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Abstract. In this paper we present the results of a preliminary study in
which we considered two copy tasks of regular words and non-words, col-
lecting the handwriting data produced by 99 subjects by using a graphic
tablet. The rationale of our approach is to analyze kinematic and pressure
properties of handwriting by extracting some standard features proposed
in the literature for testing the discriminative power of non-words task
to distinguish patients from healthy controls. To this aim, we consid-
ered two classification methods, namely Random Forest and Decision
Tree, and a standard statistical ANOVA analysis. The obtained results
are very encouraging and seem to confirm the hypothesis that machine
learning-based analysis of handwriting on the difference of Word/Non-
Word tasks can be profitably used to support the Cognitive Impairment
diagnosis.
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1 Introduction

Traditional theories have postulated that cognitive processing and the motor
system were functionally independent so that one movement was the end result
of cognitive processing. However, it is increasingly evident that the two sys-
tems and their relations are much more complex than previously imagined. The
existence of such motor traces of the mind represents a great leap forward in
research; researchers have often been forced to look at the “black box” of cog-
nition through indirect, off-line observations, such as reaction times or errors. A
serious drawback of this approach is that behavioral results provide little infor-
mation on how the cognitive process evolves over time and how multiple pro-
cesses can converge and guide final responses. The motor activities have been
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investigated with increasing frequency in recent decades. In this context, the
knowledge within cognitive sciences has specialized in many application fields.
One of the most prolific is certainly the medical one in which both predictive and
rehabilitative research converge. For example, hand movements offer continuous
flows of output that can reveal the dynamics being developed and, according to
a growing body of literature, can be argued that hand movements can provide,
with a high degree of fidelity, traces of the mind.

Furthermore, recently, researchers have shown that some motor activities
can represent good indices of neurodegenerative disease. For example, patients
affected by Cognitive Impairment (CI) exhibit alterations in the spatial organiza-
tion and poor control of fine movements. This implies that, at least in principle,
some diagnostic signs of CI should be detectable by motor tasks. In this context,
alterations in the ability of writing are considered very significant, since writ-
ing skill is the result of complex interactions between the biomechanical parts
(arm, wrist, hand, etc.) and the control and memorization part of the elemen-
tary motor sequences used by each individual to produce the handwritten traces
[10]. For example, in the clinical course of CI, dysgraphia occurs both during
the initial phase, and in the progression of the disorder [11]. The alterations in
the form and in the characteristics of handwriting can, therefore, be indicative
of the onset of neurodegenerative disorders, helping physicians to make an early
diagnosis. Of course, in this case, these signs are not easily visible and need a
measure tools ad hoc to recognize movements and to analyze them.

Moving from these considerations, in this paper we present the results of a
preliminary study in which we have considered two copy tasks of regular words
and non-words, collecting the data produced by the handwriting of 99 subjects
recorded by means of a graphic tablet. The rationale of our approach is to use
the kinematic and pressure properties of handwritings by using some standard
features proposed in the literature for testing the discriminative power of non-
words to distinguish patients from healthy controls. For this aim, we considered
two effective and widely used classification methods, namely Random Forest
and decision trees, and a standard statistical ANOVA analysis. In particular,
the paper is organized as follows: Sect. 2 presents the related work. Section 3
describes the protocol developed to collect traits of patients. Section 4 shows the
structure of the dataset and feature extraction method. Section 5 displays the
experiments and presents the results obtained. We conclude our paper in Sect. 6
with some future work perspectives.

2 Related Work

To date, there are many studies that investigate how variations in handwriting
are prodromal indices of neurodegenerative diseases. An exhaustive review on
the subject has been proposed in [5]. In [3] and in [4] instead, an experimental
protocol was proposed that included various tasks which investigate the possible
impaired motor cognitive functions in the AD. However, in literature, there is a
difference between the type of task that seems promising to reveal some typical
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characteristics of the patient suffering from dementia, which seem to deviate from
purely mnemonic functions. One of these types of tasks has been investigated in
[1] and in [2], in which authors studied the copy tasks to support the diagnose of
Alzheimer’s Disease. However, the choice of the type of task has a very specific
meaning. In fact, in copying tasks, unlike those of freewriting, stimuli are con-
stantly present, and subjects can have online feedback without having recourse
to memory. The cognitive impact could have consequences on the motor aspects
visible from the graphic traits. In the literature, hypotheses have been made on
the possibility of using words without semantic content to investigate cognitive
impairment. However, many of these studies do not use online measurement tools
but usually measure the final result of cognitive processing by investigating the
mistakes made in terms of substitutions or inversions of letters. For example,
[7] presented a literature review of the research investigating the nature of writ-
ing impairment associated with AD. They reported that in most studies words
are usually categorized in regular, irregular, and non-words. Orthographically
regular words have a predictable phoneme-grapheme correspondence (e.g., cat),
whereas irregular words have atypical phoneme-grapheme correspondences (e.g.,
laugh). Non-words or pseudo-words, instead, are non-meaningful pronounceable
letter strings that conform to phoneme-grapheme conversion rules and are often
used to assess phonological spelling. In [9] authors proposed a writing test from
dictation to 22 patients twice, with an interval of 9–12 months between the tests.
They found that agraphic impairment evolved through three phases in patients
with AD. The first one is a phase of mild impairment (with a few possible phono-
logically plausible errors). In the second phase, non-phonological spelling errors
predominate, phonologically plausible errors are fewer and the errors mostly
involve irregular words and non-words. The study in [8] investigated handwrit-
ing performance on a written and oral spelling task. The authors selected thirty-
two words from the English language: twelve regular words, twelve irregular
words and eight non-words. The study aims to find logical patterns in spelling
deterioration with disease progression. The results suggested that spelling in
individuals with AD was impaired relative to Healthy Control (HC). Finally, [6]
used a written spelling test made up of regular words, non-words and words with
unpredictable orthography. The purpose of the study was to test the cognitive
deterioration from mild to moderate AD. The authors found little correlation
between dysgraphia and dementia severity.

3 Acquisition Protocol

In the following subsections, the protocol designed for collecting handwriting
samples and the dataset collection procedure are detailed. The 99 subjects who
participated in the experiments, namely 59 CI patients and 40 healthy controls,
were recruited with the support of the geriatric ward, Alzheimer unit, of the
“Federico II” hospital in Naples. As concerns the recruiting criteria, we took into
account clinical tests (such as PET, TAC and enzymatic analyses) and standard
cognitive tests (such as MMSE). Finally, for both patients and controls, it was
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necessary to check whether they were on therapy or not, excluding those who
used psychotropic drugs or any other drug that could influence their cognitive
abilities. As previously said, the aim of the protocol is to record the dynamics of
the handwriting, in order to investigate whether there are specific features that
allow us to distinguish subjects affected by the above-mentioned diseases from
healthy ones. The two tasks considered for this study, namely the “word” (W)
task composed of two words and the “Non-Word” (NW) task composed of the
other two words, require to copy four words in the appropriate box. The words
chosen, as suggested in the literature, [6,9] are the two regular words of the
Italian language “pane” and “mela” (“bread” and “apple” in English), and the
two non-words “taganaccio” and “lonfo”, i.e. nonsense words. This task aims to
compare the features extracted from handwriting movements of these different
types of words. The criteria according to which the structure of protocols was
chosen concern:

(i) The copy tasks of NW allow us to compare the variations of the writing
respect to the reorganization of the motor plan.

(ii) Tasks need to involve different graphic arrangements, e.g. words with
ascenders and/or descendants, allow testing fine motor control capabili-
ties. Indeed the regular words (W) have different descender (the “p” of the
first word) and ascender traits (the “l” in the second word). The NWs pro-
pose the same structure: The first word have descender traits (the “g” in
“taganaccio”) and the ascender traits in the second one (the “l” and “f” in
“lonfo”). Note that the NWs have to be built following the syntactic rules
of language chosen.

(iii) Tasks need to involve different pen-ups that allow the analysis of air move-
ments, which is known to be altered in the CI patients.

(iv) We have chosen to present the tasks asking the subjects to copy each word
in the appropriate box. Indeed, according to the literature, the box allows
the assessment of the spatial organization skills of the patient.

The two W and the two NW chosen for this study, with different ascender
and descender traits, are shown in Fig. 1.

As concern the acquisition tool we have used a Graphic Tablet able to record
the movements of the pen used by the examined subject. X, y, and z (pressure)
coordinates are recorded for each task and saved in a txt file. The task was
printed on A4 white sheet placed on the graphic tablet.

4 Structure of Dataset and Methods

The features extracted during the handwriting process have been exploited to
investigate the presence of neurodegenerative diseases in the examined sub-
jects. We used the MovAlyzer tool to process the handwritten trace, considering
both on-paper and on-air traits. Their segmentation in elementary strokes was
obtained by assuming as segmentation points both pen up and pen down, as well
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Fig. 1. Esemples of tasks. Above the regular words and below the non-words.

as the zero-crossing of the vertical velocity profile. The feature values were com-
puted for each stroke and averaged over all the strokes relative to a single task.
We also merged the W tasks between them and NW tasks, considering them as
two repetitions of the same type of task. In our experiments we have included
the following features for each considered type of task, separately computed for
both on-paper and on-air traits: (i) Number Of Stroke; (ii) Absolute Velocity
Mean; (iii) Size Mean; (iv) Loop Surface; (v) Slant Max; (vi) Horizontal Size
Mean; (vii) Vertical Size mean; (viii) Total Duration; (ix) Duration Mean; (x)
Absolute Size mean; (xi) Peak Vertical Velocity; (xii) Peak Vertical Acceleration;
(xiii) Absolute Jerk; (xiv) Average Pen Pressure. We also included age and sex
of the subject.

We have analyzed this dataset into two steps: the classification and the stan-
dard statistical analysis. For both procedures, we designed the experiments orga-
nizing the data in three groups: data obtained by extracting on paper features,
data related to on-air features and data including both types of features. Thus,
for each type of task, we generated three different datasets, each relative to one
of the above groups and containing the samples derived for the 99 subjects.
For the classification step, we used two different classification schemes, namely
the Random Forest (RF) and the Decision Trees (DT) with C algorithm. For
both of them, 500 iterations were performed and a 5 fold validation strategy was
considered. For the statistical step, we have used the two-way ANOVA analysis
and a Multiple Comparison with Holm-Sidak correction as Post Hoc analysis
to understand which variables have a major effect on the results, following our
2× 2 experimental design (Patient - HC; Word - NonWord). In particular, the
two-factor ANOVA, used in these analyses, allows us to understand if there is
a main effect on the interaction of the two factors (Label or Task), that is, in
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other words, if the effects of the two factors are dependent or independent. The
obtained results with two-way ANOVA are:

(i) On the first independent variable, that is “Label” which includes Patients
and Healthy control that allow us to compare the mean of two independent
groups.

(ii) On the second independent variable, that is “task” that allow us to under-
stand if there is a significant difference in the mean of value of W and NW
tasks.

(iii) The two-way ANOVA which examines the influence of two different cate-
gorical independent variables (Patient - HC; W - NW) on one continuous
dependent variable (one feature) taken into account.

All of these analyses are calculated on the values of each feature, used as
a dependent variable, separately. Furthermore, the values are calculated on the
three groups of features shown above.

5 Experimental Results

As concerns the classification, in Fig. 2 we summarize the values of Accuracy
for each group of tasks. The first column reports the type of task considered,
the second one the classifier employed, while the following columns report, for
each task, the value of Accuracy using all features, on-paper features and on-air
features respectively.

From this table, we can point out that: firstly, in the large majority of cases,
for each task the value of the Accuracy is over 80.00%, reaching the best value
in the second group of tasks (NW) equal to 85.35 %. Secondly, we can observe
that, in the same condition of considered feature, emerges a better classification
using the RF classifier compared to DT. This is easily justifiable considering that
Random Forest, unlike DT, is an ensemble of classifiers. However, as reported
in the last row, the best-obtained result occurs with NW task. Indeed the clas-
sification accuracy of the second task is almost always 5% higher than the first
type of tasks. This means that copying a word with no meaning can be more
useful to diagnose CI than copying a regular word and that the same features
better predict CI in NW task than W task.

In the Fig. 3 we show, instead, the value of standard statistical analysis, with
two-way ANOVA, using R tool. In this table, we indicate, for each group of tasks,
the statistical significance results of each feature taken into account. We report
the value of the interaction of rows and columns (Label and Tasks) separately,
and the value of their interaction (in grey), according to the translation criteria
shown as footnote. Empty cells indicate that no statistical significance emerged
for these factors.
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We can claim that there is a high significance value for almost all features
on the two factors separately. In particular:

Fig. 2. Accuracy of Words and Non-Words tasks

(i) As regards all features we can note that there is an interaction on Number
of Stroke, Absolute Velocity Mean, Total Duration and Jerk. As reported
in Fig. 4 and in detail in Fig. 7:

(i) the Variation of Number of Stroke is significant for each combination,
except for W:P vs NW:HC. Patients produce almost double Number of
Stroke of HC both for W and NW condition. Furthermore, HCs produce
fewer strokes in NW than Patients in W condition.

(ii) the Duration Tot is doubled both for P vs HC and W vs NW. But it is
worth noticing that HCs employ less time to complete NW task than P
to produce W task.

(iii) for the Absolute Velocity Mean and for Jerk the value of HCs increases
going from W to NW task but conversely, it decreases for patients.

(ii) As regards on-air features we can note that there is an interaction on Num-
ber of Stroke, Absolute Velocity Mean, Total Duration, Jerk and Loop Sur-
face Mean. As reported in Fig. 5 and in detail in Fig. 7:

(i) the variation of the Number of Stroke on air is even more evident than
in all features. Patients produce almost double Number of Stroke of HCs
both for W and NW condition. Moreover, HCs produce more stroke of
NW than Patients in W condition.

(ii) the Duration Tot is doubled both for P vs HC and W vs NW.
(iii) for the Absolute Velocity Mean and for the Jerk, the values show the same

relation compared to all feature but, in this case, the difference between
HC and Patient in W task in Abs Velocity Mean is irrelevant.
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(iii) Finally, as regards on paper features we can note that there is an interaction
only on Slant and Peak Acceleration Mean. As reported in Fig. 6 and in
detail in Fig. 7:

(i) The variation of the Slant is significant for almost all comparisons and
HC in NW is less than Slant in P in W condition.

(ii) Peak Acceleration Mean shows an opposite trend between HCs and
Patients in the comparison of W and NW tasks.

The second experimental setting has shown that some features can be partic-
ularly discriminative of the disease. For example, Absolute Velocity Mean and
Jerk on all features and on-air features show an inverted trend between HCs and
Ps in the passage from W tasks to NW tasks.

Fig. 3. Statistical significance with ANOVA
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Fig. 4. Results of Post Hoc analysis on all features

Fig. 5. Results of Post Hoc analysis on air features
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Fig. 6. Results of Post Hoc analysis on paper features

Fig. 7. Results of Multiple Comparison with Holm-Sidal correction- Post Hoc analysis

6 Conclusion and Open Issues

In this paper, we presented a novel solution to diagnose Cognitive impairment by
means of only two writing tasks which included a copy of regular words and non-
words. The preliminary results obtained are very encouraging and the work is
in progress to increase general performance. As appeared from the experimental
results there are some features particularly discriminative of the disease. Then,
the next steps to be taken will include a classification experiment using just
these features. We could also include a feature selection approach to improve
overall performances.
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