)
of the digital version might influence the psychometric
results.

Despite of the counterbalanced within-subject design,
our study is subject to some limitations. First, our sample
comprised young, healthy participants. We cannot draw

any conclusions on clinical populations and older indivi-
duals. Second, we reduced the size of the paper version of
the TMT to make it the same size of the digital version.
Hence, we were not able to compare the originally sized
version with the digital version. Reducing the size of the
TMT also reduced the size of the circle around the num-
bers, which may then have contributed to more errors and
slower completion times in the tablet and finger version.
Third, we do not know whether other factors such as light
or physical strength may have affected our results. Fourth,
we are not sure to what extent the fact that the participants
had to press the “Start” button might have affected the
cognitive processes related to completing either version of
the test.

Digitalizing psychometric assessment tools, also
referred to as psychoinformatics, is a new, very useful
trend in the medical field, cognitive science, and psychol-
ogy. However, to ensure that data are comparable to tradi-
tional assessment methods, the administration of digital
tests has to be validated, and standardized psychometric
data have to be obtained (Gates & Kochan, 2015).
Currently, there is not sufficient data on validity available
(Zygouris & Tsolaki, 2014). The results of our study point
out how trivial it is to test even small alterations in the
design like the use of a pen instead of the finger. Other
factors, such as the operating system level, are also crucial
(Montag, Duke, & Markowetz, 2016) and more research
are necessary to identify critical aspect of digital design in
psychoinformatics. This is important for digital tests are to
be used in the clinical setting. Moreover, the clinical use of
new digital tests should also encompass the development
of their own set of norms.
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