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Abstract
Most patients with stroke experience motor deﬁcits, usually referred to collectively as hemiparesis. Although hemiparesis is one
of the most common and clinically recognizable motor abnormalities, it remains undercharacterized in terms of its behavioral
subcomponents and their interactions. Hemiparesis comprises both negative and positive motor signs. Negative signs consist of
weakness and loss of motor control (dexterity), whereas positive signs consist of spasticity, abnormal resting posture, and intrusive movement synergies (abnormal muscle co-activations during voluntary movement). How positive and negative signs interact,
and whether a common mechanism generates them, remains poorly understood. Here, we used a planar, arm-supported reaching task to assess poststroke arm dexterity loss, which we compared with the Fugl-Meyer stroke scale; a measure primarily
reﬂecting abnormal synergies. We examined 53 patients with hemiparesis after a ﬁrst-time ischemic stroke. Reaching kinematics
were markedly more impaired in patients with subacute (<3 mo) compared to chronic (>6 mo) stroke even for similar FuglMeyer scores. This suggests a dissociation between abnormal synergies (reﬂected in the Fugl-Meyer scale) and loss of dexterity,
which in turn suggests different underlying mechanisms. Moreover, dynamometry suggested that Fugl-Meyer scores capture
weakness as well as abnormal synergies, in line with these two deﬁcits sharing a neural substrate. These ﬁndings have two important implications: First, clinical studies that test for efﬁcacy of rehabilitation interventions should specify which component of
hemiparesis they are targeting and how they propose to measure it. Metrics used widely for this purpose may not always be
chosen appropriately. For example, as we show here, the Fugl-Meyer score may capture some hemiparesis components (abnormal synergies and weakness) but not others (loss of dexterity). Second, there may be an opportunity to design rehabilitation
interventions to address speciﬁc subcomponents of hemiparesis.
NEW & NOTEWORTHY Motor impairment is common after stroke and comprises reduced dexterity, weakness, and abnormal
muscle synergies. Here we report that, when matched on an established synergy and weakness scale (Fugl-Meyer), patients
with subacute stroke have worse reaching dexterity than chronic ones. This result suggests that the components of hemiparesis
are dissociable and have separable mechanisms and, thus, may require distinct assessments and treatments.
dexterity; hemiparesis; motor control; stroke; synergy

INTRODUCTION
Stroke is one of the leading causes of disability globally,
with an estimated 13.7 million individuals suffering a stroke
each year (1). A large fraction of strokes (up to 70%–80%)

results in some degree of motor impairment (2–4), which
makes activities of daily living harder, compromising quality
of life (5, 6). Hemiparesis (or upper motor neuron syndrome)
is clinically quite recognizable but remains undercharacterized in terms of its behavioral components. It has been
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known since the late 19th century that hemiparesis comprises loss of ability (negative signs) and an intrusive movement disorder (positive signs) (7, 8). Negative signs consist of
weakness and loss of dexterity or fractionated motor control,
whereas positive signs consist of spasticity, abnormal resting
postures, and abnormal synergies whereby multiple muscles
or joints become co-activated during voluntary movement.
How positive and negative signs relate to each other remains
poorly understood. Bridging this knowledge gap will be
essential for the treatment of hemiparesis, as it will allow us
to 1) differentiate components of hemiparesis, allowing clinicians to more reliably track motor recovery after stroke; 2)
better isolate and target individual components to make
rehabilitation more effective; and 3) better assess the efﬁcacy
of rehabilitation interventions.
Among positive signs of stroke, abnormal synergies
have been the focus of particular attention and widely recognized as a crucial characteristic of motor impairment after stroke. Twitchell’s (9) classic work describes the time
course of recovery of voluntary movement after stroke,
from plegia to ﬂexor then extensor synergies to out-of-synergy movements. Given that recovery can get stuck at any
point along this sequence, Brunnstrom (10) suggested
therapeutic procedures to increase the chance of a patient
progressing through it. A scale was subsequently developed to measure and track recovery from synergies—the
Fugl-Meyer scale (11).
The negative signs of stroke are weakness and loss of dexterity or motor control. Dexterity generally refers to the ability to ﬂexibly and independently control muscles and joints
to generate the movement repertoire required by a given
task. Importantly, the term should not be considered synonymous with or reserved for ﬁnger movements. Dexterity
might require practice, and after stroke, it can recover independently of weakness (12, 13). Notably, the intrusion of
abnormal synergies might mask dexterity. A previous study
showed that when patients with chronic stroke made threedimensional (3-D) reaching movements within synergy, trajectories appeared comparable with those made by healthy
controls (14). In contrast, when these same patients
attempted an out-of-synergy reach that required elbow
extension, the trajectory was degraded by an intrusive ﬂexor
synergy. This intrusion is thought to be invoked in part by
the patient needing to lift their arm against gravity, as several studies have shown that external support of the weight
of the arm can reduce the effect of abnormal synergies and
increase the arm’s available workspace (15–17). Thus, here
we examined the relationship between abnormal synergies
and loss of arm dexterity after stroke. Although these two are
both signs of motor stroke, it is not given that they depend
on each other: strokes can result in heterogeneous lesions,
with differential weightings on cortical areas and descending
pathways that could result in varying degrees of expression
of each sign. We hypothesized that, if abnormal synergies
and loss of arm dexterity shared a common neural substrate,
they would be closely tied even when assessed when the contaminating effect of weakness is minimized through arm
support. To obtain a measure of arm dexterity loss, we quantiﬁed kinematics in a planar reaching task. The apparatus
provided full support of the weight of the arm, allowing us to
assess arm dexterity while minimizing weakness and the

intrusion of synergies; moreover, the apparatus constrained
the trunk, minimizing the use of compensatory strategies.
To measure the extent of abnormal synergies, we used the
Fugl-Meyer scale for the upper extremity (FM-UE), which
was speciﬁcally designed to quantify abnormal synergies
poststroke (9–11). Because recovery of reaching dexterity and
abnormal synergies may have different time courses, we
compared two separate groups of patients, each at a different
time stage poststroke (18): one during the early subacute
stage, during which most of spontaneous recovery occurs
(up to 3 mo poststroke), and another during the chronic stage
(at least 6 mo poststroke). Finally, because FM-UE may also
reﬂect weakness (12, 19), we used dynamometry to directly
test strength in a subset of the patients to investigate the relative contribution of weakness to our FM-UE versus reaching
dexterity comparisons.

MATERIALS AND METHODS
Participants and Ethics Statement
Participants were recruited as part of a multiple-task study
of the motor learning, control, and physiology of patients
with stroke (PaLaS study, Physiology and Learning after
Stroke). The study compared these modalities between two
stages in recovery: subacute (<3 mo poststroke) and chronic
(> 6 mo poststroke). Table 1 shows details for each of the 53
patients with stroke (27 subacute and 26 chronic) included in
this paper, whereas Table 2 shows summary demographics
and assessment metrics for the two patient groups and 17
healthy, age-range-matched controls (age comparisons
between controls and either patient group or between
patient groups: all P > 0.26). Recruitment and data collection
took place in Johns Hopkins University and the Kennedy
Krieger Institute in Baltimore, MD, from December 2015
through February 2020; participant ﬂow through the study is
shown in Fig. 1. Patients were recruited from the stroke and
rehabilitation units at Johns Hopkins, previous study participants, respondents to advertisement (ﬂyers posted within
the hospital), and stroke support groups to which the study
was advertised. Healthy controls were recruited through advertisement and among previous study participants. All participants received monetary compensation for their time
($20/h). Participants provided informed consent in accordance with the Declaration of Helsinki, whereas procedures
were approved by the Johns Hopkins Institutional Review
Board.

Eligibility Criteria
Patients recruited had to be over 21 yr old, have had
their ﬁrst ischemic supratentorial stroke with motor deﬁcits, exhibit residual movement with the affected arm,
and be able to provide informed consent and understand
the tasks involved. Exclusion criteria relevant to the tasks
described in this paper included hemorrhagic transformation or associated intracranial hemorrhage; severe
congestive heart failure; unstable angina; uncontrolled
hypertension; dementia [assessed based on the Montreal
Cognitive Assessment, MoCA (20)]; severe aphasia or
ideomotor apraxia, neglect, or hemianopia; and orthopedic or pain issues.
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Table 1. Patient characteristics at T1
Lesion
Side

Time Since Stroke

Subacute patients
(days)
29
8
17
15
12
30
57
17
8
57
19
47
9
12
43
47
6
55
21
19
70
47
14
17
12
58
51
Chronic patients
(months)
27
54
42
27
27
39
24
76
11
88
24
8
59
20
72
58
35
7
7
8
17
9
7
59
95
103

Age, 5-Yr
Range

Sex

MoCa

FM-UE

ARAT

R
L
R
R
R
R
L
L
R
L
L
R
L
R
R
R
L
R
L
R
R
R
L
R
L
L
R

31-35
61-65
66-70
66-70
66-70
21-25
56-60
41-45
61-65
26-30
36-40
51-55
61-65
81-85
71-75
61-65
61-65
51-55
51-55
91-95
66-70
71-75
61-65
46-50
71-75
46-50
56-60

M
F
F
F
M
F
M
F
M
M
F
M
M
F
F
F
M
M
F
M
F
F
F
M
F
M
M

23
22
23
23
20
27
25
20
21
28
26
24
19
22
27
30
20
24
22
27
28
23
25
30
25
29
27

59
53
54.5
56
59
64
33.5
53
52.5
61.5
58
57
56
38
21
63.5
65
44
64.5
26
59.5
45
61
62.5
57.5
15
11.5

55.5
39
57
45
45
57
36
34.5
41
57
54
56
48.5
37.5
9
57
57
37
57
n.d.
56
54
55.5
57
56.5
11
3

R
R
R
R
L
R
R
R
R
R
R
R
R
R
L
L
R
L
R
R
R
R
L
R
L
L

26-30
41-45
66-70
66-70
56-60
56-60
46-50
61-65
51-55
61-65
56-60
76-80
46-50
56-60
36-40
51-55
51-55
66-70
46-50
51-55
56-60
41-45
36-40
56-60
66-70
36-40

F
M
M
M
M
M
M
M
F
F
M
M
M
M
M
F
M
M
M
F
F
F
M
F
F
F

30
30
27
25
25
25
29
28
23
25
20
20
22
20
27
21
26
28
29
28
26
28
26
23
27
27

58
13
60
13
58
47.5
12
10
62
17
29.5
50
24
17.5
60.5
9
64.5
64.5
27
36
13.5
33
61
18.5
64
48.5

44.5
3
57
6
54.5
44
3
7
57
3
5.5
43
42
3
55
2
55.5
57
14
14.5
n.d.
25.5
57
3
57
52.5

Showing time since stroke, lesion side, age (nonoverlapping 5-yr
range), sex, Fugl-Meyer assessment for the upper extremity (FMUE, max. 66), Montreal Cognitive Assessment (MoCA, max. 30),
and Action Research Arm Test (ARAT, max. 57). F, female; L, left;
M, male; n.d., not done; R, right.

Sessions
Participants underwent two sessions: the main session
(T1) and a 1-mo follow-up (T2). For the subacute group, T1
took place 29.5 ± 19.8 days poststroke (average ± standard
858

deviation) and T2 took place 39.5 ± 8.5 days later. For the
chronic group, T1 took place 38.6 ± 29.6 mo poststroke and
T2 took place 39.2 ± 7.8 days later. Thirteen patients in the
main session (10 in the subacute and 3 in the chronic group)
were subsequently lost to follow-up and thus did not complete the 1-mo follow-up session.

Impairment Assessment Using the Fugl-Meyer Scale for
the Upper Extremity
Assessments were separately scored by at least two different raters: Keller—a trained physical therapist with
extensive clinical experience administering the scale for
over 10 years; Branscheidt—a clinical-research neurologist trained to administer the scale routinely in patients;
and Hadjiosif, who was trained to administer and rate the
scale for the purposes of the study. To obtain the ﬁnal value,
scores were averaged between reviewers (hence some having
decimal values). Assessments were captured on video to allow
for review in cases of substantial score differences. In cases of
substantial score differences (3 points or more), assessment
videos were again reviewed together by raters to determine a
consensus score. For the analysis comparing changes in arm
dexterity and FM-UE from T1 to T2 (Fig. 6), a participant was
excluded from the chronic group due to missing FM-UE score.
We used the entirety of the score (0–66) for our main analysis.
At certain points, as mentioned in our results, we additionally
performed comparisons based on subcomponents of FM-UE
scores focusing on 1) items referring to movement of the proximal arm [items 3–17 and 31–33—i.e., everything apart from
parts I/VI (reﬂexes), VII (wrist), and VIII (hand)], 2) items
related to within-synergy movements (part II of FM-UE,
“Flexor Synergy” items 3–8), or 3) items related to out-of-synergy movements (parts IV and V of the FM-UE: “Movement
combining synergies” and “Movement out of synergy” containing a total of 6 items). The FM-UE scoring form we used is
included in the Supplemental Materials.

Lesion Size
A large fraction of our patients (34 out of 53) had clinical
MRI images available through their records (imaging was not
performed speciﬁcally for this study). This enabled us to compare lesion size between subacute and chronic populations.
Lesion boundaries were manually delineated on each axial
slice of a patient’s T2-weighted FLAIR or DWI image by a
trained neurologist using MRICron software (https://www.
nitrc.org/projects/mricron; see Fig. 2 for averaged lesion distribution map). We normalized the obtained volume of interest
(VOI) to the Montreal Neurological Institute (MNI) template
using the clinical toolbox (https://www.nitrc.org/projects/
clinicaltbx) with SPM12 (https://ﬁl.ion.ucl.ac.uk/spm). The T2
image was co-registered to the T1 image, and these parameters
were used to reslice the lesion into the native T1 space.

Reaching Task Details
Participants sat on a robotic chair (Kinarm exoskeleton,
BKIN Technologies), which provided arm support while
allowing for planar motion (Fig. 3). The chair was positioned
against a screen that occluded vision of the arm but allowed
projection of targets, and a cursor indicating hand position, at
arm level. Participants made 10-cm reaching point-to-point
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Table 2. Demographics and clinical characteristics of
participants

n
Age
Sex
Affected side
Handedness
FM-UE
ARAT
MoCA
Time since
stroke

Subacute Stroke
Patients

Chronic Stroke
Patients

Controls

27
58.8 ± 16.3
13M/14F
11R/16L
24R/1L/2A
50.0 ± 15.6
45.1 ± 15.9
24.4 ± 3.2
29.5 ± 19.8 days

26
54.6 ± 11.5
16M/10F
7R/19L
24R/2L
37.4 ± 21.1
30.6 ± 23.6
25.6 ± 3.1
38.6 ± 29.6 mo

17
57.6 ± 12.4
8M/9F
n/a
15R/1L/1A
66 ± 0
57 ± 0
27.9 ± 1.6
n/a

±Indicates standard deviation across participants. A, ambidextrous; ARAT, Action Research Arm Test; FM-UE, Fugl-Meyer
assessment for the upper extremity; F, female; L, left; M, male;
MoCA, Montreal Cognitive Assessment; n/a, not applicable; R,
right. Handedness was assessed using the Edinburgh inventory
(56), asking patients to report based on their preferences before
the stroke.

movements to eight targets arranged at 45 intervals about a
start position as shown in Fig. 3B. Targets and start position
were 1 cm in radius, where the cursor was 0.5 cm in radius.
The start position was deﬁned relative to each participant’s
shoulder midpoint and was typically (in 47 out of 53 patients,
and all 17 control participants) 45 cm from it but could range
from 45 to 50 cm to accommodate different sizes and positioning of participants. Upon positioning the cursor on the
start position, a cyan target would appear in one of the eight
different target positions. Participants were instructed to initiate a movement to the target soon after it appeared. A movement timer would begin as soon as the participant had moved
outside the start position.
The movement would end either when the participant
reached the target or an 800-ms timer ran out. Upon movement end, the cursor would freeze momentarily and the target would change color based on the participant’s speed.
Speciﬁcally, it would change to orange if the movement terminated on the target but too quickly (movement time <
200 ms) or change to red if the movement failed to reach the
target before the 800-ms timer ran out. If the cursor reached
the target within the desired 200 ms to 800 ms from onset,
and was held inside the target for an additional 500 ms, the
target would turn green. After an additional 250 ms wait
time, Kinarm would actively return the arm back to the starting position.
Patients completed two blocks of 88 movements each (11
to each of the eight different targets) with their paretic arm.
Breaks were given between the blocks as necessary. Healthy
controls completed four blocks (two with each arm), to
obtain reference trajectories for both the left and the right
arm for comparison with trajectories of left-paretic and
right-paretic patients, respectively.

of our earlier subacute patients (who were enrolled in a different study and were at the chronic stage at the time of the measurement). Participants sat on a chair, with their trunk
straight and their forearm supported on a table in pronation
with the elbow at 90 and the shoulder in an open packed
position (60 of abduction and 30 of horizontal adduction)
(21). Using a handheld button dynamometer (MicroFet 2,
Hoggan Scientiﬁc), held by the experimenter against the participant, we measured the maximum effort of four muscle
groups: elbow ﬂexors, elbow extensors, shoulder (horizontal)
adductors, and shoulder (horizontal) abductors. The average
of two trials was taken for each condition. Both the paretic
and nonparetic arms were tested, and strength was expressed
as a % of the force exerted with the nonparetic arm.

Data Analysis
Analysis was performed using MATLAB (MathWorks,
Natick, MA). Position data were smoothed using an 8thorder, 8-Hz low-pass Butterworth ﬁlter and differentiated to obtain velocity. For the purpose of analysis, we
estimated movement onset using a method similar to
that described previously in Ref. 12: we identiﬁed the
time of peak speed (ﬁrst zero-crossing of acceleration
that was >8 cm/s; if no zero-crossing corresponded to a
velocity >8 m/s, we used the moment of peak velocity
across the entire velocity proﬁle) and, then, going backward, identiﬁed movement onset as the time speed surpassed 2 cm/s. We identiﬁed movement end by going
forward from the time of peak speed and ﬁnding the
moment when speed remained <2 cm/s for more than 0.1
s. To avoid familiarization effects (see Supplemental Fig.
S1; all supplemental material is available at https://doi.
org/10.6084/m9.ﬁgshare.17345102), we focused our analysis on the second block (88 movements).

Data exclusion criteria.
On occasion, after setting up a participant on the robotic
chair, reaching some of the targets was impossible because
of mechanical constraints. We thus excluded these targets

Stroke patients screened for eligibility
n = 3073

Eligible after initial screening
n = 217

Examples:
No motor deficits (n = 760)
Hemorrhagic stroke (n=629)
Brainstem/Cerebellum stroke (n=595)
Past motor stroke (n = 387)

Declined consent (n=76)
Lost to follow-up (n=67)

Enrolled in study
n = 74
Ineligible after pre-test assessment (n=4)
Withdrew before scheduling (n=12)

Participated in study
n = 58

Dynamometry
We measured strength by dynamometry in 25 of our
patients (11 in the subacute and 14 in the chronic stage; not all
of them, as dynamometry was only added later in the study).
Strength was assessed in 11 subacute and 6 chronic patients
recruited as part of the main session, plus an additional eight

Ineligible
n = 2859

Ineligible after further assessment (n=3)
Did pilot version of task (n=1)
Not fit for either group (n=1)

Included in current analysis
n = 53

Figure 1. Patient ﬂow through the study (n indicates number of patients in
each step). Note that the same patient might fulﬁll more than one ineligibility criteria.
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Figure 2. Lesion distribution overlay for chronic (top, n = 10) and subacute (bottom, n = 19) patients with moderate/mild Fugl-Meyer scale for the upper extremity (FM-UE) impairment (FM-UE  26). Averaged lesion distribution mapped to Johns Hopkins University-Montreal Neurological Institute (MNI)
space, with lesion ﬂipped to one hemisphere. Color bar indicates patient count.

from our analysis. This case was rare: in the main session,
targets were excluded in only two out of 53 patients. From
the remaining trajectories, we excluded movements in which
1) movement direction at peak speed was 90 away from
target direction, 2) the participant had not moved beyond
30% of the target distance (the criteria used in Ref. 12 and
previously Ref. 22), or 3) the movement onset analysis
described in the previous paragraph failed to provide an

A

estimate of movement onset (as in when the peak velocity
was lower than the 2 cm/s onset criterion; these movements
were clearly abortive). For the second training block that we
focus on in this paper, these criteria excluded 3.72% of
patients’ movements with the paretic arm; for healthy controls, the corresponding value was 0.07% for the left and
right arms together (these are the percentages calculated after a small number of targets were excluded altogether due

B
10cm

Start
Cursor
Hand is
occluded

Target

Figure 3. Task design and example trajectories. A: illustration of the experimental apparatus (Kinarm, BKIN Technologies, Kingston, ON, Canada, ﬁgure
adapted from Ref. 55). B: the task: participants had to make point-to-point outward reaching movements to eight different targets (cyan) beginning from
a starting position (pink). Vision of the hand was occluded; instead, during movement, a cursor was displayed on screen on the plane of the arm.
860
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b
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10 cm

a

AMD2

140
120
100

b

80

d

e

f

60

c
f

d

40

e

20
0

0

10

20

30

40

50

60

66

FM-UE
Figure 4. Subacute patients had worse kinematics compared with chronic patients for similar Fugl-Meyer scores. A: exemplar movement trajectories,
using the paretic arm, for three subacute patients (red), three chronic patients (blue), and three controls (gray). B: scatter plot of kinematic abnormality
(average squared Mahalanobis distance, AMD2) vs. Fugl-Meyer scale for the upper extremity (FM-UE) for the subacute (red, n = 27) and chronic (blue,
n = 26) groups. Note the higher AMD2 for subacute patients, especially the ones with moderately and mildly impaired FM-UE (26). The lowercase letters (a–f) point to the corresponding trajectories on A. The black dashed line indicates baseline calculated based on control data (n = 17); the gray band
indicates the corresponding 95% conﬁdence interval estimated using bootstrap.

to mechanical constraints). In the interest of completeness
and transparency, we repeated our analyses without the
exclusion criteria 1) and 2), showing qualitatively identical
ﬁndings (see Supplemental Fig. S3).

Functional principal component analysis.
To assess the quality of kinematics, we used functional principal component analysis (fPCA), a method that applies principal component analysis to functional data (23). In summary,
this data-driven analysis allows trajectories to be evaluated
without prior assumptions about which trajectory features
ought to be emphasized. Here, we used fPCA to estimate the
Mahalanobis distance (MD) of patients’ trajectories from the
reference population of healthy, age-range-matched controls.
Here, MD can be understood as a generalization of the z-score;
it is large when the movement is impaired (i.e., it is dissimilar
to the healthy controls used as a reference) and small when
the movement is similar to healthy controls. For each patient,
we averaged these distances across trials and target directions
into the average squared Mahalanobis distance (AMD2) separately for session T1 and for session T2. Additional details are
provided in Supplemental Materials, adapted from a previous
report (12).

Estimation of baseline value for AMD2 in controls.
The functional principal component analysis described earlier compares patients’ trajectories with the population of
corresponding trajectories from healthy controls. Because of
variability within the reference population itself, AMD2
scores would be nonzero for controls themselves. To estimate an AMD2 value for this baseline, we calculated AMD2
between the trajectories of each control participant compared and the trajectories of all other controls.

Statistical comparisons.

To compare AMD2 between subacute and chronic patients,
or changes in AMD2 between T1 and T2, we used a bootstrap
procedure (24) using 10,000 permutations within each subgroup. This provided estimates of the two-tailed P values we
report. We opted to use bootstrap over more typical t tests, as
the latter require assumptions of normality that may not
hold for our data, especially for the distribution of AMD2
across participants. For simplicity, we used a similar bootstrap method for all other comparisons in the paper (other
than the analysis used for Fig. 7) and also to calculate all
SEMs reported. To examine the relationship between weakness and FM-UE (Fig. 7), we used Spearman’s rank correlation to avoid assumptions about linearity.

RESULTS
Patients with Subacute Stroke Had Worse Reaching
Dexterity Compared to Patients with Chronic Stroke
despite Similar Fugl-Meyer Scores
We ﬁrst assessed the quality of reaching movements using
our two-dimensional (2-D) reaching task. Examples of participants’ trajectories with the paretic arm are shown in Fig. 4A.
We made two primary observations. First, subacute patients
had markedly worse trajectories compared with chronic
patients for similar FM-UE scores. Second, there was convergence onto the shape of trajectories of the control population
as patients’ FM-UE scores improved.
To formally assess reaching trajectories in patients with
stroke and generate a scalar comparison metric, we used the
AMD2 metric obtained through functional principal component analysis (fPCA, see MATERIALS AND METHODS). Consistent
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with the trajectory shapes shown in Fig. 4A, AMD2 scores
indicated impaired trajectory kinematics for patients with
stroke compared with controls (average ± SEM AMD2 for all
patients: 61.4 ± 7.5; for all controls: 8.13 ± 0.56). Interestingly,
however, subacute patients tended to show markedly worse
kinematics than chronic patients despite similar or higher
FM-UE scores, as illustrated in Fig. 4B. Because very few participants in the subacute stage had low FM-UE scores, resulting in a higher average FM-UE for the subacute group
compared with the chronic group (on average, FM-UE of
50.0 ± 3.0 for the subacute vs. 37.4 ± 4.0 for the chronic
group, see Fig. 4B), we performed additional analysis on
patients with moderate and mild impairment [FM-UE  26,
the cut-off is based on previous work (19, 25)]. For these
patients (24 subacute and 16 chronic), despite similar FM-UE
(54.3 ± 2.0 for the subacute vs. 51.5 ± 3.2, means ± SE for the
chronic patients, respectively, P = 0.47), trajectory abnormalities were substantially greater in the subacute group (AMD2
of 60.5 ± 10.2 vs. 21.5 ± 4.1, P < 10 4, Fig. 5). These two groups
were signiﬁcantly different (P = 0.0002) even when the subacute participant with the highest AMD2 (174.9, Fig. 5B) was
excluded as a potential outlier. We also considered whether
this AMD2 difference between subacute and chronic patients
could be due to FM-UE capturing different types of abnormality in each group. In other words, despite similar overall
FM-UE scores, could there be systematic differences in subcomponents of the FM-UE between subacute and chronic
patients? We thus isolated and compared 1) the part of the
FM-UE focusing on movement of the proximal arm (see
MATERIALS AND METHODS) and 2) the part of the FM-UE
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focusing on out-of-synergy movement between these two
subgroups (subacute vs. chronic mild/moderate patients).
We found no signiﬁcant differences (proximal part: 30.8 ± 1.0
vs. 29.7 ± 1.6 for subacute vs. chronic, P = 0.56; out-of-synergy
part: 10.2 ± 0.5 vs. 9.7 ± 0.8 for subacute vs. chronic, P = 0.59),
ruling out that AMD2 differences could be explained by differences speciﬁc to the synergy subcategory of the FM-UE
that are not apparent when taking the whole score into
account.
The difference in arm dexterity despite similar FM-UE
that we observed suggests that impaired arm dexterity (a
negative sign) is dissociable from abnormal synergies (a positive sign on which FM-UE is based)—one is not causing the
other. This failure on part of the FM-UE to capture differences in the quality of motor control during the subacute recovery stage further suggests that additional assessments
may be needed to capture the full spectrum of the poststroke
motor control phenotype, and/or recovery of motor control
within the subacute stage may lag behind corresponding
improvements in FM-UE.
Finally, we examined whether our ﬁnding could be
explained by larger lesion volume in the subacute group.
For the part of mild/moderately impaired patients who
also had imaging available, we still observed similar FMUE scores (53.4 ± 2.4 for the 19 subacute vs. 46.3 ± 4.1 for
the 10 chronic patients, P = 0.14) and signiﬁcantly larger
AMD2 in the subacute group (65.1 ± 12.0 vs. 16.4 ± 3.1, P <
10 4). Yet, lesion size was larger in the chronic subgroup
[61,029 ± 25,540 voxels for chronic (n = 10) vs. 9,269 ± 3,206
voxels for subacute (n = 19), P = 0.0138], suggesting that
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reduced dexterity in the subacute group is very unlikely to
be explained by lesion volume.

As Patients Progressed through the Subacute Stage,
the Relationship between Abnormal Synergies and
Reaching Dexterity Increasingly Resembled That of the
Chronic Group
If the differences in kinematics between subacute and
chronic patients with similar FM-UE were indeed due to
time poststroke, we would expect that, given time, these
differences would become smaller as recovery of the subacute group progressed. Conversely, if there was no
improvement in kinematics for the subacute group, this
could suggest that time poststroke was not the driving
factor and that the subacute group had impaired kinematics for other reasons. To examine this, we tested for
changes in both FM-UE and AMD2 in the subset of
patients who completed the 1-mo follow-up (T2) session
and had been classiﬁed as moderate/high FM-UE (26)
during the main (T1) session—14 patients in each group.
We saw that, indeed, the relationship between AMD2 and
FM-UE in the subacute group in the 1-mo follow-up (T2
session) tended to approach the relationship observed for
chronic patients, with the most kinematically impaired
subacute patients drastically reducing their AMD2 (illustrated by the long downward-facing red arrows in Fig.
6A). On average, subacute patients improved both their
FM-UE (59.5 ± 1.1 vs. 63.2 ± 0.7, P < 10 4 estimated using
bootstrap) and their kinematics (AMD2 of 61.8 ± 14.5 vs.
29.7 ± 4.9, P = 0.0016). In contrast, chronic patients
improved neither FM-UE nor kinematics (50.1 ± 3.5 vs.
50.1 ± 3.7, P = 0.96 for FM-UE and 23.4 ± 4.4 vs. 21.2 ± 4.6, P
= 0.59 for AMD2), as illustrated in Fig. 6B. We note that
the lack of improvement in kinematics for the chronic
group suggests no effect of savings or additional practice
in the point-to-point reaching task (aside from a familiarization effect, illustrated in Supplemental Fig. S1), meaning that the changes in AMD2 we see in the subacute
group represent improvements in reaching dexterity
rather than motor learning.
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Changes in impairment and kinematics from T1 to T2

The Contribution of Strength to the Fugl-Meyer Score
Did Not Explain Its Dissociation with Reaching Dexterity
Our ﬁndings suggest a dissociation between abnormal
synergies, assessed through the FM-UE scale, and arm dexterity, assessed through kinematics. However, although
FM-UE is a synergy-based measure, it may also reﬂect
weakness—for example, we have previously found a strong
correspondence between FM-UE improvement and recovery of strength (12). Could the FM-UE versus dexterity dissociation in our data instead reﬂect a strength/dexterity
dissociation, as has been shown in earlier work (26)?
To answer this question, we measured weakness at the
joints involved in the reaching task, to compare weakness
with each patient’s FM-UE score. We thus used dynamometry to measure patients’ horizontal shoulder adduction/abduction and elbow ﬂexion/extension strength. As
dynamometry was only later added to the study assessments, it was only performed in 25 patients (11 subacute
and 14 chronic, see MATERIALS AND METHODS). With the
exception of horizontal shoulder adduction, strength correlated with FM-UE (see Fig. 7). In particular, not
only elbow extension strongly correlated with FM-UE
(Spearman’s rank correlation Rs = 0.81, P = 1.1  10 6) but
elbow ﬂexion also did (Rs = 0.56, P = 0.0036). The latter
relationship was present even when we examined only
the FM-UE items strictly related to out-of-synergy movements (out-of-synergy FM-UE vs. elbow ﬂexor strength:
Rs = 0.58, P = 0.0022). As elbow ﬂexor strength correlated
with the part of FM-UE that evaluates movements out of
ﬂexor synergy, we ﬁnd it unlikely that strength increases
at the elbow are the cause of the ability to move out of
synergy; rather, the correlations suggest a recovery process that is common for strength and synergies. We also
found that elbow extensor strength correlated—even better than elbow ﬂexor strength did—to the part of FM-UE
that evaluates movements within ﬂexor synergy (Rs =
0.74, P = 0.00003). Similarly, we ﬁnd it unlikely that
increased extension strength is the cause of the ability to
move within ﬂexor synergy, instead suggesting a common recovery process.
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DISCUSSION
Signiﬁcance of Our Findings for Assessing Poststroke
Motor Impairment
Here, we sought to dissect the hemiparesis phenotype into
its constituent components. Given the prevalence and
impact of hemiparesis, it is important to assess speciﬁc poststroke motor impairments with quantitative metrics to enable clinicians to reliably characterize the initial deﬁcit and to
predict and track recovery. This knowledge may help optimize rehabilitation (27–29) and also enable researchers to
compare the effectiveness of different experimental treatments and interventions to enhance recovery. The FM is
widely used in tracking poststroke motor recovery, in fact it
is the de facto impairment measure from the International
Classiﬁcation of Functioning, Disability, and Health used for
studies and trials (12, 27, 30–40). Here, however, we have
shown that FM-UE might miss one of the components of
hemiparesis—reaching dexterity loss—even though it might
well capture weakness and abnormal synergies. Our ﬁndings, showing a poor correspondence between these two
types of impairment, suggest the need for more careful
matching between the rehabilitation intervention being
tested in clinical studies and the chosen primary outcome
measure: hemiparesis—or upper motor neuron syndrome—
is too vague a term, as it lumps weakness, synergies, and
dexterity loss.
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Figure 7. Relationship of weakness and FuglMeyer scale for the upper extremity (FM-UE).
Comparing strength (expressed as a % of nonparetic strength) with each patients’ FM-UE
scores revealed strong correlations between
FM-UE and shoulder abduction strength, elbow
ﬂexion strength, and elbow extension strength,
but not shoulder adduction strength (which was
relatively high across the whole patient population). For each panel, each dot represents a
patient [red: subacute (n = 11); blue: chronic, at
the time of examination (n = 14)].
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Why would FM-UE not be that suitable for assessing reaching dexterity deﬁcits? The primary reason is that is not what it
was designed for—instead, it was created to assess synergies
outside the context of reaching or any other kind of functional
movement (11). Recent work has shown that reaching dexterity in patients with stroke is improved with weight support;
conversely, without weight support, dexterity might be
masked by weakness and abnormal synergies. Beer et al. (16)
found that external arm support allowed for signiﬁcantly
greater peak torques when moving to distal targets requiring
elbow extension and/or shoulder ﬂexion, i.e., arm support
facilitated movements that required breaking out of ﬂexor
synergy. At the same time, there was little, if any, effect of
external arm support for movements to proximal targets that
involved elbow ﬂexion and shoulder extension. A subsequent
study by the same group also found that, while providing arm
support allows for greater range and speed of elbow extension
(15), this improvement was independent of reduced shoulder
strength or elbow ﬂexor/extensor strength imbalance. This
suggested that abnormal synergies—and not merely weakness
per se—were the sign alleviated by arm support. This ﬁnding
mirrored earlier results for 3-D movements (14), which
showed a critical effect of synergy intrusion in the absence of
weight support. Thus, tasks that require the patient to make
multijoint movements in 3-D without support, like most of
the test components of the FM-UE, will primarily reﬂect
weakness and synergies, masking residual dexterity.
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Potential Mechanisms behind Diﬀerences in Motor
Control between Subacute and Chronic Patients
Here, our data showed a clear dissociation between the
FM-UE score and the quality of planar reaches. It still needs
to be explained, however, why the dissociation took the speciﬁc form it did: it is not merely that FM-UE scores are poor
predictors of the quality of reaching, but there was a clear
bias whereby planar reaches were substantially worse in the
subacute as compared with the chronic group in patients
with similar FM-UE scores. A potential explanation for this
discrepancy may be that the residual corticospinal tract
needs time and practice to reach its maximal level of potential performance. Thus, improvements in negative signs
might lag improvements in positive ones. This explanation,
however, appears to contradict our previous work showing
that recovery of planar kinematics occurs over the ﬁrst 5
wk poststroke and then plateaus (12). We considered the
potential explanation that at least some of the patients in
the subacute group were still within this 5-wk window and
therefore had not yet reached their full recovery. We reasoned that this could still be the case despite the fact that,
overall, this group would be less impaired than the chronic
group with respect to the FM-UE because they have similar
scores and yet could only be expected to improve further.
Indeed, the subacute patients with the highest AMD2
scores on T1 tended to improve drastically on T2, as illustrated in Fig. 6A.

The Fugl-Meyer Assessment, Abnormal Synergies, and
Weakness
In this study, we relied on FM-UE as a measure of abnormalities in muscle synergy. As we mentioned in the
INTRODUCTION, FM-UE was designed to capture the stages of
poststroke recovery described by Twitchell (9) and
Brunnstrom (10), a prominent feature of which is the intrusion of abnormal synergies. In turn, this made the scale a
strong indicator of synergy abnormality. In line with this
idea, the degree of synergy abnormality assessed with EMG
was found to strongly (negatively) correlate with FM-UE
scores across patients (41, 42). It should be noted that there
is currently no gold standard for synergy assessment; even
with EMG, typical muscle synergy analysis methods miss kinematic dimensions relevant to the task (43). Another
method that has been used is to instruct the patient to produce movements isolated about one joint and compare the
excursion about that joint with the resulting unwanted
excursions about the noninstructed joints (14). This is, however, just a more kinematically granular quantiﬁcation of
synergy based on exactly the same principle of joint isolation
as the FM-UE. Thus, future studies could obtain joint kinematics in this way, but at the current time, there is no better
validated measure than the FM-UE. This is not the case for
reaching dexterity, for which there is no existing clinically
validated measure that controls for weakness, synergies, and
compensation, and, arguably, therefore almost by deﬁnition
needs a novel kinematic approach.
We also found that FM-UE scores also correlate with weakness, in line with our previous work suggesting that FM-UE
recovery mirrors strength recovery (12). This relationship

was present for not only elbow extension strength but also
elbow ﬂexion strength (Fig. 7); it would be unlikely to have a
causal relationship between increased ﬂexion strength and
ability to move out of ﬂexor synergy. Our ﬁndings thus indicate that there is indeed a dissociation between synergy and
arm dexterity rather than only a dissociation between
strength and arm dexterity. This observation is consistent
with previous ﬁndings in which increased extensor reach
was observed when arm support was given: externally provided arm support is orthogonal to extensor (or ﬂexor)
strength (17). Instead, ours and previous ﬁndings suggest
that the FM-UE/weakness correlation might indicate a
shared substrate between abnormal synergies and weakness.
The shared substrate hypothesis would ﬁt with observations that abnormal synergies are mitigated when weakness
is itself mitigated through arm support (15–17). A potential
explanation is that damage to the (contralateral) corticospinal tract (CST) after stroke may lead to increased reliance on
the (ipsilateral) reticulospinal tract (RST), providing some
strength at the expense of abnormal synergies (44). In support of this theory, it was shown that corticospinal lesions in
macaques led to increased responsivity in reticulospinal
pathways that innervated forearm ﬂexor muscles (45); moreover, it was recently shown that strength training in monkeys involves adaptations in the reticulospinal but not the
corticospinal tract (46). This previous work, together with
our ﬁndings, thus suggests an anatomical and physiological
dissociation (corticospinal vs. reticulospinal) that may map
onto the behavioral dissociation (positive vs. negative signs).
This theory, however, raises an apparent paradox: if upregulation of the RST increases both strength and abnormal
synergies, then how do patients proceed to recover from synergies without concomitant loss of strength? There are a few
possible nonmutually exclusive answers to this question that
relate to recovery of CST function. First, as the CST becomes
able to provide some strength, reliance on the RST may be
reduced. Second, the RST might be unable to provide
strength for some muscles, which instead may rely on CST
recovery: for example, CST integrity may be necessary for
strength in the ﬁrst dorsal interosseous, a distal muscle, but
not the biceps (47). Studies in monkeys using spike-triggered
averaging have found that ipsilateral RST projections led to
facilitation in the biceps but suppression in the triceps (48,
49); thus, the (contralateral) CST—which can facilitate either
ﬂexors or extensors (50)—may be necessary for control of extensor muscles, which is needed to break out of the ﬂexor
synergy. Third, given that both CST and RST converge upon
spinal interneurons (51, 52), the CST might directly regulate
RST (53). Thus, CST recovery may restore its regulatory effect
upon the RST, reducing abnormal synergies but maintaining
strength.

Limitations
Our comparison of kinematics between subacute and
chronic groups focused on patients with moderate and mild
impairment based on their FM-UE score. This was due to the
very low number of subacute participants with low FM-UE
scores, which prevented reliable comparisons with the corresponding part of the chronic group: we were able to recruit
only three subacute patients with a FM-UE of <26 compared
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with 10 chronic patients in the same subgroup. We interpret
this difference as the result of the difﬁculty of recruiting
patients in the subacute stage after stroke. Both subacute
and chronic patients were recruited irrespective of their FMUE score (within the ~10–64 range). However, a subacute
patient with high impairment will be likely to spend more
time in the hospital and in rehabilitation, thus less likely to
have time on research participation before the subacute time
window expires. Moreover, increased impairment itself
might make them less likely to be interested in joining in the
ﬁrst place, given that they may need more time to adjust.
Hence, our observation in this study and others is that subacute patients who are able and eager to participate will tend
to be less impaired in the ﬁrst place.
However, we would not expect that the difference in kinematics between the subacute and chronic groups seen for
moderate- and mild-impairment patients would also manifest in highly impaired patients. First, patients with high
impairment would show difﬁculty with kinematics regardless of their recovery stage: lower and lower FM-UE scores
would amount to impairment closer and closer to complete
lack of movement. For example, a plegic patient would have
a FM-UE score very close to zero, and being unable to move
at all, they would have a complete deﬁcit in their kinematics
in our task, regardless of time after stroke. Second, the very
fact that the FM-UE score failed to capture a good part of
motor control deﬁcits, speciﬁcally during the subacute stage,
paired with the assumption that the subacute patients who
participated may have had less overall impairment, suggests
that subacute patients with low FM-UE may tend to fare better in components of impairment not well-captured by the
FM-UE (one of which is motor control). Finally, there seems
to be a difference how severe versus moderate/mild patients
recover: in contrast to moderate/mild patients, a fraction of
severe patients may not recover much at all and, thus, show
less improvement as they advance to the chronic stage (2, 19,
54). Although this observation was derived by comparing
more general impairment scales (and FM-UE itself), it might
also hold for movement kinematics as well.
We also note two more limitations. First, we did not formally examine patients’ sensory deﬁcits, which could be a
component of further study. Second, our comparison of
lesion size versus kinematic impairment in subacute versus
chronic patients, other than the fact that not all patients had
clinical imaging available, has the limitation that it does not
provide an estimate of the amount of CST damage in each
patient. That said, it would be very unlikely that the groups,
each with clinically diagnosed hemiparesis, would differ systematically in the degree of CST involvement at the time of
their strokes such that the larger stroke had less CST involvement. Third, in our dynamometry versus Fugl-Meyer analysis (Fig. 7), the number of patients in each subgroup is too
small to allow us to evaluate this relationship separately for
subacute versus chronic patients, which raises the possibility
that the correlations we ﬁnd may be in part driven by differences between the subacute and chronic groups. We ﬁnd
this unlikely, however, given previous work showing that
FM-UE changes as patients progress from the acute to the
chronic stage, paralleling changes in weakness (12). Finally,
here we examined kinematics in 2-D with full arm support.
Fully evaluating poststroke motor control, however, would
866

need to examine kinematics in all three dimensions. 3-D
movement control may contain features not prominent in
horizontal planar movement, such as the engagement of
more muscles, a wider range of joint conﬁgurations, and
dealing with the effects of weight bearing. For the latter part,
especially, it may be worthwhile to systematically examine
the relationship between FM-UE and kinematics under intermediate amounts of arm support rather than either full or
none to properly map the interplay between synergies,
strength, and kinematics.

Conclusion
Here, we show that there is a dissociation between loss of
reaching dexterity and presence of abnormal muscle synergies in the contralesional arm after stroke; two prominent
and characteristic signs of hemiparesis. To dissect these two
signs, we designed a reaching task in which we isolated arm
dexterity from synergy by providing weight support, and we
separately assessed abnormal synergies using the FuglMeyer score for the upper extremity (FM-UE). We found a
large difference in dexterity deﬁcits between subacute and
chronic patients with similar levels of abnormal synergy:
patients in the chronic stage had more normal planar reaching trajectories even with worse FM-UE scores. These dissociations suggest that abnormal synergies and dexterity
deﬁcits reﬂect distinct components of hemiparesis, perhaps
attributable to damage to separable systems. Finally, we
found that FM-UE scores correlated with arm weakness. This
suggests that both synergies and weakness are independent
of arm dexterity loss. In short, our ﬁndings suggest that recovery from hemiparesis does not proceed uniformly across
its components. Stroke rehabilitation should be tailored for
each patient based on their speciﬁc component deﬁcits; a
form of behavioral precision medicine.

SUPPLEMENTAL DATA
Supplemental Figs. S1–S3 (including Supplemental Fig. S2
which contains a summary of nonparetic reaching data collected
following paretic testing) and extended Methods: https://doi.org/
10.6084/m9.ﬁgshare.17345102.
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