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Abstract

Background and Objective

Human motor skills or impairments have been traditionally assessed by neurologists by means of
paper-and-pencil tests or special hardware. More recently, technologies such as digitizing tablets
and touchscreens have offered neurologists new assessment possibilities, but their use has been
restricted to a specific medical condition, or to stylus-operated mobile devices. The objective of this
paper is twofold. First, we propose a mobile app (MotorBrain) that offers six computerized versions
of traditional motor tests, can be used directly by patients (with and without the supervision of a
clinician), and aims at turning millions of smartphones and tablets available to the general public
into data collection and assessment tools. Then, we carry out a study to determine whether the data
collected by MotorBrain can be meaningful for describing aging in human motor performance.
Methods

A sample of healthy participants (N=133) carried out the motor tests using MotorBrain on a
smartphone. Participants were split into two groups (Young, Old) based on their age (less than or
equal to 30 years, greater than or equal to 50 years, respectively). The data collected by the app
characterizes accuracy, reaction times, and speed of movement. It was analyzed to investigate
differences between the two groups.

Results

The app does allow measuring differences in neuromotor performance. Data collected by the app
allowed us to assess performance differences due to the aging of the neuromuscular system.
Conclusions

Data collected through MotorBrain is suitable to make meaningful distinctions among different
kinds of performance, and allowed us to highlight performance differences associated to aging.
MotorBrain supports the building of a large database of neuromotor data, which can be used for

normative purposes in clinical use.



1. Introduction

Human motor control is the process by which people use their neuromuscular system to coordinate
and perform motor actions. It is crucial for regulating motion, balance, stability, coordination, and
our interaction with the world [1,2]. Studies in the literature have shown that motor performance
changes across the life span, i.e. it improves from childhood to young adulthood and then it gets
worse with aging [3.4].

Paper-and-pencil tests, such as the Trail Making [5] and the Spiral Drawing [6] tests, are a
traditional method that neurologists use to assess patients’ motor skills or impairments. The Trail
Making Test requires subjects to connect several targets in a predefined order without taking off the
pencil from the sheet. Subjects have to be as fast and accurate as possible in finding and connecting
the targets. The Spiral Drawing Test requires instead individuals to draw a spiral from the center
with increasingly larger radius. The spiral is then compared to a set of previously rated spirals
displaying varying degrees of motor impairments. However, such tests allow neurologists to carry
out only a qualitative evaluation of users’ motor performance (the only measurable variable is the
time spent by users to complete the task). Thus, since they do not offer any method to record all
users’ actions and movements performed during the test, they do not allow neurologists to carry out
quantitative analyses to distinguish and/or explain the specific motor behavior, and make
comparisons among different tests.

Other methods rely instead on special hardware that allows recording users’ movements. For
example, the Finger Tapping Test [7] is a motor test in which subjects have to tap with a finger over
a stimulus, e.g. a button or a musical keyboard, following a predefined pace. Subjects have to match
the rate of tapping responses to the rate of the pacer stimulus.

The advent of technologies such as digitizing tablets or touchscreens offered neurologists new,
more convenient, and more precise methods to carry out the above mentioned and other motor tests.
Indeed, by connecting these devices to a computer, data about patients’ motor skills can be

automatically acquired and analyzed, see e.g. [§—13]. This computer-based approach could now be



further improved by exploiting touchscreen-based mobile devices such as smartphones and tablets,
which might allow their users to easily perform motor tests anywhere and periodically without the
need of going to a hospital or a lab. The computational capabilities of current smartphones would
also allow processing locally the collected motor skills data, and providing users with an assessment
of their motor performance.

A tablet version of the Spiral Drawing Test has been proposed by Surangsrirat and Thanawattano
[14] on the Android platform, while the Java-based app for Windows Mobile PDAs developed by
Westin [15] included also the Finger Tapping Test. Recently, smartphone-based apps that contain
the Finger Tapping Test have been employed in the studies described in [16,17]. However, all these
mobile apps are designed to specifically target Parkinson’s patients. Moreover, the applications
presented in [14,15] require participants to carry out the motor tests with a stylus pen. Thus, their
use is restricted to a specific medical condition or to specific stylus-operated mobile devices.

In this paper, we propose a mobile app (called “MotorBrain”) for all major mobile platforms
(Android [18], 10S [19], and Windows Mobile [20], which we released on the respective stores)
that is able to turn millions of smartphones and tablets available to the general public into data
collection and assessment tools. MotorBrain provides the user with different versions of Trail
Making and Finger-Tapping Tests. We designed the interface of the app to make it easily usable by
different kinds of patients as well as healthy individuals, and let them interact more naturally and
directly with the tests by using their finger. In addition to providing a preliminary assessment of
motor performance on the device, the app sends the acquired motor skills data to a remote server, in
order to support the building of a normative database of individual motor skills data, which is
currently unavailable in neurology. Such database could be used for different purposes. First of all,
it can allow neurologists to study the aging of the population’s neuromuscular system and, in
particular, investigate the physiological aspects that are involved in the aging process, which have
been identified only recently [21]. Second, it can offer neurologists the possibility to compare motor

skills data acquired from a specific patient with normative data for the same age group. By



highlighting possible differences from normative motor behaviors, this comparison can allow
neurologists to carry out an early differential diagnosis of movement disorders, e.g. Parkinson’s
disease, which at present cannot be accurately detected until they clearly manifest in patients with
the traditional detection methods, i.e. paper-and-pencil tests, electroencephalography, or
neuroimaging, that are instead administered in the hospital when symptoms of a pathology have
already showed up. Early differential diagnosis is important because it allows neurologists to timely
start clinical treatments and reduce the negative effects that degenerative disorders have on patients.
In particular, such diagnosis can be useful when patients show (i) slowness of movements, which
can be due to Parkinson’s and Parkinsonism syndromes, segmental, focal and occupational
dystonia, and essential tremor, and (ii) difficulty of coordination, which can be due to the cerebellar
and spinocerebellar degenerations. Moreover, the data collected by the app and its comparison with
the normative database can also be useful for patients with sensory processing disorders, e.g.
peripheral neuropathies, which can be due to diabetes, toxic substance consumptions, vitamin
deficiencies, and autoimmune disorders.

Finally, the data collected by MotorBrain offers neurologists the possibility to study how
individuals learn and/or improve a new motor skill over time. Such information can be used to
guide the rehabilitation process of a movement disorder. Indeed, the comparisons of data from a
single patient with the normative database can allow assessing whether the differences that were
due to a movement disorder have decreased over time as a result of pharmacological or physical
therapies. These comparisons can also be used by neurologists for carrying out a follow-up of the
efficacy of a therapy, and for assessing the evolution of a movement disorder over time.

In summary, our app significantly extends the population that can be assessed, makes it much easier
for users to perform motor tests, increases the number of opportunities and the contexts in which
users can assess their motor skills, and supports additional purposes other than individual
assessment, in particular neurological studies, differential diagnosis and follow-up of movement

disorders, and motor functions rehabilitation.



MotorBrain is the final outcome of an interactive user-centered design process. Starting from an
initial prototype, we went through several iterations with samples of users in order to progressively
increase comprehension and usability of the app. This paper first illustrates in detail the final design
of MotorBrain that resulted from such process. Then, it presents the study we carried out to
determine whether the data collected by MotorBrain is actually meaningful in the assessment of
users’ motor performance, and could thus also support the building of a normative database to be
used by neurologists for better characterizing the normal motor behavior of the population and how

it changes with aging.

2. Materials and Methods

2.1. The proposed application

MotorBrain was developed in Unity [22] for all three major mobile operating systems, i.e. Android,
108, and Windows Mobile (interested readers can freely try it on such platforms [18-20]).

The app offers six motor tests organized in three categories based on the characteristic of motor
control on which they primarily focus, i.e. accuracy, speed, or reaction time (in the following,
requirements). Each category contains two motor tests that are presented to the user in a fixed order
and require to be performed twice, first with user’s dominant hand and then with the non-dominant
one. Both times, the user has to interact with the index finger.

The first time the user launches the app, only one category is enabled and the completion of all the

tests in that category enables the next one (Figure 1).



TEST GROUP CHOICE

ACCURACY 0

®

Figure 1: “Test Group Choice” menu of the MotorBrain app. In this figure, the “accuracy”

category is the only one enabled. For enabled categories, the number on the right indicates
how many times the user has completed all the tests in the category, while the circle

surrounding the number indicates (in white) the percentage of completion of the category.

Each of the six motor tests requires three repetitions of a task with the same hand to produce an
assessment. Once users have completed the three trials, the app displays an assessment of motor

performance concerning the test and the hand used.

2.1.1. Screen organization

In all motor tests, the screen is organized into three parts (see Figure 2 for an example): (i) the
upper one provides users with the task instructions, (ii) the central one (hereinafter, task area)
contains the graphic elements on which the user performs the task, and (iii) the lower one indicates
the number of completed trials for the current test. For each motor test, the application checks the

pixel density and the resolution of the device display and scales the graphical elements on which to



perform the task to make sure they are displayed with the same size, regardless of the specific
model of mobile device used. To draw the graphical elements with the sizes reported in Section
2.1.2 and make user’s performance comparable across different devices, the diagonal display size of
the device should be 4 inches or more (a requirement that is met by most recent smartphones, and
by tablets). If the app is run on a phone with a tiny display (less than 4 inches), it has to reduce the
size of graphical elements because the space available is insufficient: this allows the user to run the
app even on a tiny screen and to compare results obtained with similar tiny displays, but such
results must not be compared with those of the majority of users who have large enough displays to

draw the graphical elements with the correct size.

2.1.2. Motor tests

The app offers four Trail Making Tests (respectively referred to as CIRCLE-A, SQUARE, PATH,
and CIRCLE-S in this paper) and two Finger-Tapping Tests (referred to as TAPPING2 and
TAPPINGH4 in this paper). In this section, we describe in detail each test, following the same order
in which tests are presented to users by the app (the assessed requirement is highlighted between

brackets):



Follow the colored path
with your index finger.

Figure 2: CIRCLE-A motor test

e CIRCLE-A (accuracy): The task area (see Figure 2) contains a ring (thickness=0.5 cm,
diameter of outer circle=4 cm). Users have to move their index finger on the ring, following
it all over its length once and without ever lifting the finger. The starting point and the
direction of movement depend on the hand with which the user has to perform the test. For
the right (left) hand, the starting point is located 30° on the left (right) with respect to the
vertical diameter of the outer circle and the movement must be performed in the clockwise
(counterclockwise) direction. A trial ends when the user has covered a distance equal to the
mean between the perimeter length of the outer and inner circle of the ring, considering

his/her movements over any location of the task area, or when (s)he has lifted the finger

from the screen for more than 0.15 s.



Follow the colored path
with your index finger.

(9

Figure 3: SQUARE motor test.

SQUARE (accuracy): The task area (see Figure 3) contains a square frame (thickness of the
frame=0.5 cm, side of the outer square=4 cm). Users have to move their index finger on the
frame, following its entire length once and without ever lifting the finger. As in CIRCLE-A,
the starting point and the direction of movement depend on the hand used. For the right
hand, they are the upper left vertex of the frame and the clockwise direction; for the left
hand, they are the upper right vertex of the frame and the counterclockwise direction. A trial
ends when users lift the finger for more than 0.15 s or when they have covered a distance
equal to the mean between the perimeter length of the outer and inner square, considering

their movements over any location of the task area.



Follow the colored path
with your index finger.

®

Figure 4: PATH motor test.

e PATH (speed): The task area contains a path (see Figure 4) composed by four connected
lines (line thickness=0.6 cm, length of each line=3.72 cm, angle between each pair of
connected lines=19.8°). The path starts either in the upper-left part of the task area (test for
the right hand) or in the upper-right part (test for the left hand). Users have to move the
index finger from the start to the end of the path as fast as possible within a 5-second
interval. The timer starts when the user touches the starting point and time remaining is
displayed by a decreasing green bar at the top of the task area (in Figure 4, the bar is
indicating that the user has all the available time at disposal). A trial ends when time
expires, when users lift the finger from the screen for more than 0.15 s, or when they have
covered a distance equal to the path, considering their movements over any location of the

task area.



Follow the colored path
as many times as possible.
[

Figure 5: CIRCLE-S motor test.

CIRCLE-S (speed): The graphic elements of this test (Figure 5) are the same of CIRCLE-A,
but the thickness of the ring is larger (0.7 cm) and a time bar is added at the top of the task
area. Users have to move the index finger over the ring following its entire length as many
times as possible during a 7-second interval. The timer starts when the user touches the
starting point and time remaining is indicated as in PATH. A trial ends when time expires or

when users lift the finger from the screen for more than 0.15 s.



Tap the center of the
highlighted button.

Figure 6: TAPPING2 motor test.

TAPPING?2 (reaction time): The task area (see Figure 6) contains two aligned round buttons
(button diameter=1.6 cm). Only one button is enabled at any time. The enabled button is
visually highlighted by color as well as a black viewfinder. The viewfinder is made of three
concentric circles that divide the button area in three parts (central, middle, external). When
a button is disabled, it is displayed in light grey and has no viewfinder. Users have to tap the
highlighted button trying to hit the center of the viewfinder with the index finger. A black
circle is shown as a feedback where the user has tapped on the screen (see Figure 7).
Tapping a highlighted button (considering also taps made up to 0.2 cm out of the external
part of the viewfinder) moves the highlight to the other button (after 0.15 s) and users have
to tap on as many highlighted buttons as possible over a 10-second interval. The button that
is initially highlighted depends on the hand with which the user has to perform the test: left

button for the right hand and right button for the left hand. The timer starts when the user



taps on the first highlighted button and time remaining is indicated as in the previously

described timed tests.

Figure 7: Feedback provided by the TAPPING2 motor test. The black circle on the
screen indicates the position on which the user has just tapped. In this picture, the

smartphone is kept on the table for demonstrative purposes.



Tap the center of the
highlighted button.

Figure 8: TAPPING4 motor test.

TAPPING4 (reaction time): The task area contains four buttons (Figure 8). The buttons are
of the same type of those in TAPPING2 and only one of them is highlighted at any time.
Tapping a highlighted button (or at least up to 0.2 cm out of the external part of the
viewfinder) moves the highlight to another (randomly selected) button. Unlike TAPPING2,
the initial highlighted button is randomly selected, regardless of the hand with which the
user has to perform the test. Users have to tap on the center of as many highlighted buttons
as possible over a 10-second interval and a black circle is shown as a feedback where the

user has tapped on the screen (see Figure 9).



Figure 9: Feedback provided by the TAPPING4 motor test. The black circle on the
screen indicates the position on which the user has just tapped. In this picture, the

smartphone is kept on the table for demonstrative purposes.

2.1.3. Pre-test tutorials

When users choose a motor test category, they are presented with a tutorial of the motor test they
have not yet performed in that category. The tutorial explains, through short texts, the actions
required to perform the task and the requirement that will be assessed. To help users understand
what they have to do, the tutorial allows them to perform the required actions two times (see Figure

10 for an example).



Follow the colored path
with your index finger.

Try to be as ACCURATE
as possible!

Ok. Tap here to start
the test.

(a)

Figure 10: Tutorial of the CIRCLE-A motor test: (a) the first screen shows the instructions to
play and invites the user to try the task, i.e. follow the circle, by indicating the starting point
with an hand icon and lighting up the colored path; (b) the second screen explains what
features of user’s performance are important (in capital letters) and allows the user to try the
task a second time; (c) the third screen ends the tutorial and allows the user to start the motor
test. In the timed tests, i.e. PATH, CIRCLE-S, TAPPING2, and TAPPING4, the first and the

second screens of the tutorial show also the decreasing green bar. Users are then invited to try

(b)

(©)

the task within the available time, which is set to 5 seconds for all those tests.

For the motor tests in the “speed” and “reaction time” category, the second screen of the tutorial

invites users to be also as accurate as possible when performing the required task (in the following,

second requirement) (see Figure 11 for two examples).




Try to be as FAST and Try to be as REACTIVE and
ACCURATE as possible! ACCURATE as possible!

R

(a) (b)

Figure 11: Second screen of the tutorial for the PATH (a) and TAPPING?2 (b) motor tests

respectively, which invites users to be also as accurate as possible when performing the

required task.

2.1.4. Assessed variables and data collection
When the user completes a motor test, the app shows the “Assessment” screen for that test (see
Figure 12 for an example). The screen includes two buttons, one to perform the next test and one to

go back to the “Test Group Choice” menu.



ASSESSMENT

MEAN SPEED

21.9

®

Figure 12: Assessment screen of the CIRCLE-S test.

To provide users with an assessment of their motor performance, we took inspiration from the
measures employed by other studies that evaluated users’ motor skills in terms of accuracy, speed
and reaction time, e.g. [13,23,24], and adapted them to the motor tests offered by MotorBrain. In
the following, we describe the variables that the app computes during each trial considering the
requirement of the corresponding motor test:

e accuracy (CIRCLE-A, SQUARE): distance covered by the user with the index finger on the
ring (CIRCLE-A) or the frame (SQUARE) in the direction associated to the hand used,
expressed as a percentage of the target distance. As explained in Section 2.1.2, the target
distance is the mean between the perimeter length of the outer and inner circle of the ring in
CIRCLE-A and the mean between the perimeter length of the outer and inner square in

SQUARE;



e speed (PATH, CIRCLE-S): mean speed (in cm/s) of the user’s finger when performing the
required movements, calculated considering the amount of distance covered on the ring in
CIRCLE-S and on the path in PATH, and time (s)he spent in performing the movements.

e reaction time (TAPPING2, TAPPING4): mean of all the reaction times (in seconds), i.e.
time elapsed between the appearance of a highlighted button on the screen and user’s
tapping on that button during the trial. For the calculation, the first tap is not considered
since the user could wait some time before starting the test, thus providing a higher reaction

time than the ones (s)he could provide from the subsequent taps.

For each motor test, the assessment displayed by the app is the mean of the three values of the
variable assessed with the three trials. If the app is used in clinical settings, such assessment can
allow neurologists to carry out a preliminary evaluation of a patient’s motor performance and/or

detect the presence of motor impairments.

All data required to compute these assessments is automatically recorded by the app with an event-
driven sampling: each time the user touches the screen or changes finger position on the screen, the
coordinates in pixels and the timestamp of the event are automatically saved. The availability of this
data supports more detailed off-line analyses of users’ motor performance, such as those we carried
out in the study (described in Section 2.2). For the purpose of off-line analyses, the app collects also
the screen resolution and pixel density of the device, the coordinates in pixels of the graphical
elements in the task area, and the number of seconds the user spent to perform a trial.

In particular, all the data collected by the app is then sent to a server in a secure way at the end of
each motor test, and saved in a relational MySQL database [25] (stored in a secure server at our
university). In this way, the data can be accessed by tools that support more complex off-line

analyses. We are currently building a web-based interface using PHP [26], Python [27], and D3.js



[28] to access the stored database and provide visualizations of accuracy, speed, and reaction time,
organized by motor test and age group.

Figure 13 shows two examples of such web visualizations (bar chart and scatterplot), generated
from the data we collected for the study described in Section 2.2, focusing on the CIRCLE-A motor

test and the accuracy of motor performance.
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Figure 13: Examples of a bar chart (a) and a scatterplot (b) created with our web-based
interface. The two visualizations focus on the CIRCLE-A motor test and accuracy of motor
performance. The bar chart shows the number of trials for each accuracy interval (expressed
in decimal format). The scatterplot displays the relationship between the accuracy of each
trial and the age of the participant who performed it. Both bar chart and scatterplot are
interactive: users can obtain more detailed information by pointing the mouse on a specific

bar or point, respectively.

For the off-line analysis carried out in the current study, we calculated the following variables
(performance assessments) for each trial:

e Shape Accuracy (SA) (CIRCLE-A, SQUARE, PATH, CIRCLE-S): for CIRCLE-A and
SQUARE this variable is the same as the accuracy defined before, but here it is expressed in
decimal format. For CIRCLE-S, the variable is calculated in the same way as in CIRCLE-A;
for PATH this variable is the distance covered by the user with the index finger over the
path with respect to the length of the path (expressed in decimal format).

e Tap Accuracy (TAPPING2, TAPPINGA4): this variable is calculated with the formula

(N-D
wW.

l

(NMW , where (N-1) are the total taps made by the user after discarding the first one, and

for each tap the value of w; can be 1, 2, or 5 depending on whether the user tapped the
external, middle or central area of the viewfinder, respectively. The maximum value
reachable by tap accuracy, i.e. 1, reflects the situation in which the user tapped the center of
each highlighted button.

e Speed on Graphic Element (SGE) (PATH, CIRCLE-S) this variable is the same as the speed

defined before.



e Speed on Task Area (STA) (PATH, CIRCLE-S): this variable is the mean speed of the user
(in cm/s) calculated considering the amount of distance covered inside the entire task area.
e Reaction Time (RT) (TAPPING2, TAPPING4): this variable is the same as the reaction

time defined before.

In addition, considering the three trials in a motor test, a bidimensional visualization (Movement
Visualization) is generated on the server to show user’s movement trajectories inside the task area
(CIRCLE-A, SQUARE, PATH, CIRCLE-S). For TAPPING2 and TAPPING4, this graph contains
all the points where the user tapped on the screen. Figure 14 shows two examples generated from

the data collected by the PATH and TAPPING?2 motor tests, respectively.

- -2 N

(a) (b)
Figure 14: Movement Visualization for the PATH (a) and TAPPING2 (b) motor tests. The
graphic elements on which the user performed the task are displayed in grey. For PATH, the
orange lines show user movements. In this example, three different trials are shown (to better
distinguish the three lines for PATH, a different shade of orange is used for each of them).

For TAPPING?2, the orange dots indicate where the user tapped on the screen.



2.2, Study

The goal of the present study was to evaluate whether the data collected by MotorBrain can be

meaningful for describing aging in human motor performance.

2.2.1. Participants

Participants (N=133, 67 M, 66 F) were recruited on a voluntary basis through direct contact with a
snowball sampling approach, asking them if they were willing to try a mobile app that offers an
assessment of their motor performance. Participants that agreed were then asked to indicate their
handedness, i.e. with which hand they normally write or interact with the touchscreen, and all of
them answered to be right-handed. During the study, none of them suffered from: (i) headache or
migraine, or (ii) any illnesses or pain at the wrist, elbow, or hand. Moreover, none of them were
under the effects of drugs or abused substances that could impair performance. Then, they were
further divided into two groups (Young, Old) based on their age (less than or equal to 30 years,
greater than or equal to 50 years, respectively).

The Young group consisted of 68 participants (39 M, 29 F) whose age ranged from 18 to 30
(M=22.97, SD=2.56). The Old group consisted of 65 participants (28 M, 37 F) whose age ranged
from 50 to 75 (M=56.68, SD=6.33). Participants were asked to perform the six motor tests with the
index finger of both hands. When performing the test with one hand, they had to keep the
smartphone in the other hand. They were asked by the experimenter to repeat the entire motor test
in those cases when they made wrong movements, i.e. (i) did not move the finger in the right
direction for the hand used, e.g. they followed the ring in CIRCLE-A in the counterclockwise
direction when performing the test with the right hand, (ii) did not follow with the finger the
colored shape, e.g. they moved the finger outside the frame in SQUARE, (iii) started the test with
the wrong hand, or (iv) lifted the finger from the screen before the completion of the test.
Participants did not receive any previous training or illustration of the app from the experimenter.

This was done to check that the tutorial and the user interface were clear, intuitive, and immediately



usable as planned. All the instructions for using the app were provided by the tutorial as illustrated

in Section 2.1.3.

2.2.2. Ethics

Since all the data collected by the app was anonymized, and the study involved no risk of harm to
users, formal ethical approval was not required by Italian regulations. Consent from participants
was obtained, and they were informed that the collected data was going to be used for the present

research study only in anonymized form.

2.2.3. Measures
Since all participants were right-handed, for the purpose of this study we considered all trials
performed with users’ right hand, consistently with other studies in the literature, e.g. [21,23]. Then,

we calculated the mean of the performance assessment variables described in Section 2.1.4.

3. Results

All participants were able to understand the instructions received by MotorBrain and use the app
and its interface.

The app collected data from all trials, including those in which participants made wrong
movements. Therefore, prior to the calculation of the performance assessment variables, we
quantitatively and qualitatively (through the Movement Visualization) analyzed the collected data
to detect and discard such cases. For TAPPING2 and TAPPING4, we also analyzed the data for
outliers and discarded those cases where the number of taps was below the 10th percentile. Overall,
based on these analyses, we discarded 149 trials.

Table 1 reports the means of the performance assessment variables for the resulting trials for each

motor test and age group. The table indicates also the results of the non-parametric Wilcoxon



signed-rank test we employed to assess the statistical significance of differences between the two

groups, since none of the assessed variables follow a normal distribution.

Table 1: Means of the performance assessment variables for each motor test and age group.

The last column provides the results about statistical significance of the differences between

the two groups. NT indicates number of trials.

Test Variable Young group Old group Wilcoxon test
CIRCLE-A
SA NT=194, NT=194, U=23451,
M=0.93, M=0.89, p<.001, r=21
SD=0.13 SD=0.14
SQUARE
SA NT=204, NT=196, U=27612,
M=0.94, M=0.87, p<.001, r=.33
SD=0.11 SD=0.15
PATH
SA NT=215, NT=214, U=19930, p<.05,
M=0.86, M=0.87, r=.12
SD=0.06 SD=0.06
SGE NT=215, NT=214, U=30678,
M=10.55, M=7.88, p<.001, =29
SD=4.63 SD=3.35
STA NT=215, NT=214, U=30571,
M=10.59, M=7.97, p<.001, =28
SD=4.62 SD=3.30




CIRCLE-S

SA NT=181, NT=180, U=10439,
M=0.80, M=0.89, p<.001, r=.31
SD=0.16 SD=0.12

SGE NT=181, NT=180, U=22011,
M=14.98, M=11.86, p<.001, r=.30
SD=5.64 SD=5.37

STA NT=181, NT=180, U=23161,
M=19.90, M=13.98, p<.001, r=.36
SD=8.92 SD=7.56

TAPPING2

TA NT=209, NT=196, U=17643, p<.05,
M=0.81, M=0.85, r=.12
SD=0.14 SD=0.12

RT NT=209, NT=196, U=10558,
M=0.20, M=0.35, p<.001, r=.42
SD=0.12 SD=0.23

TAPPING4

TA NT=201, NT=192, U=20384, p=33
M=0.78, M=0.76,
SD=0.13 SD=0.13

RT NT=201, NT=192, U=7149.5,
M=0.50, M=0.63, p<.001, r=.54
SD=0.05 SD=0.26

In the following, we briefly describe the obtained result for each motor test.




3.1. CIRCLE-A
The analysis revealed a significant difference (p<.001) between the SA scores of the two groups:
accuracy of participants in the Old group was lower than the one of participants in the Young group

when performing this motor test.

3.2. SQUARE
The analysis outlined a significant difference (p<.001) between the SA scores of the two groups:
participants in the Old group were less accurate than those in the Young group when performing

this motor test.

3.3. PATH

The analysis revealed a significant difference (p<.05) between the SA scores of the two groups:
participants in the Old group were more accurate than those in the Young group when performing
this motor test. Results outlined also a significant difference (p<.001) between the SGE scores, and
a significant difference (p<.001) between the STA scores of the two groups: speed on both the
graphic element and the task area of participants in the Old group was lower than the one of

participants in the Young group.

3.4. CIRCLE-S

The analysis outlined a significant difference (p<.001) between the SA scores of the two groups:
accuracy of participants in the Old group was higher than the one of participants in the Young
group. Results revealed also a significant difference (p<.001) between the SGE scores, and a
significant difference (p<.001) between the STA scores: speed on both the graphic element and the
task area of participants in the Old group was lower than the one of participants in the Young group

when performing this motor test.



3.5. TAPPING2

The analysis revealed a significant difference (p<.05) between the TA scores of the two groups:
accuracy of participants in the Old group was higher than the one of participants in the Young
group. Results outlined also a significant difference (p<.001) between the RT scores: reaction time
of participants in the Old group was higher than the one of participants in the Young group when

performing this motor test.

3.6. TAPPING4

The analysis revealed a significant difference (p<.001) between the RT scores of the two groups:
reaction time of participants in the Old group was higher than the one of participants in the Young
group when performing this motor test. For the TA scores of the two groups, the analysis found no

significant difference.

4. Discussion

The literature on the aging of motor control has been extended only recently with quantitative
observations of motor synergies, i.e. the synergetic action of elements within the system for
movement production such as limbs, joints, digits, muscles, and motor units [29]. Indeed, the
observation of a particular motor synergy can explain phenomena that involve the upper-limb such
as (i) the muscle coordination necessary to perform motor tasks (Synergy-B), and (ii) the motor
redundancy needed to perform pointing tasks that require stability (Synergy-C), but also more
complex mechanisms such as (i) anticipatory postural adjustments (APAs), i.e. the postural
preparation to fast arm movements or load manipulations, and (ii) anticipatory synergy adjustments
(ASAa), i.e. changes in synergy indices in preparation to a whole-body action, see [29] for a review.
In particular, studies in the literature revealed that Synergy-B and -C change with aging by affecting
muscle coordination [30] and the control of the hands’ fingers [31,32], respectively, while both

APAs and ASAs mechanisms occur with delay and reduced extent in older adults [33,34].



Changes in motor synergies can also explain the onset of some movement disorders, such as the
muscular spasticity (Synergy-4) [35,36] and the modification of patterns of movement [37] that
typically appear after a cortical stroke, or the loss of ASAs mechanisms of both hands’ fingers in
Parkinson’s patients [38,39].

However, more studies are needed to better investigate the aging of motor control and the onset of
movement disorders. The availability of a large dataset of individual motor performance can be
useful for this purpose, since it can allow better explaining the above-described motor synergies and
the changes that occur in them when a movement disorder is still in subclinical stage.

The purpose of the present study was to assess whether the data collected by the MotorBrain app
can be suitable for building such normative database. We will discuss the obtained results in the

following.

The fact that all participants were able to understand and use MotorBrain without having previous
knowledge about the app suggests that people can directly use MotorBrain in their everyday
settings, without the need of external help. In particular, since participants in the Old group did not
experience problems when using the app, results suggest that MotorBrain can be suitable for use by
older adults who are in general less familiar with smartphones than younger people. Moreover, a
recent market research [40] revealed that the gap between people over-55 and younger generations
in terms of smartphone penetration is going to decrease in the next few years. However, the report
also underlines that very few apps are designed for this age group. Thus, MotorBrain can offer an
assessment of motor skills to a wider sample of the population than traditional tools, and can
support the building of a normative database that includes people from different age groups, a
characteristic that makes it very useful for neurological studies, differential diagnosis and follow-up

of movement disorders, and motor functions rehabilitation.



The analysis of the performance assessment variables for participants’ dominant hand revealed that
accuracy was lower for the Old group than the Young group on those tests where the requirement
was accuracy, i.e. CIRCLE-A and SQUARE. This result is consistent with the decline in
sensorimotor control and functioning that comes with aging [4], which might include a deterioration
of spatial coordination of finger and wrist movements [41].

In the tests which focused on speed and reaction time, the Old group performed worse than the
Young group. Indeed, speed on both the graphic element and the task area of participants in the Old
group was lower in the PATH and CIRCLE-S tests, while in the TAPPING2 and TAPPING#4 tests
reaction time in the Old group was higher than the Young group. These results can be explained by
the loss of performance of the central and peripheral nervous systems and of the neuromuscular
system that occur with aging [4,24,42,43]. Such changes include a reduced conduction velocity in
nerve fibres, a reduction of muscle elasticity, and an increased musculoskeletal rigidity that affects
muscle activation and coordination in the initial stages of movement. All these deficits affect motor
control and can result in slower movement and higher reaction times in older adults [4,24,42,43].
The reduction in speed and the increase in reaction time in the Old group can also explain the fact
that the second requirement, i.e. accuracy, was higher for the Old group in the PATH, CIRCLE-S,
and TAPPING?2 tests, while no differences were found between the two groups in TAPPING4.
Indeed, by slowing their movements, participants in the Old group could have performed a
repetitive task (TAPPING2) or followed a shape (PATH, CIRCLE-S) more accurately. In the case
of a less predictable task that can be more prone to errors, i.e. the one required by TAPPING4,
slower movements could have helped the Old group focus on the center of each highlighted button

and thus maintain the same level of accuracy as younger participants.

Finally, it must be noted that both web visualizations (see Figure 13) and Movement Visualization
(see Figure 14) can be useful to qualitatively observe interesting characteristics of motor control at

the population or individual level, respectively.



Indeed, web visualizations can be used by neurologists to study the normal motor behavior of the
population and how it changes with aging, once the publicly available MotorBrain app will have
collected a large database of individual motor skills data.

Considering Movement Visualization, since our study involved healthy participants, we employed it
to detect wrong movements, such as when participants lifted the finger before the completion of the
test. However, its use can be extended to individuals with movement disorders for outlining motor
control impairments. For example, in the SQUARE and PATH tests, inaccuracy of trajectories
across the corners of the path can be helpful for highlighting rigidity or slowness in initiating a new
movement, which are typical of Parkinson’s disease [44], and have been used in [45]. As a
preliminary test, we have recently used the app with eight patients with movement disorders and,
predictably, their results were very different both qualitatively and quantitatively from the sample
analyzed in this paper. We include in Figure 15 an example of Movement Visualization for such
two motor tests that have been carried out by a patient with postural instability (male, aged 71,
right-handed, diagnosed with mild cognitive impairment) — the quantitative assessment provided by
the app after three trials was: accuracy 0.60 for SQUARE (reported here in decimal format) and
speed 6.3 cm/s for PATH. For both tests, the Movement Visualization shows the patient’s general
inability of following the path correctly. In particular, it highlights his difficulties in stopping and
initiating a new movement across the corners of the paths, i.e. actions that happen instead before or
after the corners, and his tendency of cutting them (especially in the SQUARE test).

In addition to these qualitative considerations, the quantitative assessment provided by the
MotorBrain app outlines the patient’s lower accuracy and slowness of movements compared to the
healthy sample of participants of the same age group analyzed in this paper, whose mean accuracy

and speed were 0.87 (SQUARE) and 7.88 cm/s (PATH), respectively.



\

/

(a) (b)
Figure 15: Movement Visualization for the SQUARE (a) and PATH (b) motor tests that have
been carried out by a patient with postural instability (male, aged 71, right-handed, diagnosed
with mild cognitive impairment). For both tests, the Movement Visualization shows the

patient’s general inability of following the path correctly (especially across the corners).

To sum up, other than building a normative database of normal motor behavior, the data collected,
computed, and displayed by MotorBrain offers neurologists the possibility to carry out quantitative
and qualitative assessments of individuals’ motor performance, which can allow them to detect
movement disorders when they are still in subclinical stage. This makes the app a better assessment
tool than traditional detection methods, which can only be administered in the hospital when

symptoms of a pathology have already showed up.



5. Conclusion

By contrasting performance assessment variables obtained with MotorBrain in the two age groups,
we obtained results that are consistent with those of studies conducted with digitizing tablets,
desktop computers, or ad-hoc surfaces, e.g. [13,23,24]. Unlike such devices, MotorBrain exploits
smartphones as a more convenient and low-cost solution, which is accessible to and easily usable
by a wide population of users.

The obtained results show that the data collected through the MotorBrain app is suitable to make
meaningful distinctions among different kinds of performance, such as accuracy, speed, and
reaction time, and is able to highlight performance differences due to aging. This is promising with
respect to the next goal of the research, i.e. to collect large datasets of human motor performance by

making the MotorBrain app freely available to the general public through on-line app stores.

In our future work, we will explore if an instrument that is able to detect motor performance
differences due to aging such as MotorBrain can be useful to detect the presence of movement
disorders that totally or marginally involve the upper-limb when they are still in a subclinical stage,
which cannot be detected by physician’s clinical observation by using traditional detection methods,
i.e. paper-and-pencil tests, electroencephalography, or neuroimaging. This will be done by
conducting detailed clinical assessments of subjects who are outliers in their age group in the
analysis of MotorBrain data. For example, the Movement Visualization of these subjects on a single
test trial can be quantitatively compared to predefined templates of the same test, or qualitatively
rated by experts, to identify motor impairments.

We will also study the possibility to use the app as an instrument in rehabilitation: patients could
perform the motor tasks repeatedly over a period of time and clinicians could receive an assessment
of possible motor learning obtained through such training. This can allow neurologists to assess
whether the effects of a movement disorder have decreased over time as a result of pharmacological

or physical therapies.



Overall, to support the two above-described usages of the app in clinical setting, i.e. detection of
movement disorders and rehabilitation, we will include an extra feature to the app that will allow
neurologists to enter an identification code for each patient and then retrieve such data, which will
be sent and stored into a separate database (for example, local to their hospital). In case of hospital
use with patients, neurologists will have to apply the privacy and ethics procedure they routinely
follow for medical tests.

Finally, when the publicly available MotorBrain app will have acquired a large dataset of individual
motor characteristics such as speed and accuracy of movement, we will explore the use of
normative data with theoretical models of motor control that aim to explain the links between the
central nervous system and the rest of the body when people perform movements [29]. These
models can be used to better investigate some movement disorders, and phenomena such as motor
variability and muscle activation patterns during fast and slow movements [29].

The availability of such large dataset will also allow us to calculate optimal values for the speed,
accuracy, and reaction time motor characteristics for each age group. We will then extend the
MotorBrain app to include new visualizations that will show users the comparison between their

motor performance on a single test with normative data and optimal values of the same age group.
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