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ABSTRACT 

Trail making test (TMT) is one of the most extensively used neuropsychological tests. In this study, we examined the 
equivalence between the iPad version of TMT part A (iTMT-A) and the paper version of TMT part A (pTMT-A), and 
predicted the cognitive function with various data extracted from repeated TMT-A. Forty-two patients who performed 
five repeated TMT-A (1st–3rd: iTMT-A, 4th: pTMT-A, 5th: inverse version of iTMT-A) and Mini-Mental State 
Examination (MMSE) were included. The Kruskal–Wallis one-way analysis of variance revealed no statistical 
differences between the completion times of iTMT-A and pTMT-A. Factors contributing to the MMSE prediction 
were selected by stepwise multiple regression analysis and Bland–Altman plots. Then, the prediction abilities of the 
three models—multiple linear, partial least squares (PLS), and neural network regression—were compared. When 
using the completion time, the linear regression model with the 1st–5th results exhibited the highest prediction ability. 
However, when the move time and dwell time were used, the multiple linear and PLS regression models using the 1st 
and 2nd iTMT-A data exhibited the highest prediction ability. Compared with pTMT-A, iTMT-A extracted a large 
amount of data with fewer repetitions, and the prediction accuracy of cognitive function was improved.  

 

 

Introduction 

The trail making test (TMT) is one of the most extensively used tests in neuropsychology1,2. This test consists of 
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two parts: TMT part A (TMT-A) and part B (TMT-B). TMT-A is a task to connect the circled numbers printed on the 
paper with a line in ascending order from 1 to 25 using a pen or pencil. TMT-B is a task of connecting circled numbers 
and alphabets printed on paper alternately with lines in ascending order (i.e. 1–A–2–B– …). TMT is usually evaluated 
by the completion time, and TMT-B takes longer to complete than TMT-A2. The completion times on the TMT are 
thought to reflect the visuomotor tracking, divided attention, speed of processing, mental flexibility, and executive 
function of patients2,3,4. However, paper-based TMT (pTMT) has some disadvantages. First, when the subject makes 
a mistake (e.g. erroneous connection of lines, the line not reaching the circle, and the pen leaving the paper), the 
examiner points the mistake out to the subject and then corrects it. However, the time required to correct errors differs 
with each examiner, thus affecting the TMT results1. Second, an error may occur when measuring the time using a 
stopwatch along with the start command1.  

Recently, digital versions of TMT using iPads and computers have been developed, and their benefits have been 
reported1,5,6. The digital TMT reduces the influence of the examiner and automatically corrects errors. Moreover, the 
digital TMT could extract various data except for the completion time, that is, segmental analysis based on the use 
of the dwell or move times and error number. Thus, the digital TMT version would provide new insights that could 
compensate for the disadvantages of pTMT, which can only extract the completion time. However, these digital 
versions of the TMT (iPad-based or computer-based TMT) have some differences from the paper version, for example, 
operation methods (keyboard and mouse for computer, and finger tap or pen for tablet), different familiarity with 
tablet or computer, and friction on display surface5. If the result of the pTMT can be used in the digital version, 
various data can be extracted by the digital version and analysed by comparing them with the results of the past 
pTMT. However, the difference in the performance scores across these modes has not been studied in detail, and the 
reasoning for this is thus unclear5.  

From these observations, we first examined the equivalence between the digital TMT and pTMT by comparing their 
completion times. The digital TMT differs from the pTMT because it is operated using a mouse or finger7. Thus, in 
this study, we selected the iPad TMT version (iTMT, constructed with an iPad and Apple Pencil) as the digital TMT 
version because the operability of iTMT was thought to be closer to that of pTMT. In the comparison with pTMT 
and iTMT, it is necessary to consider the learning effect of the first attempt on the second attempt. Previous studies 
have suggested that the learning effect of TMT reached a plateau level within two to three time sessions1. Thus, we 
performed pTMT after performing three sessions of iTMT (after reaching the plateau level of TMT).  

The TMT has been used as a cognitive function test and iTMT can extract more factors than pTMT, suggesting that 
iTMT can estimate cognitive function with higher accuracy than pTMT. Moreover, repeated trials of TMT lead to 
motor skill learning, which has been known to be one of the important cognitive functions linked with neural multi-
circuits in many previous studies8. Thus, motor skill learning caused by repeated TMT may enable the estimation of 
non-traditional angles for cognitive function. To test this hypothesis, we performed five repeated TMT tests (1st to 3rd 
using iTMT, 4th using pTMT, and a 5th test with an alternated inverse version of iTMT, mirrored as the up–down and 
right–left conversions), and then examined the effect of the various data extracted from these trials on the cognitive 
function. We herein describe the advantages of iTMT, which are not afforded by conventional pTMT as a cognitive 
function test.  

 

Methods 

Subjects 

The ethics committee of Hiroshima University (E-1554-2) and Hibino Hospital approved this prospective study. 
Written informed consent was obtained from all patients prior to participation. The patients were selected from a 
consecutive series of individuals who were admitted for rehabilitation to Hibino Hospital for less than 3 months. 
Exclusion criteria included (1) the history of major psychiatric illness; (2) medical illness, physical disability or 
speech impediment, which precludes both TMT-A and cognitive function testing. The remaining 42 patients (age: 
69.7±13.5; male 31, female 11) were included as subjects in this study (Table 1). This study complied with relevant 



guidelines and regulations in accordance with the Declaration of Helsinki. 
 

Cognitive function test 
We evaluated the cognitive function of patients using the mini-mental state examination (MMSE) that consisted of 

11 items with a total score of 30.  

 

Measurements using pTMT version 

We used the TMT described previously4, 9-11; its schema is presented in Figure 1. The pTMT was administered 
according to the standard protocol after practice using the shortened version of pTMT (search number from 1 to 10). 
The patient draws a continuous line on the paper as quickly as possible without lifting the pen from the test sheet. If 
a subject made a mistake (erroneous connecting lines) during the test and did not correct it, the study investigator 
then immediately corrected them orally. The completion time to connect all 25 items on both sheets was measured, 
including the extra time required for the administrator to correct for errors.  

 

Measurement using iPad version of TMT 

To study the digital TMT, we used iPad Pro (12.9 in, 
version 10.2.1, Apple Inc., CA, USA), and lines were 
drawn using the Apple Pencil. The number displayed 
on the iTMT screen was the same as that on pTMT. We 
performed iPad-based TMT (iTMT) after practice 
using the shortened version of iTMT, similar to pTMT. 
In the previous reports on digital TMT, the number of 

circles was changed after passing through the correct 
circle, and the parts outside the circumference of a 
circle were ignored1. Moreover, errors classified as 
passes in incorrect circles resulted in the circles 
flashing some colours1. However, our study compares 
iTMT and pTMT, wherein the circles would not change 
their colours, irrespective of whether the circle that 
passed through was correct or incorrect. If a subject 
made a mistake (erroneous connection of lines) during 
the test and did not correct it, the study investigator 
immediately corrected them orally, similarly to the 
pTMT case. 
As in the alternative version, we created three patterns 

of the mirror version (right–left, up–down, and both) of 
the number displayed on the iTMT screen. In this study, 
we used the mirror version of both right–left and up–down conversion as the alternative version of the 5th TMT. 
To use factors other than the completion time, we measured the dwell time and move time on a segment-by-segment 

basis and the ‘delayed time’ (the time from the signal onset to the time the Apple Pencil was placed on the surface of 
the iPad) 1. The move time is the time required to move the Apple Pencil. The dwell time is the time required to look 
for the next target number and was calculated by subtracting the move time from each segment time. However, the 
subjects constantly moved the Apple Pencil, and it was not possible to clearly distinguish when the pencil was moving 
and when it was stationary. Therefore, in this study, we set a virtual circle, which was 1.5 times larger than the actual 
circle (1.5-circle); then, the definition of the dwell time was the time from entering the 1.5-circle to exiting the 1.5-
circle. When exiting or entering the 1.5-circle, the dwell time was defined as the time of entering the 1.5-circle to 



the time of the last exit from the 1.5-circle (without considering going in and out before the final exit of the 1.5-
circle). The move time was defined as the time from the end of the dwell time to the entry time to the next 1.5-circle.  

The quadrant is the angle from the horizontal axis: 0°–90° is the first, 90°–180° is the second, 180°–270° is the third, 
and 270°–360° is the fourth. The dwell time and move time were grouped into these four quadrants depending on the 
position of the iPad screen (1st to 4th quadrant of position) and the line drawing direction (1st to 4th quadrant of 
direction) (see Figure 1).  

In the preliminary study, we performed an iTMT on healthy volunteers, in which the following problems arose: (1) 
it was easier to slip on the surface of iTMT than that of pTMT, (2) pass a little outside the circle (within 1.5 circle), 
and (3) the size of iTMT was smaller than the size of pTMT. To address issue (1), we only used the same version of 
iPad and Apple Pencil. For issue (2), we classified the pass-through threshold as the circumference of the circle with 
a radius that was 1.5 times the radius of the original circle. For issue (3), iTMT and pTMT were compared after 
correcting the result of pTMT in terms of size. Specifically, the length of the line of iTMT was 0.83 times shorter 
than that of pTMT; thus, the result of pTMT was multiplied by 0.83 to become comparable to the result of iTMT.  

 

Statistical analysis 

Kruskal–Wallis one-way analysis of variance was used to examine the differences in the completion time of the 
sequential trail tests (1st to 5th). Stepwise multiple linear regression analysis based on the Akaike information criterion 
(AIC) was used to estimate the independent effects of predictor variables on the MMSE score (forward–backward 
selection method). These predictor variables were as follows: age, sex, laterality of the performed hand, time from 
the signal onset to the onset of writing with the Apple pen, and 1st–5th completion time or 1st–3rd dwell and move 
times; these were divided by quadrants of position and direction, as described in Table 2. This stepwise analysis was 
of two types: (1) the analysis performed using the completion time of the 1st time, 1st and 2nd time, 1st to 3rd time, 1st 
to 4th time, or 1st to 5th time TMT-A, and (2) the analysis performed using the move time and dwell time divided into 
four quadrants of direction or position of the 1st time, 1st and 2nd time, or 1st to 3rd time iTMT-A. Multicollinearity 
was assessed by examining the variance inflation factor (VIF). A value of 10 was considered to be sufficiently large 
to indicate the problem of multicollinearity12, 13. The predicted MMSE score using the developed equations was 
compared with the measured MMSE score (n = 42) using a Bland–Altman plot and correlation coefficients. 
Subsequently, the MMSE value was predicted by a multiple regression model, partial least squares (PLS) regression 

model, and neural network model using the selected predictor variables. The prediction performance of each model 
was evaluated through a leave-one-subject-out cross-validation (i.e. k-fold cross-validation with k = 42).  

A PLS analysis was performed to identify combinations of the predictors that had a large covariance with the 
response values, thus solving the multi-collinearity problem caused by many variables. We retained the smallest 
number of latent factors for which the predicted residual error sum-of-squares was minimum. The importance of each 
predictor in the construction of the PLS was assessed based on the importance of the variable in projection scores of 
old individuals.  

The neural network regression model was of a multilayer perceptron type, the number of hidden layers was set to 1, 
and the number of units in the hidden layer was set to D+10 (D represents the number of input dimensions). In 
addition, we introduced L2 regularisation (i.e. weight decay) to suppress overfitting. 
To compare the performance of each model, we calculated three metrics between the actual MMSE and predicted 
MMSE obtained from all folds: the squared correlation coefficient (r2), root-mean-square error (RMSE), and mean 
absolute error (MAE). The values were considered significant at p < 0.05. All data were statistically analysed using 
R (version 3.6.2).  

 

Results 

Baseline data of subjects  



Forty-nine patients were included in this study, as seven patients could not undergo TMT-A and 18 patients could 
not complete the TMT-B test. Fourteen patients had impaired cognitive function (MMSE score < 24), four patients 
could not complete the TMT-A test, and 12 patients could not complete the TMT-B test. The number of cognitive-
impaired patients who could perform TMT-B was only two. Thus, we examined the data of TMT-A and not TMT-B. 
The number of subjects who performed TMT-A analysed, herein (as described below), was 42. Their baseline 
characteristics are listed in Table 1.  

 

Comparison between iTMT-A and pTMT-A from five repeated TMT-A trials 

The completion times of five repeated TMT-A trials were compared using multiple comparison analysis (Kruskal–
Wallis followed by the post-hoc test) (see Table 1, Figure 2). The completion time was shortened from the 1st TMT-

A to the 3rd TMT-A; however, no statistically significant difference was observed.  

We performed the 5th iTMT-A (i.e. the up–down and left–right mirror reversed version of the 1st to 4th TMT-A) and 
demonstrated that its completion time had no remarkable differences. This suggests that there was minimal subject 
memorisation of the position of the numeral, if any. 
 

Variable selection using stepwise multiple regression analysis 

 To determine which of the variables extracted from repeated TMT-A measurements contributed significantly to the 
prediction of MMSE score, we used stepwise multiple regression analysis (Table 2). The variance inflation factor 
was <10.0, indicating low collinearity.  

All (n=42)

Age 69.7 ±13.5

Sex (male: female) 31 ; 11

type of disease

 infarction 23

 hemorrhage 7

 subarachnoid hemorrhage 1

 Head injury 5

 others 6

MMSE score 26.1 ±3.7

completion time (sec)

 1st TMT 62.9 ±35.5

 2nd TMT 57.4 ±26.0

 3rd TMT 51.3 ±22.3

 4th TMT 50.4 ±27.1

 5th TMT 56.6 ±39.5

Table 1. Basic Charateristics of subjects who could performed TMT-A

TMT: Trail making test, TMT-A: Trail making test part-A. MMSE: Mini-

mental state examination



The factors that contributed to the prediction of the 
MMSE were selected by stepwise multiple 
regression analysis, and the error characteristics of 
these models were evaluated for the factors obtained 
using the Bland–Altman plot. In the repeated 
measurement of only the completion time, the 
analysis using the measurement results from the 1st 
to the 5th TMT-A showed the highest R2 value. 
Conversely, in the repeated measurement of the 
dwell time and move time categorised with 
quadrants, the analysis using the 1st and 2nd 
measurement results had the highest R2 value. 
Figure 3 shows the Bland–Altman plot, 
demonstrating that the prediction accuracy is higher 
in the analysis using the dwell and move times of the 

Type of

analysis

TMT-A used for

analysis
R2 Variable β p standarized β VIF

1st TMT-A &

1st to 2nd TMT-A
0.32798 The 1st completion time -0.06155 0.00004 -0.08869 -0.03441 -0.58683 1.00000

The 1st completion time -0.04222 0.02316 -0.07835 -0.00609 -0.40255 1.83861

The 3rd completion time -0.04553 0.11720 -0.10301 0.01195 -0.27286 1.83861

The 1st completion time -0.03155 0.06100 -0.06461 0.00152 -0.30078 1.73902

The 4th completion time -0.06029 0.00760 -0.10362 -0.01697 -0.43880 1.73902

The 1st completion time -0.02896 0.05302 -0.05832 0.00040 -0.27612 1.55270

The 5th completion time -0.04909 0.00055 -0.07547 -0.02270 -0.52077 1.55270

1st Dwell time, 2nd d-quad -2.54941 0.04094 -4.98797 -0.11085 -0.29413 1.48666

1st Dwell time, 2nd p-quad -2.45932 0.04783 -4.89388 -0.02476 -0.25058 1.15576

1st Dwell time, 1st d-quad -9.04001 0.03325 -17.32106 -0.75895 -0.67326 7.14426

1st Dwell time, 3rd p-quad 5.79017 0.11475 -1.47489 13.05524 0.47305 6.61708

1st Dwell time, 4th d-quad -1.26291 0.12390 -2.88866 0.36284 -0.19467 1.17954

2nd Dwell time, 2nd d-quad -10.32946 0.08740 -22.26507 1.60614 -0.20462 1.62651

1st Dwell time, 1st d-quad -18.22569 0.00002 -25.50851 -10.94287 -1.35738 8.55992

1st Dwell time, 3rd p-quad 11.28565 0.00050 5.36911 17.20218 0.92203 6.79840

2nd Move  time, 4th d-quad -76.64677 0.00495 -128.30257 -24.99097 -0.45512 2.73740

1st Move time, 3rd d-quad 78.30899 0.00605 24.10525 132.51273 0.55211 4.24940

2nd Move time, 3rd d-quad -76.93414 0.00319 -126.01082 -27.85747 -0.48717 2.80998

2nd Move time, 2th p-quad 68.13717 0.00303 24.93202 111.34233 0.49928 2.91628

1st Dwell time, 4th d-quad -2.29828 0.00965 -3.99735 -0.59922 -0.35427 1.99576

2nd Dwell time, 3rd p-quad -6.13891 0.01204 -10.83271 -1.44512 -0.35199 2.10750

2nd Dwell time, 1st d-quad 7.85748 0.04153 0.32143 15.39353 0.32203 2.77554

1st Dwell time, 3rd p-quad 2.06809 0.20656 -1.20567 5.34185 0.16896 1.84071

2nd Move time, 1st d-quad 45.74249 0.07058 -4.09434 95.57932 0.28834 2.53932

3rd Move time, 4th p-quad 55.78834 0.00248 21.35333 90.22334 0.54893 2.95395

2nd Move time, 4th p-quad -69.93354 0.00271 -113.54988 -26.31719 -0.55731 3.10871

3rd Move time, 2nd p-quad -7.70018 0.23570 -20.70563 5.30527 -0.16895 2.09520

1st Dwell time, 4th d-quad -2.29284 0.01253 -4.05436 -0.53132 -0.35343 1.89707

2nd Dwell time, 1st p-quad 5.91990 0.01521 1.22711 10.61268 0.36867 2.19767

2nd Dwell time, 3rd p-quad -6.30717 0.02891 -11.91848 -0.69585 -0.36164 2.66360

3rd Dwell time, 1st d-quad -18.54723 0.00286 -30.19225 -6.90220 -0.48547 2.39060

3rd Dwell time, 3rd p-quad 8.31208 0.06935 -0.70193 17.32609 0.31655 3.03226

1st Dwell time, 2nd d-quad -5.29735 0.00001 -7.32798 -3.26673 -0.61116 1.41224

2nd Move time, 3rd p-quad -71.88579 0.02060 -131.91909 -11.85249 -0.36881 2.44093

Table 2. Stepwise multiple regression analysis predicting MMSE score.

Dwell or move

time with

quadrant 1-4

1st iTMT-A 0.46929

1st to 2nd iTMT-

A
0.66124

1st to 3rd iTMT-A 0.61907

CI

Completion

time

1st to 3rd TMT-A 0.35332

1st to 4th TMT-A 0.42715

1st to 5th TMT-A 0.49436

The results are displayed in order of the importance.

The stepwise analysis was performed using two types of analysis: the analysis performed using the completion time and the analysis performed using the move-time

and dwell time divided into 4 quadrants of direction and position.

Factors to be input in all stepwise analysis: age, sex, laterality of the performed hand the time from starting signal to starting writing with the apple pen.

R2: adjusted coefficiencies of determination, β: regerssion coefficiencient, CI: standard partial regression coefficiencient, VIF: variance inflation factor. TMT-A:

trail making test part-A. d-quad: the quadrant of direction, p-quad: the quadrant of position.



1st and 2nd iTMT-A (Figure 3-b) than in the analysis that used the completion time of the 1st to the 5th TMT-A (Figure 
3-a).  

 

Predictions of MMSE score using repeated TMT-A: Comparison of three models 

Table 3 shows the r2, RMSE, and MAE values used to compare the three prediction models, and Figure 4 shows the 
scatter plot of predicted MMSE vs. actual MMSE of the three predicted models.  

First, when comparing only the completion time, the squared correlation coefficient was low only for the completion 
time of 1st time TMT-A and for the completion time of the 1st and 2nd times TMT-A. However, it gradually increased 
after adding the completion time of 3rd time TMT-A in the analysis and became the highest value for the completion 
time of 1st to 5th times TMT-A (multiple regression model: r2 = 0.4683, PLS regression model: r2 = 0.4846, neural 
network regression model: r2 = 0.4008).  

Type of

analysis

TMT-A used for

analysis
Model r

2 RMSE MAE

Multiple linear regression 0.27780 3.18411 2.60513

PLS regression 0.27780 3.18411 2.60513

Neural network regression 0.31806 3.08132 2.51923

Multiple linear regression 0.31042 3.11311 2.47572

PLS regression 0.32308 3.07390 2.46550

Neural network regression 0.26360 3.25226 2.59513

Multiple linear regression 0.39159 2.91618 2.38827

PLS regression 0.39159 2.91618 2.38827

Neural network regression 0.25569 3.22824 2.46435

Multiple linear regression 0.46827 2.73814 2.18939

PLS regression 0.48462 2.67630 2.11043

Neural network regression 0.40081 2.88676 2.31436

Multiple linear regression 0.36833 3.20405 2.35474

PLS regression 0.42892 2.82061 2.20032

Neural network regression 0.32772 3.13304 2.28775

Multiple linear regression 0.59642 2.41278 1.86700

PLS regression 0.59642 2.41278 1.86700

Neural network regression 0.38009 2.99475 2.28738

Multiple linear regression 0.41319 4.50177 2.34457

PLS regression 0.50549 2.75969 2.11656

Neural network regression 0.51880 2.64823 2.02905

Table 3. Comparison of three models predicting MMSE score using repeated TMT-A

Completion

time

1st TMT &

1st to 2nd TMT

1st to 3rd TMT

1st to 4th TMT

1st to 5th TMT

r
2
: the squared correlation coefficient, RMSE: root mean square error, MAE: mean absolute error. TMT-

A: trail making test part-A.

Dwell or move

time with

quadrant 1-4

1st TMT

1st to 2nd TMT

1st to 3rd TMT

The MMSE score was predicted by a multiple regression model, PLS regression model, and neural

network model using variables selected by Stepwise anlaysis. These 3 models were  performed using two

types of analysis: The analysis performed using the completion time and the analysis performed using the

move-time and dwell time divided into 4 quadrants of direction and position.



Next, we examined the completion time by dividing it into dwell time, move time, and quadrants. The squared 
correlation coefficients of the multiple linear and PLS regression models were the highest at the 1st to 2nd times (but 
decreased at the 1st to 3rd times) and exceeded the results of the completion time of the 1st to 5th times of the 
measurements. Because the value increases as the number of times increases, there is a problem of multi-collinearity 
after the 3rd time measurement when the data extracted from iTMT-A is divided into many factors. Conversely, the 
squared correlation coefficient of the neural network regression model was highest at the 1st to 3rd times and exceeded 
the results of the completion times of the 1st to the 5th measurements.  

Figure 4 compares the actual and predicted MMSE values of three predicted models based on a scatter plot. The 
models with the smallest error (low RMSE and MAE) and the highest estimation ability (high r2 value) are the 
multiple linear and PLS regression models using the dwell time and move time divided into four quadrants of two 
repeated iTMT-A.  

 

Discussion 

We used iTMT-A to compare its completion time with pTMT-A. According to previous reports, the digital TMT-A 
and pTMT-A are different in terms of several aspects such as their operation methods, arrangement of numbers, 
habituation of operations, and slippage of digital surfaces5,7. In this study, the same versions of iPad and Apple Pencil 
were used with the same number arrangement as in pTMT-A. By correcting the distance, we could not identify any 
significant differences between the completion times of iTMT-A and pTMT-A.  

An analysis of the predictive ability of the cognitive function indicated that the predictive ability increased as the 
number of repetitions of TMT-A increased (highest at the 5th repetition) if only the simple completion time was used. 
This repetitive effect is believed to be associated with motor skill learning. The motor skill learning was acquired to 
balance the speed and accuracy of gaze-anchoring and reaching movement. Further, it was regulated based on a series 
of the visual-perceptual–attention-motor programme–upper-limb-movement control function with the involvement 
of a large area of the brain14. In previous reports, the cognitive functions were mainly correlated with TMT-B and not 
TMT-A15, while TMT-B could not be easily performed for many cognitive-impaired patients. However, our present 
results suggest that with repeated measurement of TMT, it may be possible to predict cognitive functions sufficiently 
with part A instead of part B.  

A more detailed analysis of iTMT-A was performed using the dwell time and move time after implementing the four 
quadrants of direction and position, showing that the results of the two measurements exceeded the predictive ability 
with a simple completion time. The move time, in this study, was believed to reflect the line-drawing motion. TMT-
A is a task used to identify two targets on a paper or screen and connect these two targets with a line using a pen (or 
Apple Pencil). In the process, the reach and line-drawing motion of the upper limb and multi-cognitive functions (i.e. 
visual search, visual-motor tracking, scanning, divided attention, and cognitive flexibility) to co-ordinate them were 
required1. The control of upper-limb movements consisted of the complexity of the shoulder, elbow, and wrist 
movements that provided considerable flexibility16. To control this flexibility, multi-joint movement, a miscellaneous 
cognitive brain function was required.  

The dwell time, in this study, is believed to reflect the time search for the next target and the planning to the upper 
limb movement. In reaching motion to a target, the gaze was directed towards a visual target until hand movement 
was completed (gaze-anchoring behaviour)17. From the theory of sensorimotor transformation to reach a target, the 
target location was perceived and stored in an eye-centred frame of reference, transformed to head-centred, shoulder-
centred, and hand-centred frames to plan multi-joint upper limb movement18. To perform TMT-A, two different 
functions, namely, target recognition and upper limb movement control, need to be coordinated with each other.  

The quadrant of direction may be assumed to be slightly involved in the allocation of attention, which is known to 
be biased towards the objects in the space around the hand (especially the dominant side for right-handed individuals), 
which biases the allocation of visual-spatial resources towards the contralateral left portion of the space18. Moreover, 
the quadrant of position may be slightly related to the advantages of ipsilateral reaching movement (i.e. shorter 



movement time and higher peak velocity, compared with those of contralateral reaching)18.  

Given that the move time, dwell time, and quadrant of direction and position involve different brain functions, it 
was considered that the cognitive function can be easily estimated with a small number of repetitions (two times, in 
this study) by extracting and analysing many factors from one test. In daily clinical practice, it is difficult to analyse 
the dwell time and move time separately for each quadrant in the paper version; however, it is easier using the iPad 
version. The use of iTMT-A instead of pTMT-A is considered to be greatly advantageous.  

Most of the remaining factors in this study were dependent on the dwell time and direction quadrant. Given that the 
conventional paper version focusses on the position quadrant, the conventional pTMT-A exhibits a large variation in 
the ratio of the four quadrants of direction. Based on this study, it is suggested that the number arrangement should 
consider the direction quadrant in estimating the cognitive function. In the future, by creating a TMT-A model 
specialised for iPads, it is expected that it will be easier to estimate the brain function. 
 

Study Limitations 

In this study, we examined the cognitive function using only the MMSE. Many factors obtained by iTMT-A were 
considered to be involved in many different cognitive functions. To improve the prediction ability of cognitive 
function, it is necessary to compare it with other brain function test outcomes in the future. 
The detection capability of the neural network regression was low. The remaining factors of the stepwise regression 

model were selected within the framework of the multiple regression model. Owing to its high expressiveness, it is 
easy to overfit data sets with large variability and small sample size. Patients with cognitive decline often could not 
complete the TMT-A test, and fewer patients with low MMSE scores were analysed in this study. Further studies are 
required to increase the number of patients with a wide range of cognitive functions by adding patients with cognitive 
decline, such as patients who could only complete TMT-A. 
In this study, the dwell time and movement time were calculated based on a distance of 1.5-times the target circle 

radius. In the future, it will be necessary to introduce a method that can accurately evaluate the time to move the pen 
and the time to search for targets, so that a more detailed analysis can be performed.  

 

Conclusions 

In this study, there were no remarkable differences between the results of iTMT-A and pTMT-A, suggesting that the 
obtained results can be evaluated in the same way.  

Regarding the completion time of the TMT-A, the result obtained by repeating the measurement five times estimated 
the MMSE score to some degree. Furthermore, when the iTMT-A results were interpreted separately in terms of the 
dwell time, move time, and quadrants of direction and position, the prediction accuracy of MMSE was the highest of 
the two measurements.  

iTMT-A remains capable of extracting more factors than those used in this study. By comparing and examining the 
relationships between many factors that can be extracted from iTMT-A and many other brain functions, it will be 
possible to analyse a wide range of brain functions with iTMT-A in the future. Nevertheless, prior to accomplishing 
this, it is necessary to compare more factors extracted from iTMT-A with various other cognitive functions. 
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Figure legends 

Figure 1.  

Trail making test (TMT) part A. Dotted lines indicate the limits of the four quadrants of position. The quadrant 
number is indicated with a boxed number. The direction of the drawn line between the nodes is indicated with an 
arrow, and the quadrant number is indicated within parenthesis.  

 

Figure 2.  

Scatter diagrams showing the differences of the completion time in the sequential number of TMT-A (1st to 5th). Each 
circle represents a patient, while the lines indicate the median (bold line) and the quartiles (thin line). The Kruskal–
Wallis test of the five repeated TMT-A showed no significant difference (p = 0.3014).  

 

Figure 3.  

Bland–Altman plot for the actual mini-mental state examination (MMSE) score and the predicted MMSE score using 
(a) the compression time of five repeated TMT-A and (b) the move and dwell times divided into four quadrants of 
duplicated iTMT-A. The black dotted line in boldface and thin black dotted line indicate the mean difference and 
95% limit of agreement, respectively. The red solid line is a regression line between the actual and predicted MMSE 
score.  

 

Figure 4.  

Scatter plot of predicted MMSE vs. actual MMSE of three prediction models (multiple linear regression, partial least 
squares (PLS) regression, and neural network regression models). The solid lines represent simple linear regression 
lines between actual and predicted MMSEs. The shaded area indicates the 95% confidence interval of each regression 
line. The prediction performance of each model was calculated by the leave-one-subject-out cross-validation. 



Figures

Figure 1

Trail making test (TMT) part A. Dotted lines indicate the limits of the four quadrants of position. The
quadrant number is indicated with a boxed number. The direction of the drawn line between the nodes is
indicated with an arrow, and the quadrant number is indicated within parenthesis.



Figure 2

Scatter diagrams showing the differences of the completion time in the sequential number of TMT-A (1st
to 5th). Each circle represents a patient, while the lines indicate the median (bold line) and the quartiles
(thin line). The Kruskal–Wallis test of the �ve repeated TMT-A showed no signi�cant difference (p =
0.3014).



Figure 3

Bland–Altman plot for the actual mini-mental state examination (MMSE) score and the predicted MMSE
score using (a) the compression time of �ve repeated TMT-A and (b) the move and dwell times divided
into four quadrants of duplicated iTMT-A. The black dotted line in boldface and thin black dotted line
indicate the mean difference and 95% limit of agreement, respectively. The red solid line is a regression
line between the actual and predicted MMSE score.



Figure 4

Scatter plot of predicted MMSE vs. actual MMSE of three prediction models (multiple linear regression,
partial least squares (PLS) regression, and neural network regression models). The solid lines represent
simple linear regression lines between actual and predicted MMSEs. The shaded area indicates the 95%
con�dence interval of each regression line. The prediction performance of each model was calculated by
the leave-one-subject-out cross-validation.


