JRM

JRM

JRM

J Rehabil Med 2022; 54: jrm00283

ORIGINAL REPORT

RELIABILITY AND VALIDITY OF A NEW DIAGNOSTIC DEVICE FOR QUANTIFYING
HEMIPARETIC ARM IMPAIRMENTS: AN EXPLORATORY STUDY

Levinia Lara van der VELDEN, MSc!3, Joyce Lisanne BENNER, PhD!, Bram ONNEWEER, PhD'3, Claudia Josephina
Wilhelmina HAARMAN, MSc?, Ruud Willem SELLES, PhD'3#, Gerard Maria RIBBERS, MD, PhD!? and Marij Eugenie

ROEBROECK, PhD?

From Erasmus MC University Medical Center Rotterdam, Department of Rehabilitation Medicine, Rotterdam, °Hankamp Rehab, Enschede,
3Rijndam Rehabilitation, Rotterdam and “Erasmus MC University Medical Center Rotterdam, Department of Plastic and Reconstructive

Surgery, The Netherlands

Objective: To assess test-retest reliability and vali-
dity of a new diagnostic device, the Shoulder Elbow
Perturbator, to quantify muscle weakness, abnor-
mal synergy, (muscle activity-related) spasticity,
and changes in viscoelastic joint properties of the
elbow.

Subjects: Stroke patients, adults with cerebral pal-
sy and healthy controls.

Methods: Test-retest reliability was evaluated
using intra-class correlations (ICC) and assessment
of measurement error. The device’s validity was
evaluated by demonstrating differences between
patients and healthy controls, and correlations of
spasticity and abnormal synergy outcomes using
the clinical Modified Tardieu Scale, the Fugl-Meyer
Assessment, and the Test of Arm Selective Control.
Results: Reliability was excellent, with an ICC>0.75
for synergy and ICCs>0.90 for all other impair-
ments, with relatively small measurement er-
rors. Validity was confirmed by group differences
between patients and healthy controls for muscle
weakness, spasticity, and viscoelastic joint proper-
ties, but not for abnormal synergy. Correlation ana-
lysis with clinical scales confirmed validity for spas-
ticity, while, for synergy, correlations were found
in the patients with stroke, but not those with ce-
rebral palsy.

Conclusion: This new diagnostic device is a reliable
and valid instrument to assess multiple upper limb
impairments in patients with neurological condi-
tions, supporting its use in clinical practice. Further
studies are needed to confirm these findings.
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(LAY ABSTRACT A
Reliable and valid quantitative measurement of arm im-
pairments due to neurological conditions is important for
clinical decision-making. Current clinical measurement
tools are subjective and not reliable. The aim of this stu-
dy was therefore to assess the reliability and validity of
a new diagnostic device to quantify multiple arm impair-
ments (muscle weakness, abnormal synergy, spasticity,
changes in viscoelastic joint properties) in patients with
stroke, adults with cerebral palsy (CP), and healthy con-
trols. Reliability was excellent for all impairments and
was analysed by testing the consistency of the results
on 2 occasions in the same subject. Validity was confir-
med by group differences between patients and healthy
controls for all impairments, except for synergy. Also,
correlations of the results with clinical measurement
tools were found for spasticity and synergy, except for
synergy in patients with CP. In conclusion, this new di-
agnostic device is a reliable and valid instrument to as-
sess multiple impairments of the elbow in patients with
neurological conditions. Further studies are needed to

\conﬁrm these findings. )

ssessing sensorimotor impairments resulting from

brain damage, such as muscle weakness, abnormal
synergy, spasticity, or changes in viscoelastic joint pro-
perties, is essential for prognosis, treatment selection,
and evaluation of interventions (1, 2). Ideally, such
assessment is rater-independent, reliable, valid, and
responsive to change. However, common clinical tests,
such as the Modified Ashworth Scale (MAS) and the
Modified Tardieu Scale (MTS) to measure spasticity,
and the Fugl-Meyer Assessment (FMA) or the Test
of Arm Selective Control (TASC) to assess abnormal
synergy (3—-8) use ordinal scales, suffer from low re-
liability, and lack sensitivity. For example, the ordinal
MAS and MTS show intra-class correlation (ICC) va-
lues of 0.58 (5). Despite the FMA’s high ICC values, it
is criticized for its sensitivity to change, due to a large
minimal important change, and its responsiveness, due
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to a ceiling effect (9, 10). The TASC is a relatively
new, not widely used, clinical test. To date, only 1
study has investigated this new measure, and reported
high reliability and validity scores (8). However, the
TASC uses ordinal scales and its sensitivity to change
is unknown.

Robotic devices that impose precise and standardized
perturbations quantitatively measure sensorimotor re-
sponses, allowing them to overcome the limitations of
current clinical tests and enabling better and objective
differentiation of the impairments in a paretic extremity
(11, 12). Test-retest reliability of such robotic diag-
nostic devices is good, with high ICC values (13-15).
However, these devices are often limited to measuring
only 1 or 2 impairments and require extensive measu-
rement time with a high burden for patients (15, 16).

In a previous study, we demonstrated content
validity of the Shoulder-Elbow Perturbator (SEP),
an innovative single diagnostic device to measure
muscle weakness, abnormal flexion synergy, (muscle
activity-related) spasticity, and changes in viscoelastic
joint properties of the elbow in patients with upper
limb impairments (17). The results showed that pa-
tient impairment values were outside the reference
intervals of healthy controls, and that specific patient
profiles can be identified. This study investigates the
SEP test-retest reliability in chronic stroke patients
and adults with cerebral palsy (CP). Furthermore, we
assess the validity of SEP measurements, addressing:
(i) construct validity by exploring differences in SEP
outcomes between chronic stroke patients, adults with
CP, and healthy controls for all impairments, and (i)
criterion validity by investigating correlations between
SEP outcomes and assessments using clinical tests.

METHODS

Participants

Chronic stroke (> 6 months after stroke) and CP patients
were recruited from an outpatient rehabilitation clinic
based on impaired upper limb function documented in
their medical records. Inclusion criteria were: (a) self-
reported upper limb impairment; (b) ability to actively
abduct their shoulder up to 80° and extend the elbow
with a minimum of 5°; (¢) minimal passive range of
motion in the shoulder joint of 0—90° abduction and
0—45° anterior flexion; (d) ability to follow instruc-
tions; (e) aged 18 years and older. Exclusion criteria
were: patients with severe hemiplegic shoulder pain,
those receiving pharmacological drugs for spasticity
treatment (i.e. botulinum toxin, per-oral baclofen, or
shockwave therapy), or history of pre-existing neuro-
musculoskeletal disorders that would influence upper
limb function. As a reference, adult healthy controls
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with no known history of neurological or orthopaedic
disorders were recruited. In accordance with the De-
claration of Helsinki, the Medical Ethical Committee
of the Erasmus University Medical Center Rotterdam
approved the study protocol, and all participants pro-
vided written informed consent.

Procedures

Data were extracted from the medical records regar-
ding the type of stroke and time post-stroke for stroke
patients, and the Gross Motor Function Classification
System (GMFCS) level and Manual Ability Clas-
sification System (MACS) level for adults with CP.
All participants were assessed twice. During the first
visit, age, sex, dexterity, body mass, and height were
recorded, followed by SEP measurements, and, if app-
licable, the paretic arm side was recorded and clinical
tests were performed prior to SEP measurements:
FMA of the upper limb (FMA-UL) in patients with
stroke or TASC in patients with CP, and M TS in both
groups. The order of the different measurements with
the SEP was randomized over participants to prevent
order and fatigue effects. A resting period of at least 5
min was scheduled between measurements, with 5 s
between repetitions. SEP measurements were repeated
7—-10 days after the first visit, at the same part of the
day (morning or afternoon).

Measurement instruments

Shoulder-Elbow Perturbator. The SEP (Hankamp Re-
hab, Enschede, The Netherlands) was used to measure
isometric muscle strength, synergy, spasticity, and
viscoelastic joint properties of the elbow (Fig. 1) (17).

Fig. 1. The measurement device: the Shoulder Elbow Perturbator (SEP),
to quantify muscle weakness, abnormal synergy, spasticity, and changes
in viscoelastic joint properties of the elbow. (A) Fixation of the wrist. (B)
Servo motor rotation point aligned with the elbow (medial epicondyle of
the humerus). (C) Position force sensor. (D) Sarrus mechanism (yellow)
and torque link (green). (E) Passive spring mechanism with spring in
red and cable in pink.
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The device can manipulate the elbow joint angle while
partially or fully compensating the weight of the arm.
A lever arm supports the forearm, and a high torque
(Nm) direct-drive servo motor (“HIWIN TMS3C”,
Offenburg, Germany) aligned with the medial epicon-
dyle of the humerus controls the elbow joint angle.
A fixed-point position force sensor measures elbow
resistance (N) during rotation, which we converted
to elbow torque (Nm). An encoder recorded the lever
arm’s angular position. Vertical displacement was
controlled by the Sarrus linkage mechanism (Fig. 1D,
yellow), while the torque link allowed the elbow to
rotate (Fig. 1D, green). The weight of the arm can be
(partially) compensated with a passive spring mecha-
nism to allow weight support. A cable (Fig. 1E, pink)
attached to the spring (Fig. 1E, red) was routed over
several pulleys to allow an independent upward force
during the elbow rotation. The amount of arm com-
pensation was adjusted in increments of 25% using the
green knob (Fig. 1).

Several procedures ensured participant safety th-
roughout SEP measurements: (i) restriction in elbow
rotation with both mechanical and software end-stops;
(ii) limitation at 66 Nm of maximum torque; (iii) down-
regulated maximum torque limit to 11 Nm during fast
elbow rotation; (iv) an emergency button strapped
around the leg to stop the motor; and (v) a quick-release
system on the wrist fixation.

Measurement protocols and data processing

For all measurements, participants were seated with the
upper body fixed with Velco straps to the chair and the
hemiparetic forearm or non-dominant arm (in healthy
controls) fixed to the SEP with a clamp (Fig. 1).

Isometric muscle strength (Nm) was measured in 80°
shoulder abduction and 90° elbow flexion. Participants
relaxed their arm for 5 s to establish resting torque and
were subsequently requested to extend or flex their
elbow to maximum force in 5 s, with 3 repetitions
for each measure. If a repetition deviated by >10%
from the largest peak torque, it was omitted, and an
additional repetition was performed. The mean of 3
repetitions maximum torques was calculated for elbow
flexion and extension as the outcome parameters for
muscle strength.

Synergy was quantified using maximum active el-
bow extension angles (°) under different arm weight
support levels. Participants started in the maximal
elbow flexion position and were requested to extend
their elbow slowly as far as possible (to minimize the
velocity-dependent resistance and prevent reflex-acti-
vity), under randomly assigned different arm weight
support levels (100%, 75%, 50%, 25% and 0%). To
relate the maximum extension angle to support levels
as a measure of synergy, the maximum elbow exten-
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sion angle at 100% support was taken at zero and a
linear regression line was fitted through all 5 extension
angles. The linear regression line was set to zero when
a negative slope value appears due to hyperextension
or compensation strategies.

Spasticity was quantified as maximum elbow torque
(Nm) during a fast passive elbow extension at 100°/s
(14, 16). Within the maximum elbow torque, the in-
ertial components of the SEP and the human arm, as
well as reflex and non-reflex properties are included.
First, passive range of motion was determined by
manually moving the forearm to maximum flexion
and extension positions. Then, 3 repetitions of fast
elbow extension were imposed by the SEP with a
constant velocity of 100°/s. The force sensor measured
the resistance applied by the arm of participants. If a
predefined maximum resistance (11 Nm) was attained
before reaching the maximum extension position, the
extension movement was stopped and held in position
for 5 s. The highest maximum torque was averaged
over 3 repetitions and used as outcome parameter for
spasticity.

Viscoelastic joint properties were quantified as the
slope (Nm/°) of resistance at different joint angles
during a slow passive elbow extension and flexion.
While the participants” arm was rotated 3 times at a
constant velocity of 6°/s from the maximum flexion to
extension positions and back, the force sensor measu-
red its resistance. For each repetition, the mean torque
was extracted at 10 evenly spaced elbow positions;
a linear regression line was fitted. Mean slopes over
repetitions was used as the outcome parameter for
viscoelastic joint properties.

Clinical measurement instruments

The FMA-UL assesses upper limb abnormal synergy
by evaluating 32 items (6). Each item is scored using
a 3-point ordinal scale: 0 (cannot perform), 1 (can
partially perform), and 2 (can fully perform). For this
study, to compare clinical measurement instruments
with SEP outcomes, only stadium 2, 3, and 4 were
used to evaluate abnormal synergy (flexion pattern)
of the shoulder, elbow, and forearm. The FMA-UL
score is the sum of 12 items totalling 24 points, with
24 indicating no abnormal synergies.

In patients with CP, we used the TASC to assess
abnormal synergy by evaluating movement patterns,
coordination, fluency, mirroring, and speed of upper
limb motions (8). The TASC comprises 8 motions of
the shoulder, elbow, wrist, hand, and finger joints of
the hemiparetic arm, of which we used 4: shoulder
flexion/extension, shoulder abduction/adduction,
elbow flexion/extension, and forearm supination/
pronation, further indicated as partial-TASC scores.
Participants were instructed to actively move their
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arm to an extreme position from the starting position
with the elbow, wrist, and fingers fully extended, or
the latter with the elbow flexed to 90°, forearm in a
neutral position, wrist and fingers extended. Move-
ments were performed using verbal cues to maintain
correct pace and graded using a 3-point ordinal scale:
0 (no selective voluntary motor control), 1 (impaired
selective voluntary motor control), and 2 (intact se-
lective voluntary motor control). The partial-TASC
score was the sum of 4 items, with 8 indicating no
abnormal synergies.

The MTS is a clinical measurement instrument fre-
quently used to assess spasticity. It assesses spasticity
by moving the hemiparetic arm at slow velocity to
measure the maximum elbow extension angle, refer-
red to as R2. Angles are measured using a goniometer.
Next, the hemiparetic arm is moved manually as fast
as possible to measure final elbow extension angle,
referred to as R1. The quality of muscle reaction was
scored on a 4-point ordinal scale: 0 (no resistance), 1
(slight resistance), 2 (clear catch), 3 (fatigable clonus),
4 (infatigable clonus), and the angle of muscle reaction
was calculated by subtracting the 2 angles from each
other, defined as R2—R1 (18).

Statistical analysis

All SEP measurement calculations were performed
using Matlab (The MathWorks, Inc., Natick, Mas-
sachusetts, United States). Statistical analyses were
performed in R version 4.0.2. According to the
Shapiro-Wilk test, data were normally distributed for
muscle strength data, hence parametric tests were used.
For synergy, spasticity, and viscoelastic joint proper-
ties, non-parametric tests were used as data were not
normally distributed. For all impairments, variance
between repeated measurements was normally dist-
ributed, therefore Bland & Altman and analysis of
variance (ANOVA) was allowed.

Reliability

To calculate test-retest reliability, we first visualized
differences between test and re-test scores using Bland-
Altman plots, including limits of agreement (LOA). The
LOA was calculated as LOA=mean + 1.96*SD
and indicates the measurement error (19).

Next, we performed an ANOVA for each impairment
measured with the SEP. Using a random-effects model,
we estimated the variance components between partici-
pants (GZP), test occasions (6° ), and residual variance,
including the interaction between the 2 factors, and
residual random error. Intraclass correlation coef-
ficients (ICC2,1) were calculated as the ratio of the
variance between participants to the variance between
participants plus error variance. ICCs above 0.75 in-
dicated excellent reliability, those from 0.40 to 0.75,
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fair to good reliability, and those below 0.40, poor
reliability (20).

In addition to ICC, the standard error of measu-
rement (SEM,__ ) was calculated as the square
root of the error variance, and the smallest detecta-
ble change (SDC) was calculated as SDC = 1.96 *
SEM * 12 (19). SDC was also presented relative to the
total measurement range, i.e. SDC% = (SDC/range)
* 100% to compare the SDC between the different
parameters. We assume a measurement instrument
with an SDC% smaller than 20% is adequate to assess
changes in clinical practice (21, 22).

Validity

Construct validity was evaluated using a predefined
hypothesis that patients differ from healthy controls
for all SEP outcomes and, more specifically, for sub-
groups of patients (stroke or CP) vs healthy controls
(19). Between-group differences were tested using
the independent ¢-test for muscle strength and the
unpaired 2-sample Wilcoxon test for synergy, spas-
ticity, and viscoelastic joint properties. To determine
between-group differences across 3 subgroups, we
used 1-way ANOVA and the post-hoc Tukey’s ho-
nestly significant difference (Tukey HSD) for muscle
strength and Kruskal-Wallis with Mann—Whitney U
as a post-hoc test for synergy, spasticity, and visco-
elastic joint properties. A p-value <0.05 was consi-
dered statistically significant, since the analyses were
explorative, and the number of primary comparisons
was limited to 5 SEP outcomes and 2 groups (patients
vs controls).

Criterion validity were evaluated by correlating
SEP outcomes for synergy and spasticity with clinical
tests of the same impairments using Spearman’s cor-
relation coefficients (19). According to COSMIN re-
commendations, we hypothesized that SEP spasticity
and synergy outcomes would correlate moderately
(between 0.50 and 0.70) with clinical tests of these
impairments (23).

Sample size calculation

Sample size estimation was based on the ICC for the
impairment outcomes. Following Walter et al. (24), we
tested whether the expected ICC (p,) was equal (null
hypothesis) or higher (alternative hypothesis) than the
acceptable ICC (p,). A p,value of 0.60 was used, based
on literature, and a p, of 0.85 (5, 25). The number of
observations (n) was fixed at 2. Using a significance
level (a) of 0.05 and a power (1) of 0.80, a sample
size of 21 participants per group (patient and healthy
control group) is required. To account for an expected
dropout of 15-30%, the current study aimed at sample
sizes of 25-30 participants.

J Rehabil Med 54, 2022
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Table I. Demographics and clinical characteristics of participants
per subgroup of stroke, cerebral palsy (CP), or healthy controls

Stroke CP Healthy

Participants, n (%) 9 (17) 20 (37) 25 (46)
Sex, males, n (%) 8 (89) 9 (45) 8 (32)
Age, years: mean 71 (8.6); 53-82 40 (14.3); 23-68 48 (18.9); 21-75
(SD); range
Type of stroke/CP, NA

N (%)
Ischaemic 5 (56)

Haemorrhagic 3(33)

Both 1(11)
Spastic

Unilateral 11 (55)

Bilateral 9 (45)
Time since stroke in 72 (46); 15-142 NA NA
months: mean (SD);
range
MACS level, n (%) NA NA
I 7 (35)
II 4 (20)
111 6 (30)
v 3 (15)
\Y 0 (0)
GMFCS level, n (%) NA NA
I 5(25)
11 6 (30)
111 5(25)
v 3(15)
v 1(5)
Measured arm, left, 5 (56) 9 (45) 24 (96)
n (%)

MTS, angle of muscle 0 (0-80); 0-90 0 (0-0); 0-49 NA
reaction (°): median
(IQR); range

MTS, quality of NA
muscle reaction

n (%)

0 6 (67) 12 (60)

1 0 (0) 5(25)

2 3(33) 3 (15)

3 0 (0) 0 (0)

4 0 (0) 0 (0)

5 0 (0) 0 (0)

FMA-UL flexion: 20 (12-24); NA NA
median (IQR); range 8 to 24
Partial-TASC: median NA
(IQR); range

CP: cerebral palsy; FMA-UL: Fugl-Meyer Assessment of the upper limb;
GMFCS: Gross Motor Function Classification System; IQR: interquartile
range; MACS: Manual Ability Classification System; MTS: Modified Tardieu
Scale; angle of muscle reaction (R2-R1); n: Number; NA: not applicable;
SD: standard deviation; TASC: Test of Arm Selective Control; Q: Quality of
muscle reaction (scale 0-5).

8 (5-8); 3-8 NA

RESULTS

Participant characteristics
A total of 54 adults participated in the study: 9 with
a stroke, 20 with CP, and 25 healthy controls. Mean

p. 50of 10

age for stroke patients was 71 years (SD+9 years),
for CP 40 years (SD#+ 14 years), and for healthy
controls 48 years (SD+19 years). Demographics
and clinical characteristics of all participants are
shown in Table I.

Reliability

All measurements indicated excellent reliability bet-
ween test and re-test (Table II); all ICCs were above
0.90, except for synergy, which was 0.78. In line
with this, the Bland-Altman plots (Fig. 2) and the
SDC indicated relatively small limits of agreement,
also relative to the mean values of these outcomes
(SDC% <20). Only synergy showed an SDC% above
20, indicating that this instrument is less sensitive for
measuring synergy in clinical practice. Calculating
test-retest reliability in specific groups (patients and
healthy control separately) the results showed a good
reliability, except for viscoelasticity in patients due to
high SEM values (see Additional file 1).

The Bland-Altman plots also indicated that the dif-
ference between test and re-test measurements was not
related to the value of the impairment, again except
for synergy. For synergy, the Bland-Altman plot has
an unusual “<”-shaped pattern, especially for the
participants with low slopes (Fig. 2). The reason for
this is that a large number of participants had a zero
or negative slope (corrected to zero) on either the test
or re-test. If either the test or re-test value was zero,
the value of these participants is displayed on the
y=(—)2x line in the Bland-Altman plot, explaining the
“<”-shaped pattern.

Validity

The construct validity results (Fig. 3) were in line
with the predefined hypothesis that muscle strength,
spasticity, and viscoelastic properties differ between
the hemiparetic upper limb group (stroke and CP
combined) and healthy controls. Only for synergy,
no between-group difference was found (p=0.38).
When comparing patients with stroke or patients with
CP separately with healthy controls, between-group
differences were also found (for all, p<0.01) except
for extension muscle strength and synergy. Extension
muscle strength showed no difference between stroke

Table II. Test-retest reliability outcomes (intraclass correlation coefficient; ICC), standard error of measurement (SEM), smallest detectable
change (SDC) and SDC relative to measurement range in percentage (SDC%) of Shoulder-Elbow Perturbator (SEP) measurement for

the 4 upper limb impairments (muscle strength in 2 directions)

ICC,, SEM SDC SDC % range
MVTF [Nm] 0.90 4.0 11.2 18.8
MVTE [Nm] 0.90 3.8 10.7 17.4
Synergy [slope: °/25% arm weight support] 0.78 0.6 1.7 25.2
Spasticity [Nm] 0.95 0.6 1.6 12.7
Viscoelasticity [slope: Nm/°] 0.97 0.008 0.02 6.6

CP: cerebral palsy; ICC, : intraclass correlation coefficient; MVTE: maximum voluntary torque for extension; MVTF: maximum voluntary torque for flexion.

J Rehabil Med 54, 2022


https://medicaljournalssweden.se/index.php/jrm/index

JRM

JRM

JRM

Reliability and validity of a diagnostic device to assess UL impairments p. 6 of 10

Flexion Muscle Strength

20
=
A et ORI
(0] A o B® (()b AO ©
% Or———= :_-_.._.o_%‘ﬁg_ D-=-=== G ==—-
L}
s LT e
_______________ e o g 08 e i e e G
a .
20
0 20 40 60
Mean [Nm]

Extension Muscle Strength

20
€
P
A o
8 " . A%O o ;90 ? o
= F- o - R 'ﬁ_{_ﬁ_i_u_“_ _________
9_) G O'm [
[0 A o
= A O oo
a .
_20 m O
0 20 40 60
Mean [Nm]
Spasticity
5.0
L}
— 25 -
o g aanan e
(0]
(&)
c
o
]
=
Qs
5.0
0.0 25 5.0 75 10.0
Mean [Nm]

Legend

= CP
A Stroke
o Healthy

Synergy

N

o
o~
U
U
U
]

»
»
U

'
N
L}

Difference [°/25% arm weight support]
»”*

0 2 4 6
Mean [°/25% arm weight support]

Viscoelastic joint properties

0.1
N u
A
§ 0.0 dig-2=-===-- S Py =
B [o-mmeememmmemmsesmamese
9]
=
[a)

-0.1

0.0 0.1 0.2 0.3

Mean [Nm/°]

Fig. 2. Bland-Altman plots indicating agreement between test and re-test measurements for the 4 upper limb impairments (muscle strength in 2
directions). Dashed lines indicate the mean systematic difference and upper and lower limits of agreement. The solid line is the zero-line. There
is no pattern of the difference values between test and re-test of all impairments relative to the mean, except for synergy. A y=2x or y=-2x line
occurs for synergy due to negative slope values in either the test or re-test measurement, which were corrected to zero, while a positive slope
value was measured in the other measurement. CP: cerebral palsy.

patients and healthy controls (p=0.23), and synergy
showed no difference between patients with CP and

healthy controls (p=1).

The results for criterion validity (Fig. 4) showed that,
for synergy, FMA-UL and synergy SEP outcomes cor-
related moderately in stroke patients (r=0.69, p=0.04).

In adults with CP, a weak correlation was found between
partial-TASC and synergy SEP outcomes (r=-0.3,
p=0.19). Furthermore, SEP spasticity outcomes cor-
related well with the MTS in stroke patients (angle of
muscle reaction: r=—0.78, p=0.01 and quality of muscle
reaction: r=0.78, p=0.01), and moderate in adults with
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Fig. 3. Differences between the entire hemiparetic upper limb group (stroke and cerebral palsy (CP) combined), subgroups of stroke and CP
separately, and healthy controls for all recorded elbow impairments. Group differences were found between the total hemiparetic upper limb
group and healthy controls for all impairments except for synergy. Between-group differences for subgroups were significant for 3 Shoulder-Elbow
Perturbator (SEP) impairments: muscle strength, spasticity, and viscoelastic joint properties. Only for synergy and extension muscle strength, no
subgroup difference was found between healthy controls and patients with CP.

CP (angle of muscle reaction: r=-0.66, p=0.001 and
quality of muscle reaction: r=0.71, p=0.001).

DISCUSSION

The SEP shows excellent test-retest reliability and
valid levels of measurement error for measuring upper
limb muscle strength, spasticity, and viscoelastic joint
properties in patients with stroke and those with CP.
Reliability was moderate for synergy measurements.
good construct and content validity were found; ho-
wever, the validity of the synergy measurements was
less favourable in adults with CP. Findings support
that the SEP can reliably and validly quantify elbow
impairments in stroke and CP patients, but requires
further optimization to quantify synergy.

Test-retest reliability was excellent with ICCs above
0.9 and small measurement errors for all impairments,
except synergy. This indicates that day-to-day varia-

bility and measurement error do not hamper use of
the SEP (26). In addition, SDC as a percentage of the
measurement range was below 20%, indicating that re-
levant changes in clinical practice can be distinguished
for all impairments except synergy (21, 22).

Reliability results are comparable to previously
reported robotic measurement instruments assessing
the same impairments. For example, muscle strength
measurements in stroke patients with the Biodex
showed ICCs between 0.79-0.99 for elbow extension
and 0.64—0.97 for elbow flexion (27). For spasticity,
other robotic measurement instruments reported ICCs
between 0.66—0.95 in stroke patients (14, 28, 29). For
viscoelastic joint properties, the current ICC was in
line with reliability (ICC 0.64-0.91) of comparable
measurements in joints other than the elbow in stroke
and CP patients (13, 15). The advantage of the SEP
is that a single device can measure all outcomes with
excellent test-re-test reliability.
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Construct and content validity of SEP outcomes are
good, with at least moderate correlations with clinical
tests to evaluate spasticity and synergy. Only validity
to quantify synergy in adults with CP is low, due to a
lack of anticipated difference between adults with CP
and healthy controls and a weak correlation with the
clinical test. It is possible that test movements of the
TASC do not measure the same construct as synergy
measured with the SEP protocol. The SEP protocol
focuses on the coupled movement between shoulder
and elbow, typical for flexion synergy, while the TASC
instructs participants to perform isolated movements,
while scoring the occurrence of associated movements
in other joints (8). The FMA-UL in stroke patients
measures coupled movements and thus is a more si-
milar construct, presumably explaining the correlation
found in that patient group. Another explanation might
be that the small variation in synergy between adults
with CP is too small.

For synergy measurements, reliability and validity
were less optimal than for other impairments, but
sufficient for patients with stroke. For adults with CP,
synergy measurements need further evaluation regar-
ding within-group variety. Direct comparison with
other studies on robotic quantification of synergy (12,
30, 31) is complicated, since they use other measures
of reliability or measurement error (19). Ellis et al.
(32) reported no systematic effect between repeated
measurements in patients with stroke when evalua-
ting the work area during reaching under 9 different
arm support levels as a measure of synergy, without
reporting ICCs or measurement error.

The occurrence of compensation strategies during sy-
nergy measurements may explain its lower reliability.

For example, in the current SEP design, participants
may lower their arm at decreased arm weight sup-
port levels, reducing the amount of shoulder activity
and allowing participants to further extend their arm.
Adjusting the design to avoid or detect unwanted arm
lowering is expected to decrease this source of mea-
surement error. Secondly, elbow hyper-extension can
occur, as can elbow extension increases due to external
rotation of the shoulder when arm support decreases.
Further standardization of these aspects may improve
synergy measurements.

The strength of this study lies in the fact that not
only were we able to assess 4 impairments evaluated
through use of a single device, but we were also able to
report on their test-retest reliability and validity. With
this information, a reliable and valid patient profile of
upper limb impairments can be created, which could
have added clinical value compared with currently
available tests. The study was further strengthened by
the inclusion of a heterogeneous sample with multiple
impairments, representing patients with varying levels
of severity.

This study has some limitations. First, regarding
standardization of measurements, intersession errors
can occur because participants’ elbow positioning in the
SEP is determined using a goniometer, which has a mea-
surement error of £8° (33, 34). Also considered in the
measurement protocol is normal daily variation because
the study imposes no behavioural rules on patients (e.g.
rest before measurement). A second limitation could be
a lack of heterogeneity of synergy impairment in the
subsample of adults with CP, despite adequate distribu-
tions of MACS levels and other impairments. Perhaps
this pattern is typical for adults with CP and indicates
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the long-term consequences of CP, which requires
further investigation. Furthermore, due to the measu-
rement set-up, patients with severe reduction in range
of motion or severe muscle weakness in the shoulder
or elbow can technically not be measured with the SEP.
This is because these patients are not able to perform the
measurements. Finally, these measurements are more
time-consuming and more costly than current clinical
measurement tools. However, they will provide more
accurate measurement data, thus contributing to more
individualized treatment plans.

CONCLUSION

Measurements with the SEP are reliable and valid for
assessing muscle strength, spasticity, and viscoelastic
joint properties around the elbow in patients with
stroke and adults with CP. Reliability and validity of
synergy measurements with the SEP are sufficient,
but need further optimization. Overall, the study
results support use of the SEP to quantify upper limb
impairments in these patient populations. Next steps
would be to evaluate the sensitivity and specificity
of the SEP and determine its added value in clinical
practice to improve personalized medicine and predict
treatment effects.
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