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Abstract

Background Arm-lifting movements (shoulder flexion) are essential for upper extremity rehabilitation after a
stroke. Abnormal flexor synergy (elbow flexion) is frequently observed during shoulder flexion, impeding functional
improvement. However, no quantitative method exists for assessing abnormal flexor synergy. This study investigated
the validity and responsiveness of a newly developed index to quantitatively evaluate abnormal flexor synergy.

Methods Participants included 103 patients (mean age: 58.0+ 10.1 years; 64 men, 39 women) with stroke. Using
three-dimensional coordinate data during shoulder flexion obtained from a depth sensor camera, we calculated the
abnormal flexor synergy based on our developed index. The abnormal flexor synergy index decreases with increasing
flexion of the elbow joint during shoulder flexion (the maximum value is 100% without abnormal flexor synergy).
The validity of the abnormal flexor synergy index was assessed by analyzing the correlation between the index and
both the Fugl-Meyer Assessment of the Upper Extremity (FMA-UE) four-category scores and the Modified Ashworth
Scale (MAS) scores for elbow, wrist, and finger flexors, using Pearson’s and Spearman’s correlation coefficients.
Responsiveness was studied in 17 inpatients (mean age: 59.5+ 8.1 years; 7 men, 10 women) who underwent proximal
upper extremity intervention for approximately 3 weeks, evaluating change from admission to discharge using the
standardized response mean (SRM).

Results Significant correlations were observed between the abnormal flexor synergy index and FMA-UE scores: A
(r=0.625,p<0.001),B (r=0433,p<0.001),C(r=0418,p<0.001),and D (r=0411, p<0.001), as well as MAS scores
for elbow flexors (r=-0.283, p=0.004) and proximal interphalangeal flexors (r =-0.201, p=0.042). The highest
responsiveness was observed in the FMA-UE A score (SRM =0.81), followed by the abnormal flexor synergy index
(SRM=0.79).
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Conclusions The newly developed index for assessing abnormal flexor synergy demonstrated superior validity and
high responsiveness. These results suggest the potential for using this index to evaluate upper extremity function in

patients with stroke.
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Background

Stroke is a leading cause of physical disability [1, 2], with
upper extremity dysfunction being a primary symptom
affecting approximately 70% of patients with stroke [3, 4].
This dysfunction adversely affects daily activities [5] and
diminishes health-related quality of life [6]. Stroke survi-
vors often report that the loss of upper extremity func-
tion is one of the most distressing long-term outcomes
[7]. Consequently, improving upper extremity function is
important for stroke survivors and their caregivers.

Rehabilitation of the upper extremity post-stroke
requires using the paralyzed limb for training and daily
tasks, with functional improvement dependent on the
amount of use [8]. Arm-lifting movements (shoulder flex-
ion) are essential for positioning and orienting the hand
in the environment [9]. However, after a stroke, patho-
logical co-activation or reciprocal inhibitory changes
arise due to central lesions impairing the corticospinal
tracts [10]. Specifically, during voluntary single joint
movements, excessive and unintended motion occurs
in adjacent joints [11, 12]. This stroke-specific abnor-
mal movement is referred to as abnormal synergy. Two
main synergies have been identified in the post-stroke
upper limb: the flexor synergy, in which shoulder, elbow,
and wrist flexion are obligatorily linked, and the opposite
extensor synergies [13, 14]. The most common abnormal
flexor synergy is elbow flexion during shoulder flexion
[15, 16], which is the leading cause of reaching dysfunc-
tion [17, 18]. Moreover, this abnormal flexor synergy can
lead to long-term issues such as reduced joint mobility
and pain, fostering a learned non-use pattern that limits
improvement potential in the hemiplegic upper extrem-
ity [19]. Therefore, abnormal flexor synergy should be
assessed appropriately to safely and effectively rehabili-
tate the hemiplegic upper extremities.

However, no established method exists for the quan-
titative assessment of abnormal flexor synergy. The
Fugl-Meyer Assessment of the Upper Extremity (FMA-
UE), considered the gold standard for evaluating upper
extremity motor paralysis, is commonly used to assess
abnormal synergistic movements [20], although it is not
quantitative. Recently, various quantitative assessment
methods for abnormal synergy in the hemiplegic upper
limb have emerged. Previous studies have quantified
abnormal synergy using different methods. Some used
robotic devices to measure elbow torque and stiffness to
assess motor impairments, such as spasticity and joint
viscoelasticity [21, 22]. Others utilized electromyography

to assess abnormal synergy, revealing impaired coordi-
nated movement and muscle activity patterns during
upper limb work impairment and dysfunction [23-25].
Further, three-dimensional movement analysis has been
used to investigate joint inflexibility and joint connectiv-
ity changes [26]. However, these methods typically do not
specifically target flexor synergy during shoulder flexion.
Furthermore, these methods require extensive prepara-
tion, measurement, and analysis time, making them less
practical for clinical settings. To eliminate these issues,
we developed a specific quantitative assessment method
for abnormal flexor synergy during shoulder flexion,
which has not been extensively explored in stroke reha-
bilitation. Moreover, to enhance the clinical feasibility
of our study, we used markerless motion capture tech-
nology, reducing the complexity and time required for
traditional assessments. This offers a more practical and
efficient method for routine clinical use. We hypoth-
esized that the developed index would adequately assess
abnormal flexor synergy. This study aimed to investigate
the validity and responsiveness of a newly developed
quantitative assessment method for abnormal flexor syn-
ergy in patients with stroke.

Methods

Study design and participants

This retrospective cohort study was conducted accord-
ing to the STROBE Checklists and included 103 patients
with stroke, both inpatients and outpatients, at Keio Uni-
versity Hospital between January 1, 2021, and March 31,
2024. Inclusion criteria were: > 18 years, chronic stroke
(>90 d since onset), and concurrent kinematic and upper
extremity functional assessments of shoulder flexion. For
the responsiveness study, 17 inpatients who underwent
proximal upper-extremity interventions (such as robot-
ics and electrical stimulation) for approximately 3 weeks
were selected. Kinematic and upper-extremity function
assessments were performed at admission and discharge.
This study was conducted in accordance with the Decla-
ration of Helsinki and was reviewed and approved by the
Ethics Committee of Keio University (Approval number:
20231079). The opt-out method was applied to obtain
informed consent in this study.

Data collection

Medical records were reviewed to collect general char-
acteristics, including age, sex, duration from stroke
onset, stroke type, and affected side. Participants in the



Ito et al. Journal of NeuroEngineering and Rehabilitation

responsiveness analysis also had an extended hospital
stay. Clinical measurements of upper extremity func-
tion, FMA-UE [27], and Modified Ashworth Scale (MAS)
[28] scores were also obtained from medical records. The
FMA-UE [27] score measured upper extremity impair-
ment. The FMA-UE includes 30 motor function items
and three reflex function items, scored on a 3-point
ordinal scale (O=cannot perform, 1=partially performs,
and 2=completely performs), with higher scores indicat-
ing better motor function (total score: 0—66 points). The
FMA-UE was divided into four categories: A, shoulder/
elbow/forearm (0-36); B, wrist (0—10); C, hand (0-14);
and D, coordination/speed (0—6). The MAS [28] mea-
sured muscle spasticity of the elbow, wrist, and finger
flexors (metacarpophalangeal and proximal interphalan-
geal [PIP] flexors). This is an ordinal scale with a 6-grade
criterion (0, 1, 14, 2, 3, and 4), where higher scores indi-
cated more severe spasticity.

Kinematic analysis

Azure Kinect DK (Microsoft) analyzed hemiplegic shoul-
der flexion. The test-retest reliability [29] of using Kinect
for patients with stroke has been established. Partici-
pants sat approximately 2.5 m from the Kinect sensor
and performed the maximal shoulder flexion task twice,
with their elbows extended as far as possible. The record-
ings were taken with the Kinect positioned at a height
of 1 m. The Kinect data were collected from a dedicated
computer.

As preprocessing, three-dimensional coordinate data
for the shoulder [Sx, Sy, Sz], elbow [Ex, Ey, Ez], and hand
[Hx, Hy, Hz] were acquired. The three-dimensional coor-
dinate data were extracted using dedicated software
(ICpro-K2; Hu-tech Co., Ltd., Tokyo, Japan). Spline inter-
polation was applied to address missing data points. The
data were smoothed using a second-order Butterworth
filter with a cut-off frequency of 5 Hz and exported as
CSV files.

Second, the shoulder flexion angle was calcu-
lated from the three-dimensional vectors [Sx, Sy,
Sz] and [Ex, Ey, Ez]. The shoulder-floor vertical vec-
tor ST()]” [0, 0, 0—Sz] and the shoulder-elbow vector
SE [Ex — Sz, By — Sy, Ez — SZ]
The shoulder flexion angle 0 between S_f and SE was
calculated using formula (I) Furthermore, the flexor syn-
ergy parameter was derived from the three-dimensional
coordinates of the shoulder (Sx, Sy, Sz), elbow (Ex, Ey,
Ez), and hand (Hx, Hy, Hz) using formula (II) In formula
II, the maximum value is 100% because the denominator
and numerator are equal during elbow extension. In con-
trast, this value decreases as elbow flexion increases dur-

ing shoulder flexion, due to the proximity of the shoulder
and hand.

were calculated.
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Finally, the area under the curve of the flexor synergy
parameter from the start of the exercise to maximum
shoulder flexion was calculated. To identify the start-
ing point (X,) of shoulder flexion, the shoulder flexion
angular velocity was determined, and the first instance
at which the shoulder flexion angular velocity was con-
tinuously positive was noted. Furthermore, the maxi-
mum shoulder flexion point (X,,,,) was identified. Next,
the time from the starting movement point (X,) to the
maximum shoulder flexion point (X,,,,) was normalized
between 0.0 and 1.0 to calculate “X;” Additionally, “Y;; the
flexor synergy parameter, was calculated using formula
II, which was derived from the start of the movement
(Xp) to maximum shoulder flexion (X,,,,). The abnormal
flexor synergy index was calculated using formula IIIL
This index has a maximum of 100%, with smaller values
indicating a higher ratio of abnormal flexor synergy dur-
ing shoulder flexion.

Z’f (Xi — Xi—)(Yi +Yio) % (1)
i=1 2

Statistics analyses

The validity of the abnormal flexor synergy index was
assessed by analyzing the correlation between the index
and both the FMA-UE four-category scores and indi-
vidual MAS scores. Pearson’s correlation coefficient was
used to analyze the relationship between the abnormal
flexor synergy index and FMA-UE, while Spearman’s
correlation coefficient was employed for the correlation
between the index and MAS. For the responsiveness
analysis, the abnormal flexor synergy index was calcu-
lated by matching the maximum shoulder flexion angle
to the lower pre- or post-intervention area, and the area
under the curve was compared. The responsiveness of
each outcome to changes from pre- to post-intervention
was determined using the standardized response mean
(SRM). The SRM is calculated as the mean difference in
scores divided by the standard deviation of paired dif-
ferences. The magnitude of responsiveness was defined
as large for SRM>0.8, medium for SRM between 0.5
and 0.8, and small for SRM between 0.2 and 0.5 [30]. All
statistical analyses were performed using the IBM SPSS
Statistics software (version 28.0; IBM, Tokyo, Japan). Sta-
tistical significance was set at p<0.05.
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Table 1 General characteristics and upper extremity function of
participants in the validity analysis
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Table 3 Correlation between abnormal flexor synergy index and
spasticity scale

Characteristics Values
Number 103
Age (years) @ 58.0(10.1)
Sex (men/women) © 64/39
Duration from stroke onset (years) © 5.5 (2.5-9.9)
Stroke type (hemorrhage/infarction) b 68/35
Affected side (right/left) 50/53
FMA-UE, total score (0-66) ? 27.1(12.8)

A score (0-36) @ 19.9 (6.3)

B score (0-10) ® 28(32)

Cscore (0-14) @ 3.9(3.9)

D score (0-6) @ 0.5(1.3)
MAS, elbow flexor (0/1/1+/2/3/4) 7/31/55/7/3/0
MAS, wrist flexor (0/1/1+/2/3/4) ° 10/28/48/12/5/0
MAS, MP flexor (0/1/1+/2/3/4) ® 49/26/20/7/1/0
MAS, PIP flexor (0/1/1+/2/3/4) ® 19/15/39/26/4/0
Abnormal flexor synergy index (%) ° 85.2 (8.5)

2 mean (standard deviation), ® number, ¢ median (interquartile range)

Abbreviations: FMA-UE, Fugl-Meyer Assessment of the Upper Extremity;
MAS, Modified Ashworth Scale; MP, metacarpophalangeal; PIP, proximal
interphalangeal

Table 2 Correlation between abnormal flexor synergy index and
upper extremity scale

FMA-UE_A FMA-UE_B FMA-UE_C FMA-UE_D
Abnormal 0.532" 0.407** 0.355%* 0.340
flexor synergy
index (%)

*p value of <0.05, **p value of <0.01, correlation using Pearson’s correlation
coefficient

Abbreviation: FMA-UE, Fugl-Meyer Assessment of the Upper Extremity

Results

No adverse events were observed in any participants
during the study. Preparation for measurement required
minimal time, and the measurement was completed in
a few seconds for each participant. The general charac-
teristics and upper extremity function of participants in
the validity analysis are listed in Table 1. The mean age
of the 103 participants was 58.0 years (standard devia-
tion [SD]=10.1), comprising 64 men and 39 women. The
mean FMA-UE total score and abnormal flexor synergy
index were 27.1 points (SD=12.8) and 85.2% (SD=8.5),
respectively.

Additional File 1: Group differences in the percentage
of abnormal movements during shoulder flexion and
upper extremity assessments by the severity of upper
extremity paralysis.

Table 2 shows the correlation between the abnormal
flexor synergy index and upper extremity functional mea-
sure. Significant correlations with the abnormal flexor
synergy index were found for FMA-UE A (r=0.532,
p<0.001), FMA-UE B (r=0.407, p<0.001), FMA-UE C
(r=0.355, p<0.001), and FMA-UE D (r=0.340, p<0.001).

MAS_ MAS_ MAS_ MAS_
elbow flexor wrist finger MP  fin-
flexor ger
PIP
Abnormal flexor ~ -0.283** -0.169 -0.066
synergy index (%) 0.201*

*p value of <0.05, **p value of <0.01, correlation using Spearman’s rank
correlation coefficient

Abbreviation: MAS, Modified Ashworth Scale; MP, metacarpophalangeal; PIP,
proximal interphalangeal

Table 4 Characteristics of participants in the responsiveness

analysis

Characteristics

Number 17

Age (years) 59.5(8.1)
Sex (men/women) b 7/10
Duration from stroke onset (years) © 4.7 (2.0-6.8)
Stroke type (hemorrhage/infarction) ° 15/2
Paralysis side (right/left) b 7/10
Hospital durations (days) © 21 (21-24)

2 mean (standard deviation), ® number, ¢ median (interquartile range)

Table 3 shows the correlation between the abnormal
flexor synergy index and spasticity scale. Significant cor-
relations with the abnormal flexor synergy index were
found for MAS elbow flexor (r = -0.283, p=0.004) and
MAS PIP flexor scores (r =-0.201, p=0.042).

Table 4 presents the characteristics of the 17 partici-
pants in the responsiveness analysis. The mean age was
59.5 years (SD=8.1), with 7 men and 10 women. The
median hospital stay duration was 21 d (interquartile
range: 21-24 d). Table 5 shows the responsiveness data
for each outcome, with the highest responsiveness in the
FMA-UE A score (SRM=0.81), followed by the abnormal
flexor synergy index (SRM=0.79).

Discussion

Abnormal flexor synergy, which is frequently observed
in patients with stroke, has no quantitative and conve-
nient assessment method. In the present study, abnormal
flexor synergy was quantitatively calculated using a newly
developed index. The validity and responsiveness of this
index were investigated, revealing mild to moderate cor-
relations with upper extremity functional outcomes, indi-
cating better validity and high responsiveness.

Validity

The abnormal flexor synergy index significantly corre-
lated with all categories of the FMA-UE and MAS elbow
and finger flexor scores. The significant correlation with
all FMA-UE scores may be attributed to the associa-
tion between the abnormal flexor synergy index and the
severity of upper-extremity dysfunction. Upper extremity
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Indices of responsiveness FMA-UE_A FMA-UE_B FMA-UE_C FMA-UE_D MAS_ MAS_ MAS_ MAS_  Abnor-
elbow  wrist MP PIP mal flexor
flexor flexor flexor flexor  synergy

index

Pre-intervention 16.5 (6.4) 2.1(3.5) 4.1 (49) 05(1.3) 1.8(0.8) 19(1.1) 09(1.1) 21(1.2) 846(6.9)

Post-intervention 18.0(7.5) 3.0(43) 4.5 (4.8) 0.5(1.5) 160.7) 16(1.1) 06(1.1) 1.7(1.3) 884(6.0)

Mean difference 147 0.88 047 0.06 -0.12 -0.35 -0.24 -041 3.82

SD of paired differences 1.81 1.36 0.87 0.24 0.60 049 0.83 0.94 483

Standardized response 0.81 0.65 0.54 0.24 -0.20 -0.72 -0.28 -044 0.79

mean (SRM)

Abbreviations: FMA-UE, Fugl-Meyer Assessment of the Upper Extremity; MAS, Modified Ashworth Scale; MP, metacarpophalangeal; PIP, proximal interphalangeal;

SD, standard deviation

performance, including segmentation, accuracy, and
coordination, was associated with the severity of impair-
ment in patients with stroke [31]. As the FMA-UE is an
indicator of upper extremity dysfunction severity, our
findings align with this notion. The significant correlation
with MAS elbow and finger flexor scores may be attrib-
uted to spasticity being a contributing factor to abnor-
mal flexor synergy. Abnormal flexor synergy arises from
various factors, including motor paralysis, muscle weak-
ness, contracture, and spasticity [32]. However, spasticity
is a velocity-dependent muscle tone disturbance, while
abnormal synergy involves coordinated motor distur-
bance, making these two phenomena distinct. There-
fore, the observed correlation between the abnormal
flexor synergy index and MAS was likely modest. The
significant correlation with the upper limb distal scores
(FMA-UE B and C, and MAS PIP flexor) may be related
to abnormal upper limb proximal-distal interaction. The
proximal kinematics of stroke survivors are influenced
by finger function [23]. Importantly, the abnormal flexor
synergy index showed a moderate positive correlation
with the FMA-UE A score (a measure of proximal motor
function including synergy), suggesting that the devel-
oped measure captures abnormal flexor synergy in the
proximal upper limb. Hence, our findings confirm the
concurrent validity of these scales.

Responsiveness

The FMA-UE A score and abnormal flexor synergy index
showed good responsiveness. The FMA-UE has dem-
onstrated high responsiveness in patients with chronic
stroke [33], which aligns with our findings. In contrast,
a systematic review and meta-analysis of kinematic
assessments in patients with stroke reported low respon-
siveness [34]. Nonetheless, our developed kinematic
indicator was highly responsive. This difference may be
because our index captured abnormal flexor synergy,
including various aspects such as motor paralysis, spas-
ticity, and abnormal synergies of the hemiplegic upper
limb.

Clinical implication

Abnormal flexor synergy index provides a quantitative
and simplified assessment of upper extremity motor
function. The European evidence-based recommen-
dations for clinical assessment of the upper limb in
neurorehabilitation (CAULIN) recommend including
kinematic assessments alongside general upper extrem-
ity functional assessments [35]. Kinematic assessments
can detect subtle changes and provide valuable informa-
tion for individualized treatment planning and evaluation
[36], aligning with this index. An increase in the abnor-
mal flexor synergy index, even with the same shoulder
flexion angle, implies an expanded reaching range and a
deviation from the flexion synergy pattern. In the future,
the optimal reaching range can be calculated using this
index. Notably, our method can easily assess abnor-
mal flexor synergy. Although kinematic assessments are
increasingly used in research, no quantitative method for
assessing abnormal flexor synergy has been established.
Recent research using depth sensor cameras has mainly
focused on interventions combined with VR technol-
ogy [37], home-based applications [38], and alternatives
to existing assessments [39]. While motion analysis has
been conducted, it remains limited to calculating move-
ment time, transition, and range of motion [40]. Further-
more, they are not yet widely applied in clinical practice
[35] owing to their complexity and lack of user-friendli-
ness [41]. By contrast, our measurement of the abnormal
flexor synergy index took only a few seconds, making it
suitable for clinical settings. Future studies should inves-
tigate its efficacy in larger cohorts and clinical trials.

Limitations

The present study has several limitations. First, the popu-
lation is unbalanced due to selection bias attributable
to its retrospective design. The severity of upper limb
paralysis among participants was unevenly distributed.
According to the FMA-UE total score, < 19 points indi-
cated severe, 20—47 points indicated moderate, and >48
points indicated mild impairment [42]. The classifications
of participants in this study were as follows: 32 (31.1%)
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severe, 61 (59.2%) moderate, and 10 (9.7%) mild in the
validity analysis, and 10 (58.8%) severe, 5 (29.4%) mod-
erate, and 2 (11.8%) mild in the responsiveness analysis.
Therefore, the developed indicator may not be suitable
for patients with mild upper extremity paralysis. How-
ever, these results are clinically relevant because abnor-
mal synergy is more common in patients with severe to
moderate upper extremity paralysis. Thus, this indicator
could be a new measure for assessing patients with severe
to moderate upper extremity paralysis. Second, the clini-
cal data collected only included FMA-UE and MAS,
leaving it unclear whether participants had cognitive or
higher brain function. However, all participants were
chronic stroke survivors living independently at home,
a population generally at low risk for significant cogni-
tive impairment or higher brain dysfunction. Third, MAS
reliability and validity reporting was inconsistent. While
some studies indicate insufficient reliability and valid-
ity of the MAS [43], others have shown its reliability [44,
45] and validity [46, 47], showing an inconsistent trend.
Nevertheless, the MAS remains the most commonly
used spasticity assessment tool in clinical settings, and
many studies have investigated the correlation between
the developed indicators and the MAS, making its use in
this analysis reasonable. Furthermore, we did not inves-
tigate reliability in this study, as it depends on the device
used to capture the three-dimensional coordinate data.
However, the reliability of using Kinect for patients with
stroke has already been demonstrated [29], ensuring the
reliability of the data in this study. Therefore, the devel-
oped measure is expected to be highly reliable.

Conclusion

The assessment of abnormal flexor synergy using the
newly developed index demonstrated better validity and
responsiveness. The results of the present study support
the use of this index to quantitatively measure upper
extremity function in patients with stroke.

Abbreviations

FMA-UE  Fugl-Meyer Assessment of the Upper Extremity
MAS Modified Ashworth Scale

MP Metacarpophalangeal

PIP Proximal interphalangeal

SD Standard deviation

SRM Standardized response mean
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