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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disease that affects almost

2% of the population above the age of 65. To better quantify the effects of new medications,

fast and objective methods are needed. Touchscreen-based tapping tasks are simple yet

effective tools for quantifying drug effects on PD-related motor symptoms, especially brady-

kinesia. However, there is no consensus on the optimal task set-up. The present study com-

pares four tapping tasks in 14 healthy participants. In alternate finger tapping (AFT), tapping

occurred with the index and middle finger with 2.5 cm between targets, whereas in alternate

side tapping (AST) the index finger with 20 cm between targets was used. Both configura-

tions were tested with or without the presence of a visual cue. Moreover, for each tapping

task, within- and between-day repeatability and (potential) sensitivity of the calculated

parameters were assessed. Visual cueing reduced tapping speed and rhythm, and

improved accuracy. This effect was most pronounced for AST. On average, AST had a

lower tapping speed with impaired accuracy and improved rhythm compared to AFT. Of all

parameters, the total number of taps and mean spatial error had the highest repeatability

and sensitivity. The findings suggest against the use of visual cueing because it is crucial

that parameters can vary freely to accurately capture medication effects. The choice for

AFT or AST depends on the research question, as these tasks assess different aspects of

movement. These results encourage further validation of non-cued AFT and AST in PD

patients.

Introduction

Parkinson‘s disease (PD) is a progressive neurodegenerative disease that affects roughly 1 to

2% of the population above the age of 65 [1, 2]. The standard treatments remain symptomatic

and novel treatments are continuously being investigated [3, 4]. One of the cardinal motor

symptoms of PD is bradykinesia, defined as ‘slowness of voluntary movement initiation, pro-

gressive reduction of speed and amplitude of repetitive movement and difficulty of task
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switching’ [4]. Additional motor symptoms include tremor, muscular rigidity, and postural

instability [4].

To assess the effectiveness of new (dopaminergic) medications, the Movement Disorder

Society revised—Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) serves as the ‘gold

standard’ measurement [5]. This scale provides a wide range of assessments related to both

motor and non-motor symptoms. Part III of the scale assesses motor symptoms, and its

administration lasts approximately 15 minutes. However, the clinical rating scale is subject to

varying inter-rater reliability, requires training and certification of the assessor, and is time-

consuming for both the clinician and patient [6–9]. This may hamper the continuous assess-

ment of (motor) symptoms, especially of rapid-acting agents. For instance, it will be difficult to

accurately model the pharmacokinetic-pharmacodynamic (PK-PD) relationship of a medica-

tion with an early Tmax (e.g., of less than 15–30 minutes) when using the time-consuming

MDS-UPDRS part III as a pharmacodynamic measure. Hence, there is a need for short, reli-

able, and objective motor symptom quantification methods that are easy to implement in clini-

cal research.

The number and variety of technologies aimed at quantifying PD motor symptoms has

increased over the last decade [8, 10]. Many focus on finger tapping motions to quantify

aspects of tremor, dyskinesia, and bradykinesia [8]. When quantifying bradykinesia, examples

of technologies used vary from more rudimentary to increasingly sophisticated methods. For

instance, arcade buttons [11], midi-keyboards [12], Inertial Measurement Units [13–19], and

touchscreen devices [20–28] have all been used in previous studies. Touchscreen-based tap-

ping tasks have been shown to not only differentiate reliably between PD patients and healthy

controls (HCs) [12, 20–29] but also to detect medication effects [14, 20, 23, 29, 30]. Despite

their potential in clinical research, there is no one standardized touchscreen based tapping task

and seemingly minor configuration differences can affect the interpretation of study results

[31].

Two variations of the touchscreen based finger tapping tasks are commonly described in lit-

erature: alternate tapping with the index and middle finger of one hand between two closely

placed targets (Alternate Finger Tapping [AFT]) [22, 25, 32], and alternate tapping with the

index finger between two targets placed on opposite ends of the screen (Alternate Side Tapping

[AST]) [12, 20]. Each task assesses a different aspect of movement: whereas AFT requires fine

finger movement, AST requires upper arm movement. Although studies report whether the

AST and/or AFT was used, it is often unclear what the precise implementation of the tasks

were (Table 1 for a brief overview of studies that used a finger tapping task). Varying target dis-

tances have been used both in AFT and AST. The inter target distance in AST studies varies

between 1.5 cm to 25 cm. In studies using the AFT, most setups seem to place the targets

under the natural position of the fingertips, yet, the precise inter-target distance is not always

reported. Furthermore, both visually cued (e.g. [25] by changing target colors) and non-cued

(e.g. [20] on a keyboard), versions of the test have been described. The distinction can be

important as it has been shown that aiding PD patients with sensory cues can improve perfor-

mance in finger tapping rhythm [33] and gait [34]. Most importantly, however, most studies

are do not report all design choices, often omitting details about the inter-target distance, the

presence or absence of a cue, or the task duration.

To the best of our knowledge, no study has assessed the effects of cueing and task configura-

tion in a comparative manner in healthy participants. The present study aims to compare four

tapping tasks (cued/ non-cued AFT and AST) in healthy participants to identify the optimal

design choices to be further validated in PD patients. First, the within- and between-day

repeatability and (potential) sensitivity of the parameters are evaluated. Subsequently, the

effect of the different configurations and cueing on tapping parameters are assessed.
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Methods

Participants

No formal sample size calculations were performed since this was an exploratory, technical

validation study. A total of 16 healthy participants were planned for enrolment. The number

of participants was chosen to be of similar size as an early phase clinical trial and to achieve a

balanced design. Inclusion criteria were self-reported normal or corrected vision and no self-

reported significant health problems. Exclusion criteria included the presence of self-reported

physical hand/arm impairment, any movement disorder (e.g., PD, essential tremor, dystonia,

akinesia) and/or any other neurological condition. Participants were instructed to abstain

from caffeine, smoking, and intensive physical exercise starting 12 hours prior to the tasks

until the last measurement was completed. Participants gave consent prior to participation

and did not receive any form of compensation. All data was collected anonymously (i.e., only

age, gender, and handedness were collected). All procedures were approved by the internal

Research Committee. The Research Committee considered the study a technical validation

study that does not fall under the Dutch Medical Research Involving Human Subjects Act

(WMO). Therefore, medical ethical approval from an independent medical-ethics committee

was not required.

Table 1. Summary of the various finger tapping tasks found in the literature.

Study Device Target

Distance (cm)

Cueing Duration Features

Alternate finger tapping tasks

Arora [30, 32] Phone application N.A. N.A. N.A. Numerous. E.g. speed, rhythm, accuracy, fatigue.

Lalvay [25] Smartphone application

(‘Mementum’)

N.A. Alternating colors

(red vs green)

20s Regularity, rhythm, and changes in the number of taps

Tian [22] Phone application N.A. N.A. 30s Average number of buttons pressed between both hands

Alternate side tapping tasks

Giancardo [27] Arcade buttons 25 N.A. Not clear

(possibly 60s)

Average number taps between hands

Lipp [29]; Nutt

[35]

Arcade buttons 20 N.A. 60s Total number of taps

Hasan [20] Keyboard 20 No 30s Total number of taps, time spent on keyboards, rhythm, and

dysmetria score

iPhone application

(‘TapPD’)

N.A. Not clear: 30s

Changing colors

Tablet (‘TapPD’) N.A. Not clear: 30s

Changing colors

Arroyo-Gallego

[26]

Keyboard 25 N.A. N.A Not clear (possibly the total number of taps)

Mitsi [24];

Wissel [23]

Phone app N.A. N.A. 30s Total number of taps, tap interval, tap duration, and tap

accuracy

Young-Lee [21] Tablet 1.5 N.A. 10s Numerous. E.g. inter-tap distance, inter-tap interval time,

total distance of a finger movement, and tapping speed.

Memedi [28] Touch-pad with a pointer 2.7 N.A. Not clear Numerous. E.g. speed, accuracy, rhythm, and fatigue

(Different target

colors)

(possibly 20s)

Abbreviations: AFT = alternate finger tapping, AST = alternate side tapping, N.A. = not available

https://doi.org/10.1371/journal.pone.0260783.t001
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Study design

All participants visited the Centre for Human Drug Research (CHDR), Leiden, the Nether-

lands, twice, with a week between visits. To achieve a balanced design, the order of the blocks

was counterbalanced using a Latin square method. Tapping tasks were conducted in the morn-

ing and their order was identical on both visits. Each task was performed four consecutive

times, with 10-minute breaks between sessions. Participants were given a 20-minute break

between two tapping tasks (for a schematic overview, see Fig 1). One visit lasted approximately

4 hours.

Finger tapping tasks

All finger tapping tasks were performed with a touchscreen laptop (HP Pavilion x360; resolu-

tion = 1920 x 1080 pixels; screen width = 31 cm; screen height = 17.4 cm). The tasks were

developed in-house using the Python programming language (version 3.4 [36]). The PsychoPy

[37] library was used for stimulus presentation. The visual stimuli were two white circles

(radius = 1 cm) placed horizontally on the screen on a black background. The two circles were

either 2.5 or 20 cm apart, corresponding to the AFT and AST task, respectively. Depending on

the configuration, targets were presented with or without a visual cue. With visual cueing, one

target is visible at a time and only when tapped correctly does this target disappear while the

other appears. Hence, a total of four tapping tasks were tested: cued and non-cued AFT, as

well as cued and non-cued AST (see Fig 2).

Tapping position (X and Y coordinates) and tapping time for each tap were registered.

Parameters related to speed, accuracy, fatigue and rhythm were quantified for each of the four

tapping tasks [28]. We calculated the total number of taps (TNT) as a proxy for tapping speed;

the number of tapping errors (NTE), mean spatial error (SEA), and bivariate contour ellipse

area (BCA), as variables of accuracy; the inter-tap interval standard deviation (ITS)

Fig 1. Timing and sequence of tapping tasks during both visits. The order of the experiments was counterbalanced using the Latin square method.

https://doi.org/10.1371/journal.pone.0260783.g001

PLOS ONE Touchscreen-based finger tapping

PLOS ONE | https://doi.org/10.1371/journal.pone.0260783 December 7, 2021 4 / 17

https://doi.org/10.1371/journal.pone.0260783.g001
https://doi.org/10.1371/journal.pone.0260783


representing rhythm; and the change in velocity (VEC) to capture fatigue (see Table 2 for an

overview of the tapping task parameters and Fig 3 for a visual representation of the data

output).

During all tapping tasks, participants were instructed to tap as accurately and fast as possi-

ble for 30 seconds. Participants used the index finger of their dominant hand during the AST

Fig 2. Finger tapping tasks. Figs A and B represent alternate finger tapping configuration (AFT). Figs C and D represent alternate side tapping

(AST). In the cued configurations (A & C), the second circle only appears when a tap inside the target was successfully performed. B & D represent

the non-cued tapping tasks.

https://doi.org/10.1371/journal.pone.0260783.g002

Table 2. Tapping task parameters.

Category Parameter Definition

Speed Total Number of Taps (#) TNT Sum of all taps on the screen

Accuracy Number of Tapping Errors (#) NTE The number of two (or more) consecutive taps on the same target;

Spatial Error: Mean (mm) SEA Average absolute Euclidean distance from the target’s center point

Bivariate Contour Ellipse Area

(mm2)

BCA Based on Castet & Crossland [38]:

A bivariate contour ellipse encompassing a proportion of the highest density of finger taps:

BCA = 2χ2πσHσV(1−ρ2)

where, χ2 is a chi-square variable with 2 degrees of freedom;

σH and σV is the SD of the horizontal (X) and vertical (Y) coordinates, respectively;

ρ is the product-moment correlation of the two position components

Rhythm Inter-Tap Interval: SD (ms) ITS The SD of the time between two consecutive taps

Fatigue Velocity: Change (cm/min2) VEC A linear slope fitted on all inter-tap velocity values. Velocity was calculated by dividing the inter-tap distance value

by the inter-tap interval

Abbreviation: SD = standard deviation

https://doi.org/10.1371/journal.pone.0260783.t002
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tasks, whereas they used the index and middle finger alternately during the AFT tasks. Addi-

tionally, during the AST tasks, participants were asked to keep their elbow fixed in place on the

table to prevent additional movement compensation.

Statistical analysis

All data processing was performed via custom scripts in Python (version 3.8; [36]). Statistical

modeling was performed using custom scripts as well as the ‘lme4’ [39] and ‘emmeans’ pack-

ages [40] in the R software package [41].

Repeatability

To assess the repeatability of the parameters, the available dataset was split into two subsets to

separately assess the within- and between-day repeatability. For within-day repeatability, only

measurements from the first visit were considered. For between-day repeatability, data from

both visits was used, but from each visit the four measurements were averaged.

For each parameter and subset, a random intercept Linear Mixed Model (LMM) was fit.

For within-day repeatability, both the intercept and measurement number (i.e., 1 to 4) were

included as fixed effects. For between-day repeatability, both the intercept and visit number

(i.e., 1 and 2) were included as fixed effects. Based on the models, the intra-class correlation

(ICC) was calculated by dividing the between-subject variance by the total variance (i.e., the

sum of the between-subject variance and the within-subject error variance) [42]. Excellent

degree of repeatability was considered for ICC values above .90, good for ICC values between

.75 –.90, moderate for ICC values between .50 - .75, and poor for ICC values below .50 [42].

Minimum detectable effect

To assess potential sensitivity, minimum detectable effect (MDE) values were calculated. First,

a random intercept model including measurement number (i.e., 1 to 4) as fixed effect was fit-

ted for each parameter. For each fitted model, fixed intercept, random intercept variance and

Fig 3. Data output example. Abbreviations: TNT = Total Number of Taps; NTE = Number of Tapping Errors;

SEA = Spatial Error: Mean; BCA = Bivariate Contour Ellipse Area; ITS = Inter Tap Interval: Standard Deviation;

VEC = Velocity: Change.

https://doi.org/10.1371/journal.pone.0260783.g003
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residual variance were extracted. The MDE was then calculated by multiplying the effect size

by the pooled standard deviation (i.e., the square root of the sum of the within- and between-

subject variance) and expressed in terms of percentage change relative to the intercept value.

The effect size used to calculate the MDE was based on a paired sample t-test with a power of

.80, a significance level of 5% (α = .05), and a sample size of 20 (a typical sample size for a

clinical).

Effect of task configuration on performance

To assess the effect of configuration, cueing, measurement number, and visit number, a LMM

was fitted for each parameter. For each model, the intercept, configuration (i.e., AFT or AST),

cueing (i.e., cued or non-cued), measurement number (i.e., 1 to 4), and visit (i.e., 1 or 2) were

included as fixed effects. Additionally, a two-way interaction between cueing and configura-

tion was included as fixed effect. Between-subject random effects were included for the inter-

cept. A more elaborate random structure was not possible without running into convergence

issues. Type-III F-statistics were used to assess statistical significance of the fixed effects (α =

.05). Where the interaction effect between the fixed effects was found to be significant, post-

hoc pairwise comparisons with Tukey p-value correction were evaluated using the ‘emmeans’

package. Degrees of freedom for F-statistic denominators as well as pairwise comparisons

were estimated via the Kenward-Roger method [43]. For pairwise comparisons, the effect size

was estimated by calculating Cohen’s d. Effect sizes were considered small, medium, or large

for values of d smaller than .20, between .20 and .50, or larger than .80, respectively [44].

Results

Two participants could not be measured due to emerging COVID restrictions, hence data

from 14 participants was collected (mean age: 25.6 ± SD: 3.1; 6 females, 13 right-handed). All

but one of the participants successfully completed all measurements. For one participant, the

first four measurements were not performed due to technical difficulties. A total of 444 tapping

experiments were performed, resulting in 61103 recorded taps.

Repeatability

The within-day repeatability of the six parameters in cued/ non-cued AFT and AST tasks are

presented in Table 3. Excellent to good repeatability was observed in the speed parameter (i.e.,

total number of taps) across all tasks (ICCs > .86). The number of tapping errors showed good

to moderate repeatability in AFT (ICCcued = .81, ICCnon-cued = .69), but poor repeatability in

AST (ICCcued = .41, ICCnon-cued = .08). The mean spatial error showed good repeatability in

AFT (ICCcued = .79, ICCnon-cued = .75), and good to moderate repeatability in AST (ICCcued =

.67, ICCnon-cued = .84). Good to poor repeatability was observed in the bivariate contour ellipse

area in AFT (ICCcued = .77, ICCnon-cued = .05), and good to moderate repeatability in AST

(ICCcued = .67, ICCnon-cued = .84). The rhythm parameter, inter-tap interval SD, showed good

repeatability in both AFT tasks (ICCcued = .86, ICCnon-cued = .84), while it showed moderate to

poor repeatability in AST (ICCcued = .20, ICCnon-cued = .51). The change in velocity parameter

showed moderate repeatability in AFT (ICCcued = .56, ICCnon-cued = .58) and moderate to poor

in AST (ICCcued = .25, ICCnon-cued = .55).

The between-day repeatability values for the six parameters are presented in Table 4. An

excellent to good repeatability was observed in the total number of taps across all tapping tasks

(ICCs: .78 –.97). The number of tapping errors showed excellent to good repeatability in AFT

(ICCcued = .96, ICCnon-cued = .81) and moderate to poor repeatability in AST (ICCcued = .54,

ICCnon-cued = .06). Of the accuracy parameters, mean spatial error showed moderate to good
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repeatability in AFT (ICCcued = .80, ICCnon-cued = .70), and moderate in AST (ICCcued = .53,

ICCnon-cued = .56). The bivariate contour ellipse area showed moderate to poor repeatability in

AFT (ICCcued = .60, ICCnon-cued = .29), and moderate in AST (ICCcued = .73, ICCnon-cued =

.63). The rhythm parameter, inter-tap interval SD, showed good to moderate repeatability in

AFT (ICCcued = .85, ICCnon-cued = .52), and good to poor repeatability in AST (ICCcued = .40,

ICCnon-cued = .75). The change in velocity showed good to moderate repeatability in AFT

(ICCcued = .79, ICCnon-cued = .66) and good repeatability in non-cued AST (ICCnon-cued = .85).

For cued AST, an ICC could not be estimated due to the model not converging.

Table 4. Between-day repeatability.

AFT AST

Feature ICC [95% CI] ICC [95% CI]

TNT [#] Cued .97 [.93, .99] .78 [.51, .91]

Non-cued .86 [.68, .94] .88 [.71, .95]

NTE [#] Cued .96 [.89, .98] .54 [.13, .79]

Non-cued .81 [.58, .92] .06 [-.39, .49]

SEA [mm] Cued .80 [.55, .92] .53 [.11, .78]

Non-cued .70 [.38, .87] .56 [.15, .80]

BCA [mm2] Cued .60 [.21, .82] .73 [.43, .89]

Non-cued .29 [-.17, .65] .63 [.26, .84]

ITS [ms] Cued .85 [.65, .94] .40 [-.06, .71]

Non-cued .52 [.01, .78] .75 [.47, .90]

VEC [cm/min2] Cued .79 [.53, .91] -

Non-cued .66 [.30, .85] .85 [.65, .94]

Abbreviations: TNT = Total Number of Taps; NTE = Number of Tapping Errors; SEA = Spatial Error: Mean;

BCA = Bivariate Contour Ellipse Area; ITS = Inter Tap Interval: Standard Deviation; VEC = Velocity: Change;

ICC = Intra-Class Correlation; CI = Confidence Interval;—: value could not be estimated due to the model not

converging

https://doi.org/10.1371/journal.pone.0260783.t004

Table 3. Within-day repeatability.

Finger Tap Side Tap

Feature ICC [95% CI] ICC [95% CI]

TNT [#] Cued .94 [.89, .97] .86 [.76, .94]

Non-cued .90 [.82, .96] .94 [.89, .98]

NTE [#] Cued .81 [.67, .91] .41 [0.19, .66]

Non-cued .69 [.5, .86] .08 [-.08, .37]

SEA [mm] Cued .79 [.64, .90] .63 [.43, .82]

Non-cued .75 [.57, .88] .76 [.60, .89]

BCA [mm2] Cued .77 [.61, .89] .67 [.47, .83]

Non-cued .05 [-.12, .32] .84 [.71, .92]

ITS [ms] Cued .86 [.76, .94] .20 [.00, .48]

Non-cued .84 [.72, .93] .51 [.30, .74]

VEC [cm/min2] Cued .56 [.34, .77] .25 [.04, .53]

Non-cued .58 [.34, .78] .55 [.34, .77]

Abbreviations: TNT = Total Number of Taps; NTE = Number of Tapping Errors; SEA = Spatial Error: Mean;

BCA = Bivariate Contour Ellipse Area; ITS = Inter Tap Interval: Standard Deviation; VEC = Velocity: Change;

ICC = Intra-Class Correlation, CI = Confidence Interval.

https://doi.org/10.1371/journal.pone.0260783.t003
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Minimum detectable effect

The calculated MDE values, expressed in percentages as well as in absolute values, can be

found in Table 5. Generally, the MDE values for the AST configuration were lower than for

AFT. The parameters having the lowest MDE values were the total number of taps, the mean

spatial error, and the rhythm parameter (MDE values ranging from 9.5%– 23% in AST, and

19%– 71% in AFT).

Effect of task configuration and cueing on tapping performance

The results of all LMM models are presented in Table 6. The configuration (i.e., AFT vs AST)

had a significant effect on all parameters. Cueing affected all parameters except the mean spa-

tial error. Lastly, a significant interaction effect between configuration and cueing was found

Table 5. Sensitivity (MDE) estimates in percentage (%) and absolute values (Abs).

AFT AST

Feature MDE [Abs] MDE [Abs]

TNT [#] Cued 28% [45] 9.5% [6.2]

Non-cued 19% [37] 11% [9.5]

NTE [#] Cued 98% [6.1] 57% [1.5]

Non-cued 49% [6.7] 150% [0.54]

SEA [mm] Cued 24% [0.73] 12% [0.54]

Non-cued 20% [0.54] 12% [0.56]

BCA [mm2] Cued 48% [22] 35% [55]

Non-cued 88% [29] 26% [55]

ITS [ms] Cued 32% [31] 23% [19]

Non-cued 71% [68] 20% [8.4]

VEC [cm/min2] Cued - 90% [400]

Non-cued 43% [–370] 170% [–460]

Abbreviations: MDE = Minimum detectable effect; Abs = Absolute value; TNT = Total Number of Taps;

NTE = Number of Tapping Errors; SEA = Spatial Error: Mean; BCA = Bivariate Contour Ellipse Area; ITS = Inter

Tap Interval: Standard Deviation; VEC = Velocity: Change;—: value could not be estimated due to the model not

converging

https://doi.org/10.1371/journal.pone.0260783.t005

Table 6. F-Test results of fixed effects for each parameter.

Category Speed Accuracy Rhythm Fatigue

Parameter TNT NTE SEA BCA ITS VEC

F (1, 423.05) F (1, 423.07) F (1, 423.07) F (1, 423.08) F (1, 423.14) F (1, 423.16)

Configuration 1412.11 ��� 281.97 ��� 593.15 ��� 965.02 ��� 80.14 ��� 98.70 ���

Cueing 36.82 ��� 5.61 � 0.01 4.77 � 5.87 � 37.03 ���

Measurement 0.95 0.83 0.13 0.76 0.47 0.21

Visit 10.61 �� 0.30 7.08 �� 0.72 8.51 �� 0.67

Configuration × Cueing 0.33 37.24 ��� 16.28 ��� 10.15 �� 12.78 ��� 1.64

Abbreviations: TNT = Total Number of Taps; NTE = Number of Tapping Errors; SEA = Spatial Error: Mean; BCA = Bivariate Contour Ellipse Area; ITS = Inter Tap

Interval: Standard Deviation; VEC = � Velocity: Change

� p < .05

�� p < .01

��� p < .001

https://doi.org/10.1371/journal.pone.0260783.t006
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for all parameters except the total number of taps and change in tapping velocity. None of the

parameters were affected by the measurement number, see Table 6. However, the total number

of taps, mean spatial error, and the inter-tap interval SD were affected by visit. For the pairwise

comparisons between testing visits, see Table 7. On the second visit, participants tapped more

often than on the first visit (p< .01). Moreover, the mean spatial error on the second visit was

higher than on the first visit (p< .05). Finally, the inter-tap interval SD was lower on the sec-

ond visit than on the first visit (p< .01).

All estimated mean values for the tapping tasks, as well as all pairwise comparisons are pre-

sented in Table 8 and Fig 4. Participants tapped more often during AFT than AST, and during

a non-cued versus a cued task. In addition, more tapping errors were made in AFT than AST.

In the absence of the visual cue, participants made more tapping errors in the AFT task and

fewer in the AST task. The mean spatial error was larger in AST than AFT. The non-cued task

reduced and increased the mean spatial error in the AFT and AST configurations, respectively.

The bivariate contour ellipse area was significantly larger in AST than AFT. The non-cued task

increased the bivariate contour ellipse area only in the AST configuration. The SD of the inter-

tap interval was lower in the AST configuration than in the AFT configuration. The absence of

the visual cue reduced the SD of the inter-tap interval only in the AST configuration. The tap-

ping velocity reduced throughout a measurement in both AFT tasks, with a steeper reduction

in the non-cued tapping task. The tapping velocity increased throughout a measurement in

cued AST, but reduced in the non-cued AST.

Discussion

The current technical validation study provides several key contributions to the growing body

of literature on touchscreen-based tapping devices. To the best of our knowledge, this study is

the first to assess the effects of cueing and task configuration on tapping performance in a

comparative manner. It is also the first study that explicitly assesses the repeatability and MDE

of tapping parameters in healthy participants. Based on the results of the current study, recom-

mendations for subsequent studies are discussed.

Repeatability and minimal detectable effect

The first research question assessed the repeatability of tapping parameters across the four tap-

ping tasks. Establishing good within-day repeatability is important as in clinical trials medica-

tion effects are often repeatedly assessed in a relatively short period of time [29]. Moreover,

studies determining the acute pharmacodynamic effects of medication on a symptom, that

may vary greatly between patients, (ideally) have a cross-over design. Hence, the optimal

Table 7. Occasion effects on tapping performance.

Category Speed Accuracy Rhythm Fatigue

Parameter TNT NTE SEA BCA ITS VEC

[unit] [#] [#] [mm] [mm2] [ms] [cm/min2]

visit 1- visit 2 -9.86 �� 0.29 -0.19 �� -3.99 12.1 �� -46.1

(SE) (3.03) (0.53) (0.07) (4.7) (4.14) (56.4)

Abbreviations: TNT = Total Number of Taps; NTE = Number of Tapping Errors; SEA = Spatial Error: Mean; BCA = Bivariate Contour Ellipse Area; ITS = Inter Tap

Interval: Standard Deviation; VEC = Velocity: Change; SE = standard error

� p < .05

�� p < .01

��� p < .001

https://doi.org/10.1371/journal.pone.0260783.t007
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tapping task must provide repeatable parameters for the same subject both within and between

testing visits. The within- and between-day repeatability were comparable for all reported

parameters (see Tables 3 and 4). None of the parameters in any task showed significant

changes between the four measurements within a day. This indicates the lack of significant

learning effects when the measurements are repeated in a relatively short period of time. How-

ever, there was a significant effect of testing visit (the second visit occurred one week after the

first) on the total number of taps, spatial error, and the standard deviation of the inter-tap

interval. With the increase in number of taps at the second visit, the mean spatial error also

increased. One explanation could be that as participants were already familiar with the task on

the second visit, their priority might have shifted to speed rather than accuracy. To summarize,

the within-day repeatability of the tapping parameters was good, but additional care should be

taken when comparing repeated measures between testing visits.

The best repeatability was found in the speed related parameters, followed by accuracy,

rhythm, and fatigue parameter. There were two parameters where lower repeatability was

observed in AST compared to AFT, i.e., the number of tapping errors and the standard devia-

tion of the inter-tap interval (i.e., rhythm parameter). The number of tapping errors showed

lower repeatability values, especially in non-cued AST compared to the other tasks. Since most

participants tapped correctly, there was little to no between-subject variation in tapping errors,

lowering its ICC value. Additionally, the between-subject variance of the rhythm parameter

was lower for AST compared to AFT. This finding suggests that it was easier for most people

to tap with a steady rhythm during forearm muscle/ elbow joint driven motion than during

Table 8. Effect of task configuration and cueing on tapping performance.

AFT AST Difference:

Parameter EMMean (SE) ES EMMean (SE) ES AFT–AST (SE) ES

TNT Cued 185.0 (8.31) 73.0 (8.30) 112 (4.25) ��� 3.52

Non-cued 205.1 (8.34) 89.70 (8.31) 115 (4.31) ��� 3.62

Diff (C—NC) -20.01 (4.31) ��� -0.63 -16.70 (4.26) ��� -0.52

NTE Cued 8.21 (1.19) 2.52 (1.19) 5.7 (0.75) ��� 1.02

Non-cued 12.73 (1.20) 0.53 (1.19) 12.2 (0.76) ��� 2.18

Diff (C—NC) -4.52 (0.76) ��� -0.81 1.99 (0.75) �� 0.36 -

SEA Cued 3.03 (0.16) 4.47 (0.16) -1.44 (0.1) ��� -1.93

Non-cued 2.74 (0.16) 4.75 (0.16) -2.01 (0.1) ��� -2.70

Diff (C—NC) 0.29 (0.1) �� 0.39 -0.28 (0.01) �� -0.37

BCA Cued 41.9 (10.3) 172.9 (10.3) -131 (6.6) ��� -2.65

Non-cued 37.2 (10.4) 198.2 (10.3) -161 (6.7) ��� -3.25

Diff (C—NC) 4.71 (6.7) 0.09 25.25 (6.6) ��� -0.51

ITS Cued 84.5 (7.10) 62.2 (7.09) 22.3 (5.81) ��� 0.51

Non-cued 89.2 (7.16) 37.4 (7.10) 51.9 (5.90) ��� 1.19

Diff (C—NC) -4.77 (5.90) -0.11 24.85 (5.81) ��� 0.57

VEC Cued -336 (91) 152 (90.9) -488 (79.2) ��� -0.82

Non-cued -751 (91.9) -119 (91) -633 (40.4) ��� -1.07

Diff (C—NC) 416 (91.0) ��� 0.70 271 (79.2) ��� 0.46

Abbreviations: TNT = Total Number of Taps; NTE = Number of Tapping Errors; SEA = Spatial Error: Mean; BCA = Bivariate Contour Ellipse Area; ITS = Inter Tap

Interval: Standard Deviation; VEC = Velocity: Change; EMMean = estimated marginal mean; ES = effect size, Cohen’s d; Diff = difference; C = cued; NC = Non-cued

� p < .05

�� p < .01

��� p < .001

https://doi.org/10.1371/journal.pone.0260783.t008
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AFT. Taken together, the AFT parameters generally resulted in better within-day repeatability

than the AST ones, mainly driven by the increased between-subject variability in AFT.

The second research question assessed the parameters’ sensitivity to change in all four tap-

ping tasks. Overall, the AST parameters were more sensitive compared to AFT parameters.

The total number of taps showed moderate sensitivity in AFT and higher sensitivity in AST

(i.e., MDE values ranging between 9.5%– 28%). Previous research indicates that the effect sizes

observed on this parameter when comparing PD patients in an ON versus an OFF state, and

when comparing PD patients with HCs, range within comparable boundaries [20, 21, 23, 25–

27]. Although less frequently reported in literature, similar effect sizes were found in the mean

spatial error and rhythm parameters [20, 25]. Given that PD patients tend to tap more arrhyth-

mically [11, 14], slowly [20, 21, 28, 45], and less accurately [20, 28], the total number of taps,

spatial error and the standard deviation of the inter-tap interval could be valuable parameters

in subsequent clinical trials with patients.

The effects of task configuration and cueing on tapping performance

In the AFT configuration, we found faster tapping, higher accuracy, worse rhythm, and more

fatigue than in the AST configuration. The inter-target distance was 8 times smaller in AFT than

AST, thereby reducing the travel time between two consecutive taps. AFT rhythm and fatigue

effects, however, could primarily be explained by the increased muscle fatigue during fine, alter-

nating finger movement as opposed to the upper-arm driven AST motion [25, 45, 46]. Why the

increased speed was not associated with lower accuracy in AFT, could be explained by the posi-

tion of the circles. The targets were placed under the natural position of the fingertips, making

deviations from the center of the targets and tapping outside the target areas inherently less likely.

Despite these two tasks being interchangeably used in the literature, researchers should be aware

that AFT and AST are two different tasks, and they assess distinct motor functions.

Understanding the effects of cueing in finger tapping is crucial as cues can significantly

improve motor performance in PD [34, 47]. In healthy participants, cueing reduced speed and

fatigue for both AFT and AST, improved accuracy, and worsened rhythm for AST. In general,

cueing had a larger effect on AST and seemed to be less relevant for AFT. The effects of cueing on

tapping performance might be explained by the participant hesitating after each tap while waiting

for the next circle to appear. More importantly, however, when participants tapped outside the

target area, the next circle did not appear. Participants halted their hand movement, returned to

correct the erroneous tap, resulting in higher inter-tap intervals, increased variability, lower

fatigue, and fewer total taps. Hence cueing, rather than signaling the next target, provided imme-

diate visual feedback. Considering a time-accuracy tradeoff, the immediate feedback and overall

lower tapping speed can also account for the improved tapping accuracy in cued conditions. To

summarize, cueing seemed to impair speed, rhythm, reduce fatigue, and improve accuracy of

healthy participants, and it probably acted as visual feedback as opposed to a visual cue.

Limitations and future research

The most important caveat of the current paper is that we did not assess a PD patient group.

Hence, a natural continuation of this work would validate the AFT and AST against gold stan-

dard clinical scales in a patient population (i.e., the MDS-UPDRS). Whether PD patients

Fig 4. The effects of configuration and cueing on tapping performance. (A) TNT = Total Number of Taps (B) NTE = Number of Tapping Errors

(C) SEA = Spatial Error: Mean (D) BCA = Bivariate Contour Ellipse Area (E) ITS = Inter Tap Interval: Standard Deviation (F) VEC = Velocity:

Change. Values are based on estimated marginal means; error bars represent standard error of the marginal mean. � p< .05; ��p< .01; ���p< .001;

ns = not significant.

https://doi.org/10.1371/journal.pone.0260783.g004
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perform better on AST compared to AFT, and whether AFT or AST is more sensitive to detect

medication effects will be assessed in a currently ongoing clinical study. Moreover, the current

study did not assess the pharmacological sensitivity of the task. The optimal tapping task(s)

must also be able to detect medication changes, otherwise, the task(s)’ usefulness in clinical

studies will be limited. In addition, even though we observed an increase in tapping speed on

the second visit, we did not assess the exact nature of this effect. Future research should address

the timescale and magnitude of testing visit effects on the tapping performance with respect to

tapping style and/or motivation. Lastly, we did not vary the duration of the finger tapping tasks.

Previous literature suggests that 30 seconds can be sufficient to detect fatigue effects [20], with-

out overburdening the participants. Hence, the 30 second task length makes the set-up suitable

for repeated testing, even when conducting studies with rapid-acting (dopaminergic) agents.

The findings, while preliminary, caution against the use of cueing in studies involving PD

patients. Previous literature suggests that tapping speed, fatigue and rhythm are clinically rele-

vant predictors of both PD related bradykinesia, as well as medication effects [11, 14, 48]. In

healthy participants, cueing appears to impair the speed and rhythm of tapping, while reducing

detectable fatigue. Hence, we argue that the tapping task set-up should be kept as simple as

possible, to accurately detect potential differences in speed, rhythm, and change parameters,

without inducing experimental noise. Additionally, exact comparisons with other studies

remains difficult as technical specification on the implementation are not always reported (see

Table 1). We encourage researchers to report on the technical implementation details of their

tapping tasks (e.g., target distance, cueing, and duration).

Taken together, it seems preferable to use non-cued AST and AFT versions for further (vali-

dation) studies involving a PD population. The choice for AFT or AST should depend on the

research question, as these tasks assess different aspects of movement. AFT appears to be more

difficult for most healthy participants, and one could speculate that AFT would also be more

difficult to perform for PD patients. For instance, Agostino [25, 45, 46] showed that it is signif-

icantly more difficult for PD patients to perform alternating finger tapping, as opposed to pro-

nation-supination (i.e., forearm, elbow and shoulder driven movement), and Lalvay [25]

showed that patients with severe parkinsonism have difficulties performing alternate finger

tapping as opposed to one finger tapping. In addition, bradykinesia appears to worsen increas-

ingly during isolated, sequential finger movements, as opposed to gross hand movements [45].

Conclusion

The current study provides evidence that the custom developed AFT and AST tasks are well-

functioning and repeatable measurement tools. From a technical point-of-view, they can be

used in clinical trials assessing medication effects on bradykinesia. Recommended parameters

are total number of taps, mean spatial error, and rhythm as they showed high repeatability and

sensitivity. Moreover, the use of cueing in finger tapping tasks is unwarranted as visually cue-

ing the tapping tasks can, in healthy participants, worsen tapping speed and rhythm, while

improving accuracy. The choice for AFT or AST, should depend on the research question, as

these tasks assess different aspects of movement. Concluding the technical validation step with

encouraging results, the AFT and AST should be further investigated in subsequent studies

with PD patients and in response to dopaminergic medication.

Supporting information

S1 Appendix. Experimental dataset. The experimental dataset can be found in S1 Appendix.

(CSV)
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Writing – review & editing: Eva Thijssen, Emilie M. J. van Brummelen, Geert J. Groeneveld,

Robert J. Doll.

References
1. Kowal SL, Dall TM, Chakrabarti R, Storm M V., Jain A. The current and projected economic burden of

Parkinson’s disease in the United States. Mov Disord. 2013; 28: 311–318. https://doi.org/10.1002/mds.

25292 PMID: 23436720

2. Hirtz D, Thurman DJ, Gwinn-Hardy K, Mohamed M, Chaudhuri AR, Zalutsky R. How common are the

“common” neurologic disorders? Neurology. 2007; 68: 326–337. https://doi.org/10.1212/01.wnl.

0000252807.38124.a3 PMID: 17261678

3. Titova N, Chaudhuri KR. Apomorphine therapy in Parkinson’s and future directions. Park Relat Disord.

2016; 33: S56–S60. https://doi.org/10.1016/j.parkreldis.2016.11.013 PMID: 27913125

4. Kalia L V., Lang AE. Parkinson’s disease. Lancet. 2015; 386: 896–912. https://doi.org/10.1016/S0140-

6736(14)61393-3 PMID: 25904081

5. Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P, et al. Movement Disorder

Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS): Scale

presentation and clinimetric testing results. Mov Disord. 2008; 23: 2129–2170. https://doi.org/10.1002/

mds.22340 PMID: 19025984

6. Haaxma CA, Bloem BR, Borm GF, Horstink MWIM. Comparison of a timed motor test battery to the Uni-

fied Parkinson’s Disease Rating Scale-III in Parkinson’s disease. Mov Disord. 2008; 23: 1707–1717.

https://doi.org/10.1002/mds.22197 PMID: 18649395

7. Heldman DA, Espay AJ, LeWitt PA, Giuffrida JP. Clinician versus machine: Reliability and responsive-

ness of motor endpoints in Parkinson’s disease. Park Relat Disord. 2014; 20: 590–595. https://doi.org/

10.1016/j.parkreldis.2014.02.022 PMID: 24661464

8. Hasan H, Athauda DS, Foltynie T, Noyce AJ. Technologies Assessing Limb Bradykinesia in Parkinson’s

Disease. Journal of Parkinson’s Disease. IOS Press; 2017. pp. 65–77. https://doi.org/10.3233/JPD-

160878 PMID: 28222539

9. Post B, Merkus MP, de Bie RMA, de Haan RJ, Speelman JD. Unified Parkinson’s Disease Rating Scale

motor examination: Are ratings of nurses, residents in neurology, and movement disorders specialists

interchangeable? Mov Disord. 2005; 20: 1577–1584. https://doi.org/10.1002/mds.20640 PMID:

16116612

10. Espay AJ, Bonato P, Nahab FB, Maetzler W, Dean JM, Klucken J, et al. Technology in Parkinson’s dis-

ease: Challenges and opportunities. Mov Disord. 2016; 31: 1272–1282. https://doi.org/10.1002/mds.

26642 PMID: 27125836

11. Trager MH, Velisar A, Koop MM, Shreve L, Quinn E, Bronte-Stewart H. Arrhythmokinesis is evident dur-

ing unimanual not bimanual finger tapping in Parkinson’s disease. J Clin Mov Disord. 2015; 2: 1–7.

https://doi.org/10.1186/s40734-014-0011-2 PMID: 26788337

PLOS ONE Touchscreen-based finger tapping

PLOS ONE | https://doi.org/10.1371/journal.pone.0260783 December 7, 2021 15 / 17

https://doi.org/10.1002/mds.25292
https://doi.org/10.1002/mds.25292
http://www.ncbi.nlm.nih.gov/pubmed/23436720
https://doi.org/10.1212/01.wnl.0000252807.38124.a3
https://doi.org/10.1212/01.wnl.0000252807.38124.a3
http://www.ncbi.nlm.nih.gov/pubmed/17261678
https://doi.org/10.1016/j.parkreldis.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/27913125
https://doi.org/10.1016/S0140-6736%2814%2961393-3
https://doi.org/10.1016/S0140-6736%2814%2961393-3
http://www.ncbi.nlm.nih.gov/pubmed/25904081
https://doi.org/10.1002/mds.22340
https://doi.org/10.1002/mds.22340
http://www.ncbi.nlm.nih.gov/pubmed/19025984
https://doi.org/10.1002/mds.22197
http://www.ncbi.nlm.nih.gov/pubmed/18649395
https://doi.org/10.1016/j.parkreldis.2014.02.022
https://doi.org/10.1016/j.parkreldis.2014.02.022
http://www.ncbi.nlm.nih.gov/pubmed/24661464
https://doi.org/10.3233/JPD-160878
https://doi.org/10.3233/JPD-160878
http://www.ncbi.nlm.nih.gov/pubmed/28222539
https://doi.org/10.1002/mds.20640
http://www.ncbi.nlm.nih.gov/pubmed/16116612
https://doi.org/10.1002/mds.26642
https://doi.org/10.1002/mds.26642
http://www.ncbi.nlm.nih.gov/pubmed/27125836
https://doi.org/10.1186/s40734-014-0011-2
http://www.ncbi.nlm.nih.gov/pubmed/26788337
https://doi.org/10.1371/journal.pone.0260783


12. Tavares ALT, Jefferis GSXE, Koop M, Hill BC, Hastie T, Heit G, et al. Quantitative measurements of

alternating finger tapping in Parkinson’s disease correlate with UPDRS motor disability and reveal the

improvement in fine motor control from medication and deep brain stimulation. Mov Disord. 2005; 20:

1286–1298. https://doi.org/10.1002/mds.20556 PMID: 16001401

13. Au WL, Soo I, Seah H, Li W, Chew L, Tan S. Effects of Age and Gender on Hand Motion Tasks.

2015;2015.

14. Espay AJ, Giuffrida JP, Chen R, Payne M, Mazzella F, Dunn E, et al. Differential response of speed,

amplitude, and rhythm to dopaminergic medications in Parkinson’s disease. Mov Disord. 2011; 26:

2504–2508. https://doi.org/10.1002/mds.23893 PMID: 21953789

15. Kim JW, Lee JH, Kwon Y, Kim CS, Eom GM, Koh SB, et al. Quantification of bradykinesia during clinical

finger taps using a gyrosensor in patients with Parkinson’s disease. Med Biol Eng Comput. 2011; 49:

365–371. https://doi.org/10.1007/s11517-010-0697-8 PMID: 21052856

16. Okuno R, Yokoe M, Akazawa K, Abe K, Sakoda S. Finger taps movement acceleration measurement

system for quantitative diagnosis of Parkinson’s disease. Annu Int Conf IEEE Eng Med Biol—Proc.

2006; 6623–6626. https://doi.org/10.1109/IEMBS.2006.260904 PMID: 17959469

17. Summa S, Tosi J, Taffoni F, Biase L Di, Marano M, Rizzo, et al. Assessing bradykinesia in Parkinson ‘ s

disease using gyroscope signals *. 2017; 1556–1561.

18. Stamatakis J, Ambroise J, Crémers J, Sharei H, Delvaux V, Macq B, et al. Finger tapping clinimetric

score prediction in Parkinson’s disease using low-cost accelerometers. Comput Intell Neurosci.

2013;2013. https://doi.org/10.1155/2013/717853 PMID: 23690760

19. Yokoe M, Okuno R, Hamasaki T, Kurachi Y, Akazawa K, Sakoda S. Opening velocity, a novel parame-

ter, for finger tapping test in patients with Parkinson’s disease. Park Relat Disord. 2009. https://doi.org/

10.1016/j.parkreldis.2008.11.003 PMID: 19103505

20. Hasan H, Burrows M, Athauda DS, Hellman B, James B, Warner T, et al. The BRadykinesia Akinesia

INcoordination (BRAIN) Tap Test: Capturing the Sequence Effect. Mov Disord Clin Pract. 2019; 6: 462–

469. https://doi.org/10.1002/mdc3.12798 PMID: 31392247

21. Lee CY, Kang SJ, Hong SK, Ma H Il, Lee U, Kim YJ. A validation study of a smartphone-based finger

tapping application for quantitative assessment of bradykinesia in Parkinson’s disease. PLoS One.

2016; 11: 1–11. https://doi.org/10.1371/journal.pone.0158852 PMID: 27467066

22. Tian F, Fan X, Fan J, Zhu Y, Gao J, Wang D, et al. What can gestures tell? Detecting motor impairment

in early Parkinson’s from common touch gestural interactions. Conf Hum Factors Comput Syst—Proc.

2019; 1–14. https://doi.org/10.1145/3290605.3300313

23. Wissel BD, Mitsi G, Dwivedi AK, Papapetropoulos S, Larkin S, López Castellanos JR, et al. Tablet-
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39. Bates D, Mächler M, Bolker BM, Walker SC. Fitting linear mixed-effects models using lme4. J Stat

Softw. 2015. https://doi.org/10.18637/jss.v067.i01

40. Lenth R, Singmann H, Love J, Buerkner P, Herve M. Package ‘emmeans.’ R Packag version 146. 2020.

https://doi.org/10.1080/00031305.1980.10483031>.License

41. core Team R. R: A Language and Environment for Statistical Computing. R Found Stat Comput

Vienna, Austria. 2018.

42. Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability

Research. J Chiropr Med. 2016. https://doi.org/10.1016/j.jcm.2016.02.012 PMID: 27330520

43. Kenward MG, Roger JH. Small Sample Inference for Fixed Effects from Restricted Maximum Likeli-

hood. Biometrics. 1997. https://doi.org/10.2307/2533558 PMID: 9333350

44. Cohen J. Statistical power analysis for the behavioral sciences (revised ed.) Academic Press. New

York. 1988.

45. Agostino R, Currà A, Giovannelli M, Modugno N, Manfredi M, Berardelli A. Impairment of individual fin-

ger movements in Parkinson’s disease. Mov Disord. 2003; 18: 560–565. https://doi.org/10.1002/mds.

10313 PMID: 12722170

46. Agostino R, Berardelli A, Currà A, Accornero N, Manfredi M. Clinical impairment of sequential finger

movements in Parkinson’s disease. Mov Disord. 1998; 13: 418–421. https://doi.org/10.1002/mds.

870130308 PMID: 9613731

47. Ginis P, Nackaerts E, Nieuwboer A, Heremans E. Cueing for people with Parkinson’s disease with

freezing of gait: A narrative review of the state-of-the-art and novel perspectives. Annals of Physical and

Rehabilitation Medicine. 2018. https://doi.org/10.1016/j.rehab.2017.08.002 PMID: 28890341

48. Giovannoni G, Van Schalkwyk J, Fritz VU, Lees AJ. Bradykinesia akinesia inco-ordination test (BRAIN

TEST): An objective computerised assessment of upper limb motor function. J Neurol Neurosurg Psy-

chiatry. 1999; 67: 624–629. https://doi.org/10.1136/jnnp.67.5.624 PMID: 10519869

PLOS ONE Touchscreen-based finger tapping

PLOS ONE | https://doi.org/10.1371/journal.pone.0260783 December 7, 2021 17 / 17

https://doi.org/10.3758/s13428-020-01409-0
https://doi.org/10.3758/s13428-020-01409-0
http://www.ncbi.nlm.nih.gov/pubmed/32415558
https://doi.org/10.1212/WNL.0000000000006366
https://doi.org/10.1212/WNL.0000000000006366
http://www.ncbi.nlm.nih.gov/pubmed/30232246
https://doi.org/10.1093/cercor/bht170
http://www.ncbi.nlm.nih.gov/pubmed/23861319
https://doi.org/10.1016/j.jns.2006.05.008
http://www.ncbi.nlm.nih.gov/pubmed/16765379
https://doi.org/10.1056/NEJM198402233100802
https://doi.org/10.1056/NEJM198402233100802
http://www.ncbi.nlm.nih.gov/pubmed/6694694
https://doi.org/10.1163/187847611X620955
http://www.ncbi.nlm.nih.gov/pubmed/22370759
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1080/00031305.1980.10483031%26gt%3B.License
https://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.2307/2533558
http://www.ncbi.nlm.nih.gov/pubmed/9333350
https://doi.org/10.1002/mds.10313
https://doi.org/10.1002/mds.10313
http://www.ncbi.nlm.nih.gov/pubmed/12722170
https://doi.org/10.1002/mds.870130308
https://doi.org/10.1002/mds.870130308
http://www.ncbi.nlm.nih.gov/pubmed/9613731
https://doi.org/10.1016/j.rehab.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28890341
https://doi.org/10.1136/jnnp.67.5.624
http://www.ncbi.nlm.nih.gov/pubmed/10519869
https://doi.org/10.1371/journal.pone.0260783

