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ABSTRACT

Human-administered clinical scales are commonly used for quantifying motor performance and determin-
ing the course of therapy in post-stroke individuals. Computerized methods aim to improve consistency,
resolution and duration of patients’ evaluation. The objective of this study was to test the validity of com-
puterized square-drawing test (DT) for assessment of shoulder and elbow function by using novel set of
DT-based kinematic measures and explore their relation with Wolf Motor Function Test (WMFT) scoring.
Forty-seven stroke survivors were tested before and after the rehabilitation program. DT involved draw-
ing a square in horizontal plane using a mechanical manipulandum and a digitizing board. Depending on
the initial classification of patients into low or high performance groups, the two different outcome met-
rics were derived from DT kinematic data for evaluation of each group. Linear regression models applied
to map DT outcome values to WMFT scores for both groups resulted with high correlation coefficients
and low mean absolute prediction error. In conclusion, we have identified a set of kinematic measures
suitable for fast and objective motor function evaluation and functional classification, strongly correlat-
ing with WMFT score in post-stroke individuals. The results support validation of square-drawing motor
function assessment, encouraging its use in clinical settings.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Evaluating functional and motor abilities of the hemiplegic
upper limb (UL) is of great importance for optimizing the
rehabilitation strategy and predicting the course of regaining motor
skills after stroke. Conventionally, assessment of UL is carried out
by therapists using ordinal clinical scales: Fugl-Meyer Assessment
(FMA) [1], Wolf Motor Function Test (WMFT) [2], Action Research
Arm Test (ARAT) [3], Motor Power score (MP) [4], and Motor Sta-
tus score (MS) [5]. Although these scales are standardized and val-
idated, they may lack reproducibility due to subjective evaluation
depending on the clinician’s ability to observe subtle differences
in motor functions [6]. These scales are time consuming, which
discourages clinicians from their regular use to track the recovery
in the rehabilitation process. Furthermore, their reliance on ordi-
nal scales may lead to ceiling and floor effects and insensitivity to
subtle changes in motor performance [7]. Consequently, the use of
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prognostic tests and indicators to prescribe therapeutic programs
is still not a routine practice [8].

Robotic technology is an emerging field that has the potential to
improve both therapy [9] and assessment [6] of paretic UL motor
function, and it is well accepted and tolerated by patients [10]. In
order to obtain objective, consistent, reproducible and fast quanti-
tative evaluation, robotic methods for the UL assessment have been
investigated [11-17].

One of investigated methods is the Drawing Test (DT), a sim-
ple and efficient technique first introduced as a measure of coor-
dination of elbow and shoulder joints in the clinical trial evaluat-
ing functional electrical therapy [18]. The subjects were asked to
draw a self-paced square with a side length of 20 cm on a digi-
tizing board in the horizontal plane. Throughout the next decade
DT was employed in a number of studies, both in healthy [19] and
hemiplegic subjects [20-25]. Drawing the square was found to be
cognitively demanding task for some patients, so the modified ver-
sion of DT, testing radial point-to-point movements was employed
in [15]. The kinematic outcome metrics showed strong correla-
tion with Ashworth Scale, standard clinical measure of spasticity
[15].
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Numerous studies investigated the correlations between robot-
assessed movement descriptors and clinical scales in stroke or
spinal cord injury population [26], such as FMA [11,12,16,27-31],
MP [11,12,29], MS [11,12,16,28,29], ARAT [13,30,31] and WMFT
[32,33]. However, the high cost of most robotic systems signifi-
cantly impedes the validation of robotic assessment and wider use
in standard clinical practice [6]. According to recent systematic re-
view on kinematic measures for UL robot-assisted therapy follow-
ing stroke and their correlations with clinical measures [26], most
of the evaluated kinematic parameters were associated with the
Body Functions and Structure domain of the International Classifi-
cation of Functioning, Disability and Health (ICF) [34]. The authors
concluded that more studies focusing on kinematic parameters as-
sociated with ICF Activity and Participation domains are needed
[26].

The aim of this study was to define novel DT-based kinematic
measures and investigate their relation with standard clinical as-
sessment of UL motor function - WMFT. We hypothesized that
there would be a strong correlation between DT and WMFT as
these tests evaluate similar, simple shoulder/elbow movements in
the horizontal plane performed by a subject seated in front of the
table. To the best of our knowledge, this is the first evaluation of
the relationship between WMFT and the robotic measurement of
the UL movements involving the digital drawing board.

2. Methods
2.1. Subjects

Forty seven patients (gender: male/female 37/10, age:
576 + 10.9 years, paretic arm: left/right 21/26, stage suba-
cute/chronic 42/5, time since stroke onset: median [min-max]
51 [13-450] days) participated in the study. The subjects were
recruited for the purpose of clinical study on robotic training

and assessment [35] registered at the ClinicalTrials.gov (ID:
NCT02729649). The study was conducted at the Clinic for Reha-
bilitation “Dr Miroslav Zotovi¢”, Belgrade, Serbia and approved by
the Local Ethics Committee. All participants signed an informed
consent form and all research procedures were performed in

accordance with the Declaration of Helsinki.

2.2. Protocol

DT and WMFT were performed before and after four weeks
of rehabilitation program, provided 5 days per week. The subjects
gave permission for video recordings of testing procedures.

2.2.1. The Wolf Motor Function Test

WMFT is an activity-based test comprising 15 timed functional
tasks and 2 strength tasks. Each item is rated on a 6-point (from 0
to 5) Functional Ability Scale (FAS) and summed into total WMFT-
FAS score [36]. WMFT has shown high test-retest and interrater
reliability and validity for activity-based evaluation of UL function
[37].

WMFT was evaluated by a physiotherapist experienced in neu-
rological rehabilitation. WMFT-FAS score for 15 function-based
tasks (maximum possible score of 75 points) was applied in fur-
ther analysis.

2.2.2. The Drawing Test assessment

The setup consisted of the mechanical manipulandum with a
handle [38], a wireless mouse attached to the handle, Intuos 4 XL
drawing board (Wacom, Portland, USA) and a PC. The data were
acquired with 100 Hz sampling frequency and 0.05 mm spatial
resolution.

The subjects performed DT while seated in a chair with ad-
justable seat height positioned in front of the drawing board that
was about 30 cm below the shoulder level (Fig. 1). The trunk was
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Figure 1. The measurement setup, the Drawing Test square template and the subject performing the movement with the affected right arm in the ABCDA direction.
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secured in a harness to prevent compensatory body movements.
Subjects performed planar movements while holding and push-
ing/pooling the handle of the manipulandum. The task was to draw
a square within a presented template with affected UL, with maxi-
mal speed and precision. The template consisted of two concentric
squares with side lengths of 19 cm and 21 cm (Fig. 1). The course
of movements was from the proximal contra lateral corner (ver-
tex A, Fig. 1) to the tested UL proceeding to the distal contra lat-
eral corner, and continued to cover the complete the path between
concentric squares.

The testing procedure was supervised by an experienced ther-
apist. The subjects were repeating the trials of the DT as long as
the therapist considered that they can perform better in terms of
speed and precision (between 3 and 5 trials). The last performed
trial was chosen for further analysis.

2.3. The Drawing Test outcome measures

Visual inspection of DT data and corresponding WMFT scores
revealed two distinct characteristics of the trajectories performed
by the subjects with low WMFT score (i.e. lower than 50% of max-
imum WMFT score): inability to reach 50% of the required range of
motion in Y direction and/or inability to maintain the required hor-
izontal BC direction. Following these observations, we introduced
the initial classification based on two conditions: (1) the Y coordi-
nate of DT data always below the middle of the template, and (2)
the absolute value of the slope in BC direction greater than 10°.
DT drawings were first tested for the condition (1), and in case it
was fulfilled the DT trial was classified to Low Performance Group
(LPG). Otherwise, if the maximum value of Y coordinates (the fur-
thest point reached) of DT was above the middle of the template,
DT drawing was segmented into four sides using an iterative algo-
rithm for detection of vertices [25]. The slope in BC direction was
calculated, and if its absolute value was greater than 10° (second
condition fulfilled) the DT trial was also classified to LPG. If none
of the two conditions was reached, the DT trial was classified to
High Performance Group (HPG). The diagram of the initial classifi-
cation to LPG or HPG and representative examples of DT trials for
both groups labeled with relevant parameters and outcome mea-
sures are presented in Figure 2.

By applying the two rules, we singled out the DT trials that
strongly differ from the square template (LPG). These trajectories
were not represented with distinct vertices, sides of similar length
and corners with angles close to 90°. This group of DT trials was
characterized with only one outcome measure: normalized area
within the template Ay, calculated as a ratio of the area within
outer square template (gray area in Fig. 2 - LPG) and the area of
outer square template (21 x 21 cm?).

In case of HPG, a set of 14 outcome values of 5 geometric mea-
sures was defined:

1) Normalized area within the template A, is calculated as the
ratio of drawn area within outer square template (gray area
in Fig. 2 - HPG) and the area of outer square template
(21 x 21 cm?).

2) Root Mean Square Error - RMSE assesses the deviation of
the analyzed trajectory from the fitted lines (ay, ay, as, a4 in
Fig. 2) between the starting point and final position of the
handle (four red vertices in Fig. 2) using linear regression,
and is given by (1), where y and y denote observed and es-
timated data points, respectively.

RMSE = Z?:] (yi 7yi)2
n

RMSE was calculated for each side of the square and
summed to obtain one outcome measure.

Yo < (Ya+7: B%
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|950 | >10°
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Figure 2. The diagram of the initial classification and representative examples of
DT trials (blue line) for LPG and HPG with corresponding WMFT score. Vertices
of DT trajectories are marked with red circles and labeled with matching letter.
Vertices A and B of the “ideal” square trajectory are labeled on the top panel with
black circles. Gray shaded area represents the covered area within the outer square
template, for both LPG and HPG. For HPG, straight dashed lines are fitted between
the trajectory vertices. The sides of the obtained quadrilateral are labeled with q;
and the angles are labeled with «;.

3) Normalized side length (d;, i = 1-4) is maximal (value of
1) when the length of the line fitted between two vertices
ai(a;, i = 1-4 in Fig. 2 - HPG) is within the desired range
[19-21 cm], and decreases for values out of this range. It is

defined as:
%,ai<19

di=1{1,19<a<21 ,i=1,...,4 (2)
2—F.0,>21

Indices i correspond to sides of the square (1 - AB, 2 - BC,
3 - CD, 4 - DA).

4) Absolute deviation from 90° (§;, i = 1-4) was calculated for
each angle a;(a;, i = 1-4 corresponding to vertices A, B, C
and D, respectively in Fig. 2 — HPG) as:

8i = |o; — 90°]. (3)

5) Spectral Arc Length - SAL metric assesses the smoothness of
motion [39]. SAL is a dimensionless measure of the length of
frequency spectrum curve of a speed profile over the band-
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width appropriate for the action. It is defined as:

SALi:—fowc\/(al)C)z-r(dVd(a?)>2dw,i=1,...,4 4)

where [0, w.] is the frequency band of interest (up to
20 Hz for normal human movement), indices i correspond
to square sides, and the amplitude normalized Fourier mag-
nitude spectrum of the velocity signal is given by:

A V(w)

V(w) = m (5)

2.4. Data analysis

The DT outcome measures calculation and statistical analysis
were performed in Matlab (R2016a, The MathWorks Inc., Natick,
USA). Two trials from one subject (before and after the rehabili-
tation program) were treated as independent observations. There-
fore, the total number of analyzed trials was 94. The level of sta-
tistical significance was p < 0.05 (two-tailed).

Based on the video recordings of subjects performing DT and
WMFT, we determined total duration of the tests and the time that
the subject spent performing the tasks. Paired samples t-test was
used to compare the two tests in terms of the subject performance
time and the total test time.

Independent samples t-test was performed to compare WMFT
score for two groups (LPG and HPG) obtained by initial classifica-
tion.

For LPG, we used a simple linear regression model to map the
DT outcome measure (area within the template) to WMFT score.
WMEFT score was defined with the regression Eq. (6):

WMFTscore = by Ay + Intercept, (6)

where by, is the regression coefficient for the variable A,. To eval-
uate the performance, leave-one-out cross-validation was applied.
This approach was chosen due to small number of trials in LPG.
Each DT trial in turn was left out, a model was fitted to the re-
maining data, and the predicted WMFT value of the unused DT
trail was computed.

B) Subject performance time

For HPG, we used a multiple linear regression model to map 14
DT outcome values to WMFT score. WMFT score was defined with
the regression Eq. (7):

4 4
WMFTscore = bA"An + bryse RMSE + Z bd,-di+ Z b5i8i
i=1 i=1
4
+ ZbSALISAL,- + Intercept, (7)

i=1

Where by (ban, bruse, -..) is the regression coefficient for the vari-
able X (An, RMSE, ...). 10-fold cross-validation was performed to
evaluate the performance. Each fold was once used as a validation
set to compute the predicted WMFT score, while the remaining 9
folds formed the training set used to fit the model (determine the
coefficients).

For both LPG and HPG, prediction errors between real and pre-
dicted WMFT score were calculated. The quality of the prediction
was evaluated using the following metrics:

e Correlation coefficient (R-value) between real and predicted
values of WMFT score

o The mean absolute value of the prediction error, using the
model fitted on all data points.

o The mean absolute value of the prediction error obtained dur-
ing cross-validation.

Compared to the cross-validation mean absolute prediction er-
ror, the value obtained using all data points is less rigorous estima-
tion of the error. However, the comparison of two values provides
valuable insight in the model: small difference between them sug-
gests that the model will be able to generalize to new data and
therefore have prognostic value, while large difference indicates
that the model using all data points has over-fitted the data.

3. Results

Total time required for the implementation of the test
(Fig. 3(A)), including positioning, instructions and demonstration

C) WMFT score: LPG vs HPG

A) Total test time
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Figure 3. (A) Total time required for implementation of DT and WMFT. (B) Time subjects spent performing the tasks (movement duration) during DT and WMFT. (C)
WMFT scores for Low Performance Group (LPG) and High Performance Group (HPG). Horizontal bars with asterisks indicate statistically significant difference between two

conditions (***p < 0.001).
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Table 1

Prediction quality metrics (correlation coefficient and mean absolute prediction
errors for cross-validation and for all data points) for LPG and HPG regression
models. Mean absolute prediction errors are expressed as values and a percent-
age of the maximum possible WMFT score.

Measure LPG HPG
Correlation coefficient (R-value) 0.88 0.74
Mean absolute Value 343 11.89
prediction error Percentage of 4.57% 15.85%
(cross-validation) maximum possible
score
Mean absolute Value 3.09 8.48

prediction error 11.31%

(all data points)

Percentage of 4.12%
maximum possible
score

by the tester and the subject performing the tasks, was signifi-
cantly lower (p < 0.001) for DT (3.0 & 1.9 min) compared to WMFT
(179 £ 6.7 min). Also, there is significant difference in subject’s
task performance duration for the two tests (Fig. 3(B)). The sub-
jects spent between 9.4 and 100.9 s (49.6 & 22.3 s) when perform-
ing between 3 and 5 (on average 3.8) trials of DT, while the actual
execution of 15 WMFT tasks (movement durations only, without
breaks and instructions between the tasks) took on average 214.4 s
(ranging from 25.4 s to 451.6 s).

Initial classification of DT trajectories (47 before and 47 af-
ter therapy: in total 94) based on two rules resulted with 18
trajectories assigned to LPG (10 before and 8 after therapy) and
76 trajectories assigned to HPG (37 before and 39 after ther-
apy). Corresponding WMFT score (Fig. 3(C)) was significantly lower
(p < 0.001) for LPG (24.6 + 7.8) compared to HPG (45.2 &+ 14.8).

Table 1 presents the prediction quality metrics for LPG and
HPG: correlation coefficients between real and predicted WMFT
scores, and mean absolute prediction errors, both for the models
derived from all data points and for the cross-validation process.
Prediction errors are expressed both as values and as percentage of
maximum possible WMFT score. The R-value was greater than 0.7
for both groups (0.88 for LPG and 0.74 for HPG), indicating strong
linear correlation [40].

4. Discussion

Although reliable and effective, clinical scales are technically
demanding and time consuming (>20 min to complete) [41]. Re-
cent survey among occupational and physical therapists showed
that, although the majority of therapists reported having access to
conventional assessment equipment (e.g. stopwatches, dynamome-
ters, goniometers), less than 25% of them used any of these devices
five or more times per week [42], mainly due to the lack of time.
Fast and easy DT procedure, with average duration (including po-
sitioning and instructions) of 3 min, could allow therapists to per-
form daily assessments more efficiently. Time needed for patient to
perform several trials of DT task (the movement only) is less than
one minute (average 49.6 s). When compared to WMFT, DT re-
quired significantly less time to implement and perform (Fig. 3(A)
and (B)). This significant reduction of performance time compared
to WMFT is important for avoiding fatigue, a common condition in
post-stroke individuals [43].

The initial DT trials based classification resulted in two groups
(LPG and HPG). Analyses of corresponding WMFT scores for these
two groups showed significant difference in average WMFT score
(Fig. 3(C)), thus confirming the classification accuracy of each sub-
jects’ assignment to either LPG or HPG.

DT outcome values were defined according to the functional
abilities of each subject, as determined during initial classifica-
tion. The two rules for including a DT trial in LPG impose re-
duced resemblance of the drawn shape to a quadrilateral. Con-

sequently, DT trials classified to LPG are quantified with a sin-
gle outcome measure related to active range of motion. DT trials
from HPG are represented with a broad spectrum of outcome val-
ues (14 values related to 5 different measures) to capture the fi-
nesse of high function movements. Some of these measures were
used in previous studies on reaching impairment (smoothness
[11-13,16,25,44], RMSE [11,13]), while the rest were introduced in
this study as a measure of similarity between the drawn trajectory
and the square template.

The proposed DT-based measures were validated using linear
regression models. DT outcome values (normalized area within the
template for LPG and set of 14 values for HPG) were mapped to
WMFT score. As a result, the predicted WMFT score strongly cor-
relates with real WMFT score for both groups. High values of the
correlation coefficients (0.88 for LPG and 0.74 for HPG) obtained in
the cross-validation procedure suggest that the proposed measures
are sensitive to UL motor functions. Mean absolute prediction er-
rors obtained during cross-validation (4.57% for LPG and 15.85% for
HPG) were slightly higher than the prediction errors obtained us-
ing the regression model with all data points (4.12% for LPG and
11.31% for HPG). Small difference indicates the qualitative accuracy
of the results. However, the regression model coefficients could be
fine-tuned by analyzing a larger dataset. The high correlation be-
tween DT and WMFT and small prediction error obtained for LPG
suggest that DT procedure could be particularly beneficial for pa-
tients with severe disability in the process of rehabilitation.

An objective quantification of UL functions contributes to better
understanding of patient’s condition, which is essential for decid-
ing on the further course of therapy. Various studies examining dif-
ferent types of therapy (FES [20], robot-assisted therapy [45], CIMT
[46], intensive physical treatment [47]) have shown that patients’
reaction to therapy and course of recovery vary depending on their
baseline condition. The proposed DT-based initial classification al-
lows fast and effective assignment of patients to low or high per-
formance group, therefore providing guidelines for selecting an ad-
equate treatment intensity.

WMFT was chosen as the reference clinical scale for the val-
idation purpose in several recent studies concerning robotic and
computerized UL motor function assessment [32,33]. Within the
ICF categorization of scales used in robot rehabilitation studies, the
WMEFT assesses changes in functional activities, while many com-
monly used scales (FMA, MSS, MAS) focus on motor impairment
related to the body functions [48]. Moreover, Kwakkel et al. [9]
recommend using valid instruments that measure UL skills specif-
ically, such as WFMT, in studies on robot-assisted therapy. Also,
some WMFT tasks comprise shoulder/elbow movements in the
horizontal plane, similar to the DT task. Therefore, the selection of
WMFT was appropriate for the validation of DT in our study. How-
ever, in order to precisely track the recovery of UL motor functions,
the relationship between DT and other clinical assessment scores
has yet to be identified, and this study is a step towards this goal.

Digitizing tablets have been used as tools for evaluation of vi-
sual control of arm movement [49], kinesthesia [50] and motor
blocks [51] during point-to-point hand movements in Parkinson’s
disease. One of its most prominent applications is the spiral analy-
sis, validated technique for quantifying movement disorders in pa-
tients with essential tremor [52] and PD [53,54]. Evaluation tech-
niques based on the digitizing tablet are safe, portable, inexpen-
sive, efficient, reproducible, noninvasive and easy to administer.
The proposed DT task is simple, short and non-exhaustive for pa-
tients. The proposed methodology requires from subjects to hold
the handle of the manipulandum, therefore demanding some level
of preserved hand function. This can be easily overcome for sub-
jects without voluntary grasping by bandaging the affected hand
to the handle. Moreover, the square-drawing task in the horizon-
tal plane does not necessarily require the usage of the digitizing
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tablet, since it can be easily incorporated in the majority of sys-
tems for robot-based therapy and assessment.

5. Conclusion

The proposed kinematic parameters offer a precise quantitative
assessment of the UL motor functions adjusted to patients’ abilities
and highly correlates with a reliable and commonly used WMFT.
The ease of implementation as a task for various robotic systems
for therapy and assessment and strong correlation to WMFT score
and comprehensiveness of the novel analysis, imply that the pre-
sented method has a great potential in clinical application for func-
tional classification and evaluation of stroke patients. These results
are a step towards new DT-based kinematic parameters, in line
with the unmet need for integrated, optimized and enhanced clin-
ical assessment of UL motor functions following stroke.
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