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� The post-stroke flexion and extension synergies were quantified at proximal and distal arm joints.
� Flexion and extension synergy expression throughout the arm increased with shoulder torque level.
� The synergies were similar at the wrist and fingers, but opposite at the elbow.

a b s t r a c t

Objective: The flexion and extension synergies were quantified at the paretic elbow, forearm, wrist, and
finger joints within the same group of participants for the first time. Differences in synergy expression at
each of the four joints were examined, as were the ways these differences varied across the joints.
Methods: Twelve post-stroke individuals with chronic moderate-to-severe hemiparesis and six age-
matched controls participated. Participants generated isometric shoulder abduction (SABD) and shoulder
adduction (SADD) at four submaximal levels to progressively elicit the flexion and extension synergies,
respectively. Isometric joint torques and EMG were recorded from shoulder, elbow, forearm (radio-
ulnar), wrist, and finger joints and muscles.
Results: SABD elicited strong wrist and finger flexion torque that increased with shoulder torque level.
SADD produced primarily wrist and finger flexion torque, but magnitudes at the wrist were less than dur-
ing SABD. Findings contrasted with those at the elbow and forearm, where torques and EMG generated
due to SABD and SADD were opposite in direction.
Conclusions: Flexion and extension synergy expression are more similar at the hand than at the shoulder
and elbow. Specific bulbospinal pathways that may underlie flexion and extension synergy expression
are discussed.
Significance: Whole-limb behavior must be considered when examining paretic hand function in
moderately-to-severely impaired individuals.

� 2019 Published by Elsevier B.V. on behalf of International Federation of Clinical Neurophysiology.
1. Introduction

Individuals with chronic hemiparetic motor impairment follow-
ing stroke, particularly those who are moderately-to-severely
impaired, have a limited ability to selectively and independently
control proximal and distal upper limb joints for purposeful activ-
ity (Beer et al., 2004; Sukal et al., 2007; Miller and Dewald, 2012;
Lan et al., 2017a; McPherson et al., 2018a; McPherson et al.,
2018c). Movement of the upper limb is constrained to two stereo-
typical multi-joint movement patterns, the flexion and extension
synergies, that simultaneously couple activation of shoulder,
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elbow, wrist, and finger muscles. Clinical observations describe the
flexion synergy as shoulder abduction (SABD) coupled with elbow
flexion, supination, and wrist and finger flexion. The extension syn-
ergy is described as shoulder adduction (SADD) coupled with
elbow extension, pronation, and variable postures at the hand, pos-
sibly including wrist extension and finger flexion (Twitchell, 1951;
Brunnstrom, 1970; Radomski and Latham, 2008).

Experimental work quantifying these synergy patterns has been
extensive. Variables ranging from surface EMG to single joint tor-
que to whole arm kinematics have been studied within a variety
of paradigms that elicit the synergies through SABD and SADD tor-
que generation (including single- and/or multi-joint tasks and iso-
metric and/or dynamic upper limb activation; see, e.g., Dewald
et al. (1995), Dewald and Beer (2001), Ellis et al. (2007), Miller
and Dewald (2012), Miller et al. (2014), Ellis et al. (2016b)). Results
have provided insight into the effects of the synergies on functional
use of the arm (Ellis et al., 2008; Seo et al., 2009; Ellis et al., 2017;
Lan et al., 2017a; McPherson et al., 2018c) and the potential neural
mechanisms that may underlie the emergence of the synergies
(Ellis et al., 2012; Owen et al., 2017; McPherson et al., 2018a;
McPherson et al., 2018c). Findings have directly motivated the
development of targeted rehabilitation interventions and neuro-
prostheses (Ellis et al., 2009; Makowski et al., 2013, 2014, 2015;
Ellis et al., 2016a; Lan et al., 2017b; Wilkins et al., 2017; Ellis
et al., 2018).

However, the vast majority of this research has focused on cou-
pling between the shoulder and elbow, even though for individuals
with chronic hemiparetic motor impairment following stroke, the
most profound deficits of the upper limb joints are typically found
at the hand (Colebatch and Gandevia, 1989; Turton et al., 1996;
Miller and Dewald, 2012). Paretic hand dysfunction has been stud-
ied extensively in isolation from the rest of the upper limb
(reviewed briefly in Miller and Dewald (2012)), but concurrent
shoulder and elbow activation further degrades hand function
due to expression of the flexion synergy (Seo et al., 2009; Miller
and Dewald, 2012; Lan et al., 2017a).

We have recently quantified aspects of flexion synergy expres-
sion at the wrist and fingers (Miller and Dewald, 2012; Lan et al.,
2017a), but quantification of the extension synergy at these distal
joints has not been explored. In addition, forearm pronation and
supination, integral to many functional tasks involving the hand,
have not been quantified in this context. This study will quantify
the expression of both the flexion and extension synergies at the
forearm, wrist, and finger joints for the first time. Further, it will
replicate previous quantification of the synergies at the elbow in
order to allow a comprehensive understanding of how the syn-
ergies manifest at proximal and distal joints within the same sam-
ple of research participants.

Specifically, the objectives of this study were: (1) to compre-
hensively quantify the flexion synergy at the forearm, wrist and
fingers by extending our previous work (Miller and Dewald,
2012; Lan et al., 2017a), (2) to quantify the expression of the exten-
sion synergy at these joints for the first time, (3) to determine how
flexion synergy expression differs from extension synergy expres-
sion at the elbow, forearm, wrist, and finger joints, and (4) to com-
pare how these differences vary across the joints.

To accomplish these objectives, we elicited the synergies in
individuals post-stroke via isometric torque generation tasks in
SABD and SADD (to elicit the flexion and extension synergies,
respectively). The tasks were completed at four different SABD
and SADD torque levels because previous work has demonstrated
that synergy expression is proportional to the level of torque gen-
erated in these directions (e.g., Dewald and Beer (2001), Miller and
Dewald (2012), McPherson et al. (2018c)). We quantified synergy
expression in terms of isometric joint torque measurements from
the elbow, forearm, wrist, and fingers, as well as surface EMG from
nine elbow, wrist, and finger muscles. While the flexion and exten-
sion synergies are inherently paretic limb phenomena, the experi-
mental conditions designed to elicit them in the paretic limb were
also applied to non-paretic and control limbs for comparative
purposes.
2. Methods

2.1. Participants

Individuals with chronic hemiparesis due to a stroke at least
1year prior were recruited through the Clinical Neuroscience
Research Registry, hosted by Northwestern University and the
Shirley Ryan Ability Lab. Participation required sufficient passive
range of motion at the shoulder, elbow, wrist, and fingers for the
arm to be secured comfortably to the testing setup. A physical ther-
apist conducted a clinical exam for potential participants. Accept-
able clinical motor deficits for inclusion in the study were those
consistent with cortical or sub-cortical lesions (e.g., unilateral
hemiparesis with non-cerebellar, non-brainstem clinical signs).
Specific lesion locations were obtained for 9 of the 12 participants
from either the participant’s medical records or, when available, a
computed tomography scan and/or a T1-weighted magnetic reso-
nance imaging scan. Lesion locations were determined from scans
that had not been interpreted by a radiologist by research person-
nel with training in neuroanatomy.

Exclusion resulted from of any one of the following four condi-
tions: (1) an upper extremity Fugl-Meyer Motor Assessment (FMA)
(Fugl-Meyer et al., 1975) score less than 9 (indicating near paraly-
sis) or greater than 44 (indicating mild impairment); (2) a score on
the hand portion of the Chedoke-McMaster Stroke Assessment
(CMSAh) (Gowland et al., 1995) greater than 5 (indicating mild
impairment); (3) significant impairment of vision or upper extrem-
ity tactile somatosensation; (4) the current use of botox in the
paretic upper extremity. Twelve individuals post-stroke met all
inclusion criteria and completed the study (three females, nine
males; mean age: 59.0 years; mean time post-stroke 10.3 years;
range: 3.5–26.6years; Table 1). Participants exhibited severe to
moderate arm and hand motor impairment, based on FMA scores
(range 13–31, mean 22.7) and CMSAh scores (range 2–4, mean
3.0), respectively. Six participants with no known neurological
injury (four males, two females; mean age 60.6 years) formed the
control group and were included for comparison with the non-
paretic arm of participants with stroke. Written informed consent
was obtained from all participants prior to inclusion in the study,
which was approved by the Institutional Review Board of North-
western University.
2.2. Experimental setup and data collection

The experimental protocol was carried out in a testing device
capable of measuring isometric shoulder, elbow, forearm (i.e.,
proximal and distal radio-ulnar (Neumann et al., 2017)), wrist,
and finger (i.e., metacarpophalangeal) joint torques simultaneously
(Fig. 1). Participants were seated in an experimental chair (Biodex,
Inc.) with shoulder/waist straps to prevent shoulder girdle and
trunk motion. A fiberglass cast was made for the tested forearm
to rigidly interface the arm with a six degree-of-freedom load cell
(JR3, model 45E15A) through a Delrin ring. The wrist and fingers
were placed in a custom Wrist and Finger Torque Sensor (WFTS)
(Stienen et al., 2011). The arm was positioned in 75� shoulder
abduction, 40� horizontal adduction, 90� elbow flexion, 15� prona-
tion, and 0� wrist flexion/extension.

Fingers from the paretic arm were positioned at 15� finger flex-
ion to accommodate range of motion restrictions. Fingers from the



Table 1
Demographics of the participants with chronic hemiparetic stroke.

Participant Age Sex Affected/dominant Lesion location Years post-stroke FMA CMSAh

1 60 F R/R BG, TH, IC 26.6 20 3
2 70 M L/L N/A 11.4 24 2
3 63 M R/R BG, IC, CFL, SFL, IN 4.5 13 3
4 60 F R/R BG, IC, TH, HC 5.3 30 3
5 59 M L/L IC 3.8 25 4
6 57 M L/R BG, IC 6.5 24 3
7 56 F L/R N/A 9.0 15 3
8 67 M R/L BG, TH, IC, CTL 17.0 19 2
9 47 M R/L N/A 25.5 26 3
10 54 M L/L CPL, CTL, CFL 5.6 31 3
11 55 M R/L IC 5.1 20 4
12 55 M R/R IC 3.5 29 3

Mean (SD) 59.0 (6.2) 10.3 (8.3) 22.7 (5.9) 3.0 (0.6)

FMA = Upper extremity score of the Fugl-Meyer Motor Assessment (max = 66); CMSAh = Hand portion of the Chedoke-McMaster Stroke Assessment (max = 7); BG = Basal
Ganglia; TH = Thalamus; IC = Internal Capsule; CFL = Cortical Frontal Lobe; SFL = Subcortical Frontal Lobe; CPL = Cortical Parietal Lobe; CTL = Cortical Temporal Lobe;
HC = Hippocampus; IN = Insula; N/A = Not Available.

Fig. 1. Isometric testing device to measure shoulder, elbow, wrist and finger torques. Real-time visual feedback of torque magnitude in the desired degree-of-freedom is
displayed on a computer monitor. The red support cushion on the elbow was positioned for participant comfort during setup and rest breaks but was removed for data
collection. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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non-paretic and control arms were positioned at 0� finger flexion/
extension because at 15� of finger flexion, the increased strength of
these two groups slightly deformed the WFTS attachment bracket
and interfered with the measurement of maximum voluntary iso-
metric torques. A computer monitor displayed real-time visual
feedback of joint torque data.

Electromyography (EMG) was recorded using active differential
surface electrodes with a 1-cm interelectrode distance (16-channel
Bagnoli EMG System; Delsys, Inc.; 1000� gain, 20–450 Hz band-
pass) placed over the following muscles, according to the land-
marks described by Perotto and Delagi (1994): anterior deltoid,
sternocostal head of the pectoralis major, biceps brachii, lateral
head of the triceps brachii, extrinsic wrist and finger flexors (flexor
carpi radialis (FCR), flexor digitorum profundus (FDP)), an intrinsic
finger flexor (first dorsal interosseous (FDI)), extrinsic wrist and
wrist/finger extensors (extensor carpi radialis (ECR), extensor dig-
itorum communis (EDC)), and two thumb muscles (flexor pollicis
brevis (FPB) and extensor pollicis longus (EPL)). A signal condi-
tioner (Frequency Devices, Model 9064) filtered (8th-order Butter-
worth low-pass filter, 500 Hz) and amplified EMG and wrist and
finger torque data before digitization at a sampling frequency of
1 kHz.
2.3. Experimental protocol

Each participant’s maximum voluntary torques (MVTs) and cor-
responding maximum voluntary muscle contractions (MVC) were
measured during isometric torque generation in the following
directions: SABD, SADD, elbow flexion, elbow extension, wrist flex-
ion, wrist extension, finger flexion, finger extension, thumb flexion
(for MVC only) and thumb extension (for MVC only). In addition,
MVTs in pronation and supination directions were measured for
5 of the participants with stroke (both arms) and all of the control
participants. Order of performance of the MVT directions was ran-
domized, and trials within a direction were repeated until three
trials with peak torque within 85% of the maximum torque value
were obtained. If the last trial produced the largest peak torque,
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an additional trial was collected. Participants were given vigorous
verbal encouragement throughout MVT trials.

Visual feedback of torque performance for MVT trials was pro-
vided for the intended torque direction only. A large circle
appeared on the computer screen that formed a speedometer-
like gauge with a moving needle that reflected real-time torque
magnitude. This was provided for all torque directions except for
wrist extension and finger extension while testing the paretic limb.
Because most participants with stroke had little to no voluntary
wrist and finger extension on the paretic side, efforts to produce
these movements often resulted in flexion (a phenomenon previ-
ously described by Kamper et al. (2003) and Miller and Dewald
(2012)). Therefore, no visual feedback was given for these direc-
tions to ensure participants’ maximal effort.

For submaximal torque generation trials, participants com-
pleted blocks of three trials at each of 17, 33, and 50% of SABD
MVT and SADD MVT, with the order of conditions randomized
for each participant. Real-time visual feedback of SABD/SADD tor-
que was displayed on the computer screen as a green circle that
moved up from the center of the screen when SABD torque was
produced and down when SADD torque was produced. A red circle
served as a stationary target for the desired torque level (17, 33,
50% MVT) and direction (SABD or SADD) for a given set of trials.
Participants moved the green circle up or down (for SABD or SADD,
respectively) into the red circle to achieve the desired torque direc-
tion and level and held it for 3–5 s before relaxing. Torques from
other shoulder degrees of freedom and other joints were not
shown. Participants were instructed to focus on activating the
shoulder and not to intervene at the distal joints.

2.4. Data processing

All data analysis was performed using custom MATLAB soft-
ware. A Jacobian-based algorithm was used to convert forces and
moments collected from the six degree-of-freedom load cell
attached at the distal forearm into shoulder and elbow joint tor-
ques. Torque and full-wave rectified EMG data were smoothed
using an acausal one-sided moving average filter with a window
length of 250 ms, were baseline corrected so that any passive stiff-
ness or muscle tone at rest would not factor into subsequent anal-
yses, and were normalized to the largest value obtained during the
entire experiment. This normalization value was chosen instead of
the maximum value during a maximal voluntary contraction
because paretic limb voluntary wrist and finger torque and EMG
values were often very small in comparison to values generated
during other MVT directions, resulting in inflated values if normal-
ized in this manner.

Maximal torque in the primary (i.e., intended) direction was
determined for each MVT trial. Secondary torques (i.e., those at
joints other than the primary joint) at the time of maximal primary
torque were determined, as were EMG values at 50 ms preceding
the maximal value, to account for an estimate of the electrome-
chanical delay associated with excitation-contraction coupling of
skeletal muscle (Cavanagh and Komi, 1979).

For each sub-maximal SABD or SADD trial, maximal normalized
secondary torque values generated while participants held the tar-
geted SABD or SADD torque were identified, as were the EMG val-
ues at 50 ms preceding. For each participant, values across trials
per MVT direction and submaximal condition were averaged prior
to including in subsequent group analyses.

In assessing EMG data from individual muscles related to Objec-
tive 3, a surprising pattern of findings in the wrist and finger EMG
data emerged when comparing results from SABD vs. SADD torque
generation. Three distinct patterns of behavior were observed
among group mean values of the seven muscles: (1) virtually iden-
tical EMG for SABD and SADD, (2) less EMG with SABD than SADD,
or (3) greater EMG with SABD then SADD. Because the patterns
were so striking, new variables were created by grouping muscles
into categories associated with the three patterns of behavior
above. EMG data from FCR and FDP exhibited pattern 1 and were
averaged to create a common EMG value for the ‘‘extrinsic wrist/
finger flexor muscle group.” Similarly, EMG data from EDC, EPL,
FDI, and FPB exhibited pattern 2 and were averaged to create a
common EMG value for the ‘‘wrist/finger extensor and intrinsic
hand muscle group.” Lastly, ECR was the only muscle to exhibit
pattern 3, therefore, EMG data were not altered for subsequent
analyses. To be consistent with presentation of results for Objec-
tive 3, and for clarity in presentation of results, wrist and finger
EMG data are presented in these three groups for all Objectives
throughout the Results section.

2.5. Data and statistical analyses

For all statistical analyses, p < 0.05 was used to determine sta-
tistical significance. Cases where p-values were greater than 0.05
but less than 0.10 are presented.

2.5.1. Objectives 1 and 2
To address Objective 1, quantification of the flexion synergy at

the paretic forearm, wrist, and fingers, data from SABD torque gen-
eration conditions were compared with those from the non-paretic
limb. Between-limb analyses of the data were performed using
nine separate 2 � 4 repeated measures ANOVAs to test the effect
of limb (paretic, non-paretic) and torque load (17, 33, 50, and
100% MVT) on each of the nine dependent variables (elbow,
forearm, wrist, and finger torque, as well as EMG for each muscle/
muscle group: biceps, triceps, and the three wrist and finger
muscle groups listed in Section 2.4). The effects relevant to this
study were the main effect of limb and the limb-by-torque load
interaction. Therefore, results of the main effect of torque load
are not presented, nor are they presented for subsequent ANOVAs
in the following Objectives. When relevant, post-hoc t-tests on the
limb-by-torque interaction were calculated to determine between-
limb differences at each torque load, using a Bonferroni correction
for multiple comparisons.

To address Objective 2, quantification of the extension synergy
at the paretic forearm, wrist, and fingers, data from SADD torque
generation conditions were compared with those from the non-
paretic limb using the same analyses as for Objective 1.

2.5.2. Objective 3
To address Objective 3, determining differences between flexion

and extension synergy expression at each joint, within-limb com-
parisons were made between SABD and SADD torque generation
conditions. For the paretic limb and for the non-paretic limb, nine
separate 2 � 4 repeated measures ANOVAs were conducted to
determine the effect of shoulder direction (SABD, SADD) and tor-
que load on each of the nine dependent variables (elbow, forearm,
wrist, and finger torque; EMG for each muscle/muscle group). The
ANOVA effects relevant to this study were the main effect of shoul-
der direction and the shoulder direction by torque load interaction.
Therefore, results of the main effect of torque load are not pre-
sented, nor are they presented for subsequent ANOVAs.

To assist with interpretation of elbow torque values, the relative
level of biceps and triceps EMG within each arm was examined
using a biceps-triceps co-contraction index calculated as:
(bicepsEMG � tricepsEMG)/(bicepsEMG + tricepsEMG). A value of �1
on this index indicates triceps but no biceps EMG, a value of 0 indi-
cates equal EMG for the two muscles, and a value of 1 indicates
biceps but no triceps EMG. Statistical significance of the biceps-
triceps co-contraction indices relative to a value of zero (indicating
parity in biceps and triceps EMG) was evaluated for each shoulder
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direction (combined across torque levels) using a one-sample t-
test. A Bonferroni correction was used for the four total compar-
isons (SABD and SADD for the paretic and non-paretic arms).

2.5.3. Objective 4
To address Objective 4, comparing how differences in flexion

and extension synergy expression vary across the elbow, forearm,
wrist, and finger joints, several analyses were used. First, we deter-
mined whether there was a difference in the magnitude of sec-
ondary torque generation across the joints, and whether such
differences varied with SABD and SADD. A 2 � 4 repeated measures
ANOVA was conducted to determine the effect of shoulder direc-
tion (SABD, SADD) and joint (elbow, forearm, wrist, finger) on the
magnitude of secondary torque (averaged across torque loads).
This analysis did not factor in the direction of secondary torque
generation, only the magnitude.

Second, we compared the magnitude of the change in direction
of secondary torque generation between SABD and SADD torque
generation across joints. This analysis took into account the direc-
tion of secondary torque generation as follows. Secondary torques
were expressed on a continuum of 100% MVT to �100% MVT for
agonist/antagonist directions (i.e., shoulder abduction(+)/adduc
tion(�), elbow flexion(+)/extension (�), forearm supination(+)/pro
nation(�), wrist flexion(+)/extension(�), and finger flexion(+)/ext
ension(�)). The torque values plotted in Figs. 2–4 reflect this con-
vention. The magnitude of the change in direction was calculated
as the absolute value of the difference in secondary torque
between SABD and SADD torque generation directions. The maxi-
mum value of this metric is 200% MVT (which, for example, is
the value for the shoulder when comparing 100% MVT SABD torque
generation and 100% MVT SADD torque generation). A 5 � 4
repeated measures ANOVA was conducted to determine the effect
of joint (shoulder, elbow, forearm, wrist, finger) and torque load on
the magnitude of the change in direction of secondary torque. Post-
hoc pairwise comparisons on all combinations of the main effect of
joint were calculated using Tukey’s method to correct for multiple
comparisons.

Third, we compared whether increasing descending motor drive
via increasing shoulder torque load resulted in preferential activa-
Fig. 2. Representative paretic torque (left panel) and EMG (middle and right panel) traces
from the same participant. Sign conventions for the joint torques are shown with arrows.
EMG data are shown in the right panel (FCR, FDP, ECR, EDC, FDI). Thumb muscles are n
tion of flexor or extensor muscles for the elbow and wrist/finger
joints. For this analysis, EMG data were grouped as follows. Group
mean elbow and wrist/finger EMG data were separated into flexors
(biceps EMG for the elbow and extrinsic flexor EMG (FCR, FDP) for
the wrist/fingers) and extensors (triceps for the elbow and extrin-
sic extensors (ECR, EDC) for the wrist/fingers). EMG from both the
SABD and SADD conditions were averaged together for the flexor
and extensor groups for the elbow and for the wrist/finger joints.
For this analysis, only the extrinsic wrist/finger flexor muscles
were included and not the intrinsic hand muscles, because the
extrinsic muscles have clear roles as flexors and extensors,
whereas the intrinsic hand muscles have more multi-planar func-
tion. For comparison of flexor and extensor EMG, separate 2 � 4
repeated measures ANOVAs (muscle type (flexor, extensor) � tor-
que load) were conducted for the elbow and for the extrinsic
wrist/finger muscles for both the paretic and non-paretic limbs.

2.5.4. Missing cases
In this study, 960 EMG recordings were attempted (80 possible

per participant (2 arms � 2 shoulder directions � 4 torque
loads � 5 muscles/muscle groups) � 12 participants). Some miss-
ing cases occurred due to poor signal quality or placement of elec-
trodes interfering with the forearm-load cell interface, but overall
they were limited in number. There were two types of missing
cases.

First, for some participants, usable EMG data for EPL or FPB
were not available for all 8 conditions for a given arm (2 shoulder
directions � 4 torque loads). This occurred for 4 participants in the
paretic arm and 4 different participants in the non-paretic arm.
These cases reduced the total number of available EMG recordings
from 960 to 896. There were no instances in which data for both
EPL and FPB were missing in the same participant. As described
in Section 2.5.2, EMG values for the wrist/finger extensor/intrinsic
hand muscle group were calculated as the average of the values for
EPL, FPB, EDC, and FDI within each participant for each task. There-
fore, for the participants for whom all EPL or FPB data were miss-
ing, calculation of EMG for the wrist/finger extensor/intrinsic hand
muscle group was based on the average of EMG values from the
other three available muscles.
from a single trial of 50% SABD MVT (top panel) and 50% SADD MVT (bottom panel)
Elbow EMG data are shown in the middle panel (biceps, triceps) and wrist and finger
ot shown for brevity.



Fig. 3. Paretic, non-paretic, and control torque results from the shoulder, elbow, forearm, wrist and finger joints. Group mean ± SEM shoulder abduction (+)/adduction (�),
elbow flexion (+)/extension (�), forearm supination (+)/pronation (�), wrist flexion (+)/extension (�), and finger flexion (+)/extension (�) torques produced during the
generation of 17, 33, 50, and 100% MVT of SABD torque (left panels) or 17, 33, 50, and 100% MVT of SADD torque (right panels), in the paretic (A), non-paretic (B), and control
(C) limbs.
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Second, there were five individuals for whom EMG was missing
for only one or two out of 80 possible recordings (nine missing val-
ues in total over all participants). In these cases, the individual’s
EMG value was imputed from the average of the other 11 subjects
in the same experimental task. Imputation was used in these cases
because the repeated measures ANOVAs used in the study require
a complete set of data. It is unlikely that such limited imputation
(only 1% of cases—9/896 � 100) led to biased results, particularly
because ANOVAs computed with data from fewer participants with
complete datasets revealed similar results to those presented here.
2.5.5. Role of control group
Because changes in motor function of the non-paretic upper

limb have been demonstrated during some tasks (Miller and
Dewald, 2012; Bowden et al., 2014; McNulty et al., 2014), we
included a group of individuals without central nervous system
injury for comparison with non-paretic limb data. However, in this
study, results from non-paretic and control groups were highly
similar with no meaningful variations. Therefore, the control data
were not included in statistical analyses; however, torque data
from the control group is shown graphically in Fig. 3 for visual
comparison.
3. Results

Fig. 2 shows single trial data from the paretic limb of one partic-
ipant during a 50% SABD MVT trial (top panel) and a 50% SADD
MVT trial (bottom panel). The pattern of joint torque and EMG data
during SABD and SADD torque generation in these trials reflects
the general pattern of the group mean data, presented in detail
in the following sections. Compared with the majority of partici-
pants, the participant whose data are shown in Fig. 2 demonstrated
a greater decrease in wrist and finger flexion torques from SABD to
SADD torque generation.

3.1. Objective 1: Quantification of the flexion synergy

3.1.1. Torque results for SABD torque generation
Fig. 3 shows group mean torque data for the shoulder, elbow,

forearm, wrist, and finger joints in the paretic group (A), the non-



Fig. 4. Paretic (black) and non-paretic (light purple) EMG from elbow, wrist, and finger muscles. Group mean ± SEM biceps, triceps, extrinsic wrist/finger flexor, wrist/finger
extensor/intrinsic hand muscle, and wrist extensor EMG generated during 17, 33, 50, and 100% MVT of SABD torque (solid lines) or 17, 33, 50, and 100% MVT of SADD torque
(dashed lines). Elbow, wrist, and finger torques from the left panel of Fig. 3A and B are displayed again as line graphs for reference (positive values denote flexion torques;
negative values denote extension torques). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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paretic group (B), and the control group (C). The left panels display
the joint torques generated when the primary torque direction was
SABD, and the right panels display joint torques generated when
the primary torque direction was SADD. The leftmost sets of bars
in each plot illustrate that participants were able to accurately gen-
erate the target levels of SABD torque (left panel) and SADD torque
(right panel). The remaining clusters of bars show the group mean
normalized secondary torques (i.e., elbow flexion/extension, fore-
arm pronation/supination, wrist flexion/extension, and finger flex-
ion/extension).

As a result of SABD torque generation, substantial secondary
torques were generated by the paretic limb at all joints, in elbow
flexion, forearm supination, and wrist and finger flexion directions
(Fig. 3A, left panel). In the non-paretic and control limbs, there
were appreciable secondary torques only at the elbow (in flexion)
and at the forearm (in supination) (Fig. 3B and C, left panel).

The middle panel of Table 2 summarizes results of separate
2 � 4 repeated measures ANOVAs examining the main effect of
limb (paretic, non-paretic) and the interaction effect of limb-by-
torque load (17, 33, 50, 100% MVT) on elbow, forearm, wrist, and
finger torque during SABD. Paretic limb secondary torques for the
elbow, wrist, and finger were significantly higher on average across
torque load than those of the non-paretic limb (main effect of
limb); however, for the forearm, they were not significantly differ-
ent (p = 0.70). Similarly, for each joint except the forearm
(p = 0.45), there was a significant limb-by-torque load interaction
whereby the paretic values became progressively larger than the
non-paretic values with increasing torque load.

3.1.2. EMG results for SABD torque generation
Fig. 4 shows the paretic and non-paretic limb group mean nor-

malized EMG values for the biceps, triceps, and the three wrist/fin-
ger muscle groups during SABD torque generation (solid lines).
Note that the elbow, wrist, and finger torque data from the left
panels of Fig. 3A and B are displayed again at the bottom of
Fig. 4 to assist with interpretation of EMG data. The middle panel
of Table 3 summarizes results of separate 2 � 4 repeated measures
ANOVAs examining the main effect of limb (paretic, non-paretic)
and interaction effect of limb-by-torque load (17, 33, 50, 100%
MVT) on biceps, triceps, extrinsic wrist/finger flexors, wrist/finger
extensors/intrinsic hand muscles, and ECR during SABD torque
generation.



Table 3
Between-limb results for EMG variables during SABD (Obj. 1) and during SADD (Obj. 2).

Task: Obj. 1: SABD Obj. 2: SADD

ANOVA effect Limb Limb by torque load Limb Limb by torque load

EMG variable
Biceps ** *** ns ns
Triceps ns ns ns + **
Extrinsic wrist/finger flexors **** **** *** **
Wrist/finger extensors, intrinsic hand muscles *** **** *** ****
ECR ** *** ns ns +

Results of separate 2 � 4 (limb by torque load) repeated measures ANOVAs for each EMG variable and shoulder direction. Asterisks indicate significant differences at p < 0.05
(*), p < 0.01 (**), or p < 0.0001 (****). ns + indicates 0.05 < p < 0.10 and ns indicates p > 0.1 (exact p-values for p > 0.05 are referenced in the text).

Table 2
Between-limb results for torque variables during SABD (Obj. 1) and during SADD (Obj. 2).

Task: Obj. 1: SABD Obj. 2: SADD

ANOVA effect Limb Limb by torque load Limb Limb by torque load

Torque variable
Elbow *** *** ** ns
Forearm ns ns ns + ***
Wrist **** **** *** *
Finger **** **** *** *

Results of separate 2 � 4 (limb by torque load) repeated measures ANOVAs for each torque variable and shoulder direction. Asterisks indicate significant differences at
p < 0.05 (*), p < 0.01 (**), or p < 0.0001 (****). ns + indicates 0.05 < p < 0.10 and ns indicates p > 0.1 (exact p-values for p > 0.05 are referenced in the text).
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Paretic EMG values (solid black lines in Fig. 4) were higher than
the non-paretic EMG values (solid light purple lines in Fig. 4)
(significant main effects of limb) for all muscles/muscle groups
except for triceps (p = 0.43). The increased paretic EMG for these
muscles/muscle groups was substantial. On average across
participants, the ratio of paretic to non-paretic mean EMG was
2.79 ± 0.74 (mean ± SEM) for the biceps, 4.83 ± 1.08 for the extrin-
sic wrist/finger flexors, 3.42 ± 0.80 for the wrist/finger extensors/
intrinsic hand muscles, and 3.83 ± 0.80 for the ECR. (Data were
excluded from the calculation of these ratios if the non-paretic
EMG value was <2%, to prevent abnormally high values; 8 of 48
possible values were excluded.)

With increasing torque load, EMG values for the paretic and
non-paretic limbs diverged (significant limb-by-torque load inter-
actions) for all muscles except triceps (p = 0.29), with paretic val-
ues increasing more rapidly across torque load. In the 100% SABD
MVT condition, group mean EMG values in the paretic limb ranged
from 15.6% (triceps) to 65.3% (biceps) and those in the non-paretic
limb ranged from 8% (wrist/finger extensors and intrinsic hand
muscles) to 34% (biceps).
3.2. Objective 2: Quantification of the extension synergy

3.2.1. Torque results for SADD torque generation
As a result of SADD torque generation, substantial secondary

torques were generated by the paretic limb at all joints in elbow
extension, forearm pronation, and wrist and finger flexion direc-
tions (Fig. 3A, right panel). In the non-paretic and control limbs,
there were appreciable secondary torques only at the forearm (in
pronation) (Fig. 3B and C, right panel).

The right panel of Table 2 summarizes results of separate 2 � 4
repeated measures ANOVAs examining the main effect of limb and
the interaction effect of limb-by-torque load on elbow, forearm,
wrist, and finger torque during SADD torque generation. As with
SABD torque generation in Objective 1, paretic limb secondary tor-
ques for the elbow, wrist, and finger joints were significantly
higher than those of the non-paretic limb (main effect of limb).
For the forearm, paretic secondary torques were significantly
greater than those of the non-paretic limb only at the p < 0.10 level
(p = 0.072). For all joints except the elbow, there was a significant
limb-by-torque load interaction, whereby the difference between
paretic and non-paretic values increased with torque load. For
the forearm, post-hoc t-tests performed on the significant
limb-by-torque load interaction to explore the nature of the
non-significant main effect of limb revealed that paretic forearm
pronation torque values were significantly greater in magnitude
than non-paretic values only at the 100% MVT level (68.0% vs.
18.0% MVT, p < 0.0001) but not at the 17, 33, or 50% MVT levels.
3.2.2. EMG results for SADD torque generation
The right panel of Table 3 summarizes results of separate 2 � 4

repeated measures ANOVAs examining the main effect of limb and
the interaction effect of limb-by-torque load on each EMG variable
during SADD torque generation. Paretic EMG values (dashed black
lines in Fig. 4) were higher than non-paretic values (dashed light
purple lines in Fig. 4) (significant main effects of limb) for extrinsic
wrist/finger flexors and wrist/finger extensors/intrinsic hand mus-
cles but not biceps (p = 0.28) or ECR (p = 0.95). EMG values for tri-
ceps were significant at the p < 0.10 level (p = 0.08).

The group mean ratio of paretic to non-paretic EMG for SADD
was 3.29 ± 0.64 for the extrinsic wrist/finger flexors, 4.04 ± 0.91
for the wrist/finger extensors/intrinsic hand muscles, and
2.12 ± 0.49 for the triceps. (As with SABD, data were excluded from
the calculation of these ratios if the non-paretic EMG value was
<2%, to prevent abnormally high values; 7 of 36 possible values
were excluded.)

With increasing torque load, EMG values for the paretic and
non-paretic limbs diverged for the extrinsic wrist/finger flexors,
wrist/finger extensors/intrinsic hand muscles, and the triceps (sig-
nificant limb-by-torque load interactions), with paretic values
increasing more rapidly across torque load. For triceps, post-hoc
t-tests performed on the significant limb-by-torque load interac-
tion to explore the nature of the non-significant main effect of limb
revealed that paretic triceps EMG values were significantly greater
than non-paretic values at only the 100% MVT level (45% vs. 24.5%
MVC, p = 0.0002).

The interaction for ECR EMG was significant at the p < 0.10 level
(p = 0.06), but pattern of the two groups over torque level did not
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demonstrate divergence of paretic and non-paretic values with
increasing torque load. The paretic biceps EMG during SADD was
similar to the non-paretic biceps EMG during both SABD and SADD
conditions, and the shoulder direction-by-torque load was not sig-
nificant (p = 0.26). Maximal group mean EMG values (occurring at
100% MVT) in the paretic limb ranged from 27.8% (biceps) to 51.0%
(extrinsic wrist/finger flexors) and those in the non-paretic limb
ranged from 8% (wrist/finger extensors and intrinsic hand muscles)
to 24.5% (triceps).

3.3. Objective 3: Differences in flexion vs. extension synergy at each
joint

For brevity, non-paretic results are summarized here and not
discussed in detail in the following sub-sections. For torque data,
results of the 2 � 4 shoulder direction by torque load ANOVA are
shown for each joint in the right panel of Table 4. Findings are con-
sistent with visual inspection of Fig. 3B, namely, that there were
significant effects of shoulder direction at elbow and forearm joints
but at not wrist and finger joints (which exhibited no secondary
torques). For EMG data shown in Fig. 4, there were no significant
ANOVA effects for any of the muscles.

3.3.1. Differences in paretic torque during SABD vs. SADD
For both the paretic elbow and forearm joints, secondary tor-

ques in response to production of SABD and SADD torque were
opposite in direction, with elbow flexion and forearm supination
resulting from SABD torque and elbow extension and forearm
pronation resulting from SADD torque (Fig. 3A). As shown in the
middle panel of Table 4, the 2 � 4 repeated measures ANOVAs
(shoulder direction (SABD, SADD) � torque load (17, 35, 50,
100%)) conducted for the elbow and the forearm joints resulted
in significant main effects of shoulder direction and significant
shoulder direction-by-torque load interactions (p < 0.0001 for each
effect and joint).

For both the wrist and fingers, secondary torques in response to
production of SABD and SADD torque were in the same direction
(flexion) (Fig. 3A). As shown in the middle panel of Table 4, the
main effect of shoulder direction was significant only at the 0.10
level for both wrist torque (p = 0.06) and finger torque (p = 0.09).
There was, however, a significant shoulder direction-by-torque
load interaction for wrist torque (p = 0.02), whereby the difference
between paretic and non-paretic values increased with torque
load, but for not finger torque (p = 0.22).

Because the main effect of shoulder direction was significant
only at the 0.10 level for both wrist and finger torque, post-hoc
t-tests were performed on the significant shoulder direction-by-
torque load interaction. They revealed that wrist torque values
were significantly greater during SABD than during SADD at the
33% (p = 0.03), 50% (p < 0.0001), and 100% (p = 0.0002) MVT levels,
but not the 17% level (p > 0.99). Similarly, finger torque values
were significantly greater during SABD than during SADD at the
33% (p=0.03), 50% (p=0.0003), and 100% (p=0.008) MVT levels,
Table 4
Within-limb results for torque variables: effect of shoulder direction and torque load.

Limb: Paretic limb

ANOVA effect Shoulder direction Shoulder direction by torque

Torque variable
Elbow **** ****
Forearm **** ****
Wrist ns + *
Finger ns + ns

Results of separate 2 � 4 (shoulder direction by torque load) repeated measures ANOVAs
p < 0.01 (**), and p < 0.0001 (****). ns + indicates 0.05 < p < 0.10 and ns indicates p > 0.1 (
but not the 17% level (p=0.73). In addition, the difference in wrist
and finger flexion torque between SABD to SADD was examined
for each individual participant. During generation of SABD torque,
all 12 participants produced flexion torque at both the wrist and
fingers. During generation of SADD torque, however, the direction
of the wrist and finger torque varied. Seven of the 12 participants
demonstrated greater wrist and finger flexion torque as a result of
SABD compared with SADD torque generation, the pattern that is
reflected in the group means. For three of these seven participants,
the decrease in wrist flexion torque with SADD torque generation
was so great that very slight wrist extension resulted. The two
remaining participants (out of 12) demonstrated the opposite pat-
tern, with SABD torque generation resulting in less flexion torque
than SADD torque generation. A re-analysis of the 2 � 4 repeated
measures ANOVAs presented in Table 4 without these two partic-
ipants resulted in a significant main effect of limb, for which torque
during SABD was significantly higher than that during SADD (for
wrist (p = 0.001) and finger torque (p = 0.004), respectively).

3.3.2. Differences in paretic EMG during SABD vs. SADD
Table 5 summarizes results of 2 � 4 (shoulder direc-

tion � torque load) repeated measures ANOVAs for each EMG vari-
able. For paretic biceps and triceps EMG, data complemented the
elbow torque results, as the biceps was recruited more during
SABD than SADD torque generation (main effect of shoulder direc-
tion) and triceps displayed the opposite pattern (main effect of
shoulder direction). There was a significant shoulder direction-
by-torque load interaction for each elbow muscle, reflecting that
the difference in EMG between shoulder directions increased with
increasing shoulder torque load.

For the paretic limb, the biceps-triceps co-contraction indices
for each shoulder direction were significantly different than zero.
The mean ± SEM biceps-triceps co-contraction index was
+ 54.4 ± 4.3% (p < 0.0004) for SABD and �29.7 ± 6.8% (p < 0.0004)
for paretic SADD, indicating that there was greater biceps than tri-
ceps EMG during SABD and the opposite pattern during SABD. This
pattern was not present for the non-paretic limb, for which the
biceps-triceps co-contraction index not significant for any of the
conditions, with mean ± SEM values of 7.8 ± 8.8% (p = 0.81) and
�1.7 ± 8.5% (p = 0.99) and for SABD and SADD, respectively.

As shown in Fig. 4, SABD and SADD torque generation resulted
in EMG values for the paretic extrinsic wrist/finger flexor group
that were virtually identical at each torque load (left column, mid-
dle row). There was no significant effect of shoulder direction
(p = 0.64) or shoulder direction-by-torque load (p = 0.82) on paretic
extrinsic wrist/finger flexor EMG. In contrast, EMG values for the
wrist/finger extensors/intrinsic hand muscle group were signifi-
cantly less with SABD than SADD and increasingly so with torque
level (significant main effect of shoulder direction and significant
shoulder direction-by-torque load interaction).

EMG values for ECR were significantly higher with SABD than
SADD and increasingly so with torque level (significant main effect
of shoulder direction and shoulder torque-by-shoulder direction
Non-paretic limb

load Shoulder direction Shoulder direction by torque load

* ns
**** ***
ns ns
ns ns

for each torque variable and limb. Asterisks indicate significant effects at p < 0.05 (*),
exact p-values for p > 0.05 are referenced in the text).



Table 5
Within-limb results for EMG variables: effect of shoulder direction and torque load.

Limb: Paretic limb Non-paretic limb

ANOVA effect Shoulder direction Shoulder direction by torque load Shoulder direction Shoulder direction by torque load

EMG variable
Biceps *** **** ns ns
Triceps ** **** ns + ns
Extrinsic wrist/finger flexors ns ns ns ns
Wrist/finger extensors, intrinsic hand muscles * ** ns ns
ECR ** ** ns ns

Results of separate 2 � 4 (shoulder direction by torque load) repeated measures ANOVAs for each EMG variable and limb. Asterisks indicate significant effects at p < 0.05 (*),
p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). ns + indicates 0.05 < p < 0.10 and ns indicates p > 0.1 (exact p-values for p > 0.05 are referenced in the text).

Fig. 5. Magnitude of the change in direction of secondary torques from SABD to
SADD torque generation at the paretic elbow, forearm, wrist and finger joints.
Values for shoulder torque (i.e., primary torque) are shown in solid black for
comparison. Group mean ± SEM values during shoulder torque generation at 17, 33,
50, and 100% MVT are shown. On average across torque load, values for the
shoulder were significantly higher than those of each other joints, and values for the
elbow and forearm joints were significantly higher than those for the wrist and
fingers.
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interaction). It could be proposed that this finding resulted from
cross-talk in the surface EMG values from nearby muscles acti-
vated during SABD (most likely the elbow flexor brachioradialis).
To evaluate this possibility, we analyzed data from a separate
experiment in the paretic limb of two of the participants in this
study using intramuscular EMG recordings (bipolar fine-wire elec-
trodes with 5-mm recording surfaces; data was amplified (Nor-
axon fine-wire pre-amplifiers) and acquired at 10 kHz (Alligator
amplifier, SCS-816)). After placement of intramuscular wires into
the ECR muscle was confirmed using electrical stimulation through
the recording wires, the same SABD and SADD torque generation
conditions were conducted. The surface EMG results were con-
firmed: in both participants, the ECR EMG was substantially higher
during SABD than during SADD (mean across torque loads: 34.8%
vs. 4.1% MVC for SABD and SADD, respectively, for the first partic-
ipant and 16.3% vs. 4.2% MVC for the second participant).

Combined across shoulder directions and torque loads, the
extrinsic wrist/finger flexor muscle group had the highest EMG val-
ues, averaging 25.0 ± 6.0% MVC (mean ± SEM) compared with
16.0 ± 5.0% from the wrist/finger extensors/intrinsic hand muscles
and 16.4 ± 5.7% from the ECR.
3.4. Objective 4: Comparison of flexion and extension synergy
expression among joints

3.4.1. Differences in the magnitude of secondary torques
As shown in Fig. 3A, the magnitude of secondary torques gener-

ated by the paretic elbow, forearm, wrist, and fingers is similar
across joints for both SABD and SADD conditions. In the 2 � 4
shoulder direction � joint repeated measures ANOVA, there was
no significant difference in secondary torque among the joints
(main effect of joint, p = 0.90). There was, however, a significant
increase in overall secondary torques during SABD compared with
SADD (main effect of shoulder direction, p = 0.015). SABD torque
generation elicited secondary torques that were 10% MVT greater
in magnitude than those for SADD torque generation (38.8 ± 1.1%
MVT vs. 28.3 ± 2.1% MVT (mean ± SEM)). The shoulder direction-
by-joint interaction was not statistically significant (p = 0.14).
3.4.2. Differences in the magnitude of change in direction of secondary
torques

As discussed in Section 3.3.1, data from the paretic limb exhib-
ited striking differences among joints in terms of the direction of
secondary torques that results from SABD vs. SADD torque gener-
ation (Fig. 3A). Fig. 5 shows the magnitude of change in torque
direction due to SABD vs. SADD torque generation for each joint,
calculated as described in Section 2.5.3. The magnitude of change
in torque values for the shoulder are predictably close to double
the torque load targets of 17, 33, 50, and 100% MVT, given that
shoulder torque generation at these levels was a controlled inde-
pendent variable.
The 5 � 4 repeated measures ANOVA (joint by torque load) con-
ducted on the magnitude of change in torque direction values
showed a significant main effect of joint (p < 0.0001) and a signif-
icant joint-by-torque load interaction (p < 0.0001). Post-hoc tests
on the main effect of joint revealed that all pair-wise comparisons
were significantly different (p-values ranging from <0.0001 to
0.0005) except for wrist vs. finger (p = 0.67) and elbow vs. forearm
joints (p = 0.99). Values for the shoulder were significantly higher
than those of each other joints, and values for the elbow and fore-
arm joints were significantly higher than those for the wrist and
fingers.
3.4.3. Effect of increasing torque load on elbow and wrist/finger flexors
and extensors

Fig. 6 shows flexor and extensor EMG values at each torque load
(averaged across shoulder directions) for paretic elbow (left) and
extrinsic wrist/finger (right) muscle groups. For paretic elbow
muscles, a 2 � 4 repeated measures ANOVA (muscle type � torque
load) revealed not only that flexor (biceps) EMG was significantly
greater than extensor (triceps) EMG on average across torque
levels (20.5% vs. 15.0%; main effect of muscle type, p = 0.03), but
also that it increased at a significantly faster rate across increasing
torque load levels (significant muscle type-by-torque load interac-
tion, p = 0.0002, mean difference in EMG at each torque load: 5.7%).
Results for the paretic extrinsic wrist/finger muscles were similar,
but the differences between muscle types was more pronounced.
The flexor (FCR, FDP) EMG was significantly greater than extensor
(ECR, EDC) EMG (25.8% vs. 15.0%; main effect of muscle type,
p < 0.0001), and it increased at a significantly faster rate across
increasing torque load levels, particularly between 17 and 50%
MVT (muscle type-by-torque load interaction, p = 0.005, mean dif-
ference in EMG at each torque load: 10.8%).

For the non-paretic limb, flexor and extensor EMG were virtu-
ally identical for both the elbow and wrist/finger muscles (data



Fig. 6. Paretic group mean ± SEM flexor (black) and extensor (grey) EMG data for elbow muscles (left plot) and extrinsic wrist/finger muscles (right plot). Values represent an
average of SABD and SADD torque generation conditions for four levels of torque (17, 33, 50, 100% MVT). Flexors are recruited to a greater extent than extensors for both the
elbow and wrist/finger joints. ANOVA results are displayed in each subplot for the main effect of muscle type (flexor, extensor) and the interaction of muscle type-by-torque
load. Significant results are indicated by * (p < 0.05), ** (p < 0.01), *** (p < 0.001), and **** (p < 0.0001).
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not shown graphically). There were no significant effects of muscle
type or muscle type-by-torque load) (p = 0.36, p = 0.40 for elbow;
p = 0.34, p = 0.60 for wrist/fingers).
4. Discussion

This study provides the first comprehensive quantitative sum-
mary of progressive flexion and extension synergy expression at
all major upper limb joints. Using isometric joint torque measure-
ments from the shoulder, elbow, forearm, wrist, and finger joints
and surface EMG from elbow, wrist, and finger muscles, the expres-
sion of each synergy was quantified at each joint, and the differ-
ence in flexion vs. extension synergy expression was compared
among the joints. Our results demonstrated for the first time that
extension synergy expression throughout the limb, like flexion
synergy expression, progressively increases with descending drive
requirements.
4.1. Objective 1: Quantification of the flexion synergy

In the paretic arm, secondary torques during SABD were in
directions consistent with clinical descriptions and with the results
of studies that quantified flexion synergy expression at the elbow
joint alone (Dewald and Beer, 2001; Ellis et al., 2005; Ellis et al.,
2007), with wrist and finger measurements combined (Miller and
Dewald, 2012), and with fingers alone (Lan et al., 2017a). Here,
we demonstrated that SABD torque generation led to secondary
flexion torque at both the wrist and the fingers in the paretic
arm of all participants.

The current study also quantified expression of the flexion syn-
ergy at the forearm joint for the first time. We demonstrated that
SABD torque generation elicits forearm supination, also consistent
with the clinical description of the flexion synergy. However, pare-
tic values were not different than those of the non-paretic arm.
Interestingly, supination as a result of SABD torque generation
was found even in participants who exhibited forearm pronation
postures at rest or when moving the upper limb outside of the test-
ing device. This finding suggests that passive tissue restrictions or
resting hypertonicity in the pronator muscles in these participants
may mask aspects of underlying neural activation during move-
ment, reinforcing the well-known understanding that these factors
compete for resulting limb movement.
Mean paretic EMG was increased in all wrist/finger muscles and
selectively in the biceps, compared to the non-paretic arm. Mean
triceps EMG did not differ between groups. Although SABD also
resulted in secondary elbow flexion torque in the non-paretic
arm (albeit significantly less than the paretic arm), mean biceps
and triceps values were virtually identical in the non-paretic
arm. This finding suggests that these muscles were co-
contracting for typical postural stabilization rather than as part
of the pathological flexion synergy. Indeed, as a biarticular muscle,
the long head of the biceps provides stability to the glenohumeral
joint during shoulder abduction (Neumann et al., 2017), and tri-
ceps activation would offset some of the resulting elbow flexion
torque. Similarly, the secondary forearm supination torque that
was generated during SABD may be a consequence of biceps acti-
vation that was unopposed by forearm pronators.
4.2. Objective 2: Quantification of the extension synergy

In the paretic arm, secondary torques of elbow extension and
forearm pronation during SADD were consistent with the clinical
description of the extension synergy, as were secondary torques
at the wrist and fingers. There was some variability in the direction
of secondary wrist torque during SADD, but the majority of partic-
ipants produced wrist torque in the flexion direction. The wrist
extension torque that was observed in 3 of 12 participants was
small and coincident with finger flexion torque, rendering the
overall effect unlikely to provide functional benefits. In a more
mildly-impaired cohort, there may be greater and more prevalent
secondary wrist extension torque during SADD. For the fingers,
all participants generated flexion torque.

EMG results from the paretic arm during SADD were consistent
with secondary torque findings. In the non-paretic arm, small val-
ues of EMG were present in all muscle groups, but they likely rep-
resent typical co-contraction for postural stabilization, given that
secondary torques for the elbow, wrist, and finger joints were
negligible.
4.3. Objective 3: Differences in flexion vs. extension synergy at each
joint

The manifestation of the synergies at the paretic wrist and fin-
gers contrasts with that at the shoulder, elbow, and forearm joints.
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At more proximal joints, the flexion and extension synergies
resulted in torques that are strongly opposite in direction (SABD
vs. SADD, elbow flexion vs. extension, supination vs. pronation).
The change in elbow torque direction can be explained by the
selective increases in biceps and triceps activation that occurred
for the flexion and extension synergies, respectively. In contrast
with proximal joints, at the wrist and fingers, both synergies
resulted overwhelmingly in flexion torque. Nevertheless, differ-
ences between the synergies were still found at these joints. The
magnitude offlexion torque for both the wrist and the fingers
was smaller for the extension synergy at 33, 50, and 100% MVT.
Additionally, differences between the synergies were found in
EMG data from wrist and/or finger muscles. They demonstrated
one of three conspicuous patterns: (1) virtually identical EMG as
part of both synergies, (2) increased EMG as part of the extension
synergy, or (3) increased EMG as part of the flexion synergy.

Surprisingly, mean EMG values of the extrinsic wrist/finger
flexor muscle group (FCR and FDP) were virtually identical during
SABD and SADD torque generation. Given that individuals with
post-stroke hemiparesis typically have more strength, increased
resting tone, and better volitional control of their wrist and finger
flexors compared with their extensors, it might have been
expected that changes in activation of the primary flexor muscles,
FCR and FDP, would underlie the changes in wrist and finger flex-
ion torque. However, this was not the case, as values were strik-
ingly similar during SABD and SADD. The high level of EMG from
these muscles, combined with their greater torque generation
capacity relative to wrist/finger extensors (both pre- and post-
stroke) (Gonzalez et al., 1997; Kamper et al., 2006), likely explains
the persistence of wrist and finger flexion torque as part of both
flexion and extension synergies.

The wrist/finger extensor/intrinsic hand muscle group (EDC,
EPL, FDI, FPB) exhibited less EMG during SABD compared with
SADD, demonstrating that these muscles are recruited more
strongly as part of the extension synergy than the flexion synergy.
Given that both EDC and EPL generate extension torque at the
wrist, the increase in activation of these muscles during SADD
could explain the observed decrease in wrist flexion torque. In fact,
based on musculoskeletal modeling, the EDC generates wrist
extension torque of comparable magnitude with the ECR, with
the EPL contributing a smaller amount (Gonzalez et al., 1997). In
addition, because the EDC produces extension torque about the
metacarpophalangeal joints, increased EDC activity during SADD
could also explain the decrease in finger torque (although the coin-
cident increased activity of the FDI, which produces metacar-
pophalangeal flexion torque, would counteract this effect and
may explain the smaller decrease in finger torque compared with
wrist torque).

The wrist extensor muscle ECR exhibited greater EMG during
SABD compared with SADD, demonstrating that this muscle is
recruited more strongly as part of the flexion synergy than the
extension synergy. This finding was interesting and unexpected,
given that wrist extension is included in the clinical description
of only the extension synergy. However, we found greater ECR
activity during SABD than SADD in all 12 participants, which was
not attributable to EMG cross-talk from other muscles based on
subsequent intramuscular recordings.

While ECR’s biomechanical effect is the production of wrist
extension and radial deviation, it has an important stabilizing role
during the production of grip. ECR counteracts the wrist flexion
torque produced by the extrinsic finger flexors during gripping
and places the wrist in a slightly extended position. This not only
provides a more neutral wrist position, it allows the extrinsic finger
flexors to operate at an optimal length for force production
(Neumann et al., 2017). Therefore, co-activation of extrinsic finger
flexors and ECR within the flexion synergy pattern may reflect the
exposing of a latent neural circuit that supports their functional
relationship within the context of grip production.
4.4. Objective 4: Comparison of flexion vs. extension synergy
expression among proximal and distal joints

To compare differences in flexion and extension synergy
expression among proximal and distal joints, three aspects of syn-
ergy expression were examined: (1) the relative strength of flexion
vs. extension synergy expression, (2) changes in secondary torque
direction due to flexion vs. extension synergy expression, and (3)
the effect of overall synergy expression on flexor vs. extensor
muscles.

In terms of the relative strength of synergy expression, the mag-
nitude of flexion synergy expression was stronger than that of the
extension synergy at all joints, and the difference was similar
across joints. In terms of changes in secondary torque direction,
there was a greater difference between the synergies at more prox-
imal joints. Changes in secondary torque from flexion to extension
at the elbow joint and from supination to pronation at the forearm
were substantial (approximately half the magnitude of the change
in torque direction from SABD to SADD). At the wrist and fingers,
however, the changes in flexion joint torques were much smaller
(approximately an eighth of the difference at the shoulder). These
results suggest that the flexion and extension synergies are most
strongly opposite in direction at the shoulder and become progres-
sively more similar when moving distally along the upper limb.
The clinical description of the extension synergy at the wrist—that
it is variable in direction compared with the other joints—was sup-
ported by our results. However, the range of torque output across
the flexion/extension continuum when comparing SABD and SADD
torque generation was quite small.

Finally, in terms of the effect of overall synergy expression (i.e.,
both synergies combined) on flexor vs. extensor muscles, there was
a preferential activation of flexors at both the elbow and wrist/fin-
gers. This phenomenon was more pronounced at the more distal
wrist/finger flexors by approximately two-fold across torque loads.
4.5. Neuroscientific implications

There is increasing evidence that expression of the flexion and
extension synergies during voluntary movement after hemiparetic
stroke is a consequence of increased recruitment of contra-lesional
cortico-bulbospinal motor pathways, and that this phenomenon is
proportionally related to descending motor drive requirements
(Sukal et al., 2007; Ellis et al., 2012; Miller and Dewald, 2012;
McPherson et al., 2018a; McPherson et al., 2018b). Based on several
decades of work quantifying the progressive expression of the flex-
ion synergy using static and dynamic paradigms (Dewald et al.,
1995; Beer et al., 1999; Dewald and Beer, 2001; Beer et al., 2007;
Sukal et al., 2007; Ellis et al., 2008; Ellis et al., 2009; Miller and
Dewald, 2012; Lan et al., 2017a; McPherson et al., 2018a), our lab-
oratory developed the hypothesis that when descending drive
requirements are low, remaining ipsilesional corticospinal
resources may be sufficient to complete a task. As descending drive
requirements increase and ipsilesional motor resources are
exhausted, increased use of contralesional cortico-bulbospinal
motor pathways occurs as an adaptive strategy that enables motor
output from the paretic limb in spite of damage to the ipsilesional
corticospinal pathways. However, because bulbospinal pathways
are anatomically diffuse and project to proximal and distal muscles
of the upper limb, independent control of the targeted joint is com-
promised due to elicitation of the whole-limb flexion or extension
synergy. This hypothesis is supported more directly by findings
from a recent study using high density EEG (McPherson et al.,
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2018a), and the results of the current study are also compatible
with this hypothesis.

We acknowledge that the current study provides only an indi-
rect probe of the nervous system. However, our ability to quantify
motor output and muscle activation from the whole upper limb
allows for reasonable speculation about how the neuroanatomy
of various bulbospinal motor pathways relates to flexion and
extension synergy expression. There is more available evidence
to link the flexion synergy to a specific bulbospinal pathway than
there is for the extension synergy. The reticulospinal tract specifi-
cally has been implicated in underlying flexion synergy expression.
In part, this is due to the similarities between the anatomy and
function of the reticulospinal pathway, as demonstrated in non-
human primates (Davidson and Buford, 2006; Davidson et al.,
2007; Riddle et al., 2009; Herbert et al., 2010; Baker, 2011;
Zaaimi et al., 2012; Baker et al., 2015). This assertion is also sup-
ported by recent findings in humans from high-resolution diffusion
tensor imaging of the brainstem (Owen et al., 2017), elicitation of
brainstem reflexes (Ellis et al., 2012; McPherson et al., 2018a),
and neuropharmacological probes (McPherson et al., 2018b). For
further discussion of the role of the reticulospinal pathways in flex-
ion synergy expression, see Miller and Dewald (2012).

In terms of extension synergy expression, there are three neural
pathways whose anatomy could reasonably provide a whole-limb
extension pattern: (1) the ipsilesional reticulospinal pathway
(Davidson and Buford, 2006; Davidson et al., 2007; Herbert et al.,
2010), (2) a secondary output pattern from the contralesional retic-
ulospinal pathway that facilitates ipsilateral extensors rather than
flexors (Wilson and Yoshida, 1968, 1969; Peterson, 1979; Schepens
and Drew, 2004, 2006; Herbert et al., 2010), and (3) the vestibu-
lospinal pathway (Wilson and Yoshida, 1968, 1969; Grillner
et al., 1970, 1971; Matsuyama and Drew, 2000b, 2000a). (For a
more extensive discussion, see Miller (2014), pg. 119.) The relative
contributions of these pathways cannot be inferred with currently
available evidence. Thus, additional work in animal models and in
humans is necessary to investigate these possibilities further.

4.6. Implications for clinical research

Findings of the study underscore the need to incorporate
whole-limb behavior when examining motor control of the paretic
hand or designing rehabilitation interventions for individuals with
moderate-to-severe impairment. Results from studies focusing on
the hand in isolation may not generalize to functional scenarios
when proximal muscles are concurrently activated.

Insight derived from previous studies quantifying flexion and
extension synergy expression has provided the foundation for a
novel physical therapy intervention for reaching (Ellis et al.,
2008; Ellis et al., 2009; Ellis et al., 2016a; Ellis et al., 2018). Such
an approach could also be applied to interventions for the hand,
although the potential for regaining hand function therapeutically
in patients with severe impairment is uncertain. For these individ-
uals, the use of neuroprostheses may be necessary. While the per-
formance of such devices during concurrent shoulder activation
has been found to degrade (Lin, 2000; Chae and Hart, 2003), recent
advancements that incorporate results from flexion synergy quan-
tification improve performance during whole-limb activation
(Makowski et al., 2013, 2014, 2015; Lan et al., 2017b).

As evidence for an increased influence of the reticulospinal
pathway post-stroke has grown, several recent studies have sug-
gested that this pathway a promising target for rehabilitation
interventions for the arm and hand in this population (Riddle
et al., 2009; Bradnam et al., 2013; Honeycutt et al., 2013;
Bachmann et al., 2014; Honeycutt and Perreault, 2014;
Honeycutt et al., 2015). Because the reticulospinal pathway pro-
jects throughout the arm and hand, increased excitatory synaptic
input from this pathway could improve the likelihood of motoneu-
ron depolarization and subsequent muscle activation. However,
some of these studies have acknowledged that targeting the retic-
ulospinal pathwaymay be less successful or not successful for indi-
viduals with severe impairment (Honeycutt and Perreault, 2014;
Honeycutt et al., 2015). We suggest that a sufficient amount of
residual corticospinal resources may be necessary to facilitate
selective motor output by balancing the diffuse excitation provided
by the reticulospinal pathway. Without enough concurrent corti-
cospinal drive, upregulation of the reticulospinal pathway may
instead reinforce the whole-limb flexion and extension synergies.
Although the presence of muscle activity constrained within the
flexion and extension synergies is arguably better for an individ-
ual’s quality of life than having a flaccid limb, we suggest that
upregulation of the reticulospinal pathway could be contraindi-
cated in individuals with severe motor impairment who demon-
strated the synergistic movement patterns.

4.7. Limitations and future work

Several limitations to the study should be considered. First, data
were collected from a relatively small sample at one point in time,
and participants were in the chronic state post-stroke. Although
the study did not include longitudinal measurements, results from
certain aspects of the study (e.g., quantification of elbow, wrist, and
finger torques during expression of the flexion synergy and quan-
tification of elbow torques during expression of the extension syn-
ergy) repeated portions of previous studies in the literature and
corroborated their findings (Dewald and Beer, 2001; Ellis et al.,
2005; Miller and Dewald, 2012). Additional research is necessary
to determine how expression of the flexion and extension syn-
ergies emerges during the acute and sub-acute phases.

While one selection criterion for participation in the study was
moderate-to-severe motor impairment, the majority of partici-
pants we enrolled were severely impaired. It would be interesting
to examine extension synergy expression in a larger cohort of par-
ticipants with a wider range of impairments to explore whether
the various extension synergy patterns seen could be associated
with factors related to impairment or the extent of corticospinal
and corticobulbar tract damage. Previous work has shown that
the severity of flexion synergy expression is correlated with motor
impairment within the moderate-to-severely impaired population
(Ellis et al., 2008; Miller and Dewald, 2012; Lan et al., 2017a; Yao
and Dewald, 2018). Recent findings from imaging studies using
EEG (McPherson et al., 2018a) and diffusion tensor imaging
(Owen et al., 2017) support the hypothesis that utilization of con-
tralesional cortico-reticulospinal pathways during paretic limb
movement is associated with the degree of motor impairment.
Based on preliminary work in our laboratory, we hypothesize that
flexion and extension synergy expression also occurs in individuals
with mild impairment, but only during tasks that require high
levels of descending drive.
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