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Introduction

Cerebral vascular accidents (CVA), i.e., strokes, can result 
in a multitude of impairments. Among these are dimin-
ished motor coordination and movement speeds. These 
effects are evident contralateral to the side of the damaged 
brain hemisphere (Halaney and Carey 1989). One particu-
lar aspect of uncoordinated movement is the emergence 
of joint synergies. Joint synergies resulting from a CVA 
are characterized by the involuntary rotation of joints in 
response to voluntary motion of other joints. These syner-
gies have stereotypical features that are classically divided 
into flexor and extensor synergies (Brunnstrom 1970). 
Flexor synergy includes the mutual coupling between 
elbow flexion, shoulder abduction, shoulder extension, and 
shoulder external rotation (Duncan et al. 1983; Crocher 
et al. 2012).

Though stroke-induced joint synergies have been exten-
sively researched, many of these evaluations involve dis-
crete arm movements (Schaal et al. 2004). However, many 
activities of daily living, such as walking, washing, or exer-
cising, involve rhythmic motion. To that end, researchers 
in the rehabilitation community have proposed rhythmic 
activities as a form of therapy (Pelton et al. 2010; Malcolm 
et al. 2009). The extent to which discrete movements gen-
eralizes to rhythmic motions is not well known. Indeed, 
rhythmic arm movements have been shown to suppress 
certain reflexes (Barzi and Zehr 2008). Furthermore, brain 
imaging using fMRI has shown that that rhythmic motions 
require substantially less brain activity than discrete 
motions (Schaal et al. 2004).

Abstract Joint synergies are one among several dimin-
ished motor capabilities that are associated with stroke. 
These synergies are characterized by a stereotypical com-
bination of involuntary joint coactivations. This research 
measured the synergistic rotations of the shoulder in 
response to voluntary rhythmic motion of the elbow across 
a range of speeds. The experimental protocol included 
a total of 22 subjects divided into two groups: (1) stroke 
survivors and (2) neurologically intact controls. Rhythmic 
motion in stroke survivors resulted in comparable syner-
gies to discrete movement. It was found that hemiparetic 
subjects had greater synergy than neurologically intact 
individuals for all speeds. Synergy was quantified using a 
synergy ratio. This ratio uses elbow rotation as an input in 
the denominator and shoulder rotation as an output in the 
numerator. The amount of shoulder synergy varied with 
the subject’s level of impairment as measured by a modi-
fied Fugl-Meyer assessment. As rhythmic speeds increased, 
the synergy ratios became higher for stroke subjects. This 
effect was especially pronounced for subjects with higher 
impairment. The relationships between synergies that arise 
from rhythmic and discrete movements are also discussed. 
The results of this study may have implications for thera-
peutic interventions, robotic rehabilitation approaches, and 
for the design of orthotic devices. More generally, these 
results shed light on the role of central pattern generators in 
hemiparetic motion.
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Central pattern generating networks (CPG) have been 
widely studied. CPG networks are believed to be spinal. 
They are responsible for a variety of rhythmic muscle con-
tractions including locomotion, breathing, swimming, and 
swallowing to name a few. It is believed that they consist 
of two primary networks. The first is a rhythm-generating 
(RG) network. The second is a pattern formation (PF) net-
work (Rybak et al. 2006). The RG network generates peri-
odic bursts of neural activity for various time periods. In 
this sense, the RG is analogous to a clock that can produce 
a variable range of frequencies, as needed. The transition 
from slow to fast walking is one example of the need for fre-
quency modulation. These periodic bursts are passed to the 
PF network. The PF then process the periodic burst activity 
for use with synergist and/or synergistic motor pools. Note, 
in much of the literature that discusses CPGs, “synergy” is 
often described as relating to coordinated, normal motion 
(Tresch and Jarc 2009). The term “synergy” should not be 
confused with the pathological synergies being discussed 
heretofore in this work. One explanation for the reduced 
brain activity associated with rhythmic motion, as com-
pared to discrete motion, is that rhythmic motion requires 
a reduced set of high-level commands (Pearson 2000). In 
other words, the descending commands simply establish 
some level of activity in the CPG. The CPG then regulates 
rhythmic motion while making needed adjustments based 
on direct afferent feedback (Grillner 1981).

Beyond CPG considerations, there is an association 
between synergy and hypertonia, or spasticity (Welmer 
et al. 2006). Hypertonia is an increased excitation of the 
lower motor neurons resulting in resistance to muscle 
stretch. Spasticity is a velocity-dependent phenomenon. 
Spasticity in stroke survivors is believed to relate to a 
hyperactive stretch reflex. Previous research on synergy 
found velocity-dependent shoulder reflexes in response to 
passive joint rotations (Sangani et al. 2009). Some have 
proposed that synergies arise from reflexive interactions, 
including the stretch reflex in particular (McPherson et al. 
2011). However, other work that is related to this research 
has shown that synergies are likely not caused by reflexive 
chains (Simkins et al. 2013b). Therefore, this analysis will 
assume that rhythmic synergies originate from CPGs and 
not exclusively from reflexes.

Synergies are evident for isometric muscle contractions 
(Dewald and Beer 2001; Dewald et al. 1995, 2001). How-
ever, synergies measured in this experiment are based on 
kinematic data of unconstrained arm movement. Volitional 
multi-joint arm movements can have complicated, time-
varying angular joint velocities. For healthy individuals, it 
is difficult to precisely define a specific speed for discrete 
motions because they typically involve bell-shaped veloc-
ity profiles (Uno et al. 1989). These ambiguities are exac-
erbated for hemiparetic limbs which might move in a jerky, 

highly variable fashion (Kamper et al. 2002). One advan-
tage of sinusoidal motion is that it overcomes the velocity 
ambiguities associated with discrete motion. Accordingly, 
synergy is calculated here using volitional, sinusoidal 
elbow rotation. Sinusoidal elbow rotation has the advan-
tage of providing a smooth, continuous, and well-defined 
motion that is natural for subjects to maintain. Sinusoidal 
movement also allows for a simple and direct way to quan-
tify peak angular velocities. Subjects were also asked to 
perform discrete arm motions. However, this was done for 
means of comparison, and discrete movements through a 
range of speeds are not considered.

Methods

Apparatus

A Vicon motion capture system (Vicon Motion Sys-
tems, Oxford, UK) recorded marker position. Subjects 
were seated on a metal chair. A strap was used to fixate 
the subject’s torso to the chair (Cirstea and Levin 2000). 
Ten ceiling-mounted Vicon MX cameras were pointed at 
a target volume centered on the subject’s arm. The cam-
era sampling rates were 100 Hz. Marker position data had 
sub-millimeter resolution. Inverse kinematic calculations 
were accomplished using Vicon Bodybuilder™. Joint angle 
information was then processed using various Matlab™ 
scripts (Mathworks Inc., Natick, MA, USA). Fourteen 
motion capture markers were taped to the thorax and arm 
of subjects. Marker locations are depicted in Fig. 1.

Subjects

The experimental protocol included two groups. The first 
group (controls) included 11 neurologically intact males 
raging in age from 19 to 74. Group 2 included 11 hemipa-
retic subjects consisting of 6 females and 5 males, ranging  
in age from 54 to 82. All hemiparetic subjects experi-
enced their CVA more than 6 months prior to participating  
in the experiment. A modified Fugl-Meyer (mFM) assess-
ment for the upper limbs (Duncan et al. 1983) was con-
ducted to determine the level of disability. No markers 
were attached to the fingers, and no data were collected 
that relates to the hand. The Fugl-Meyer was “modified” 
in that measures relating to the hand were excluded. The 
hemiparetic subject–screening process attempted to recruit 
subjects with as wide a range of impairments as possible. 
Scores from the mFM ranged from 0 (poor) to 14 (nor-
mal). The mFM helped to ensure that hemiparetic sub-
ject impairment was mild enough that the subjects could 
accomplish the protocol requirements yet severe enough 
that their synergies were detectable. Controls for the cause 
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of CVA (hemorrhagic or ischemic) were deemed unneces-
sary (Archambault et al. 1999). Likewise, there were no 
controls for gender. The research protocol was approved 
by the Internal Review Board of University of California, 
Santa Cruz. All subjects provided written consent prior to 
participation.

Protocol

A multitude of joints are often affected by synergy. These 
include the upper and lower limbs, as well as the thorax. 
This research focuses on shoulder synergy as a response to 
volitional elbow rotation. This synergy combination was 
selected because the shoulder tends to respond strongly 
to elbow rotations (Trumbower et al. 2010; Sangani et al. 
2009). Scapular motion in the shoulder is not considered 
and the shoulder is modeled as a 3 degree-of-freedom joint 
with perpendicular, coincident axes that are centered on the 
glenohumeral joint. The axes being considered are parallel 
to shoulder abduction, flexion, and outer rotation. An axes 
passing through the medial and lateral epicondyle was used 
to model the elbow. Thus, the human arm is modeled as a 4 
degree-of-freedom serial manipulator.

All arm motions started and ended from approximately 
the same position as depicted in Fig. 1. All subjects were 
asked to flex their elbow from the start position to a flexed 
position. They then extended their elbow back to the start 
position, thus completing one cycle. For periodic motion, 
subjects were instructed to cycle their elbow in a smooth, 
continuous fashion such that the elbow rotation was 
approximately sinusoidal. All subjects were allowed to 
oscillate their arms at a given frequency for some time prior 
to recording the movement. Therefore, the resulting motion 
is regarded as being steady state. Data recordings included 
a minimum of 5 cycles. For discrete motion, subjects were 

asked to move a single joint “slowly and deliberately” from 
the start position to a flexed position and then back to the 
start position. To the best of their ability, all subjects were 
asked to avoid moving joints other than the one being inten-
tionally moved. Amplitudes are summarized in Table 1.

The amplitudes of rotation were divided into “full,” 
“half,” and “voluntary tremor.” Full elbow flexion ampli-
tude was from the start position to a fully flexed position. 
The elbow was then extended back to the start position. It 
is in this sense that the term “full” rotation is used through-
out this paper. For half flexion, subjects were asked to rotate 
their elbow through half the angle that was achieved for full 
flexion. Finally, for “voluntary tremor,” subjects cycled their 
joint from the start position to the minimum achievable flex-
ion angle and then back to the start position. Note, the term 
“tremor” used for this study should not be confused with the 
numerous types of known involuntary tremors.

Fig. 1  Experimental setup. 
a Subject. Makers appear as 
bright points. b Subject-specific 
arm model. Dots represent 
marker locations. In most cases, 
thorax markers were attached to 
clothing. Shirt fabric was held 
firm to the skin with double-
sided tape

Table 1  Joint movements

For control subjects, the “affected side” denotes the subject’s dom-
inant limb. Frequency f3 and f4 are defined as being just below and 
above the subject’s bandwidth, and f5 is defined as the subjects maxi-
mum possible frequency

Frequency Amplitude Repetitions

f1 = 0.33 Hz Start position to full flexion 3

f2 = 0.83 Hz Start position to full flexion 3

f3 = max Start position to full flexion 3

f4 = max Start position to half flexion 3

f5 = max Start to minimum flexion,  
voluntary tremor

3

Discrete Start to full flexion, one  
cycle

3

Discrete Start to half flexion, one  
cycle

1
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Frequencies are summarized in Table 1. Frequencies, 
f1 and f2, were regulated by having the subjects sync their 
elbow cycles to the beat of a metronome (Thaut et al. 2002). 
Subjects were not allowed to see the metronome so that only 
audio stimulation was permitted. Metronome frequencies 
were determined through preliminary testing with a single 
stroke survivor. Frequency f1 was selected because it was just 
fast enough that the resulting arm motions were adequately 
sinusoidal (smooth). Frequency f2 was selected because it 
was just below the maximum frequency that the hemiparetic 
test subject could achieve for full elbow amplitudes (Moli-
nari et al. 2005). For f3–f5, subjects were asked to oscillate 
their arm as fast as they could. Because such frequencies 
were not synced to a metronome, they tended to vary from 
subject to subject. For this reason f3–f5 are best thought of as 
self-selected frequencies/speeds. Frequency f3 required sub-
jects to oscillate their elbow as fast as possible through full 
amplitude. Frequency f4 required subjects to flex their elbow 
through half the angle that was achieved for full flexion, or 
≈50 %. Because the amplitude of rotation was reduced, sub-
jects were able to achieve higher frequencies for f4 than for 
f3. Finally, f5 required that subjects oscillate their elbow as 
fast as possible through the smallest possible angle. Because 
f5 involved the smallest amplitude, f5 frequencies were the 
highest for each subject. Taken together, the elbow “sweeps” 
through a range of frequencies from lowest to highest.

Data analysis

This study is intended to determine the frequency response of 
synergistic joints. This experiment used an approach that is 
analogous to frequency response methods used in engineering 
(Nise 2004). However, many of the data analysis techniques 
that are typically employed in engineering applications (such 
as those involving transfer functions) are regarded as poor 
models for the nervous system (Stark et al. 1961; Bennett 
et al. 1992). Therefore, the similarities between this approach 
and conventional engineering approaches relate more to the 
experimental design and not to the analysis.

Synergy is calculated using a linear model. The linear 
model treats the joint being intentionally rotated as the inde-
pendent variable (the elbow). The involuntary synergistic 
response is treated as the dependent variable (the shoulder).  
The linear model is obtained using a least squares linear fit 
and is given by

where ΘShoulder might represent shoulder flexion, abduc-
tion, or rotation. The constant b is in degrees and it equals 
the angle of the start position. The constant m is a unitless 
constant and it relates to the strength of the synergistic 
interaction. For example, at m = 1.5, for every degree the 
elbow flexes the shoulder will rotate by 1.5°. An alternative 

(1)ΘShoulder = m ∗ ΘElbow Flexion + b

interpretation for m is as a ratio of angles. The numerator 
of m is the involuntary angular change of the shoulder. The 
denominator is the voluntary angular change of the elbow. 
Therefore, coefficient m is referred to as the synergy ratio.

The constant b in (1) relates to the start/end position. 
Because all subjects utilized the same start/end position, 
this number was approximately the same for all subjects. 
Therefore, b contains no meaningful information relating to 
joint synergy and is not discussed in detail.

Damping properties (passive stiffness) from connec-
tive tissues in the upper arm are expected to have an insig-
nificant effect and are assumed to be velocity insensitive  
(Given et al. 1995). Because sinusoidal rotation has a non-
constant velocity, velocity data are presented in terms of 
peak velocity. For sinusoidal rotation, the peak angular 
velocity is given by

where a is the amplitude in degrees and f is the frequency 
in Hz. Elbow and shoulder frequencies were determined 
by identifying dominant modes using discrete Fourier 
transforms. Hemiparetic subjects exhibited only one domi-
nant mode. Therefore, non-synergistic muscular inner-
vations, such as clonus, are believed not to have played a 
role (Agarwal and Gottlieb 1977). Amplitudes were calcu-
lated using the local maximum and minimum values of the 
respective periodic functions in the time domain. Average 
amplitudes were calculated using a minimum of 3 cycles 
for any given data set.

Results

Frequency response

Overall, hemiparetic subjects had smaller amplitudes than 
controls. The amplitudes of elbow rotation are plotted with 
95 % confidence intervals (CI) against the 5 frequencies in 
Fig. 2. According to the protocol, the amplitudes for f1, f2, 

(2)ωmax = a · f

Fig. 2  Summary of frequency response for elbow for sinusoidal flex-
ion extension. Depicted are 95 % CI. Squares and diamonds indicate 
mean values, n = 33
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and f3 should have been the same. However, subjects seem 
to have had changing amounts of overshoot/undershoot for 
the different frequencies.

As is evident from Fig. 2, hemiparetic subjects achieved 
significantly lower frequencies than controls when asked to 
oscillate their arms as fast as they could. These frequencies 
pertain to the self-selected speeds, f3–f5. Because the ampli-
tude for f4 was half, as much as the amplitudes for f1–f3, 
f4 is analogous to the bandwidth frequency. The average f4 
frequency for healthy subjects (controls) was 3 times larger 
than for hemiparetic subjects, or 4.84 versus 1.62 Hz.

Though dynamic effects likely play a significant role 
for healthy subjects (control), they are not believed to 
play a significant role for hemiparetic subjects. Dynamic 
effects do not begin to dominate for cyclic elbow flexion 
until frequencies exceed around 5 Hz (Bennett et al. 1992). 
The fastest hemiparetic elbow frequencies achieved were 
around 3 Hz, see Fig. 2. Therefore, active muscle contrac-
tions are likely to dominate the observed kinematics for 
hemiparetic subjects at all frequencies.

Confounding effects of auditory stimulation

As was described previously, f2 (0.83 Hz) was selected 
because it was near the anticipated upper limit for hemipa-
retic subjects. Frequency f2 was actually too fast for Subject 
5, 6, and 7. In the case of Subject 5, the subject chose to 
oscillate her arm as fast as she could even though she could 
not actually sync with the metronome. Interestingly, Sub-
jects 6 and 7 were able to oscillate in sync with auditory 
cues from the metronome. However, when Subjects 6 and 
7 were asked to oscillate their arms at maximum speed, the 
frequency was actually less than their metronome frequen-
cies. Subject 6 and 7 achieved 0.83 Hz with the metronome 
but were only able to achieve 0.73 and 0.80 Hz, respec-
tively, without the metronome. These effects have been 
observed elsewhere (Chen et al. 2006; Thaut et al. 2002), 
and this result may imply that the metronome had a con-
founding effect, albeit slight.

Synergistic response and involuntary joint rotation

The synergistic shoulder responses were entrained with 
the elbow regardless of frequency. Some have referred to 
relationships such as this as having a 1:1 frequency ratio 
(Swinnen et al. 1997). Therefore, it appears that shoulder 
rotations in hemiparetic subjects were only dominated by 
the synergistic response to elbow rotation.

One goal of this research was to investigate synergistic 
speed dependencies. For the self-selected speeds, f3–f5, the 
frequencies were increased by successively reducing ampli-
tudes. Therefore, the synergistic response of the shoulder 
could depend on frequency or amplitude. In accordance 

with Table 1, full amplitude and half amplitude synergies 
were measured for discrete motions using approximately 
the same speeds. Student’s 2-sample t tests were used to 
compare half amplitude and full amplitude synergies for 
all 3 axes of the shoulder. This resulted in p values ranging 
from 0.497 to 0.998. Therefore, there were no statistically 
significant differences in shoulder synergy between full and 
half-angle elbow rotations for hemiparetic subjects. This 
comparison suggests that the synergistic differences found 
for f4 are comparable to f1–f3 in that the effects of amplitude 
are not significant. Note, such a comparison was not done 
for f5. Notwithstanding, f5 synergies exhibited somewhat 
unusual features that are discussed further on.

Not only did hemiparetic subjects with lower mFM 
scores (higher impairment) have more synergy, they also 
tended to have lower peak velocities. Equation (3) is the 
regression equation for peak velocities for the self-selected 
speeds, f3–f5, versus the hemiparetic mFM scores. The 
regression equation was,

with indicator variable 1.50 having a p value <0.001. 
Therefore, for self-selected speeds, there was a significant, 
positive correlation between velocity and mFM scores. In 
other words, hemiparetic subjects with lower impairment 
(as measured by the mFM) were able to achieve higher 
velocities. Intuitively, it would seem that higher frequen-
cies would correspond to higher elbow velocities. However, 
this was not the case. Recall from (2) that peak oscillatory 
angular velocity is equal to the product of amplitude and 
frequency. Because amplitude was reduced for the two 
highest frequencies, the peak speeds for f4 and f5 were actu-
ally less than the speeds for f2 and f3.

Synergy ratios are depicted in Fig. 3a–c for the 3 degrees 
of freedom of the shoulder in response to rhythmic elbow 
flexion and extension. Notice that the CI’s are not ordered 
in terms of increasing frequency. Instead, they are ordered 
according to increasing speeds as calculated by (2). Not sur-
prisingly, the control subjects in Fig. 3a had very low syn-
ergy. For this reason, the CI’s depicted in Fig. 3a are some-
what trivial and are presented for purposes of comparison 
only. As was shown in (3), hemiparetic subjects with vari-
ous levels of impairment achieved different self-selected 
speeds. Therefore, despite the fact that the CI’s for f3–f5 fall 
into distinct categories in Fig. 3, these self-selected speeds 
actually relate to a range of frequencies. In order to distin-
guish lower and higher impairment groups, Fig. 3b depicts 
synergy for subjects with lower impairments and Fig. 3c 
depicts subjects with higher impairments. Only a statistical 
summary of hemiparetic subjects is provided in Fig. 3b, c. 
However, subjects tended to exhibit synergistic responses 
that spanned a continuum. In an effort to describe these dif-
ferences schematically, the cartoon in Fig. 3d depicts this 

(3)Velocity = 3.77 + 1.50 ∗ mFM
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trend for 2 hypothetical subjects. The higher impairment 
subject in Fig. 3d exhibits relatively low synergy at the 
slower speeds. As subjects with higher impairment attempt 
to move their arm more quickly, their arm synergy increases 
rapidly. In contrast, the lower impairment subject in Fig. 3d 
achieves higher speeds with relatively low synergy. As sub-
jects with low impairment move their arm still faster, the 
synergy increases only slightly. 

Discrete synergy is plotted in Fig. 3a–c. For discrete 
motion, all subjects were simply told to move their arm 
“slowly and deliberately.” Based on visual inspection, dis-
crete movements for hemiparetic subjects roughly matched 
the lowest metronome speed, f1. In order to compare dis-
crete and rhythmic motion, the mean synergy for discrete 
motion is plotted in Fig. 3 with a gray line that ranges the 
CI for discrete synergy and that extends to the right. For 
hemiparetic subjects with lower impairment in Fig. 3b, the 
f1 synergy CI is within or near this gray band. Therefore, 
in these cases, it might be said that rhythmic synergies 
roughly match discrete synergies for cases of lower impair-
ment. However, for subjects with higher levels of impair-
ment in Fig. 3c, shoulder abduction and outer rotation 
synergies appear elevated for f1 as compared to discrete 
synergy. Overall, the mean rhythmic synergies in Fig. 3c 
were greater than discrete synergy for every frequency 
except f5, shoulder flexion.

In most cases, the synergies for rhythmic motion 
roughly match the synergies for discrete motion in that 
the synergies are in the same direction. However, some 

intervals had mean values that were in the opposite direc-
tion of discrete synergies. In particular, these include f1 
frequencies that are below the zero synergy line (negative 
synergy). Physically, this translates to rotations that are in 
the reverse direction. These include shoulder abduction in 
Fig. 3b and shoulder flexion in Fig. 3c. These data suggest 
that for some subjects, the shoulder flexion and abduction 
synergies switched direction for f5. Given that f5 translated 
to the lowest angular velocities, such a finding would sug-
gest that for sufficiently low speeds, the direction of syner-
gistic rotation might reverse. As was discussed previously, 
f5 utilized tremor amplitudes. Earlier, it was shown that dis-
crete full-angle synergy was comparable to half-angle syn-
ergy. However, such a comparison was not done for small 
amplitude synergies associated with f5. Therefore, for trem-
ors, minimal amplitude might have played a role and the 
speed dependency assumption for f5 synergy is less certain.

It is worth noting that elbow flexion, a flexor synergy, 
resulted in shoulder flexion for both discrete and rhyth-
mic motion. However, shoulder extension is classically 
described as belonging to the flexor synergies. Therefore, 
these results suggest that isolated elbow flexion contra-
dict the stereotypical description of synergy. One explana-
tion for this contradiction is that flexor synergies involve a 
multiplicity of joints, whereas this research only involves 
volitional movement of isolated joints. Confounding effects 
are inherent in multi-joint synergistic movements (Simkins 
et al. 2013a). Therefore, isolated joint interactions that vio-
late the stereotypical description were expected.

Fig. 3  Shoulder synergies ratios as a response to rhythmic elbow motion for all subjects. Data are summarized in a–c as 95 % CIs with mean 
connecting lines. Frequencies are ordered by increasing peak angular velocity. Depicted in d is a representational cartoon for 2 subjects
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Discussion

Arm speeds of hemiparetic subjects not regulated by a met-
ronome were much lower than the arm speeds of neuro-
logically intact subjects. This result is consistent with the 
known speed limitations of paretic arm movements. Hemi-
paretic subjects also had smaller rotational amplitudes. This 
was likely the result of range of motion limitations that are 
typical in the paretic arm. Not surprisingly, hemiparetic 
subjects had larger synergy ratios than neurologically intact 
individuals for all speeds. This was the case even for the 
least affected hemiparetic subject. These results compare 
well with the literature (Reisman and Sholz 2003).

Spasticity could explain the relationship between lower 
speeds and higher synergy. As was described previously, 
higher synergy is often concomitant with more severe 
spasticity. Some researches have suggested that spasticity 
is stronger for unloaded movements (Dietz et al. 1991). 
Indeed, hemiparetic arm speeds in this study were low 
enough that dynamic loading should not have been a sig-
nificant factor.

Rhythmic synergy mostly matches the directions of dis-
crete synergy in that elbow flexion was coupled with shoul-
der flexion, outer rotation, and abduction. The mFM uses 
discrete movements. Subjects who exhibited higher impair-
ment on the mFM likewise exhibited elevated synergy for 
both discrete and rhythmic motion. Therefore, hemiparetic 
individuals with elevated synergy for discrete movements 
are likely to exhibit elevated synergy for rhythmic move-
ments. Though rhythmic and discrete synergies showed 
some common features, there were differences too. At com-
parable speeds, rhythmic synergies were elevated for hemi-
paretic subjects. This was especially the case for subjects 
with higher impairment (mFM < 6). Fictive walking in 
mesencephalic cats is a classic example of CPGs. Indeed, 
in experiments involving mesencephalic cats, or cats under 
curarization, it was more easy to induced walking when 
treadmill stimulation was used to prime the CPGs (Grillner 
1981). A possible explanation for the slightly higher rhyth-
mic synergies in this work is that the CPGs were primed by 
the repeated oscillations associated with rhythmic motion.

The similarities between discrete and rhythmic motion 
in hemiparetic arms suggest that measures and therapies 
that target rhythmic synergy might generalize to discrete 
movement. As was described previously, discrete arm 
speeds were not tightly controlled. Therefore, based on 
these results, the extent to which synergies will change 
as arm speed changes for discrete movement is unclear. 
A more thorough comparison between rhythmic and dis-
crete motion would likely require additional research that 
includes discrete movements across a range of speeds.

Othotic devices might benefit from these findings. 
There has been an ongoing effort to develop mobile, active 

orthotics for the upper and lower limbs (Dollar and Herr 
2007). At the time of this writing, commercial efforts to 
produce such devices include the Tibion Bionic Leg (Tibion 
Corp., Sunnyvale, CA, USA) for the lower limbs and the 
mPower 1000 (Myomo Inc., Cambridge, MA, USA) for the 
upper limbs. If such devices are used to improve coordi-
nated movement through a range of speeds, this research 
suggests that accommodations might be required for angu-
lar joint velocity. Likewise, rehabilitation robotics could 
benefit from these findings (Perry et al. 2007). Adaptive 
techniques that can optimize rehabilitation strategies over 
the course of a patient’s recovery might result in improved 
outcomes (Squeri et al. 2011). For a robotic system to mon-
itor and adjust to changes in synergy, (Dipietro et al. 2007) 
these results show that the type of movement, discrete or 
rhythmic, and the speed of that movement might affect the 
ways in which a robot measures patient progress.

These findings have neurological implications. As was 
described in the Introduction, CPGs likely consist of two 
stages. The RG generates a periodic burst, and the PF pro-
cesses those bursts for use with a given motor pool. Given 
that CPGs are believed to generate rhythmic motion, it 
follows that rhythmic synergy is also generated by CPGs. 
Subjects were able to achieve a variety of frequencies, so in 
that respect, the hemiparetic RG appears functional. How-
ever, the maximum achievable hemiparetic frequencies for 
f5 were less than half of what neurologically intact subjects 
could achieve. While it is tempting to attribute these lower 
achievable frequencies to reduced RG bandwidth, it is 
unclear if this effect is instead related to other factors such 
as spasticity.

Finally, the PF regulates motor pools. Therefore, pattern 
formation networks within central pattern generators are 
potentially the source of hemiparetic synergies for rhyth-
mic motion. To the extent that an analogous process is at 
work for discrete motion, the PF is likewise implicated. 
Importantly, the PF is spinal, while a CVA, by definition, 
involves supraspinal damage. Therefore, the incorrect han-
dling of motor pools by the PF is likely caused by faulty 
or incomplete descending commands (Cheung et al. 2009) 
from the brain.
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