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Background and objective: The Nine-Hole Peg Test (NHPT) is the most used test to assess hand dexterity
in clinical practice and is considered the gold standard but only evaluates the time needed to complete
the task. The aim of this work is to describe a graphic test on a smart tablet to assess in a quantitative as
well qualitative way the dominant hand dexterity and to validate it in a cohort of neurological subjects
and healthy controls.

Methods: The task consists in asking the subject to connect with a graphic line the start and the end
point of a pre-defined path, with two different widths, in the most precise and fastest way possible. The
path is constituted by a ‘meander’ and a ‘spiral’ part. The subjects perform the task on a smart tablet with
a capacitive pen four times. The three parameters of interest considered at each trial are the execution
time, length path, and number of interactions with the border. The app automatically computes these
three parameters and stores the completed test files. The results of the digital graphic test are compared
to the NHPT results. Healthy and pathological subjects are compared to each other, and performances
obtained in different repetitions are compared to assess the learning effect in each population.

Results: 53 subjects with a definitive diagnosis of neurodegenerative/genetic neurological disorders (34
men, mean age 59.1 + 16.1) and 78 healthy controls (33 men, mean age 42.5 + 16.3) were recruited.
Among the pathological subjects, 31 also performed the NHPT. The graphic test clearly distinguish be-
tween the two populations for all parameters of interest. Moreover, compared to the gold standard NHPT,
time has a moderate positive correlation (r = 0.57, p < 0.001), whereas interactions and length have a
strong positive correlation (r = 0.81, p < 0.001) and (r = 0.69, p < 0.001), respectively.

Conclusions: The proposed digital test can measure in an accurate, quantitative and qualitative way domi-
nant hand disability and can result more informative with respect to the gold standard NHPT. In homoge-
neous cohort of subjects (for example affected by multiple sclerosis or Parkinson disease), the digital test
can be used as an outcome measure in clinical trials as well as a tool for monitoring disease progression
at the dominant hand level.
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1. Introduction

Dexterity is defined as a manual ability requiring a rapid co-
ordination of fine and gross movements, basic abilities developed
through experience, learning, and training [1]. Any alteration or
reduction of dexterity due to aging, diseases, or injuries has a
disabling effect on the execution of daily activities. In this digital
world, also many new technologies improving accessibility for
people with disabilities are based on hand dexterity, such as
mobile telephones, smart devices, and home automation solutions.
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In almost all neurological diseases, there is a dominant hand
impairment impacting functional independence and activities of
daily living.

Assessing dexterity alteration is therefore crucial for establish-
ing disability. There are different validated tests to assess it. Most
of them can only give a qualitative evaluation; others use only
quantitative measures based on a time limit, inducing a floor ef-
fect. These tests are divided into three groups: tests to functionally
evaluate several activities to assess the upper limbs performance,
time trials based on a single task that needs to be completed, and
questionnaires administered to the patients.

Time trials that require the repetition of a single task include
the Nine Hole Peg Test (NHPT) [2], the Buttoning Test (BT) [3], the
Box and Blocks Test (BBT) [4], the Minnesota Manual Dexterity Test
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(MMDT), the Workability Rate of Manipulation Test [5], and the
Twenty-Five Hole Peg Test (TFHPT) [6].

Among the tests listed, the NHPT is by far the most used in
clinical practice [7]. This test is administered by asking the patient
to take the pegs from a container, one by one, and place them into
the holes of a board with 9 holes, as quickly as possible. Partici-
pants must then remove the pegs from the holes, one by one, and
replace them back into the container. Scores are based on the time
taken to complete the test activity, recorded in seconds; there is a
time limit of 300 s to complete the test. There are however several
limitations of the NHPT. Once the test has been performed, only
a score remains, without further possibility to review exactly how
the patient did in each phase of the test; it is not possible to dis-
tinguish between subjects that are slow but precise and subjects
that take more time due to imprecisions or difficulties in perform-
ing the task itself. Finally, the presence of a time limit introduces
a floor effect on people with severe upper limb dysfunctions [8].

To overcome such limitations, we developed a new graphic test
on paper and validated against the NHPT [9]. Both the NHPT and
the paper graphic test require short time and no training to be
completed, and are inexpensive. The paper graphic test was com-
posed by three paths, each one composed by two configurations:
the first part is meander-shaped, the second is an Archimedean
spiral. From the bottom to the top of the paper, the width of the
paths becomes smaller to increase difficulty. The subjects have to
connect a continuous line inside the path determined by black
borders in the most precise and fastest way possible. The aim
is to connect the two black points, the starting and the ending
one, without touching or crossing the borders. The test is per-
formed twice to evaluate a possible learning effect between the
two repetitions. Each path is manually timed by an operator, thus
causing variability. In the validation study of the graphic test on
paper [9], three parameters were analyzed, among which total
time, total length, number of touches and crossings of the borders,
namely interactions. The comparison between the NHPT and the
time showed a strong positive correlation (r = 0.71, p < 0.001)
whereas touches and crossing (‘interactions’ with the borders) a
weak positive one (r = 0.35, p = 0.01). Times and interactions,
however, were not correlated, showing that the paper test could be
performed fast without much concern for the quality of execution.
The graphic test allows to distinguish between a slow but precise
performance and a fast but imprecise performance, thus providing
additional information with respect to the NHPT, where the time
to complete the task takes into account both the time to pick the
peg and the trajectory to reach the hole.

The aim of the present work is to provide an evolution of the
original graphic test, now digital, on a smart tablet, and to validate
it in a cohort of subjects with neurological diseases and healthy
controls. The three parameters taken into consideration are still
the execution time, length, and interactions (touching or crossing
path borders) occurred . Time is a parameter of interest in many
gold standard tests. Length is a relevant information, being an in-
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dicator of quality of execution of the graphic line, or of the pres-
ence of tremors or other involuntary movements. The number of
interactions is also an indicator of the quality of the hand con-
trol, in particular planning and sequencing movementsand there-
fore of the global performance. Moreover, the digital version facili-
tates the preservation of the tests providing the picture of the task
performed and therefore the follow-up.

2. Materials and methods
2.1. Materials

The following devices were used: a 10” screen size Android
tablet (Lenovo M10 Plus), and a capacitive pen to draw lines on
the tablet. It was necessary to use a glove to obtain palm-rejection,
not featured by the tablet selected for the work. The used glove is
composed by an external layer of Elastane, a middle layer of cotton
wool and an internal layer (in contact with the palm of the hand)
of stretch jersey.

Android Studio was employed to develop the actual applica-
tion. The entire backend architecture of the application exploits
Google Firebase services. Firebase Authentication was used to man-
age the authentication of the users, only through personal email
and password. Firebase Realtime Database is a cloud-hosted NoSQL
database. Data is stored as JSON and synchronized in real time to
every connected client. It was used to store data related to tests,
patients, and practitioners and to synch them with all possible
connected tablets. Firebase Storage was used to manage the sav-
ings and the backup of the file of the tests already submitted.

2.2. Methods

2.2.1. Data collection

All 131 subjects recruited gave written informed consent to
participate in the study. The present study was approved by the
Papa Giovanni XXIII Hospital Ethical Committee (approval number
40/22).

All subjects enrolled in the study wore the previously described
glove while using the tablet. The experimental setup is shown in
Fig. 1.

Enrolled subjects were first allowed to get familiar with the
glove, the capacitive pen, and the tablet, by means of pre-training
paths. Especially non digital natives and subjects with neurological
disease performed maximum three pre-training paths, a triangle,
an exagon and a circle, to get used to the tablet. Those attempts
were not recorded. Then there was a pop up window with writ-
ten instructions saying that the starting and the ending point had
to be connected, the test was a time trial, and finally that borders
could not be touched or crossed.

Then, subjects were asked to follow four test paths: a first
‘wide’ test, then a ‘narrow’ test, a second ‘wide’ test, and a second
‘narrow’ test, where ‘wide’ and ‘narrow’ refer to the path width.

Fig. 1. Experimental setup: smart tablet app and subjects wearing a glove to achieve palm-rejection.
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Fig. 2. Subdivision of border and internal corridor through separators (red and blue lines).

During the same day, 31 subjects with neurological diseases also
performed with the dominant hand the NHPT twice, and the best
time out of the two was made available for validation purposes.

2.2.2. Image pre-processing

The objective of the pre-processing is to elaborate the baseline
image of the single paths and assign to each pixel specific labels.
To detect the starting and ending points, pixels composing these
buttons are labelled differently. To detect the passage from the me-
ander to the spiral tract, pixels of the line dividing the two parts
are labeled separately. For each pixel of the path’s contour, it is in-
dicated if it is part of the upper or lower border, if it is part of the
meander or spiral part and which sector it belongs to. Sectors are
different segments of the path, divided as shown in Fig. 2. More-
over, separators, indicated in red and blue in Fig. 2, are computed
and pixels composing each of them are labeled differently based
on sequential numbers, so that each pixel will address a single sep-
arator univocally. Lastly, with the same labeling system, also pixels
inside the ‘corridor’ are acquired, but only those having at least
one side in contact with black contours. This is needed to detect
whether the line enters or exits the path after a border is touched.

2.2.3. Application development

When opened, the first activity called by the application is the
‘Launching activity’, appointed to check if the device is connected
to an available network. If this control is successful, the applica-
tion starts a new activity: if the user is already logged in, the
software will start the ‘Visualization activity’, otherwise the ‘Reg-
istration/Login activity’ will display first. The 'Visualization activ-
ity’ displays two main fragments, or tabs. One fragment allows the
visualization of the list of patients tested; if one item of the list
is pressed, another fragment displaying the list of tests submit-
ted by the selected patient will be loaded. If a test in this second
list is clicked, a new fragment will appear, showing data belonging
to that test chosen. The other fragment-tab shows some buttons
for the triggering of some specific functionalities. Here, if the user
presses the button to start the acquisition of a new protocol, the
application starts the ‘Test activity’, which is the one dedicated to
managing all phases concerning the test protocol. Inside this activ-
ity, many fragments are displayed in sequence: the first fragment
allows the registration of patient’s data (ID, sex, age); the second
fragment manages the training phase, aimed at getting the patient
used to drawing on the tablet’s touch screen. The second fragment

also includes a pop up window with written instructions saying
that the starting and the ending point have to be connected, the
test is a time trial, and finally that borders cannot be touched or
crossed. The third fragment is the one managing the actual test:
it scrolls through the four sub-tests of the protocol and manages
the extraction of parameters. The four sub-tests are in the follow-
ing order: first repetition of the ‘wide’ path, first repetition of the
‘narrow’ path, second repetition of the ‘wide’ path, and second rep-
etition of the ‘narrow’ path. The last fragment is the one handling
the upload of files in remote repositories. After the upload is over,
the user can go back to the ‘Visualization activity’, which works as
the Home Page of the entire application when the user is logged
in. This architecture is shown in Fig. 3.

2.2.4. Processing for parameters extraction

During the execution of the test protocol, the application elabo-
rates images of the sub-tests completed, to extract parameters for
the evaluation of individuals’ performances. The process is com-
posed by two threads running in parallel. One thread is responsi-
ble for the calculation of ‘Length’ and ‘Time’ parameters. The fun-
damental step is to find at which coordinate (T point) of the image
space the patient crossed the line dividing the meander and spiral
parts. Found this, the distance covered in the meander is calculated
by summing, up to the T point, distances of consecutive couples
of points composing the line drawn by the subject and acquired
by the Android system. The same is done for the remaining part
of points to retrieve distance covered in the spiral tract. For each
point acquired a time instant is associated: the time spent in the
meander is the difference between time instant for the first point
and that of T point. The difference of time instants of T point and
last point is the time spent in the spiral part.

The other thread is the one implementing the off-line tracking
system, which parses lines traced by the subject and locates each
point with respect to sectors composing paths of the graphic test.
Since the beginning of the exercise is forced to be at the starting
button, it is possible to suppose as starting conditions that the line
is ‘inside’ the corridor and in the first sector of the meander part.
For each pixel composing lines some evaluations are performed.
The algorithm checks if that pixel considered is overlapping one
of the separators: if true, knowing the current position of the line
and knowing which separator has been crossed, the algorithm eas-
ily retrieves the new sector in which the drawn line is entering. If
false, the procedure checks if the pixel considered is overlapping
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one of the pixels of the contour. If false, all checks are negative, so
the algorithm passes to consider the next pixel of lines. If it is true
that there is overlapping with the contour, the algorithm checks
the following points until it finds a point not belonging to the bor-
der (X point). Once the X point is found, the process checks if it
overlaps one of the pixels belonging to the ‘corridor’ and which
have been extracted during the pre-processing. If this check is true,
it means the line is currently inside the corridor; if before touching
the contour it was already inside, that interaction with the border
is counted as ‘border touch interaction’, if it was outside that inter-
action with border is counted as ‘border crossed interaction’, and
the location of the line turns to be ‘outside’. If the X point is not
contained inside the corridor, the reasoning is reversed (the border
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Test
Activity
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of the application.

is either touched from outside or crossed from the outside to the
inside). Therefore, with this mechanism the algorithm can track,
pixel by pixel, the position of the lines and it is able to extract the
number of times there are interactions with the contours. The sum
of these interactions gives an overview of how precise the execu-
tion of each task has been.

2.2.5. Statistical analysis

An ad hoc software written in the Python programming lan-
guage and based on the tools for statistics of the SciPy library
[10] was used. The main characteristics of the distributions (me-
dian, inter-quartile range, mean, standard deviation, maximum,
minimum) were computed for times, lengths, and interactions in
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Table 1
Characteristics of the test population.
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Label  Disease Total participants ~ Age mean + std [years] = Men [ women participants ~ NHPT available
0 Healthy controls 78 425 + 16.3 33 /45 -
1 Ataxic syndromes 10 422 +13.1 2/8 3
2 Multiple sclerosis 10 54.1 £ 9.1 6/4 10
3 Stroke 7 75.6 £ 12.8 710 4
4 Parkinson’s Disease 7 70.7 £ 9.8 43 3
5 Polyneuropathies 11 60.7 + 14.6 10/ 1 6
6 Other Neurological Diseases 8 59.6 + 11.05 5/3 5
Table 2
Test results — Time [s].
Population Path Median  Inter-quartile range =~ Mean Standard deviation =~ Maximum  Minimum
Healthy Wide 38.08 19.49 40.95 13.75 89.38 9.19
Narrow  46.90 19.53 50.17  15.99 97.45 8.72
Pathological ~ Wide 69.70 3047 75.78  29.51 165.04 32.73
Narrow  80.63 30.16 84.51  27.31 147.18 42.28

the case of healthy and pathological subjects. Data are divided by
path size, i.e., ‘wide’ or ‘narrow’.

Healthy subjects were compared to pathological subjects on
their performances divided by ‘wide’ and ‘narrow’ path (time,
length, and interactions). After the Shapiro-Wilk test to check for
normality, the tests chosen were the independent samples t-test
for normal distributions and the Whitney U Test for non-normal
distributions.

To assess the learning effect between the first and the second
test, the paired distributions of the total time, length, and interac-
tions in the first and in the second sheet were checked for nor-
mality with the Shapiro-Wilk test. Due to the non-normality of the
distributions, the Wilcoxon signed-rank test was used to assess if
there was any statistically significant difference. The learning effect
was tested separately for healthy and pathological subjects.

For some pathological subjects, also NHPT results were avail-
able. Only NHPT results for the dominant hand were considered.
After assessing the non-normality of the NHPT results distribution,
the Spearman’s correlation coefficient was computed between total
time and NHPT, total length and NHPT, and total number of inter-
actions and NHPT.

3. Results
3.1. Subjects affected by neurological diseases versus healthy controls

A total of 53 subjects with a definitive diagnosis of genetic or
neurodegenerative disease (34 men, mean age 59.1 + 16.1) and
with the dominant hand always affected were recruited as well as
78 healthy controls (33 men, mean age 42.5 + 16.3). The two co-
horts were not aged matched. Among the pathological subjects, 31
also performed the NHPT.

The cohort of subjects with neurological disease was a mixed
population regarding the disability grade and the anatomical path-
way involved in order to represent the clinical variety. The charac-
teristics of the population are summarized in Table 1.

The digital version of the graphic test, as the previous paper
version, allows to distinguish between controls and pathological
performances for all the tree parameters. Moreover, also in this
digital version the narrow path requires longer time of execution
for all subjects.

Tables 2, 3 and 4 summarize the results obtained by healthy
and pathological subjects. The reported parameters are the follow-
ing for each distribution: median, inter-quartile range, mean, stan-
dard deviation, maximum and minimum. All parameters in these
tables represent the aggregated results of the first and second test
repetition without distinction. All the distributions analyzed were
not normal according to the Shapiro-Wilk test. When control sub-
jects were compared with the Mann Whitney Test to pathological
subjects on each parameter, there was always a statistically signif-
icant difference (time, length, and interactions, both for the ‘wide’
and the ‘narrow’ path) with p<0.001 in all cases. This differs from
the results obtained on paper [9], where length was not signifi-
cantly different between healthy and pathological subjects. These
difference can be due to the different softwares measurement. Big-
ger and more homogenous (for example same disease) sample size
group are needed to confirm this data.

It must be noted that the median value of interactions in the
‘wide’ path is slightly higher than the value in the ‘narrow’ path
in the case of pathological subjects, as it emerges from Table 4.
The values are very similar to each other, and in fact there is
no statistically significant difference between the two distributions
(p = 0.17).

Boxplots of the ‘wide’ and ‘narrow’ paths, with the first and sec-
ond test aggregated, are reported for time, length, and interactions
for all the diseases in Fig. 4.

All pathological subjects regardless of pathology required more
time for drawing the line into the narrow path with the polyneu-
ropathy and OND groups less changing in the two conditions. Inter-
estingly, the interactions with borders are more in the wide path
than in the narrow one as if the reduced width works as a bi-
nary. Finally, the low interactions number of the multiple sclero-
sis group is to be noted. That is probably relates to the small size

Table 3
Test results — Length [mm].
Population Path Median Inter-quartile range ~ Mean Standard deviation =~ Maximum  Minimum
Healthy Wide 1493.25 4042 1498.92  74.11 1808.21 1005.14
Narrow  1498.61  33.52 1499.33  92.78 18309 810.46
Pathological ~ Wide 1589.39  175.76 1613.99  123.74 1955.88 1418.52
Narrow  1563.33  132.47 1606.68  121.66 2016.70 1390.59
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Table 4
Test results - Interactions.
Population Path Median  Inter-quartile range ~ Mean  Standard deviation = Maximum  Minimum
Healthy Wide 0.0 1.0 2.5 8.1 52 0
Narrow 0.0 0.0 1.9 6.2 42 0
Pathological ~ Wide 13.0 33.0 19.3 20.5 84 0
Narrow 10.0 20.0 13.8 18.2 102 0]
‘Wide’ path ‘Narrow’ path
a o b
150 A 7 fe)
(¢]
125 o © .
100 A .
=, o o e
g 75 4 B
.[_‘::
50 4 .
25 4 .
O
T T T T T T T T T T T T T T
2200 c d
2000 . o
— (¢]
5 o
: o
= 18001 © 1°
= O
= o o o)
31600 ; {10 - [%
1400 A .
1200 T T T T T ) T T T T Ll T T L
o 100 e 1 f ©
[}
=
=]
-e 80 B
i 60 4 o T 1 o
g o <
g 4044 {0
2 8 || o Q .
S=~]
20 7 7 g 8
JETol s U
0 1 2 3 4 S 6 0 1 2 3 4 ) 6

Disease

Disease

Fig. 4. Boxplot of the results divided by diseases in terms of (a) time on the ‘wide’ path, (b) time on the ‘narrow’ path, (c) length on the ‘wide’ path, (d) length on the
‘narrow’ path, (e) interactions on the ‘wide’ path, (f) interactions on the ‘narrow’ path. The diseases are the following: 0 - healthy subjects; 1 - ataxic syndromes; 2 -
multiple sclerosis; 3 - stroke; 4 - Parkinson’s disease; 5 — polyneuropathies; 6 - Other Neurological Diseases.

group because multiple sclerosis with the extreme clinical variabil-
ity in terms of anatomical involvement from motor to sensory to
ataxic deficit is expected to determine very different performances.
Regarding the stroke and the Parkinson’s disease group, although
the two groups are the smaller ones, they are also the older ones.
We have demonstrated in the previous study on paper that in the

healthy control there was a direct correlation between total time
of execution of the graphic test and the age, so this aspect has to
be considered.

Moreover, visual inspection of the graphic tests can provide in-
sights on the performance of the subjects in addition to the quan-
titative analysis, as shown in Fig. 5. The tablet app allows to longi-
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Fig. 5. (a) Test performed by a healthy subject; (b) Test performed by a patient with Parkinson’s Disease; (c) Test performed by a patient with an ataxic syndrome (Friedre-
ich’s ataxia). All tests are the first repetition of the ‘narrow’ path as downloaded from the tablet. The green points highlight the interactions; the line drawn by the subjects

is red when outside of the predefined path, otherwise it is blue.

tudinally store data for multiple patients, so it is possible to follow
up each single patient.

3.2. Learning effect

Results of the analysis to assess if a learning effect is present
are reported in Table 5. The medians are referred to the sum of
the parameter in both paths, e.g., ‘median 1’ for the time is the
median of the total time (‘wide’ and ‘narrow’ path) in the first
repetition. The distributions that may be normal according to the
Shapiro Wilk test are in italic in the Table. All comparisons were
done with non-parametric tests due to the small samples.

A learning effect is present in the time parameter in the two
cohorts, but not for length and interactions. The small samples size
of the different diseases group limits considerations. In two groups,
subject with polyneuropathy or ataxic syndromes, the reduces time
executions between the two set of trials involve more interactions
but still it is not possible to conclude if that is related to increased
rapidity or instead increased fatigue.

3.3. Nine hole peg test results

Correlations between total time and NHPT, total length and
NHPT and number of interactions and NHPT are shown in Fig. 6a,
6b and 6¢, respectively. Time and NHPT have a moderate positive
correlation (r = 0.57, p < 0.001), while interactions and NHPT have
a strong positive correlation (r = 0.81, p < 0.001). These two re-
sults confirm what was obtained in the paper version in terms
of statistical significance, while the different strength of the cor-
relation is likely due to the small sample size. In this work, also
the length displays a strong positive correlation with the NHPT
(r =0.69, p < 0.001). The dots displayed in red correspond to two
subjects that did not complete the NHPT. In their case, the maxi-
mum value of 300 s was considered.

4. Discussion

The present work illustrates and validates a tablet app to per-
form a graphic test to quantitatively and qualitatively assess the
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Table 5
Learning effect in healthy and pathological subjects.

Diseases Parameter Median 1 Median 2 p-value

Healthy controls Time [s] 45,04 39.54 p<0.001
Length [mm]  1500.21 1495.78 p<0.001
Interactions 0.0 0.0 n.s.

Ataxic syndromes Time [s] 76.92 71.09 n.s.
Length [mm] 1536.68 1618.63 n.s.
Interactions 19.0 25.0 n.s.

Multiple sclerosis Time [s] 72.32 67.02 p = 0.04
Length [mm] 1530.89 1534.90 n.s.
Interactions 0.5 0.5 n.s.

Stroke Time [s] 84.79 78.5 n.s.
Length [mm] 1595.38 1687.32 n.s.
Interactions 23.0 12.0 n.s.

Parkinson’s Disease Time [s] 91.3 74.08 p = 0.03
Length [mm]  1583.57 1563.62 n.s.
Interactions 10.0 11.0 n.s.

Polyneuropathies Time [s] 71.73 65.11 p = 0.005
Length [mm]  1610.02 1530.09 n.s.
Interactions 6.0 13.0 n.s.

Other Neurological Diseases  Time [s] 83.50 77.12 n.s.
Length [mm)] 1599.62 1561.51 n.s.
Interactions 16.5 15.5 n.s.

Total time vs NHPT results (1=0.57)

Total length vs NHPT results (r=0.69) Interactions vs NHPT results (r=0.81)
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250 1 250 -
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Fig. 6. (a) Correlation between total time and NHPT; (b) Correlation between total length and NHPT; (c) Correlation between number of interactions and NHPT. The red dots
correspond to two subjects that did not complete the NHPT in the maximum time, so the default value of 300 s was considered.

dexterity of the dominant hand. The final goal is to establish a new
and robust outcome measure to monitoring disease progression
over time. The graphic test was designed for a neurological pop-
ulation in order to test different motor abilities and coordination.
In fact, the path is formed by two parts requiring rapid changes
in direction and continuous circular movements, respectively. The
software developed for the analysis can separate the three param-
eters - time, length and interactions - for each part of the path in
order to establish if there is a specific pattern of drawing and mak-
ing errors for specific neurological populations. There are ongoing
studies to clinically validate the graphic test in bigger size disease
group.

Moreover, the two widths of the path are aimed at increasing
the difficulty and avoid ceiling effects, especially for subjects with
minimal impairment of the dominant hand. Nevertheless, in the
present study, the interactions are unexpectedly more frequent in
the wide path than in the narrow one in the cohort of pathological
subjects. That differs from the results obtained in the graphic test
on paper and definitely needs to be confirmed in larger cohorts of
patients.

The repetition of the task twice has multiple potential mean-
ings: evaluating learning effect, checking for consistency, and eval-

uating the fatigue. The graphic test is a complex task requiring in-
tegration between perceptual and motor information.

In this study, we have demonstrated that the digital version of
the graphic test works, although some optimization in terms of
sotware are still required, and we validated the test, since the re-
sults obtained by healthy and pathological subjects differ statisti-
cally for all three parameters, execution time, length and interac-
tions. Moreover, the graphic test correlates well with the gold stan-
dard NHPT. The results of the correlations between time and NHPT
and between interactions and NHPT confirm what was obtained in
the paper version in terms of statistical significance, while the dif-
ferent strength of the correlation is likely due to the small sample
size. The positive correlation between length and NHPT not only
confirms what was obtained in the paper version, but also show
that measuring the length provides an additional information with
respect to the performance.

The main limit of the graphic test in the present study is that
is restricted to the dominant hand. Many neurological diseases do
not involved upper limbs in a symmetrical manner, from stroke to
multiple sclerosis. A specular version of the graphic test to be per-
formed with the left hand could be a solution, although it is rea-
sonable to expect an increased variability in the three parameters
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also for control healthy subjects due to the low dexterity of the
non-dominant hand.

The need to turn the paper test [9] into a digital format came
from the several problems faced during the previous trial. One of
the bulkiest operations was the digitalization process. In fact, the
automatic analysis must be always performed through computa-
tional algorithms, thus a digital format must be available. This pro-
cess was performed by scanning piles of paper tests by means of
traditional scanners, facing a time-consuming procedure. For this
reason, whenever a scanning went wrong, the corrupted image
was discarded in a subsequent phase. Moreover, the procedure was
not always performed with the same instrument, leading to in-
consistencies in terms of image quality and resolutions. In addi-
tion, scanners always introduce a certain level of noise, forcing a
more complex processing and approximation to extract parameters
of interest. These problems are overcome by the Android applica-
tion, since everything is provided in a digital format. This allows
a higher accuracy in parameters extracted, since no approximation
or filtering of images is necessary. Moreover, the Android system
can physically acquire points composing the lines drawn by pa-
tients, without considering the spreading of ink on a sheet, which
generates variability. In fact, the test on paper did not provide sta-
tistically significant differences on length, but with a digital ver-
sion of this software this new parameter is significantly different
between healthy and pathological subjects and shows correlation
with the gold standard NHPT too. An increase in length means that
a subject deviated from the ideal, central path, possibly because
of errors while performing the test, tremors, or involuntary move-
ments of the dominant hand.

Another advantage is that while in the paper version the time
is measured by an operator, introducing inaccuracy and operator
dependency in time measurements, in the newer version time is
measured by the Android system directly triggered by events oc-
curring externally, guaranteeing repeatability.

Other positive aspects of the application can be found in its
backend architecture: this structure allows to have data available
in real-time, right after a test is submitted and loaded in re-
mote repositories. Working with synchronized repositories allows
to share data with other specialists and to retrieve those data to
make them available inside the application itself, to be consulted
by practitioners which want to review the history of a particular
patient. Thus, this tool can be intuitively used for follow-up and
for tracking the progress over time.

An issue of the digital version is related to the friction between
capacitive pen and tablet’s screen, which is very low, making the
‘drawing’ exercise quite different from the paper version. In par-
ticular, we observed more difficulties for pathological subjects to
center exactly the starting dot on the tablet’s screen compared to
the starting dot on paper. We are considering to enlarge the dot
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or to make the starting point crossing the line closing the path. In
any case, this aspect could be improved by adding a system able
to increase the sensation of friction experienced while drawing on
a paper sheet. Furthermore, during this study patients had to wear
a glove to participate in the test because the used tablet does not
implement palm rejection. Using a glove, however, affects the writ-
ing experience and the comfort of the subjects. A future develop-
ment consists in using an active pen for automated palm rejection.

Other improvements to be addressed are the creation of an op-
timized version of the algorithm for the parameters extraction, as
well as the realization of a cleaner and higher quality image of
the test, which could make the pre-processing phase more accu-
rate, leading to a better evaluation of results and, thus, to a better
assessing of the dominant hand dexterity.

In conclusion, this graphic test on smart tablet can become a
valid tool to assess hand dexterity in neurological population with
light or pronounced hand impairment.
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