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Abstract 

Background: The assessment of upper‑limb motor impairments after stroke is usually performed using clinical scales 
and tests, which may lack accuracy and specificity and be biased. Although some instruments exist that are capable 
of evaluating hand functions and grasping during functional tasks, hand mobility and dexterity are generally either 
not specifically considered during clinical assessments or these examinations lack accuracy. This study aimed to 
determine the convergent validity, reliability, and sensitivity to impairment severity after a stroke of a dedicated, multi‑
touch app, named the Hand Assessment Test.

Methods: The hand mobility, coordination, and function of 88 individuals with stroke were assessed using the app, 
and their upper‑limb functions were assessed using the Fugl-Meyer Assessment for Upper Extremity, the Jebsen-Taylor 
Hand Function Test, the Box and Block Test, and the Nine Hole Peg Test. Twenty‑three participants were further con‑
sidered to investigate inter‑ and intra‑rater reliability, standard error of measurement, and the minimal detectable 
change threshold of the app. Finally, participants were categorized according to motor impairment severity and the 
sensitivity of the app relative to these classifications was investigated.

Results: Significant correlations, of variable strengths, were found between the measurements performed by the 
app and the clinical scales and tests. Variable reliability, ranging from moderate to excellent, was found for all app 
measurements. Exercises that involved tapping and maximum finger‑pincer grasp were sensitive to motor impair‑
ment severity.

Conclusions: The convergent validity, reliability, and sensitivity to motor impairment severity of the app, especially of 
those exercises that involved tapping and the maximum extension of the fingers, together with the widespread avail‑
ability of the app, could support the use of this and similar apps to complement conventional clinical assessments of 
hand function after stroke.
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Background
Approximately 80% of stroke survivors suffer from motor 
dysfunctions that affect one or both upper limbs, with 
particular impacts on hand coordination and dexter-
ity [1, 2]. Hand and upper-limb impairments are among 
the major causes of functional limitations in individuals 
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with post-stroke hemiparesis [2, 3]. These limitations can 
reduce autonomy and, therefore, have consequences for 
the performance of daily living activities and decrease 
quality of life [3].

An adequate assessment of all motor impairments is 
necessary for establishing a realistic prognosis, planning 
customized rehabilitation interventions, and evaluating 
the effectiveness of those interventions. The assessment 
of upper-limb motor function is especially challenging 
because of the multidimensional nature of coordinated 
movements, requiring the use of multiple subsystems: 
eye-hand coordination, intra-limb coordination (includ-
ing inter- and intra-muscle coordination), and inter-limb 
coordination [1, 4, 5]. In the clinical setting, assessments 
of motor conditions are usually performed using ‘stand-
ardized’ clinical scales and tests [6]. Most clinical scales 
evaluate the active range of upper-limb movements [7], 
gross [8, 9] or fine arm motor function [8, 10], and the 
performance of daily functional activities [11–14], with 
some scales aiming to assess hand motor function and 
grasping during functional tasks [8, 15, 16]. Although 
these tools are usually easy to administer and are not 
time-consuming, instruments that are based on subjec-
tive ratings of the performance on different tasks may 
lack accuracy and be biased. In addition, instruments that 
are rated according to the performance on a task (such as 
the number of elements that can be grasped, moved, or 
placed or the time to complete those actions) may lack 
specificity, and not provide separate information of the 
different motor components that contribute to the per-
formance. In addition, conventional instruments do not 
commonly consider hand mobility and dexterity during 
clinical assessments, and when they are considered, the 
examinations often lack specificity. Importantly, these 
skills are necessary to perform fast selective wrist and 
finger movements (wrist-finger speed) and to manipulate 
small objects (finger dexterity) or larger objects (manual 
dexterity) efficiently [17], and require precise thumb 
and finger movements, which can be severely reduced 
after stroke [18]. Finally, the ability to keep the arm 
steady (steadiness), to move it quickly and precisely to 
an intended target (aiming), or to move it under constant 
visual control along a line (tracking) are equally relevant 
to arm motor function [17] and difficult to quantify.

Different technological solutions have been suggested 
to register the complex anatomy and mechanics of the 
hand [19], mostly using robotic devices [20–23], gloves 
[24–26], and camera-based solutions [27, 28]. Although 
these devices have primarily been used for rehabilita-
tion, they also have the potential to overcome the limi-
tations associated with conventional clinical tools, by 
providing objective and accurate measurements and per-
forming separate analyses of specific finger movements 

[23]. Unfortunately, many of these systems are either 
expensive and require dedicated space in the clinic or 
are not widely available, which limits their clinical use. 
Multi-touch technology, such as that included in many 
current smartphones and tablets, allows for the very pre-
cise detection of finger touches and hand gestures on a 
capacitive screen [29]. This feature, together with the 
portability and low-cost features, could enable the suc-
cessful assessment of hand mobility and dexterity with 
tablet devices and facilitate their use not only in the clini-
cal setting but also at home. Previous research examin-
ing the use of tablet apps by persons with stroke has 
shown that interactions with these tools are feasible and 
acceptable [30], with most individuals being able to per-
form basic gestures on a tablet with at least one hand [2, 
31], whereas the level of participation is dependent on 
the motor impairment severity [2]. However, only two 
studies have investigated till date the feasibility of tablet-
based assessments of the upper limb motor function after 
stroke. These preliminary studies showed excellent dis-
criminative validity of different exercises, which included 
tapping [2, 32], and drawing and coordination exercises 
[32]. These later exercises also showed poor to good reli-
ability [32]. Although these studies showed the potential 
of tablet apps to assess motor impairments after stroke, 
they include scarce exercises, ranging from one to three, 
and enrol a limited number of stroke survivors or mixed 
neurological conditions.

We have designed a free, dedicated app to examine 
hand mobility, coordination, and function, by measuring 
performance on a series of exercises that attempt to rep-
resent the hand movements associated with daily basic 
activities [33, 34], including tapping, the analytic exten-
sion of the fingers, pincer grips with different fingers, 
hand opening and closing, and visuomotor coordination 
during drawing and target reaching1 [35]. We hypothe-
sized that the proposed exercises had convergent validity 
with clinical instruments, and were reliable and sensitive 
to impairment severity. If these hypotheses were cor-
roborated, the multi-touch exercises could complement 
clinical assessment of the arm and hand function with 
more objective and accurate measures of specific finger 
and hand movements.

Consequently, the objectives of this study were three-
fold. First, to determine the convergent validity of the app 
compared with standardized clinical tests performed in 
a representative sample of individuals with stroke. Sec-
ond, to quantify the reliability of the app, as defined by 

1 The Hand Assessment Test app is available for Android and Windows 
devices. More information about the application can be found at www. nrhbg 
roup. com.

http://www.nrhbgroup.com
http://www.nrhbgroup.com
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inter- and intra-rater reliability, standard error of meas-
urement, and minimal detectable change. Finally, to 
investigate the sensitivity of the app for the differentia-
tion of post-stroke motor impairment severity.

Methods
Participants
Participants with stroke were recruited from the outpa-
tient services of Vithas Hospitals Valencia al Mar and El 
Consuelo (València, Spain), Aguas Vivas (Carcaixent, 
Spain) and the Brain Injury Center of Vithas Vinalopó 
(Elx, Spain). All participants were participating in a long-
term rehabilitation program, customized to their particu-
lar needs. The assessment period was from May 2018 to 
September 2019.

The inclusion criteria for participation in the study 
were as follows: (1) diagnosis of ischemic or hemorrhagic 
stroke, by computed tomography or magnetic resonance 
imaging; (2) active movement of distal joints, defined as 
scores above 1 on the Medical Research Council Scale 
for Muscle [36]; and (3) fairly good cognitive condition, 
defined as scores above 23 on the Mini-Mental State 
Examination [37]. The exclusion criteria were as follows: 
(1) severe hypertonia, defined as scores below 3 on the 
Modified Ashworth Scale [38]; (2) impaired compre-
hension that hindered the ability to follow instructions, 
defined as scores below 45 on the Mississippi Aphasia 
Screening Test [39]; (3) severe visual or auditory deficits 
that prevented interactions with the app; and (4) unilat-
eral spatial neglect.

A minimum sample size of 88 participants was required 
to ensure a power of 0.80, assuming a medium effect size 
of 0.3 and an error probability of 0.05, during the analysis 
of convergent validity. An additional 10% of the sample 
size was also considered necessary to account for poten-
tial data loss.

Ethical approval for the study was granted by the Eth-
ics Committee of Universitat Politècnica de València 
(P10100120). All eligible candidates who agreed to take 
part in the study provided written informed consent.

Instrumentation
A 12″ tablet, the Chuwi Hi12 (Chuwi Technology, 
Shenzhen, China), which incorporated an Intel Quad 
Core × 5-Z8300 and 4  GB RAM, was used to run the 
Hand Assessment Test [35], a dedicated app that assesses 
hand mobility, coordination, dexterity, and functionality. 
Specifically, the app includes 6 tests. Four tests, the fin-
ger tapping, tapping with each finger while the remain-
ing digits are weight-bearing, pincer grasps with all of the 
fingers, and hand opening and closing, evaluate the body 
functions and structure [40]. The remaining two tests, 
graphomotricity and oculo-manual coordination evaluate 

the activity [40]. All the exercises work equally. They all 
start with a three-second countdown that leads to an 
auditory signal that indicates the start of the test. The end 
of the test is also indicated with an auditory signal. After 
the test, the exercises provide the outcome measures of 
the test and save this information in the internal memory 
of the device. At the beginning, the app allows for select-
ing the exercises to be administered from a list and then 
launches the exercises sequentially, in the same order as 
they are described below.

Tapping
This exercise assesses finger mobility and control. The 
objective of the exercise is to tap on the screen with one 
finger as many times as possible in 10 s (Fig. 1). This exer-
cise is commonly performed with the index finger, as it 
is usually the most dexterous and sensitive finger. In case 
of loss, motor or sensory impairment, any other finger 
can be used, as the app does not identify the finger being 
used. During the testing, the exercise provides feedback 
of the contact point of the fingers with the screen (pink). 
The outcome measure of this exercise is the number of 
finger touches.

Tapping with each finger while the remaining digits are 
weight‑bearing
This exercise assesses finger mobility, hand dexterity 
and coordination. The objective of the exercise is to tap 
on a calibrated spot of the screen with one finger while 
maintaining the other fingers in contact with the screen 
as many times as possible in 10 s (Fig. 1). If touches are 
not performed within the spot or others fingers are not 
in contact with the screen, the number of touches are 
not taken into account. During the testing, the exercise 
provides feedback of the calibrated position of the finger 
(gray) and the contact point of the fingers with the screen 
(pink). The outcome measure of this exercise is the num-
ber of finger touches for each finger.

Pincer grasp
This exercise assesses finger mobility, dexterity and coor-
dination. The objective of the exercise is to move away 
one finger as much as possible from the thumb (extension 
of the metacarpophalangeal and interphalangeal joints) 
and move it as close as possible towards it (flexion of the 
metacarpophalangeal and interphalangeal joints) (Fig. 1). 
During the testing, the exercise provides feedback of the 
contact point of the fingers with the screen. The outcome 
measures of the exercise are the maximum and minimum 
distance reached for each finger.
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Fig. 1 Interaction with the exercises of the Hand Assessment Test. Interaction with all the exercises of the Hand Assessment Test. The pictures are 
taken from above
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Hand opening and closing
This exercise assesses hand mobility and coordination. 
The objective of the exercise is to open and close the hand 
as much as possible, by extending and flexing the fingers 
maintaining them in contact with the screen (Fig.  1). 
During the testing, the exercise provides feedback of the 
contact point of the fingers with the screen and straight 
lines connecting the contact points (pink). The outcome 
measures of the exercise are the maximum and minimum 
area of the hand (see Additional file 1).

Graphomotricity
This exercise assesses arm and hand coordination. The 
objective of the exercise is to trace the lines of four dif-
ferent figures over lightened versions of them (Fig.  1). 
Figures to draw are “M”, “3”, “S” and a spiral. During the 
testing, the exercise provides feedback of the lightened 
figures (gray) and traced lines (pink). The outcome meas-
ure of the exercise is the dissimilarity between the figure 
showed and the participants’ trace (see Additional file 1).

Oculo‑manual coordination
This exercise assesses arm, hand and finger coordina-
tion, and finger dexterity. The objective of the exercise is 
to touch 32 visual targets arranged on a 4 × 8 grid as fast 
as possible (Fig. 1). The targets are always visible and can 
be touched in any order. During the testing, the exercise 
provides feedback of the targets (gray), highlighting those 
that were already touched (pink). The outcome measure 
of the exercise is the time to touch all the targets.

Procedure
An experimenter conducted all the sessions. Participants 
were briefly introduced to the objectives of the study and 
were asked to sit in a comfortable position, in a chair 
without armrests or back support, in front of a table 
(Fig.  2). Participants who required a wheelchair were 
allowed to remain in the wheelchair, but the armrests 
were removed. Participants were invited to approach 
the table and lay their arms on its surface. The arms of 
the participants were not fixed. The experimenter placed 
the tablet lying flat on the table with the screen point-
ing upwards at a comfortably reachable distance by the 
participant. Before each exercise, the experimenter cor-
rected the position and orientation of the tablet and the 
participants’ arm and posture if needed. The experi-
menter explained and performed each exercise to the 
participants before their attempt. No practice trials were 
allowed. The experimenter started each exercise by press-
ing a button and supervised the performance. In case of 
an adverse event in the performance of the tablet or the 
participant, the trial was discarded and the exercise was 
repeated. If the trial was successful, the experimented 
prepared the next exercise. Participants were allowed to 
rest between exercises on demand.

All participants were assessed with all of the Hand 
Assessment Test subtests, in the predefined and fixed 
order of the app, described in the previous subsection. 
The participants completed all the exercises that they 
were capable of with their more affected arm once but 
for the Oculo-manual Coordination Test, which was 
performed three times using (a) the index finger; (b) a 

Fig. 2 Experimental setup. Participants sat in a chair without armrests or back support, with their arms on a table, upon which a 12‑inch tablet was 
located. The tablet lied flat on the table with the screen pointing upwards at a comfortably reachable distance by the participants. The participants 
completed all the exercises that they were capable of with their more affected arm
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touchscreen pen (or stylus) with the shape of a conven-
tional pen; and (c) the same touchscreen pen, with the 
added requirement that the pen must be dropped and 
grasped between touches. Conditions that involved inter-
acting with the pen were included to investigate possi-
ble different effects derived from the increased difficulty 
that represent handling this instrument during writing 
tasks. Those tests that allowed assessing each finger sepa-
rately were performed once with each finger, when pos-
sible. The experimenter skipped those trials that were 
not achievable by the participants. The assessment with 
the Oculo-manual Coordination Test took 15–20  min, 
depending on the condition of each participant.

Participants were also assessed using the Fugl-Meyer 
Assessment for Upper Extremity [41], the Jebsen-Taylor 
Hand Function Test [15], without considering the “mov-
ing heavy objects” item of the scale, the Box and Block 
Test [8], and the Nine Hole Peg Test [16]. The assessment 
with the clinical scales and tests took around 45  min, 
depending on the condition of each participant.

From the total sample of participants, a minimum of 
22 subjects (25% of the minimum required sample size) 
were assessed three times using the Hand Assessment 
Test. These participants were assessed twice by the same 
experimenter, to determine the intra-rater reliability, and 
a third time by a separate experimenter, to determine the 
inter-rater reliability. The participants received the same 
instructions in all the assessments.

All measurements were conducted on the same day, 
allowing participants to rest between assessments.

Data analysis
Statistical data analysis was conducted using SPSS v22 
(Inc., Chicago, IL, USA). The normality of the data dis-
tribution was analyzed with the Shapiro–Wilk test, and 
homoscedasticity was analyzed with the Levene test.

Data analysis performed as described in similar studies 
[42, 43]. First, the convergent validity of the Hand Assess-
ment Test, compared with clinical tools, was investigated 
using Pearson’s correlation analysis. Second, the inter and 
intra-rater reliabilities of the app were determined, using 
a two-way, random-effects model intra-class correlation 
coefficient (ICC), with a single rate/measurement (2,1). 
Correlations greater than 0.8 were considered to be excel-
lent. Values ranging from 0.6 to 0.8 and from 0.4 to 0.6 
were considered to be indicators of strong and moderate 
reliability, respectively. Values ranging from 0.2 to 0.4 and 
below 0.2 were considered to be indicators of weak and 
very-weak reliability, respectively [44]. The standard error 
of measurement and the minimal detectable change were 
also obtained [45]. The standard error of measurement 
describes the effect of measurement error on individual 
results in a test. In other words, it quantifies the precision 

of individual results on a test. It can be interpreted as 
an assessment of reliability within individual results. 
The minimal detectable change, also referred to as the 
smallest detectable difference or sensitivity to change, is 
a statistical estimate of the smallest amount of change 
that can be detected by a measure that corresponds to a 
noticeable change in its measurements. In other words, 
it is the minimal amount of change of a measurement to 
be greater than the within subject variability and meas-
urement error. In this study, the estimations of the mini-
mal detectable change were based on a 95% confidence 
interval. Finally, although convergent validity showed the 
extent to which the app and clinical assessment tools of 
motor impairment were related, an additional analysis 
was conducted to compare how subjects with mild and 
moderate impairments performed in the app. The abil-
ity of the app to identify motor impairment severity was 
explored using Student’s t-tests. Specifically, participants 
were classified into two groups, according to the sever-
ity of their motor impairments. A moderately severe 
group, defined as having scores between 19 and 46 on the 
Fugl-Meyer Assessment for Upper Extremity, and a mildly 
severe group, defined as having scores higher than 47 on 
the same scale [46]. The maximum type I error was estab-
lished at 5%.

Prior to performing any analyses, outliers were identi-
fied, as those data points with z-scores higher than three-
fold the standard deviation, and consequently removed. 
Participants who were considered outliers in more than 
two measures were removed from analyses.

Although different analyses were performed for each 
subtest, their results are grouped according to their func-
tional implications into the following five categories: (1) 
Tapping, which includes the Tapping test and Tapping 
with each finger while the remaining digits are weight-
bearing; (2) Finger flexion, which includes the minimum 
value of the Pincer grasp with each finger and the mini-
mum hand area during the Hand Opening and Closing 
test; (3) Finger extension, which (opposite to the previ-
ous category) includes the maximum value of the Pin-
cer grasp with each finger and the maximum hand area 
during the Hand Opening and Closing test; (4) Grapho-
motricity, which includes the scores of the four subtests 
(drawing an “M”, a “3”, an “S”, and a spiral); and (5) Oculo-
manual coordination, which includes the scores in the 
homonymous test, under the three different conditions 
described in the procedure (using a finger, a pen, and a 
pen that must be dropped and grasped after each touch).

Results
Participants
Ninety-six individuals with stroke were enrolled in this 
study, 8 of whom were classified as outliers and were 
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excluded from the analysis. A final sample of 88 par-
ticipants, 30 women and 58 men, were included in the 
study (Table  1). The participants had a mean (SD) age 
of 57.27 (12.75) years and a mean time since injury of 
49.13 (59.68) months. Participants had suffered either 
an ischemic (n = 47) or hemorrhagic (n = 41) stroke, 
which affected either the left (n = 47) or right hemisphere 
(n = 35) or had equivalent bilateral effects (n = 6). No sta-
tistical differences between groups of different impair-
ment severity emerged in any variable but in the score on 
the Fugl-Meyer Assessment for Upper Extremity. Twenty-
three of these participants were additionally considered 
for the reliability analysis.

Convergent validity
All interactions with the exercises in the app and the 
clinical tests are provided in Additional file 2. All exer-
cises included in the Tapping category showed sig-
nificant correlations of variable strength, which were 
predominantly moderate or strong, with almost all 
of the clinical tools with similar motor requirements 
(Table  2). The distribution of the individual perfor-
mance in the Tapping test and in the clinical instru-
ments that evidenced the highest convergent validity 
are shown in Fig.  3. Poorer correlations, moderate at 
best, were found between exercises included in the 
Finger flexion category and clinical instruments, which 

appeared to better match the required motor skills 
(Table 3). The writing subtest of the Jebsen-Taylor Hand 
Function Test did not show any significant correla-
tions with any measures included in the multi-touch 
exercises. Similarly, the hand closing area also failed 
to show significant correlations with any clinical meas-
ures. The exercises included in the Finger extension 
category showed moderate correlations with almost all 
comparable clinical measurements (Table  4). Moder-
ate correlations were also found between the exercises 
included in the Graphomotricity category and the clini-
cal test measurements, except for the writing subtest 
of the Jebsen-Taylor Hand Function Test (Table 5). The 
performances in the Oculo-manual coordination test, 
under different conditions, showed prevalent moder-
ate to strong correlations, which had the highest values 
when no external object was manipulated (Table 6). The 
distribution of the individual performance in this test 
and in the clinical instruments that evidenced the high-
est convergent validity are shown in Fig. 4.

The signs for all of the correlations between the meas-
urements made using the app and those made using clini-
cal tests supported the consistency of the instrumented 
measurements, as better performances on these tests 
were associated with better performances as measured 
by the clinical tools. As an example, higher numbers of 
finger taps were associated with more blocks in the Box 

Table 1 Demographic and clinical characteristics of the participants

Data are expressed in mean (standard deviation)

Variable All participants (n = 88) Participants with mild 
impairment (n = 69)

Participants with moderate 
impairment (n = 19)

Significance

Age (years) 57.27 (12.75) 57.39 (11.59) 56.84 (16.68) p = .870

Sex (n, %) p = .405

Women 30 (34.1%) 22 (31.9%) 8 (42.1%)

Men 58 (65.9%) 47 (68.1%) 11 (57.9%)

Time since injury (months) 49.13 (59.68) 46.15 (52.53) 59.96 (47.82) p = .375

Etiology (n, %) p = .580

Ischemic 46 (52.3%) 35 (50.7%) 11 (57.9%)

Hemorrhagic 42 (47.7%) 34 (49.3%) 8 (42.1%)

Oxford classification (n, %) p = .453

TACI 3 (3.4%) 2 (5.7%) 1 (9.1%)

PACI 29 (33.%) 23 (65.7%) 6 (54.5%)

LACI 6 (6.8%) 3 (8.6%) 3 (27.3%)

POCI 8 (9.1%) 7 (20.0%) 1 (9.1%)

Lesion side (n, %) p = .892

Left 47 (53.4%) 36 (52.2%) 11 (57.9%)

Right 35 (39.8%) 28 (40.6%) 7 (36.8%)

Bilateral 6 (6.8%) 5 (7.2) 1 (5.3%)

Fugl‑Meyer Assessment for Upper 
Extremity

53.02 (9.52) 57.10 (5.28) 38.21 (6.16) p < .001
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and Block Test and less time required to complete the 
Nine Hole Peg Test, and a larger hand opening area was 
associated with a higher score on the Fugl-Meyer Assess-
ment for Upper Extremity.

Inter‑ and intra‑rater reliability, standard error 
of measurement, and minimal detectable change
Moderate to excellent reliability was found for all meas-
urements made using the app (Table 7).

The tapping and coordination exercises performed with 
the index finger provided the best results among all the 
app measurements. The pincer grasp, in contrast, showed 

the poorest results. The exercises that required tracing an 
“S” had higher convergent validity and was more reliable 
than the rest of the graphomotricity exercises.

No systematic variation of the data that could reveal 
a consistent learning effect or a fatigue-related decrease 
in performance was detected during the multiple 
assessment.

Sensitivity to the severity of motor impairments
Consistently better performances for all measurements 
made using the app were found among those participants 

Table 2 Convergent validity of the tapping exercises with clinical instruments

Moderate or stronger correlations are highlighted in bold

*p < 0.05; **p < 0.01

Fugl‑Meyer 
Assessment Scale

Jebsen‑Taylor Hand Function Test Box and Block 
Test

Nine Hole Peg 
Test

Hand Coordination Card 
turning

Picking up 
small common 
objects

Stacking 
checkers

Tapping .64** .42** − .62** − .52** − .57** .70** − .53**
Tapping with the thumb while 

the remaining digits are weight‑
bearing

.52** .28* − .59** − .57** − .51** .69** − .53**

Tapping with the index finger 
while the remaining digits are 
weight‑bearing

.51** .25* − .59** − .60** − .57** .66** − .59**

Tapping with the middle finger 
while the remaining digits are 
weight‑bearing

.46** .29* − .57** − .62** − .45** .63** − .48**

Tapping with the ring finger while 
the remaining digits are weight‑
bearing

.54** .46** − .53** − .59** − .34** .55** − .45**

Tapping with the little finger 
while the remaining digits are 
weight‑bearing

.43** .36** − .49** − .61** − .42** .64** − .42**

Fig. 3 Individual performance on the Tapping test and the clinical scales with the highest convergent validity. Individual performance of all the 
participants on the Tapping test and on the hand subscale of the Fugl-Meyer Assessment and the Box and Block Test, which showed a convergent 
validity of .64 (p < .01) and .70 (p < .01), respectively
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with mild motor impairments, compared with moder-
ately impaired participants (Table  8). However, signifi-
cant differences between groups were almost exclusively 
found for exercises that involved tapping and maximum 
finger pincer grasp.

Discussion
This study investigated the convergent validity, reli-
ability, and sensitivity of a dedicated app, designed to 
examine hand mobility and dexterity in a sample of indi-
viduals with stroke. The app showed coherent significant 

Table 3 Convergent validity of the finger flexion exercises with clinical instruments

Moderate or stronger correlations are highlighted in bold

*p < 0.05, **p < 0.01

Fugl‑Meyer 
Assessment 
Scale

Jebsen‑Taylor Hand Function Test Box and Block 
Test

Nine Hole Peg 
Test

Hand Writing Card 
turning

Picking up 
small common 
objects

Feeding Stacking 
checkers

Minimum index fin‑
ger pincer grasp

− .42** .07 .05 .00 .20 .25* − .30* .19

Minimum middle 
finger pincer 
grasp

− .48** .14 .35** .35** .32* .64** − .40** .53**

Minimum ring fin‑
ger pincer grasp

− .38** .15 .32* .31* .42** .41** − .43** .29*

Minimum little fin‑
ger pincer grasp

− .28* .03 .37** .43** .59** .27* − .54** .23

Hand closing area − .01 .18 .16 .10 − .07 .25 − .14 .18

Table 4 Convergent validity of the finger extension exercises with clinical instruments

Moderate or stronger correlations are highlighted in bold

*p < 0.05; **p < 0.01

Fugl‑Meyer Assessment Scale Jebsen‑Taylor Hand Function 
Test

Hand Moving light objects

Maximum index finger pincer grasp .56** − .50**
Maximum middle finger pincer grasp .44** − .52**
Maximum ring finger pincer grasp .45** − .49**
Maximum little finger pincer grasp .36** − .50**
Hand opening area .58** − .46**

Table 5 Convergent validity of the graphomotricity exercises with clinical instruments

Moderate or stronger correlations are highlighted in bold

*p < 0.05; **p < 0.01

Fugl‑Meyer 
Assessment Scale

Jebsen‑Taylor Hand Function Test Box and Block Test Nine Hole Peg 
Test

Coordination Writing Picking up small 
common objects

Stacking checkers

Drawing an “M” − .42** .19 .46** .69** − .42** .62**
Drawing an “S” − .41** .15 .34* .49** − .37* .40**
Drawing a “3” − .47** .19 .48** .55** − .43** .58**
Drawing a spiral −  .34* .24 .27 .48** − .33* .35*
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correlations of variable strengths (which were predomi-
nantly moderate) with different clinical scales and tests. 
The highest convergent validity values were found for 
exercises that involved tapping and oculo-manual coor-
dination. Moderate to excellent reliability was found for 
all measurements made by the instrumented assessment. 
Furthermore, exercises that involved tapping and maxi-
mum pincer grasp showed the highest sensitivity for dis-
tinguishing mild to moderate motor impairment.

The consistent correlations found between exercises in 
the Tapping category and all clinical instruments, could 

indicate the clinical implications of finger tapping. A 
previous study also reported a significant interaction 
between finger tapping assessments and another clinical 
instrument [47]. Interestingly, although the recovery of 
the tapping rate and the independence of finger move-
ments appear to be more difficult than the recovery of 
gross hand motor impairment [48], the clinical relevance 
of these tests should be considered because finger-
tapping has been shown to be a predictor of functional 
outcomes after stroke [49]. The correlation between the 
tapping test and the Box and Block Test, which exhibited 

Table 6 Convergent validity of the oculo‑manual coordination exercises with clinical instruments

Moderate or stronger correlations are highlighted in bold

*p < 0.05; **p < 0.01

Fugl‑Meyer Assessment Scale Jebsen‑Taylor Hand Function Test Box and Block Test Nine Hole Peg 
Test

Hand Coordination Feeding Picking up small 
common objects

Coordination with a finger − .44** − .60** .70** .65** − .70** .71**
Coordination with a pen − .34** − .27* .46** .41** − .50** .37**

Coordination with a pen involv‑
ing dropping and grasping

− .34** − .11 .36** .46** − .40** .42**

Fig. 4 Individual performance on the Oculo‑manual coordination test and the clinical scales with the highest convergent validity. Individual 
performance of all the participants on the Oculo-manual coordination test with a finger and on the Box and Block Test, the Nine Hole Peg Test, and 
the coordination subscale of the Fugl-Meyer Assessment, which showed a convergent validity of − .70 (p < .01), .71 (p < .01) and − .60 (p < .01), 
respectively
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the strongest interaction, is supported by a preliminary 
proof of concept study [2]. The weak correlations found 
between exercises that involved tapping and the coordi-
nation subscale of the Fugl-Meyer Assessment for Upper 
Extremity may be due to this scale involving the coordi-
nation of the whole arm and not only the hand. The mod-
erate to strong correlations found between the tapping 
exercises and the remaining clinical tools could indicate 
that tapping exercises have the potential to reflect hand 
functionality, especially finger mobility and coordina-
tion. Although excellent agreement was found between 
assessments and experimenters, the flexion and exten-
sion of the ring finger showed remarkably different 
inter and intra-rater variability. The particular muscular 
characteristics and cortical representation of the fingers 
could explain why the thumb, index, and middle fingers 
are generally easier to control and are more independ-
ent than the ring finger [50], which may explain the reli-
ability discrepancies observed for measurements of ring 
finger mobility. Previous research has shown that finger-
tapping was able to successfully discriminate between 
healthy individuals and individuals with stroke [49]. The 

sensitivity of the app could go beyond this, as the exer-
cises that involve tapping were effectively able to dis-
criminate between different levels of motor impairment 
severity after stroke.

For the Finger flexion and Finger extension categories, 
the absence of any relation between the minimum pincer 
grasp with the index finger and either the Nine Hole Peg 
Test or almost all of the subscales on the Jebsen-Taylor 
Hand Function Test and between the hand closing area 
and all clinical tests should be highlighted. Although the 
pincer grasp and hand closing have direct and important 
relevance for object manipulation and functional tasks, 
they showed weaker convergent validity values with clini-
cal scales than the pincer grasp with the other fingers, 
which presumably have fewer functional implications. 
The hand positioning during the test, which was freely 
chosen by participants, according to their capacity, may 
have caused these weak correlations. In cases of complete 
pronation of the hand during the testing procedures, con-
tact with the screen could have been affected by the nails, 
with more intensity in the maximum flexion of the index 
finger (minimum pincer grasp and hand closing), leading 

Table 7 Reliability of the instrumented exercises with clinical instruments

Moderate or stronger correlations are highlighted in bold

*p < 0.05; **p < 0.01

Intra‑rater 
reliability

Inter‑rater 
reliability

Standard error of 
measurement

Minimal 
detectable 
change

Tapping (n) .90** .95** .49 1.38

Tapping with the thumb while the remaining digits are weight‑bearing (n) .85** .83** 1.30 3.62

Tapping with the index finger while the remaining digits are weight‑bearing (n) .90** .87** .97 2.69

Tapping with the middle finger while the remaining digits are weight‑bearing (n) .82** .86** 1.45 4.00

Tapping with the ring finger while the remaining digits are weight‑bearing (n) .84** .63* 1.39 3.85

Tapping with the little finger while the remaining digits are weight‑bearing (n) .90** .82** .65 1.79

Minimum pincer grasp with the index finger (cm) .70** .85** .20 .54

Maximum pincer grasp with the index finger (cm) .57* .53* .52 1.45

Minimum pincer grasp with the middle finger (cm) .63** .41* .28 .77

Maximum pincer grasp with the middle finger (cm) .77** .80** .35 .98

Minimum pincer grasp with the ring finger (cm) .69** .86** .17 .47

Maximum pincer grasp with the ring finger (cm) .68** .57* .42 1.16

Minimum pincer grasp with the little finger (cm) .75** .71** .17 .47

Maximum pincer grasp with the little finger (cm) .77** .59* .31 .84

Hand closing area  (cm2) .57* .96** .26 .71

Hand opening area  (cm2) .88** .79** .23 .63

Drawing an “M” (cm) .60* .75** 9.01 25.01

Drawing an “S” (cm) .90** .92** 2.09 5.79

Drawing a “3” (cm) .94** .83** 1.86 5.15

Drawing a spiral (cm) .85** .71** 10.58 29.33

Coordination with a finger (s) .96** .92* .83 2.30

Coordination with a pen (s) .53* .83** 3.59 9.96

Coordination with a pen involving dropping and grasping (s) .91** .68* 2.15 5.96
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to incorrect measurements. The (predominantly) mod-
erate correlations that were consistently found between 
exercises in the Finger extension category, where the 
nail was less likely to interfere, and the clinical tests sug-
gested that the performances of these exercises were less 
affected than the performances of those exercises that 
required finger flexion, which also supports the potential 
nail interference as a possible explanation for the mis-
leading results. Slight supination of the hand could have 
facilitated direct contact between the lateral side of the 
fingers with the screen of the tablet in the Pincer grasp 
tests, and should be considered in further use of the app 
However, as stroke can cause severe dysfunctions in wrist 
functions, even in cases of mild impairment [51], wrist 
rotation can be challenging for many individuals; there-
fore, interactions with this test should be performed with 
caution. Consequently, finger grasp examination using 
this test should be restricted to those individuals capable 
of performing slight supination of the hand. The sensitiv-
ity of the exercises that involved finger extension, but not 
finger flexion, for detecting motor impairment severity 

could also highlight the difficulties of the app for register-
ing finger flexion and target the nail interference as the 
cause. Future studies could also explore the possibility 
of using touchscreen gloves during the Pincer Grasp and 
Hand Opening and Closing tests. The variable reliability 
found for exercises in the Finger flexion and Finger exten-
sion categories, which ranged from moderate to excel-
lent values, could also highlight the variable performance 
of the participants during the repeated assessments 
required for the inter- and intra-rater reliability. Future 
studies using this app should consider the averaged per-
formance scores for these exercises across different trials, 
rather than only one attempt.

The moderate to strong correlations detected between 
the exercises in the Graphomotricity category and clini-
cal instruments, except for the writing subtest of the Jeb-
sen-Taylor Hand Function Test, could indicate that these 
exercises were especially able to reflect coordination, 
rather than writing skills. The absence of any correlations 
with the writing subtest of the Jebsen-Taylor Hand Func-
tion Test may be due to differences in the cognitive skills 

Table 8 Sensitivity to motor impairment severity

Data are expressed in mean (standard deviation)

*p < 0.05; **p < 0.01

Mild motor impairment Moderate motor impairment

Number of 
participants

Performance Number of 
participants

Performance

Tapping (n) 69 43.97 (14.47) 19 25.26 (13.51)**

Tapping with the thumb while the remaining digits are weight‑bearing (n) 62 34,44 (11,46) 14 17,71 (11,08)**

Tapping with the index finger while the remaining digits are weight‑bearing (n) 63 37,65 (12,43) 13 18,31 (11.21)**

Tapping with the middle finger while the remaining digits are weight‑bearing (n) 61 34.34 (11.24) 12 17.50 (9.29)**

Tapping with the ring finger while the remaining digits are weight‑bearing (n) 51 28.18 (9.10) 10 12.00 (9.01)**

Tapping with the little finger while the remaining digits are weight‑bearing (n) 57 28.86 (9.92) 12 13.50 (8.50)**

Minimum index finger pincer grasp (cm) 56 1.32 (0.70) 12 1.73 (1.20)

Maximum index finger pincer grasp (cm) 66 13.05 (2.04) 15 10.31 (2.29)**

Minimum middle finger pincer grasp (cm) 55 1.25 (0.74) 11 1.59 (0.71)

Maximum middle finger pincer grasp (cm) 65 17.94 (2.28) 14 12.39 (2.48)**

Minimum ring finger pincer grasp (cm) 53 1.17 (0.85) 9 2.12 (1.43)

Maximum ring finger pincer grasp (cm) 64 15.81 (2.35) 12 12.13 (2.49)**

Minimum little finger pincer grasp (cm) 53 1.39 (0.92) 9 2.128 (0.953)*

Maximum little finger pincer grasp (cm) 64 15.59 (2.87) 12 12.69 (4.24)*

Hand closing area  (cm2) 56 2.48 (0.73) 16 2.47 (0.54)

Hand opening area  (cm2) 67 95.47 (23.84) 17 67.88 (25.60)**

Drawing an “M” (cm) 36 58.25 (34.76) 7 82.57 (37.71)

Drawing an “S” (cm) 36 33.82 (16.62) 7 40.01 (9.92)

Drawing a “3” (cm) 36 34.19 (21.41) 7 52.09 (23.39)

Drawing a spiral (cm) 36 129.30 (77.22) 7 145.26 (64.58)

Coordination with a finger (s) 63 28.37 (12.60) 10 35.87 (10.58)

Coordination with a pen (s) 63 29.79 (11.91) 11 39.45 (11.18)*

Coordination with a pen involving dropping and grasping (s) 39 80.52 (32.34) 3 163.07 (87.81)
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required by both instruments. Whereas the exercises 
used by the app only required the participants to trace the 
lines of four different figures over a lightened version of 
those figures, the subtest of the Jebsen-Taylor Hand Func-
tion Test required copying a 24-letter sentence and turn-
ing over 3″ × 5″ cards, which not only requires specific 
writing skills, such as planning, translating, and revising 
[52] but also working memory and metacognitive skills 
[53]. The excellent agreement between assessments and 
experimenters for those exercises that required drawing 
an “S” and a “3”, which was greater than the other exer-
cises in this category, highlights the reliability of these 
subtests. However, although larger errors were associ-
ated with more severe motor impairments, the lack of 
statistical differences between individuals with mild and 
moderate functional deficits suggested that exercises that 
involve graphomotricity may not be responsive enough 
to detect specific dissimilarities in the performances of 
individuals with different motor conditions. A larger 
number of participants with moderate motor impairment 
would correct any imbalances between groups and pre-
vent type II errors.

The convergent validity of the exercise associated with 
Oculo-manual coordination that required the coordi-
nation of the index finger supports its ability to reflect 
many of the skills required by some of the most widely 
used and recommended instruments [54]. The weaker 
correlations between the exercises in the category that 
involved grasping and those clinical instruments that also 
involved grasping could be due to the different types of 
grasping required. Whereas the exercise used for the app 
requested that a pen be grasped (not necessarily using 
a traditional tripod grasp), clinical instruments require 
different grasps to manipulate blocks and hold pegs, 
spoons, or sheets [55, 56]. The involvement of the pen-
cil grasp during coordination exercises may have acted 
as an additional source of noise for the performance, as 
evidenced by the reduced reliability exhibited by these 
exercises compared with the non-use of a pen. The heter-
ogeneity of the individual strategies used to compensate 
for motor limitations [57] and the difficulty adapting grip 
strength after stroke could also support these results [58]. 
Altered grip strength could also explain the worse results 
for participants with worse motor conditions during the 
test, as grip strength is not only strongly associated with 
sensorimotor function [59] but also can be a predictor of 
hand motor performance [60].

It is important to consider that, given the high accuracy 
of multitouch technology, the objective estimation of the 
outcome parameters of the exercises, and the consistency 

of the instructions given to the participants, the reliability 
results might mostly represent a variability in the partici-
pants’ performance, rather than any other factor. Accord-
ing to this, exercises that showed higher reliability, such 
as the tapping test, could be more robust against individ-
ual performance, and, conversely, exercises that showed 
lower reliability, such as the pincer grasps, could be more 
sensitive to this effect, which has been found in previous 
studies [42]. For this reason, it would be advisable that 
those exercises with poor reliability were assessed multi-
ple times in future studies to counteract the effect of vari-
able performance.

Although motor impairments can limit interactions 
with multi-touch devices [31], the results of our study 
supported the reported ability of individuals with stroke 
to interact with a tablet [2], which could be increased 
by using touchscreen gloves, and revealed the poten-
tial of this device to assess hand mobility, coordination, 
and function for this population. However, it is impor-
tant to highlight that only individuals with moderate to 
mild impairments, such as those included in this study, 
might successfully interact with the assessing instru-
ment. Generalization of the findings of our study and 
the ability to interact with the tests to severely impaired 
individuals is, therefore, unknown. Our findings showed 
variable convergent validity, reliability, and sensitivity to 
motor impairment among all of the exercises in the Hand 
Assessment Test and highlighted that those tests that 
involved tapping and maximum finger extension were 
optimal for assessing motor impairment. The results of 
these tests, along with the capacity of the app to provide 
unbiased and accurate measurements and the low costs 
and portability associated with common multi-touch 
devices, could support the use of these tests to assess 
hand mobility, coordination, and function after stroke not 
only in the clinical setting but also at home. Importantly, 
the tablet app could enable remote assessment of hand 
function, which could be especially relevant in cases of 
forced confinement during health crisis or discontinued 
treatment, and for individuals from rural and low-income 
urban areas with limited access to rehabilitation services. 
It should be also highlighted that the remote administra-
tion of rehabilitation services might result in a reduction 
of the transportation costs [61]. Future studies should 
pay particular attention to the interaction of the fingers 
with the multi-touch device and explore the possibility of 
including participants with more severe impairments and 
home-care programs.
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Conclusions
The Hand Assessment Test showed variable convergent 
validity with clinical scales and tests, reliability and sen-
sitivity to motor impairment severity. Exercises that 
involved tapping and the maximum extension of the fin-
gers exhibited the best properties, which could support 
their use as complementary approaches to the conven-
tional clinical assessments of hand function after stroke.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12984‑ 021‑ 00865‑9.

Additional file 1: Description of data: This file describes how the 
outcome measures of Hand opening and closing and Graphomotricity are 
estimated.

Additional file 2: Description of data: The table shows the convergent 
validity of all measures provided by the multi‑touch app with all the clini‑
cal scales and tests under study.

Authors’ contributions
SMC conducted the clinical testing, analysed the data and wrote the paper. 
AB designed the Hand Assessment Application and computed the variables. BS 
conducted the clinical testing and the preliminary analyses. RL designed and 
coordinated the study, designed the Hand Assessment Application, computed 
the variables and wrote the paper. PSA analysed the data, coordinated the 
study and wrote the paper. All authors have read and approved the final 
manuscript.

Funding
This study has been co‑funded by Fundació la Marató de la TV3 (201701‑
10), the European Union through the Operational Program of the European 
Regional Development Fund (ERDF) of the Valencian Community 2014‑2020 
(IDIFEDER/2018/029), and Universitat de València (INV19‑01‑13‑07).

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The Ethics Committee of Universitat Politècnica de València approved all 
the procedures (P10100120) that were performed in accordance with the 
principles of the World Medical Association’s Declaration of Helsinki. Written 
informed consent was obtained from the participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 UBIC, Departament de Fisioteràpia, Universitat de València, Valencia, Spain. 
2 Neurorehabilitation and Brain Research Group, Instituto de Investigación 
e Innovación en Bioingeniería, Universitat Politècnica de València, Valencia, 
Spain. 3 NEURORHB. Servicio de Neurorrehabilitación de Hospitales Vithas, 
Fundación Vithas, Valencia, Spain. 4 Neurorehabilitation and Brain Research 
Group, i3B Institute, Universitat Politècnica de València, Ciudad Politécnica de 
la Innovación, Building 8B, Access M, Floor 0. Camino de Vera s/n, 46022 Valen‑
cia, Spain. 

Received: 31 March 2020   Accepted: 14 April 2021

References
 1. Tomita Y, Rodrigues MRM, Levin MF. Upper limb coordination in individu‑

als with stroke: poorly defined and poorly quantified. Neurorehabil Neural 
Repair. 2017;31:885–97.

 2. Kizony R, Zeilig G, Dudkiewicz I, Schejter‑Margalit T, Rand D. Tablet apps 
and dexterity: comparison between 3 age groups and proof of concept 
for stroke rehabilitation. J Neurol Phys Ther. 2016;40:31–9.

 3. Raghavan P. Upper limb motor impairment after stroke. Phys Med Rehabil 
Clin N Am. 2015;26:599–610.

 4. Shirota C, Jansa J, Diaz J, Balasubramanian S, Mazzoleni S, Borghese NA, 
et al. On the assessment of coordination between upper extremities: 
towards a common language between rehabilitation engineers, clini‑
cians and neuroscientists. J Neuroeng Rehabil. 2016;13:80.

 5. Kisiel‑Sajewicz K, Fang Y, Hrovat K, Yue GH, Siemionow V, Sun CK, et al. 
Weakening of synergist muscle coupling during reaching movement in 
stroke patients. Neurorehabil Neural Repair. 2011;25:359–68.

 6. Lang CE, Bland MD, Bailey RR, Schaefer SY, Birkenmeier RL. Assessment of 
upper extremity impairment, function, and activity after stroke: founda‑
tions for clinical decision making. J Hand Ther. 2013;26:104–15.

 7. Gladstone DJ, Danells CJ, Black SE. The Fugl‑Meyer assessment of motor 
recovery after stroke: a critical review of its measurement properties. 
Neurorehabil Neural Repair. 2002;16:232–40.

 8. Mathiowetz V, Federman S, Wiemer D. Box and block test of manual 
dexterity: norms for 6–19 year olds. Can J Occup Ther. 1985;52:241–5.

 9. Barreca S, Gowland C, Stratford P, Huijbregts M, Griffiths J, Torresin W, 
et al. Development of the Chedoke Arm and Hand Activity Inventory: 
theoretical constructs, item generation, and selection. Top Stroke Rehabil. 
2004;11:31–42.

 10. Lawson I. Purdue Pegboard Test. Occup Med (Chic Ill). 2019;69:376–7.
 11. Lyle RC. A performance test for assessment of upper limb function 

in physical rehabilitation treatment and research. Int J Rehabil Res. 
1981;4:483–92.

 12. Barreca SR, Stratford PW, Masters LM, Lambert CL, Griffiths J, McBay C. 
Validation of three shortened versions of the Chedoke Arm and Hand 
Activity Inventory. Physiother Can. 2006;58:148–56.

 13. Van der Lee JH, De Groot V, Beckerman H, Wagenaar RC, Lankhorst GJ, 
Bouter LM. The intra‑ and interrater reliability of the action research arm 
test: a practical test of upper extremity function in patients with stroke. 
Arch Phys Med Rehabil. 2001;82:14–9.

 14. Wolf SL, Catlin PA, Ellis M, Archer AL, Morgan B, Piacentino A. Assessing 
Wolf Motor Function Test as outcome measure for research in patients 
after stroke. Stroke. 2001;32:1635–9.

 15. Jebsen RH, Taylor N, Trieschmann RB, Trotter MJ, Howard LA. An objec‑
tive and standardized test of hand function. Arch Phys Med Rehabil. 
1969;50:311–9.

 16. Mathiowetz V, Weber K, Kashman N, Volland G. Adult norms for the nine 
hole peg test of finger dexterity. Occup Ther J Res. 1985;5:24–38.

 17. Platz T, Lotze M. Arm Ability Training (AAT) promotes dexterity recovery 
after a stroke—a review of its design, clinical effectiveness, and the 
neurobiology of the actions. Front Neurol. 2018. https:// doi. org/ 10. 3389/ 
fneur. 2018. 01082.

 18. Eschmann H, Héroux ME, Cheetham JH, Potts S, Diong J. Thumb and 
finger movement is reduced after stroke: an observational study. PLoS 
ONE. 2019. https:// doi. org/ 10. 1371/ journ al. pone. 02179 69.

 19. Taylor CL, Schwarz RJ. The anatomy and mechanics of the human hand. 
Artif Limbs. 1955;2:22–35.

 20. Metzger JC, Lambercy O, Califfi A, Dinacci D, Petrillo C, Rossi P, et al. 
Assessment‑driven selection and adaptation of exercise difficulty in 
robot‑assisted therapy: a pilot study with a hand rehabilitation robot. J 
Neuroeng Rehabil. 2014;11:154.

 21. Taheri H, Rowe JB, Gardner D, Chan V, Gray K, Bower C, et al. Design and 
preliminary evaluation of the FINGER rehabilitation robot: controlling 
challenge and quantifying finger individuation during musical computer 
game play. J Neuroeng Rehabil. 2014;11:10.

https://doi.org/10.1186/s12984-021-00865-9
https://doi.org/10.1186/s12984-021-00865-9
https://doi.org/10.3389/fneur.2018.01082
https://doi.org/10.3389/fneur.2018.01082
https://doi.org/10.1371/journal.pone.0217969


Page 15 of 15Mollà‑Casanova et al. J NeuroEngineering Rehabil           (2021) 18:70  

 22. Carmeli E, Peleg S, Bartur G, Elbo E, Vatine JJ. HandTutor™ enhanced 
hand rehabilitation after stroke—a pilot study. Physiother Res Int. 
2011;16:191–200.

 23. Germanotta M, Gower V, Papadopoulou D, Cruciani A, Pecchioli C, Mosca 
R, et al. Reliability, validity and discriminant ability of a robotic device 
for finger training in patients with subacute stroke. J Neuroeng Rehabil. 
2020;17:1.

 24. Friedman N, Chan V, Reinkensmeyer AN, Beroukhim A, Zambrano GJ, 
Bachman M, et al. Retraining and assessing hand movement after stroke 
using the MusicGlove: comparison with conventional hand therapy and 
isometric grip training. J Neuroeng Rehabil. 2014;11:76.

 25. Varalta V, Picelli A, Fonte C, Montemezzi G, La Marchina E, Smania N. 
Effects of contralesional robot‑assisted hand training in patients with 
unilateral spatial neglect following stroke: a case series study. J Neuroeng 
Rehabil. 2014;11:160.

 26. Shin JH, Kim MY, Lee JY, Jeon YJ, Kim S, Lee S, et al. Effects of virtual 
reality‑based rehabilitation on distal upper extremity function and 
health‑related quality of life: a single‑blinded, randomized controlled trial. 
J Neuroeng Rehabil. 2016;13:17.

 27. McDermott EJ, Himmelbach M. Effects of arm weight and target height 
on hand selection: a low‑cost virtual reality paradigm. PLoS ONE. 
2019;14:e0207326.

 28. Colomer C, Llorens R, Noé E, Alcañiz M. Effect of a mixed reality‑based 
intervention on arm, hand, and finger function on chronic stroke. J Neu‑
roeng Rehabil. 2016. https:// doi. org/ 10. 1186/ s12984‑ 016‑ 0153‑6.

 29. Walker G. A review of technologies for sensing contact location on the 
surface of a display. J Soc Inf Disp. 2012;20:413–40.

 30. White JH, Janssen H, Jordan L, Pollack M. Tablet technology during stroke 
recovery: a survivor’s perspective. Disabil Rehabil. 2015;37:1186–92.

 31. Kotzian ST, Haider S, Grabovac I, Schubert N, Josef S. Successful perfor‑
mance of basic gestures in tablet technology in post stroke patients: a 
feasibility study. Technol Health Care. 2019;27:613–22.

 32. Schallert W, Fluet MC, Kesselring J, Kool J. Evaluation of upper limb func‑
tion with digitizing tablet‑based tests: reliability and discriminative valid‑
ity in healthy persons and patients with neurological disorders. Disabil 
Rehabil. 2020. https:// doi. org/ 10. 1080/ 09638 288. 2020. 18008 38.

 33. Grimby G, Andrén E, Daving Y, Wright B. Dependence and perceived dif‑
ficulty in daily activities in community‑living stroke survivors 2 years after 
stroke: a study of instrumental structures. Stroke. 1998;29:1843–9.

 34. Fritz SL, Light KE, Patterson TS, Behrman AL, Davis SB. Active finger exten‑
sion predicts outcomes after constraint‑induced movement therapy for 
individuals with hemiparesis after stroke. Stroke. 2005;36:1172–7.

 35. Borrego A, Llorens R. Hand Assessment Test app [Internet]. Available from 
https:// play. google. com/ store/ apps/ detai ls? id= com. NRHB. VAL& hl= es.

 36. Gregson JM, Leathley MJ, Moore AP, Smith TL, Sharma AK, Watkins CL. 
Reliability of measurements of muscle tone and muscle power in stroke 
patients. Age Ageing. 2000;29:223–8.

 37. Folstein MF, Folstein SE, McHugh PR. “Mini‑mental state”. A practical 
method for grading the cognitive state of patients for the clinician. J 
Psychiatr Res. 1975;12:189–98.

 38. Pandyan AD, Johnson GR, Price CIM, Curless RH, Barnes MP, Rodgers H. A 
review of the properties and limitations of the Ashworth and modified 
Ashworth Scales as measures of spasticity. Clin Rehabil. 1999;13:373–83.

 39. Romero M, Sánchez A, Marín C, Navarro MD, Ferri J, Noé E. Clinical 
usefulness of the Spanish version of the Mississippi Aphasia Screening 
Test (MASTsp): validation in stroke patients. Neurología (English Edition). 
2012;27:216–24.

 40. World Health Organization. Towards a common language for function‑
ing, disability and health: ICF. International Classification of Functioning, 
Disability and Health. 2002.  https:// www. who. int/ class ifica tions/ icf/ icfbe 
ginne rsgui de. pdf.

 41. Fugl Meyer AR, Jaasko L, Leyman I. The post stroke hemiplegic patient. I. 
A method for evaluation of physical performance. Scand J Rehabil Med. 
1975;7:13–31.

 42. Llorens R, Latorre J, Noé E, Keshner EA. Posturography using the Wii 
Balance Board™. A feasibility study with healthy adults and adults post‑
stroke. Gait Posture. 2016;43:228–32.

 43. Latorre J, Colomer C, Alcañiz M, Llorens R. Gait analysis with the Kinect v2: 
normative study with healthy individuals and comprehensive study of its 
sensitivity, validity, and reliability in individuals with stroke. J Neuroeng 
Rehabil. 2019. https:// doi. org/ 10. 1186/ s12984‑ 019‑ 0568‑y.

 44. Wuensch KL, Evans JD. Straightforward statistics for the behavioral sci‑
ences. J Am Stat Assoc. 1996. https:// doi. org/ 10. 2307/ 22916 07.

 45. Weir JP. Quantifying test‑retest reliability using the intraclass correlation 
coefficient and the SEM. J Strength Con Res. 2005;19:231–40.

 46. Woodbury ML, Velozo CA, Richards LG, Duncan PW. Rasch analysis stag‑
ing methodology to classify upper extremity movement impairment 
after stroke. Arch Phys Med Rehabil. 2013;94:1527–33.

 47. Calautti C, Jones PS, Persaud N, Guincestre JY, Naccarato M, Warburton 
EA, et al. Quantification of index tapping regularity after stroke with tri‑
axial accelerometry. Brain Res Bull. 2006;70:1–7.

 48. Birchenall J, Térémetz M, Roca P, Lamy JC, Oppenheim C, Maier MA, 
et al. Individual recovery profiles of manual dexterity, and relation to 
corticospinal lesion load and excitability after stroke—a longitudinal pilot 
study. Neurophysiol Clin. 2019;49:149–64.

 49. De Groot‑Driessen D, Van De Sande P, Van Heugten C. Speed of finger 
tapping as a predictor of functional outcome after unilateral stroke. Arch 
Phys Med Rehabil. 2006;87:40–4.

 50. Jorge A, Royston DA, Tyler‑Kabara EC, Boninger ML, Collinger JL. Clas‑
sification of individual finger movements using intracortical recordings in 
Human Motor Cortex. Neurosurgery. 2020;87:630–8.

 51. Steyers CM. Rehabilitation of the hand and upper extremity. 5th ed. 7th 
ed. J Bone Jt Surg Am. 2003. https:// doi. org/ 10. 2106/ 00004 623‑ 20030 
9000‑ 00042.

 52. Hayes JR, Flower LS. Identifying the organisation of the writing process. 
In: Greg LN, Steinberg ER, editors. Cognitive processes in writing. Rout‑
ledge: London; 1980. p. 3–30.

 53. Decker SL, Roberts AM, Roberts KL, Stafford AL, Eckert MA. Cognitive 
components of developmental writing skill. Psychol Sch. 2016;53(6):617–
25. https:// doi. org/ 10. 1002/ pits. 21933

 54. Anderson H, Bland M, Byl N, Capo‑Lugo C, Rose D, Sulwer M, et al. 
StrokEDGE II outcome measures inpatient and outpatient rehabilitation. 
2018.

 55. Gracia‑Ibáñez V, Sancho‑Bru JL, Vergara M. Relevance of grasp types to 
assess functionality for personal autonomy. J Hand Ther. 2018;31:102–10.

 56. Klymenko G, Liu KPY, Bissett M, Fong KNK, Welage N, Wong RSM. Devel‑
opment and initial validity of the in‑hand manipulation assessment. Aust 
Occup Ther J. 2018;65:135–45.

 57. García Álvarez A, Roby‑Brami A, Robertson J, Roche N. Functional clas‑
sification of grasp strategies used by hemiplegic patients. PLoS ONE. 
2017;12:e0187608.

 58. Franck JA, Smeets RJEM, Seelen HAM. Changes in arm‑hand function 
and arm‑hand skill performance in patients after stroke during and after 
rehabilitation. PLoS ONE. 2017;12:e0179453.

 59. Nijenhuis SM, Prange‑Lasonder GB, Fleuren JF, Wagenaar J, Buurke 
JH, Rietman JS. Strong relations of elbow excursion and grip strength 
with post‑stroke arm function and activities: should we aim for this 
in technology‑supported training? J Rehabil Assist Technol Eng. 
2018;5:205566831877930.

 60. Israely S, Carmeli E. Handwriting performance versus arm forward reach 
and grasp abilities among post‑stroke patients, a case‑control study. Top 
Stroke Rehabil. 2017;24:1–7.

 61. Lloréns R, Noé E, Colomer C, Alcañiz M. Effectiveness, usability, and 
cost‑benefit of a virtual reality‑based telerehabilitation program for bal‑
ance recovery after stroke: a randomized controlled trial. Arch Phys Med 
Rehabil. 2015. https:// doi. org/ 10. 1016/j. apmr. 2014. 10. 019.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1186/s12984-016-0153-6
https://doi.org/10.1080/09638288.2020.1800838
https://play.google.com/store/apps/details?id=com.NRHB.VAL&hl=es
https://www.who.int/classifications/icf/icfbeginnersguide.pdf
https://www.who.int/classifications/icf/icfbeginnersguide.pdf
https://doi.org/10.1186/s12984-019-0568-y
https://doi.org/10.2307/2291607
https://doi.org/10.2106/00004623-200309000-00042
https://doi.org/10.2106/00004623-200309000-00042
https://doi.org/10.1002/pits.21933
https://doi.org/10.1016/j.apmr.2014.10.019

	Validity, reliability, and sensitivity to motor impairment severity of a multi-touch app designed to assess hand mobility, coordination, and function after stroke
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Participants
	Instrumentation
	Tapping
	Tapping with each finger while the remaining digits are weight-bearing
	Pincer grasp
	Hand opening and closing
	Graphomotricity
	Oculo-manual coordination

	Procedure
	Data analysis

	Results
	Participants
	Convergent validity
	Inter- and intra-rater reliability, standard error of measurement, and minimal detectable change
	Sensitivity to the severity of motor impairments

	Discussion
	Conclusions
	References


