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Abstract

Handwriting dynamics is relevant to discriminate people affected by neurodegenerative dementia from healthy subjects. This can
be possible by administering simple and easy-to-perform handwriting/drawing tasks on digitizing tablets provided with electronic
pens. Encouraging results have been recently obtained; however, the research community still lacks an acquisition protocol aimed
at (i) collecting different traits useful for research purposes and (ii) supporting neurologists in their daily activities. This work
proposes a handwriting-based protocol that integrates handwriting/drawing tasks and a digitized version of standard cognitive
and functional tests already accepted, tested, and used by the neurological community. The protocol takes the form of a modular
framework which facilitates the modification, deletion, and incorporation of new tasks in accordance with specific requirements.
A preliminary evaluation of the protocol has been carried out to assess its usability. Successively, the protocol has been
administered to more than 100 elderly MCI and match controlled subjects. The proposed protocol intends to provide a “cognitive
model” for evaluating the relationship between cognitive functions and handwriting processes in healthy subjects as well as in
cognitively impaired patients. The long-term goal of this research is the development of an easy-to-use and non-invasive
methodology for detecting and monitoring neurodegenerative dementia during screening and follow-up.

Keywords Handwriting behavior - Neurodegenerative disease - Computer-aided diagnosis - Handwriting analysis - Acquisition
protocol

Introduction

Dementia is a general term for referring to a wide range of
symptoms, associated with memory and thinking skills, se-
vere enough to interfere with everyday life activities [1].
Alzheimer’s disease (AD) is the most common type of demen-
tia, accounting for 60 to 80% of cases [2]. Parkinson’s disease
(PD) [3] is linked to dementia too: although it primarily results
in motor deficits, it also affects attention, memory, and cogni-
tive skills [4]. Neurodegenerative disorders affect the structure
and functions of brain regions resulting in a progressive cog-
nitive, functional, and behavioral decline. Unfortunately, there
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is no cure and the decline can only be somehow managed
during the disease progression. However, an early diagnosis
is crucial in the perspective of proper medical treatment and
can improve the quality of patient life. Moreover, the assess-
ment of signs of a specific disease is useful for its diagnostic
differentiation with respect to similar disorders and for moni-
toring its progression. To this end, special attention is devoted
to mild cognitive impairment (MCI), since in this case, there is
a high risk of developing dementia [5].

The evaluation of the patient’s clinical status and his/her
responsiveness to medication is typically achieved via neuro-
logical assessment, including various tests and rating scales.
Mini-Mental State Examination (MMSE) is used extensively
to assess cognitive impairment [6]. A growing research inter-
est has arisen, in the last years, towards the application of
biometric techniques to health. Traditionally, biometrics has
been successfully applied to security. However, established
techniques, which use biometric information within security-
related applications, can be profitably used in the health do-
main [7]. For example, the potential of applying speech and
emotional state recognition to the AD diagnosis has been re-
cently explored [8].
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As part of neuropsychological test batteries, a special role in
the context of dementia assessment can be assumed by hand-
writing. Handwriting, in fact, is a complex activity entailing
cognitive, kinesthetic, and perceptual-motor components [9],
whose changes can be a prominent biomarker for the evalua-
tion of degenerative dementia [10]. Some works (e.g., [11-13])
provided evidence that the automatic discrimination between
unhealthy and healthy people can be accomplished based on
kinematic features obtained through simple and easy-to-
perform handwriting tasks. Handwriting has been related to
AD [12, 14, 15] as well as to PD [16-22]. Depending on the
complexity of the task to be carried out, handwriting involves
motor aspects (e.g., slowness and rigidity of movement) as well
as cognitive effort (e.g., attention and memory); therefore, it
provides a way to evaluate impairments for both aspects.
Developing a handwriting-based decision support system is
desirable, as it can provide a complementary approach to the
pathology evaluation performed by expert neurologists that is
quantitative, non-invasive, and very low cost [10].

Commercially available tools (tablets) can be used to ac-
quire data. Raw data depends on the specific device; however,
the most common are (x—y) coordinates, time stamps, pen
orientation (azimuth and altitude), pressure, and button status.
The button status is used to identify in-air movements (when
the tip is not in contact with the writing surface) and on-pad
movements. It has been demonstrated that in-air movements
are related to functional decline, as well as to difficulties in
activity planning [12, 23-25]. Handwriting has been success-
fully employed to identify malingering in health care, i.e., the
false information given by patients about their health [26].
Preliminary results suggested that a computerized tool based
on handwriting can help detect deception. A similar tool has
been recently used for capturing cognitive load implications
during complex figure drawing [27, 28].

However, although relevant results have been recently ob-
tained, several open issues demand further research [10, 29].
Many researchers have adopted databases/datasets built by
collecting data themselves. First, these datasets are different in
writing/drawing tasks adopted, and some controversial results
are due to the fact that some evidence of impairments are con-
nected with the same specific task and less or not with others
[10, 29]. Second, available datasets are very reduced in size (the
number of participants). Third, the elicitation of the diagnosis is
never mentioned and the set of available metadata (e.g., age and
schooling factors) is very reduced. Fourth, a single acquisition
session is generally available. These lacks significantly limit
research development. To overcome these problems and to be
able to collect a big dataset, specific attention must be paid to
the acquisition protocol. To address this issue, this paper aims to
propose a handwriting-based protocol for neurodegenerative
dementia assessment. At the same time, since this proposal
intends to be the first step towards the development of an inte-
grated computer-aided system, it includes also a digitized

version of standard tests already accepted, tested and used by
the neurological community working in this field that will be
used to have (in the initial stage of the development) the ground
truth. Note that these tests already involve handwriting tasks:
they can be subjected to kinematic analysis to provide addition-
al data to those that can be obtained by their pen- and paper-
based counterpart. On the other hand, the proposal includes
handwriting experimental tasks, useful for extracting kinematic
features, which are currently under investigation by researchers.

Proposed Protocol

A typical clinical workup includes some core elements: the
medical history documents family history, and previous ill-
nesses. The assessment of independent function and daily ac-
tivities allows the examiner to focus on changes in the usual
level of the individual. Neuropsychological testing is also car-
ried out, so that specific thinking skills can be evaluated
through series of written tests. The protocol here proposed is
the result of previous research:

+ an in-depth study of the state of the art of pattern recogni-
tion approaches on handwriting/drawing tasks related to
this field [10];

* an in-depth study on the relation between tasks and dis-
ease evidence [29];

» an overview and understanding of already accepted standard
tests for the assessment of neurodegenerative diseases [30].

Therefore, this work is a synthesis of previous works in
which a specific protocol is proposed, implemented, and test-
ed given a set of clinical and research evidence.

In light of the observations above, the proposed protocol is
made up of three parts:

* an initial screening,

* a battery of a digitized version of standard cognitive and
functional tests;

+ some of the most relevant handwriting tasks extracted
from the research literature.

The first two parts mostly require the examiner to provide a
data entry; the last one requires the subject to perform the
tasks. An overall model of the protocol is depicted in Fig. 1.
The following subsections describe the three main compo-
nents of the proposal.

Initial Screening
The first part of the protocol consists of a simple screening

section allowing the examiner to collect personal and clinical
information about the subject. This part serves also to match
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Fig. 1 Overall model of the proposed protocol. The use of the stars emphasizes how the handwriting tasks have to be administered not only to impaired
patients but also to healthy controls in order to provide examples for both categories

data from the same subjects in separate sessions: in this way,
the progression of the disease and the cycle of medication to
which patients are subjected can be monitored.

Personal Data The following data are acquired: id; gender;
level of education (expressed in years); current or past em-
ployment (intellective or manual); drugs taken, and family
history. These data shall be confidential; moreover, their treat-
ment, according to the current legislation, must be authorized.
In addition, the name and surname of the examiner and the
place and date of the test are recorded.

Risk Factors The presence of risk factors is evaluated. They
include diabetes, hypertension, obesity, smoke, depression,
physical inactivity.

Caregiver(s) Interview Caregivers are asked to answer ques-
tions about the most common symptoms of dementia. More
specifically, the followings can be considered:

*  Memory loss;

 Difficulty in performing familiar tasks;
* Problems with language;

@ Springer

» Disorientation to time and place;

* Poor or decreased judgment;

*  Problems with keeping track of things;
* Misplacing things;

* Changes in mood or behavior;

* Changes in personality;

* Loss of initiative.

If at least one question of the interview receives a positive
answer, the protocol continues; otherwise, it ends.

Preliminary Trials It is worth noting that the use of a digitizing
tablet may be unfamiliar to elderly people. To mitigate this prob-
lem, the protocol requires the subject to perform some simple
tasks. These trials are intended to provide a simplified version of
some of the tasks the subject is going to perform. They include:

e Writing the word ciao (“hello” in Italian);

*  Connecting two horizontal points with a straight

 line repeatedly (for four times);

» Connecting two vertical points with a straight line repeat-
edly (for four times);

» Copying a square.
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Signature (First) The subject is asked to provide her/his signa-
ture. The signature is acquired both in this initial stage and at
the end of the second stage, as signatures may vary depending
on the physical and emotional state of the signer [31], espe-
cially as an effect of fatigue.

Standard Assessment

A standard assessment typically includes cognitive and func-
tional tests. Tests included in the protocol are Mini-Cog [32];
the Instrumental Activities of Daily Living (IADL) scale [33];
the already mentioned MMSE; the trail making test [34], and
the attentional matrices test [35]. These tests have been includ-
ed in the proposed protocol since they are among the most
widely used and acknowledged in the clinical settings for
evaluating dementia and cognitive impairment.

It is worth noting that digitizing such tests provides benefits
to neurologists under several viewpoints, in particular paper
saving and data storage (data can be accessed easily in a struc-
tured form and possibly from anywhere). These tests are used
to provide the ground truth diagnosis of acquired data.

Mini-Cog It is a short screening test which is composed of two
parts: a 3-item recall test and a clock drawing test. To verify
short-term memory loss, the test evaluates visuospatial abilities,
attention, and executive functions. The score is calculated as
follows: 1 point for each word recalled without cues and 2 points
for a normal clock drawing. A total score of 3, 4, or 5 indicates a
lower likelihood of dementia. Mini-Cog is not a diagnostic test,
but it is useful to identify subjects at risk of developing dementia
and for which a more in-depth assessment is needed. Therefore,
one may proceed with the administration of the following tests
only after obtaining a low Mini-Cog score.

IADL Scale This is an instrument to assess independent living
skills. More precisely, it provides information about eight fun-
damental skills such as, for example, food preparation, house-
keeping, and laundering. Individuals are scored in accordance
with their highest level of functioning and on the need for
assistance or supervision. The evaluation by the examiner is
based on information provided by the subject themselves, if
they are cognitively capable, or by the caregiver. The scale
assigns a score for each function: 0 (dependent) or 1 (indepen-
dent). A summary score, therefore, ranges from 0 (low func-
tion) to 8 (high function).

MMSE It consists of a 30-point questionnaire including questions
and problems in many areas: orientation to time and place; rep-
etition of lists of words; and attention and calculation. MMSE is
one of the most widely used tests for both dementia diagnosis
and the evaluation of its degree of severity. As for the hand-
drawing/handwriting task, the test asks to write a spontaneous
sentence and copying two intersecting pentagons. Any score

greater than or equal to 24 points indicates a normal cognition.
Below this, the score can indicate severe (<9 points), moderate
(10-18 points), or mild (19-23 points) cognitive impairment.
Note that the MMSE score is automatically corrected in accor-
dance with the age and the level of education previously collect-
ed during the initial assessment.

Trail Making Test It requires the subject to connect a sequence
of 25 consecutive targets. The test is divided into two parts: in
the first part, the targets are only numbers (1, 2, 3, ...); in the
second part, the subject alternates between numbers and letters
(1, A, 2, B, ...). Note that two trails are provided before the
effective task is evaluated. The test is tailored to explore dif-
ferent cognitive components: attentional skills, visuomotor
planning, and working memory [36].

Attentional Matrices It is a cancelation test: three matrices, i.e.,
grid of numbers, are shown to the test taker and he/she is asked
to cross out as fast as possible target numbers of either one,
two, or three digits. The aim of the test is to evaluate the
subject’s ability to detect visual targets among several
distractors.

The abovementioned tests already include handwriting
tasks, and their importance within the tests has been already
clinically validated. In this case, the use of a digital acquisition
tool gives the possibility to acquire kinematic features, provid-
ing more information than their traditional pen-and-paper coun-
terpart. Moreover, it is worth remarking that the inclusion of
standardized tests helps in specifying the stage of disease of the
patterns acquired, resulting in a multiclass classification prob-
lem. In fact, they provide a “cognitive model” which enables
the evaluation of the relationship between cognitive functions
and handwriting processes in healthy and unhealthy subjects. If
and to which extent changes in the handwriting process could
be considered as a potential biomarker of ongoing cognitive
impairments can also be evaluated.

Signature (Second) In conclusion of the second stage, a sec-
ond signature of the subject is acquired.

Research Drawing/Handwriting Tasks

The scientific community has inspected many different
drawing/writing tasks can be classified according to the fol-
lowing taxonomy [10]:

» Simple drawing tasks. The interest is into performing sim-
ple measures of trajectory, size, velocity, acceleration, and
tremor. Drawings such as straight lines, spirals, circles,
and squares have been adopted.

+  Simple writing tasks. In this case simple non-sense words,
words, and short sentences have been considered. A very
popular pattern is the repetition of “le” [37]. It is worth
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“l”

noting that “e” and “l” both contain an up- and a down-
velocity stroke but scaled in size. Moreover, degradation
of handwriting has been observed in repeated actions (see
Fig. 2).

In general, words and sentences are selected according
to their simple orthography and easy syntax. A sentence
requires a high degree of simultaneous processing and may
have a higher neuro-motor programming load than a se-
quence of identical cuttings. It also offers the possibility
to evaluate in-air movements between words as well as
fatigue during writing. Handwritten signatures have been
considered too [38].

*  Complex tasks. These tasks involve various neuropsycho-
logical functions: auditory perception, auditory memory,
abstraction capacity, visual memory, visual perception,
visual-space functions, programming, and execution ca-
pacity. Some examples are copying the details of a bank
check into the appropriate places and the Clock Drawing
Test (CDT).

Among the various tasks already mentioned, the following
were considered based on their performance and included in
the proposed protocol.

Archimedes Spiral Copying The Archimedes spiral is one of
the most popular handwriting exercises. Spiral drawing, in
fact, has been frequently used for the evaluation of the motor
performance in various movement disorders, especially PD
[39, 40]. The work of Pullman pioneered the application of
spiral analysis to the measurement of tremor [41]. In this spe-
cific task, an Archimedes spiral is shown to the test taker and
the task simply consists in copying it.

Archimedes Spiral Tracing Differently from the previous task,
the subject is required to trace the contours of the spiral.

Repetition of the Cursive Letters “le” Patterns of the cursive
letters “le”.

Writing in Cursive the Word “Finestra” (“Window”) The word
“finestra” includes ascending and descending strokes, more it

can be written without lifting the pen from the surface.

Fig. 2 Repetitions of “le”

Writing in Cursive, in Three Boxes, the Word “mamma”
(“mother” in Italian) This is one of the first learned and re-
mains one of the last word used before dying. It was used in
[42], but the task here is slightly different: the user is asked to
write consecutively the same word within three rectangular
boxes of increasing size. The height of the boxes is 1, 2, and
4 cm, respectively. The aim is to evaluate the ability to scale
the handwritten trace depending on the visual feedback pro-
vided. This task can be useful to evaluate fine motor control.

Writing in Cursive the Dictated Sentence “Oggi € una bella
giornata” (“It is a beautiful day”) This sentence has been
chosen because it does not provide linguistic or spelling dif-
ficulties. Note that, to keep the dictation speed constant, an
audio trace is used instead of the examiner’s voice.

Check’s Details Copying This is a functional task related to
daily activities and involves cognitive effort [43],

Clock Drawing Test The user is required to draw a clock with
numbers and dials. It has an important role in the early screen-
ing of cognitive impairment, especially in dementia [13, 44].

Implementation

The system displays a set of windows, each conceived to
acquire data from either the examiner or the subject
performing the handwriting/hand-drawing task. In this way,
the system takes the form of a modular framework which
facilitates the modification, deletion, and incorporation of
new tasks, in accordance with specific needs and require-
ments, by simply modifying, deleting, or adding windows.
The system not only interacts with the users but also interacts
with an underlying database which records metadata. The fol-
lowing subsections describe the main implementation issues.

Device

The protocol has been developed on the commercially avail-
able Wacom MobileStudio Pro 13, which is a full-featured
tablet with visual feedback and computational capabilities
(the main features of the tablet are summarized in Table 1).
Contrary to other hardware, therefore, it immediately provides
visual feedback and does not require to be connected to a
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Table 1 Main features of Wacom MobileStudio Pro 13

Feature Specification

Size 367 %229 x 16 mm
Weight 1420 g

Display 13.3 in.

Displayable colors 16.7 million
Technology LED

Resolution WQHD (2560 x 1440)

Operating system Windows 10 Pro

Processor Intel Core i7

Graphics card Intel Iris Graphics 550
Storage 256GB (SSD)

RAM 8GB DD3

Pen Wacom Pro Pen 2
Multi-touch Yes

Pressure levels 8192 levels

Tilt range 60°

Tilt recognition + 60 levels

Sampling frequency 200 Hz

desktop computer: this makes data acquisition more natural
and easier. The protocol program has been coded in Java,
version 8 update 144, within the integrated development en-
vironment Eclipse Oxygen. Among the others, the program
makes use of the JPen software library, which allows captur-
ing of data samples through the low-level Wintab API. Data
acquired by the protocol are stored in .txt files that can be
easily accessed by querying a relational database built with
MySql version 5.7.20.

Acquisition
The program is conceived for two acquisition scenarios:

 the overall protocol is administered so that a first diagnosis
of the subject can be carried out;

+ the administration of only the graphical tasks (i.e., those
requiring the interaction between the test taker and the
pen), so that the data of follow-up study visits can be
collected.

For the latter, the administration of the standard tests is
assumed to have already been conducted. Moreover, it is
worth noting that administering the overall protocol may re-
quire a long time; to alleviate the effect of fatigue, the program
allows the examiner to skip some tasks which can be resumed
later or even in another day.

The raw data that can be captured by the device are the x-
and y-coordinates of the pen position and their timestamps,
pen inclination (tilt-x and tilt-y), and pen pressure. Finally, the

tablet is also the so-called button status, which is a binary
variable evaluating 0 for pen-up state (in-air movement) and
1 for pen-down state (on-surface movement). All the features
have the same length, varying from execution to execution.
Therefore, the execution of a task can be described by a matrix
X=(,yp,ttilt_x,tilt_y, b), where each column is a vector of
length N, while N equals to the number of sampled points.
Figure 3 depicts the acquisition process. The device cap-
tures more information than the handwritten trace left on the
surface (a, b), which is stored on a separate text file (c).

Human-Computer Interface

The interface has been designed for a face-to-face interaction
between the examiner and the “patient.” In the typical acqui-
sition scenario, the examiner is sitting on one side of the table,
entering data, making questions, explaining exercises, and,
more in general, conducting the test. The test taker is sitting
on the opposite side of the table and the tablet. Thanks to this
multimodal interface, the system provides the users with a
combination of input and output modalities to communicate
with it. This makes the application intuitive and handy not
only for expert neurologists but also for informal caregivers
as well as the caregivers working in day centers for aging
people.

All drawing tasks (e.g., spiral copying) provide an active
area of ~28.5 x 12.5 cm. All the writing tasks provide an
active area that resembles a traditional A4 paper, so it is ~
21 x 11 cm. The signature tasks are characterized by a smaller
input area, which corresponds to the display size (~9.6 x
6 cm) of the Wacom STU-430, which is a device specifically
tailored to acquire signatures for future pattern matching. Note
that the program is conceived for sampling data even when the
subject writes outside the acquisition area margins; however,
in such cases, no visual feedback is provided. For what con-
cerns trail making test and attentional matrices, a stopwatch is
displayed on the window to keep track of the time of
completion.

Experimental Results
Preliminary Evaluation

A usability evaluation has been performed before starting real
data acquisition. More precisely two methodologies were
adopted:

* A System Usability Scale (SUS) test [45] was adminis-
tered to 10 healthy young adults (average age 23);

* A thinking aloud protocol [46] was conducted with 10
elderly people (average age 70). It is worth remarking that
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Fig. 3 a The handwritten trace of
a fake signature written by a /5 e
healthy young adult left on the a) 7 / (

tablet surface. b A small portion I/

button status

of the corresponding raw data
sampled by the tablet. ¢ The
reconstruction of (a) from (b),
including in-air movements. ¢
Red dots represent in-air move-
ments, diamonds represent pen-

downs, circles indicate pen-ups b)

the latter did not undergo a neuropsychological evaluation
to assess dementia, but they were supposed to be healthy.

For both tests, the users were requested to perform only the
handwriting/hand-drawing tasks. No training process was
scheduled before the evaluation and users started the tests
without previous knowledge. The only way they had to be-
come familiar with the system was the preliminary trials al-
ready included in the protocol. This part of the test had the aim
to evaluate activity understanding level by a healthy cohort.

The SUS test is a well-known usability test that is very easy
to administer. It consists of a 10-item questionnaire with 5
possible answers for each question: they range from “strongly
disagree” to “strongly agree.” Table 2 shows the results of the
evaluation carried out with the young adult sample. The test
yields a single score on a scale of 0—100 (not to be intended as
a percentage) calculated as follows: for each of the odd-
numbered questions, subtract 1 from the score; for each of
the even-numbered questions, subtract their value from 5;
add up the total score; multiply this score by 2.5. The global
score obtained averaging all over the 10 users was 84.8, which
was quite high considering that a score above 68 is considered
above average.

The SUS test is less tailored to elderly people, as they have
less familiarity with technological issues. For this reason, for
only the elderly sample, a thinking aloud-based evaluation
was adopted. It simply requires the subjects to verbalize their
thoughts as the task proceeds. Users reported they felt com-
fortable using the electronic pen for writing; moreover, they
did not feel any difference with respect to the traditional pen-
and paper-based writing.

Field Evaluation
After the initial usability evaluation and some refining, the
tool has been used to acquire data on the field. Up to date,

105 participants (67 females and 38 males) have been in-
volved. Table 3 reports details about this new set of users.

@ Springer

74799926134965
174 680

R TITIIGISS e 0-2%0-0
.Q00 174799926160008 0.748 0260 0 ™~ tilt-y
.000 174799941927830 0.733 0.23%.0

-

19T&.T93
1913.635 437}635
191B8.248 4331976

0

0

C) 1913.506 430,700 0.000 174799941933086 0.733 237 0~
1914.494 428}105 0.000 174799957957526 0.733 237
19}5.741 426}148 0.307 174799957470202 0.733 237
1917.117 424,701 0.451 174799957971130 0.733 237
1917.890 4251127 0.457 174799957971748 0.733 237
1218.320 436}318 0.477 174799974337937 0.733 0.237
1918.320 428,701 0.473 17479997434%343 0.733

1 1 \
1 -
! normalized \
x-coordinate | pressure \
y-coordinate timestamp

coocoooo
e e =)

.237

Table 4 shows the number of users has been able to com-
plete the test skipping 0, 1, etc. number of handwriting/
drawing tasks. The bar chart of Fig. 4 and Table 5 report tasks
time execution details.

According to the proposed protocol, the dementia assess-
ment revealed that 71 users out of 105 were cognitively im-
paired. Table 6 reports age details for the two groups.

From the time series raw data sampled by the acquisition
device, the following measures, i.c., features, have been
extracted:

* The number of on-surface strokes: an on-surface stroke
corresponds to the consecutive points sampled between a
pen-down and the following pen-up;

*  On-surface time: overall time spent on-surface;

* In-air time: overall time spent in-air;

» Total time: overall time for task completion;

* Mean pressure: average pressure over all on-surface
strokes.

These features have been used to classify cognitively im-
paired vs healthy subjects. For each user, the set of all features
for each task have been lumped into one multidimensional
vector. The Random Forest classifier has been used with a 5-
fold cross validation. Since the dataset is (at this stage) unbal-
anced, results have been evaluated in terms of precision, re-
call, and F-measure. Precision is intuitively the ability of the
classifier to not label as positive a sample that is in the nega-
tive class. Recall is the ability of the model to find all the
positive examples. F-measures can be interpreted as a weight-
ed harmonic mean of precision and recall. Results obtained
are reported in Table 7.

Discussion

Handwriting/drawing tasks offer the possibility to investigate
neurodegenerative diseases. The proposed protocol:
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Table 2 Results of the SUS test. Answers are encoded in such a way that 1 stands for “strongly disagree” and 5 for “strongly agree”

Question Avg. value Best value Worst value
Q1: “I think that I would like to use this system frequently” 34 5 1

Q2: “I found the system unnecessarily complex” 1.2 1 2

Q3: “I thought the system was easy to use” 44 5 3

Q4: ““I think that I would need the support of a technical person to be able to use the system” 1.8 1 4

Q5: ““I found the various functions in this system were well integrated” 4.5 5 4

QO6: “I thought there was too much inconsistency in this system” 14 1 3

Q7: “I would imagine that most people would learn to use this system very quickly” 4.6 5 4

Q8: “I found the system very cumbersome to use” 1.5 1 2

Q9: “I felt very confident using the system” 4.2 5 3

Q10: “I needed to learn a lot of things before I could get going with this system” 1.3 1 2

* Gives the possibility to doctors to formulate a dementia
diagnosis according to a set of well-known assessments
eventually administered in multiple sessions;

* Gives the possibility to acquire handwriting dynamics re-
lated to multiple motor, functional and cognitive experi-
mental tasks.

* According to the second point of the previous list, the
viability of the proposed protocol has been demonstrated
by the fact that:

—  91.43% of users were able to complete the test skipping
less than 3 tasks;

—  The set of tasks required a mean time of 5.74 (m) with a
std. of 2.82 (m).

The overall min execution time has been 2 (min), the max
21 (min) with a mean of 5.74 (min).

The time duration analysis of single task reveals that bank-
check copying, the second trail making test and the third atten-
tion matrix were the heaviest load tasks, in fact they are com-
plex tasks embedding motor, cognitive, functional and execu-
tion aspects. However, the bank-check copying task and the
third attention matrix were completely performed, respectively,
in 86.7% and 94.3% of cases, while more than half of patients
were unable to perform the second trail-making test. This result
calls for a deep investigation since these tasks could be useful to
identify the stage of the disease as well as its evolution. Table 3
also reveals that signature time increases between the first and
the second trial thus unveiling the fatigue. Concerning the clock
drawing test, it has been observed that people with better
cognitive-functional level generally divide the circle into

Table 3 Users details

Age
Min Max Mean Std
45 99 75.8 14.6

different quadrants, placing the numbers 12-3—6-9 and then
the others. Conversely, patients with dementia start writing
from 1 or 12 and they proceed to fill the whole space with other
numbers; often, the clock is filled leaving out either the first or
the last number, so that even if time execution seems to be not
discriminant, the execution itself is very poor or completely
wrong. Also, these results suggest the development of specific
approaches in order to investigate the specific task. Finally,
regarding the trail-making test, the examiner is interested in
evaluating the time of completion and the number of errors;
however, handwriting dynamics are also able to unveil the
search pattern adopted by the user.

The classification of healthy and impaired users exhibited
high recall for the HC class and low recall for the MCI class:
this indicates that such an approach may be better in identify-
ing the absence of illness in the healthy population rather than
the presence of illness in the pathological group. However,
these are preliminary results which call for further processing
and deeper analysis.

Table 4 The number of

users and skipped tasks No. of users No. of skipped tasks
0 43
1 19
2 26
3 8
4 0
5 3
6 1
7 1
8 2
9 0
10 1
11 0
12 0
13 1
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Fig. 4 Task execution time 400
details. AM1—first attention ma-

trix; AM2—second attention ma-

trix; AM3—third attention ma- 350
trix; BCC—bank check copying;
CDT—clock drawing test; LE—

“le” repetitions; MOM— o
“mamma”; PC—pentagons
copying; RS—retraced spiral;
SIG 1—first signature acquisition;
SIG2—second signature acquisi-
tion; SC—spiral copying; SW—
“Oggi ¢ una bella giomata”;
TMT 1—first trail-making test;
TMT2—second trail-making test;
WW—“finestra”
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Conclusion and Future Work

This paper proposes a protocol tailored to the assessment of
neurodegenerative dementia (and mild cognitive impairment
as well). It integrates handwriting tasks to a digitized version
of standard cognitive and functional tests already accepted,
tested, and used by neurologists. On one hand, the protocol
may be useful, to the research community, to collect handwrit-
ten traits and the diagnosis ground truth helpful to design
computer-aided detection systems based on handwriting. At
the same time, the protocol may be of real use for neurologists
to support their daily activities. The inclusion of standardized
tests is important to determine the stage of the illness of the
patterns acquired: indeed, the main open problem is to support
the early diagnosis of the disease, as well as the monitoring of
the development of the disease as it advances. To date, more
than 100 patients have already completed the protocol and

Table5 Tasks execution stats (s). The last row reports the percentage of
completely executed trials. AM/—first attention matrix; AM2—second
attention matrix; AM3—third attention matrix; BCC—bank check copy-
ing; CDT—clock drawing test; LE—le” repetitions; MOM—" “mamma”;

acquisition sessions are going and will involve those already
acquired to monitor the evolution of the disease. The next step
is to perform data acquisition along with a comprehensive
evaluation of recognition performance also considering an
extended set of features and classifiers [10]. To the best of
our knowledge, this is one of the first attempts to provide an
integrated protocol for data acquisition in this specific field.
Tablet technology enables the implementation of a multimod-
al interaction system in which not only the input provided by the
electronic pen but also tactile, speech, or visual input can be
acquired. Indeed, some tasks that require the interaction between
the finger and the touch screen of the tablet are also under inves-
tigation. Recent literature reported on promising results using
analogous tasks for PD assessment [47]. Note that such charac-
teristics make the protocol well suited also to smartphones.
Moreover, thanks to such a multimodal interface, the develop-
ment of a mobile conversational agent appears to be feasible. An

PC—pentagons copying; RS—retraced spiral; SIG/—first signature ac-
quisition; S/G2—second signature acquisition; SC—spiral Copying;
SW—“Oggi ¢ una bella giornata”; TMT[—first trail-making test;
TMT2—second trail-making test; WW—"“finestra”

AM1 AM2 AM3 BCC CDT LE MOM PC

Min 7.6 12.6 20.8 233 8.1 2.8 6.7 6.5
250.1
Avg 31.1 54.7 80.3 84.0 449 164 323 36.4
Std  17.9 38.0 53.0 69.5 342 151 29.6 33.7
98.1%

Max 927 2195 2817 5048 1695 932 1816

943% 943% 943% 86.7% 97.1% 943% 97.1%

RS SIG1 SIG2 SC SW T™MTI TMT2 WW
9.8 1.8 1.7 39 6.6 17.3 21.6 2.08

176.5  60.8  112.1 1592 101.8 2864  496.6 1139

352 116 12.8 209 22.7 839 1174 11.8

233 146 13.9 20.4 16.4 66.1 80.6 16.5
971% 952% 933% 98.1% 98.1% 66.7% 429% 98.1%
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Table 6 Users age details
Min Max Mean Std
MCI 52 99 82.1 10.1
HC 45 95 63.8 14.7
Table 7  Classification results
Precision Recall F-
measure
HC 0.74 0.89 0.81
MCI 0.70 0.44 0.54
Avg 0.72 0.73 0.71

example of a mobile conversional agent successfully used in the
context of AD has been recently reported in [48]. A purely au-
tomatic diagnostic tool paws the way of a quick instrument
which enables mass screening of the population or even home
training for improving cognitive abilities.

Another key feature of the proposed protocol is its exten-
sibility, as the implemented tasks are decoupled from the logic
of the application. Thanks to this, some other future develop-
ments can be addressed. First, additional standard tests may be
digitized, e.g., the Frontal Assessment Battery (FAB) test [49],
so that a more comprehensive framework for neurological
assessment can be provided. Second, several other tasks could
be investigated through the same equipment. For instance,
house drawing has revealed to be discriminant for the AD/
MCI discrimination [12]. Third, this work may be extended
considering data acquired through different devices, for exam-
ple, sensor-based smart gloves [50], and haptic technology
[51], which have been successfully used for PD assessment.
Fourth, handwriting-based measures recently showed promis-
ing results in investigating mental workload [17] as well as
emotional states, such as depression and anxiety [52]. Hence,
the battery of graphical tasks may be extended or refined for
use in domains other than dementia assessment.
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