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First published June 22, 2011; doi:10.1152/jn.00404.2010.—The goal of
this study was to evaluate the influence of wrist tendon vibration on a
multijoint elbow/shoulder tracking task. We hypothesized that tendon
vibration applied at the wrist musculature would improve upper arm
tracking performance in chronic stroke survivors through increased,
Ia-afferent feedback to the central nervous system (CNS). To test this
hypothesis, 10 chronic stroke and 5 neurologically intact subjects
grasped the handle of a planar robot as they tracked a target through
a horizontal figure-8 pattern. A total of 36 trials were completed by
each subject. During the middle trials, 70-Hz tendon vibration was
applied at the wrist flexor tendons. Position, velocity, and electro-
myography data were evaluated to compare the quality of arm move-
ments before, during, and after trials with concurrent vibration.
Despite tracking a target that moved at a constant velocity, hand
trajectories appeared to be segmented, displaying alternating intervals
of acceleration and deceleration. Segments were identifiable in tan-
gential velocity data as single-peaked, bell-shaped speed pulses.
When tendon vibration was applied at the wrist musculature, stroke
subjects experienced improved tracking performance in that hand path
lengths and peak speed variability decreased, whereas movement
smoothness increased. These performance improvements were ac-
companied by decreases in the muscle activity during movement.
Possible mechanisms behind improved movement control in response
to tendon vibration may include improved sensorimotor integration or
improved cortical modulation of spinal reflex activity.

movement smoothness; shoulder; electromyography; sensory feed-
back

THE PURPOSE OF THIS STUDY was to determine whether vibratory
stimuli applied to the wrist/finger flexors (FF) improves the
control of hemiparetic arm movement during a manual tracking
task. Results from a previous study demonstrate that vibration
applied to the forearm improves hand stability at the end of
rapid point-to-point arm movements (Conrad et al. 2011). This
previous experimental paradigm allowed us to evaluate effects
of wrist vibratory sensory stimuli during rapid arm movement
as well as during arm stabilization at the end of a targeted
movement. During these previous experiments, we found that
wrist tendon vibration (TV) had a greater effect during the
terminal (stabilization) phase of rapid-reaching movements
than the initial (transition) phase, consistent with the idea that
TV might enhance feedback control of arm position. In the
present study, we evaluated a task requiring manual tracking of
a target through space. The manual tracking task was selected
for study because it requires continual feedback of position and
velocity information and integration with motor planning. We
postulated that if TV enhanced stabilization at the end of a
reach, it would also be effective in enhancing corrections in a
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dynamic tracking movement. This has important implications
to the rehabilitation of the control of movement in people
poststroke.

People with stroke demonstrate a number of impairments in
hand movement that are related to both feedforward and
feedback control mechanisms. In healthy individuals, motor
planning of coordinated movement appears to optimize
smoothness of movement, thereby affecting motor features
such as muscle force and jerk (Soechting and Flanders 1998).
This coordination is disrupted poststroke, resulting in move-
ment that is slower, less smooth, and has longer path lengths
and a reduced overall range of motion (Cirstea and Levin 2000;
Kamper et al. 2002). Furthermore, when hemiparetic stroke
survivors make circular drawing motions, they require a longer
amount of time for motor planning, produce arm movements
that are not smooth, and exhibit a tendency to segment hand
trajectory (Fang et al. 2007; Krebs et al. 1999). These problems
in motor control could involve challenges to both the genera-
tion of motor commands as well as the processing of sensory
feedback.

The addition of sensory signals from afferents not directly
involved in the motor task may be an effective method for
improving (i.e., reducing) the segmentation of hemiparetic arm
movements. In particular, additional sensory stimuli may aid in
overcoming impaired proprioception (Connell et al. 2008) and
is one factor contributing to the poor control of arm movements
in poststroke hemiparesis. TV is a powerful means of provid-
ing proprioceptive sensory input to the central nervous system
(CNS) and has traditionally been thought to target Ia-afferent
firing (Cordo et al. 1995; Roll et al. 1989). However, high-
amplitude TV has the capacity to provide additional proprio-
ceptive input through Golgi tendon organs (Fallon and Mace-
field 2007) and muscle spindle secondaries (Burke et al. 1976)
during induced muscle contractions. TV, by increasing propri-
oceptive input, also has the ability to increase activity in the
sensorimotor cortex (Golaszewski et al. 2006; Radovanovic et
al. 2002; Romaiguere et al. 2003) and can enhance cortical
influence on motor systems (Kossev et al. 1999; Smith and
Brouwer 2005). Additionally, recent training paradigms incor-
porating vibratory stimuli during therapy suggest the enhanced
sensory input can lead to improved motor function (Cordo et
al. 2009). Thus activating sensorimotor pathways, even sen-
sory pathways not directly involved in the motion, might have
the capacity to alter the control of arm motion.

Vibration at one location on a limb can have effects that
extend beyond the vibrated muscle and its antagonists. For
example, multijoint reflexes exist between the forearm and
shoulder muscles at both the spinal (Cavallari and Katz 1989)
and supraspinal level (Alexander and Harrison 2003; Gracies et
al. 1991), and coupling between these joints may be exagger-
ated poststroke (Sangani et al. 2007; Trumbower et al. 2008).
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Vibration can also have extended effects on more complex
motor patterns as evidenced by the initiation of locomotor-like
patterns of movement throughout the leg in response to vibra-
tion of a single, remote muscle (Gurfinkel et al. 1998). In this
study, TV was applied at the wrist to determine whether
exaggerated multijoint coupling could be exploited in such a
way that stimulation of one joint (in this case, the wrist) could
actually affect performance of tasks at other joints.

We hypothesized that a vibratory stimulus applied to the
wrist would improve performance of arm (combined elbow and
shoulder) tracking tasks in subjects with chronic hemiparesis
through increased afferent feedback to the CNS. To test this
hypothesis, we evaluated the kinematics of arm movement
while chronic stroke (S) and neurologically intact control (C)
subjects tracked a target through a planar figure-8 pattern. TV
was applied to the wrist musculature, providing a propriocep-
tive input to the CNS during some trials. Based on the im-
provements in arm stabilization at the end of planar point-to-
point movements using a similar sensory stimulus (Conrad et
al. 2011), we expected smoother kinematics during tracking
with TV. This study offers valuable information regarding a
potential sensory therapy that might improve coordination of
arm movement during everyday tasks.

MATERIALS AND METHODS

Subject population. Ten chronic S and five age-matched neurolog-
ically intact C subjects participated in this study. S subjects (4 male,
6 female; aged 44—62 yr) were required to be at least 1 yr poststroke
and to experience upper extremity hemiparesis. Exclusion criteria
included the diagnoses of any other neurological disorder or recent
treatment that interfered with neuromuscular function, such as botu-
linum toxin injection. S subjects completed the experiment using their
hemiparetic arm, whereas the C participants used their dominant arm.
The impairment level of S subjects was measured by the upper
extremity Fugl-Meyer Assessment (FMA; maximum score, 66; Fugl-
Meyer et al. 1975). FMA scores ranged from 21 to 63, and patients
reported being between 1 and 22 yr poststroke. C subjects (2 male, 3
female; aged 59-61 yr) reported no history of stroke or any other
upper extremity pathology. Informed consent was obtained from all
subjects before participation in the study. The experimental protocol
was approved by the Marquette University Institutional Review
Board, and procedures complied with the ethical standards outlined by
the Declaration of Helsinki. Table 1 provides detailed demographic
data for all subjects.

Test apparatus. The planar manual tracking task was conducted
within the workspace of a two-joint, five-bar linkage robot arm
(Scheidt et al. 2010). The planar robot is a real-time system powered
by two brushless direct-current motors (Kollmorgan, Northampton,
MA) and is capable of applying forces and measuring movement at
the manipulandum. When seated at the robot, seatbelts strapped the
subject into the high-backed chair, minimizing trunk movement. A
horizontal screen obstructed the subject’s view of their hand and arm.
Below the horizontal screen, the base of the subject’s wrist was
affixed to the robot handle via a wrist brace.

During the trials, as the hand moved the robot arm, two 17-bit
optical encoders (Gurley Precision Instruments, Troy, NY) provided
angular position data used for calculating movement characteristics.
Hand position was projected onto the horizontal screen for visual
display. A 12-degree-of-freedom load cell (JR3, Woodland, CA)
measured forces, moments, as well as linear and angular accelerations
at the robot handle. The system used the xPC real-time kernel for
control of the motors (The MathWorks, Natick, MA) and for data
collection at 1,000 Hz. Analog inputs passed through a passive
hardware filter with low-pass cutoff frequency of 500 Hz before

Table 1.
participating in the present study

Demographic and clinical data for the subjects

Subject Age, Time After Arm
Identifier Sex yr Stroke, yr Tested Fugl-Meyer

S1 F 51 15 R 63
S2 F 57 4 L 50
S3 F 62 4 L 21
S4 F 57 17 R 57
S5 F 60 6 L 62
S6 M 44 1 R 56
S7 M 51 6 L 40
S8 M 56 9 L 42
S9 M 59 4 L 23

S10 F 58 22 L 30
Cl F 59 L
C2 M 61 L
C3 M 56 R
Cc4 F 55 R
C5 F 50 R

Subject identifiers are categorized as either stroke (S) or control (C) subjects.
The amount of time between the occurrence of the subject’s stroke and the time
at which the experiment was conducted (“Time After Stroke”) is expressed in
years. The “Arm Tested” in this experiment was the hemiparetic side for S
subjects and the dominant hand for C subjects. “Fugl-Meyer” indicates the
subject’s Fugl-Meyer upper extremity motor score out of a maximum of 66. F,
female; M, male; R, right; L, left.

sampling. Program commands and data logging were completed on a
host computer running MATLAB, Simulink, and Stateflow software
(The MathWorks).

A custom-made tendon vibrator was affixed to the skin adjacent to
the forearm flexor tendons (Fig. 1A). The forearm flexor region was
selected because the vibrator could be easily held against the forearm
at this location due to the mechanical configuration of the wrist splint.
The vibrator consisted of an offset mass that rotated about the shaft of
a motor (Faulhaber Group, Clearwater, FL) and was enclosed in a
Teflon casing. Vibration was applied at 70 Hz, initiated 1 s before
each tracking trial and remaining on throughout each trial. Vibration
(70 Hz) was targeted as the stimulus frequency because it lies within
the range of frequencies that will activate the most muscle spindles at
the highest response rate (Roll et al. 1989). Vibration remained off
during the ~1-min break between trials and between blocks.

Muscle activity was measured from arm, forearm, and shoulder
musculature using a commercially available surface electromyogra-
phy (EMG) system (AMT-16; Bortec Biomedical, Calgary, Alberta,
Canada). The skin adjacent to the muscle belly of the wrist/FF (flexor
carpi radialis) of the forearm, wrist/finger extensor (FE; extensor carpi
ulnaris) of the forearm, brachioradialis (BRD), biceps brachii long
head (BI), triceps brachii lateral head (TRI), anterior deltoid (AD),
posterior deltoid (PD), and pectoralis major (PEC) was cleaned and
lightly abraded before attaching disposable Ag/AgCl electrodes
(Vermed Medical, Bellows Falls, VT). EMG signals were amplified
(500-1,000) and filtered (10-500 Hz) before sampling at 1,000 Hz.

Experimental protocol. Before the session, subjects were briefed on
the experiment, equipment, and objectives. After the subject was
strapped into the robot, EMG data were recorded during maximum
voluntary contractions (MVCs) targeting movements made in the
planar workspace. MVCs consisted of two trials each of isometric
wrist flexion, wrist extension, elbow flexion, elbow extension, shoul-
der flexion, and shoulder extension efforts. Individual trial EMG data
were later normalized to the mean peak MVC of the appropriate
muscle group for each individual subject (see Data analysis).

Experiment instructions were projected onto the horizontal screen
in front of the subject. First, each subject conducted a minimum of 8
practice trials. All subjects were allowed additional practice trials until
they were comfortable with the task. This minimized learning effects
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Fig. 1. Experimental setup. A: subjects were seated at a
planar robot. Tendon vibrators were affixed adjacent to
the wrist flexor tendons and secured with a wrist brace
that eliminated wrist movement. The tracking task and
cursor representing hand position were projected onto a
horizontal screen. B: a single repetition consisted of 1
trace of the figure-8 pattern. A sample set of trials
consisted of 6 counterclockwise (CCW) repetitions fol-
lowed by 6 clockwise (CW) repetitions. The set of trials
was repeated with the application of tendon vibration
(TV). The final set of trials was completed without TV.
The order of CCW and CW trials was randomized
between subjects to eliminate an order effect. C: segmen- B

tation in movement was identified as multiple peaks in

velocity data. A single segment was defined as the
movement occurring between 2 adjacent local minima in Task
velocity data.
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during the blocks of experimental trials. At the beginning of each trial,
the robot moved the subject’s hand to a target in the center of the
workspace. An auditory tone signaled the beginning of a trial. When
the tone sounded, the central target (diameter = 1 cm) began moving
in a horizontal figure-8 pattern. The 440-Hz tone was adjusted to a
comfortable listening volume for each subject. The tone sounded
throughout the duration of each trial. The figure-8 was constructed of
2 side-by-side circles (radius = 14 cm; Fig. 1) with the intersection of
the circles centered ~24 cm in front of the sternum. As the target
moved (0.91 rad/s), the subject was instructed to follow the target,
attempting to keep a red cursor (diameter = 0.5 cm), representing
their hand position, in the center of the target circle. The target moved
through the figure-8 pattern 3 times in a row so that 3 repetitions were
conducted consecutively without pause. At the end of the set of 3
trials, the robot returned the subject to the central target location to
wait for the next set of trials to be initiated at an auditory cue. A total
of 36 repetitions (3 repetitions per trial X 4 trials per block X 3
blocks) were completed by each subject. The goal of this study was to
assess the coordination of arm movements made during and after
application of the sensory stimulus. Therefore, vibration was applied
during the 2nd block of trials allowing for kinematic comparisons
before (Pre-TV), during (TV), and after (Post-TV) vibration. Within
each block, the tracking movement began in the clockwise (CW)
direction for half of the trials and in the counterclockwise (CCW)
direction for the other half of the trials. Thus, for half of the trials,
subjects were tracking the circle in the left side of their workspace in
a CCW direction, tracking the circle in the right side of their work-
space in a CW direction, and vice versa for the other half of the trials.
The order of trials beginning with CCW and CW directions were
randomized among subjects to eliminate an order effect.

Five S subjects returned for a second experimental session
providing additional control data for the study. In this session, the
planar tracking experiment was repeated using the previously
described experimental protocol. However, during this session, a
“sham” vibration was applied in place of wrist vibration. The
70-Hz sham vibration was administered to the left plantar flexor
tendons just proximal to the ankle joint. The purpose of the control
experiment was to assess whether changes in tracking performance
were in fact due to wrist TV or whether other contributing factors
existed (such as motor learning).

Data analysis. Data analysis focused on hand path kinematics and
muscle activity during target tracking. Mean absolute error ( € ), or the
mean distance between the target location and the hand position,
quantified movement accuracy. Mean and standard deviation of tan-
gential velocity, derived from the x- and y-position data, evaluated
fluctuations in movement speed. MATLAB trapz function (The Math-
Works) was used to calculate the area under the tangential velocity
curve, or the total path length of the hand per trial. To identify the

beginning and end of each segment, we identified each local minimum
of tangential velocity falling below the mean velocity. A single
submovement was identified as the movement occurring during the
period between consecutive local minimum (Fig. 1B). The number of
segments (V) were counted for each trial and averaged across trials.

The index of movement smoothness (IMS; equivalent to the mag-
nitude of change in velocity about the target velocity) and the error
frequency (F,; median frequency of endpoint velocity while tracking
the target) were also computed from the tangential velocity. The area
under the power spectral density (PSD) of the tangential velocity
between 1 and 5 Hz was calculated to determine the IMS of hand
position. Movements with a larger IMS corresponded to a greater
movement about the target. The F, is the median frequency of the
same PSD between 1 and 5 Hz. The F, was later used to evaluate the
magnitude of muscle activity at the frequency of hand movement.
Correlations between movement quality and functional ability were
evaluated by plotting IMS, total path length, €, and the mean number
of segments against the upper extremity FMA scores recorded for
each S subject.

Muscle activity was quantified using the EMG signals to identify
the strategy used to produce changes in movement smoothness during
target tracking. All EMG signals were forward and backward pass-
filtered using second order Butterworth filters. First, the data were
band-pass filtered (1-500 Hz) and then notch filtered for line noise
(59-61 Hz) and artifact resulting from the vibratory stimulus (68-72
and 136-144 Hz). The root-mean square (RMS) signals of both trial
and MVC data were calculated using a 100-ms sliding window. A
peak RMS value was taken as the largest peak value calculated from
1-s windows taken in the middle of each MVC trial. The RMS data
from each muscle group in each tracking trial were normalized to the
respective peak RMS value from the MVC for that muscle group.
Finally, a PSD of the normalized RMS EMG data was plotted between
1 and 5 Hz. The power of the EMG at F,, the median frequency of
hand movement, was identified and compared between Pre-TV, TV,
and Post-TV trials.

Statistical analysis. Statistical analysis was completed using SPSS
software (SPSS, Chicago, IL). Multifactor ANOV As were conducted
to determine the effect of TV on the mean number of segments, total
path length, absolute error (A.), movement smoothness, average
velocity, standard deviation of velocity, and EMG power. Tukey post
hoc test was used to identify the differences among the three exper-
imental conditions (Pre-TV, TV, and Post-TV). A linear regression
analysis was performed to identify correlations between FMA scores
and performance data. For all analyses, significance was accepted at
P < 0.05. Unless otherwise indicated, all data values are reported as
mean * 1 SD.
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RESULTS

Tracking motion: baseline performance. All subjects were
able to track the target as it moved through a horizontal
figure-8 pattern. Compared with C subjects, the S subjects
experienced larger tracking errors and more fragmented hand
trajectories (Fig. 2A). Increased error was evidenced by longer
hand paths (/g ;. = 1.065 = 0.060 m, /. .. = 0.943 = 0.058
m; P = 0.032), larger A, (Acs pre = 0.020 £ 0.003 m, Ao e =
0.007 = 0.001 m; P = 0.051), and smoother movement
trajectories (IMSg . = 3.21 £ 0.55, IMS¢ ,,. = 1.19 = 0.12;
P = 0.024).

Although the target moved at a constant rate of 0.064 m/s, all
subject data displayed fragmented hand movements, character-
ized by pulses in hand speed (Fig. 2B). Whereas the mean
number of segments per trial did not vary between the subject
groups (Ngpre = 18 £ 1, Nepe = 17 £ 13 P = 0.109),
segmentation was more pronounced for S subjects as evi-
denced by larger variances in hand speed. We acknowledge S
velocity data were not normally distributed, but review of the
mean velocity (V) and standard deviation of velocity (Vsd)
provides some understanding of the differences in segmenta-
tion between S and C subjects. At baseline, S subjects had
higher mean V (Vg .. = 0.076 m/s, V- .. = 0.068; P = 0.035)
and Vsd (Vsdg .. = 0.015, Vsdc .. = 0.010; P = 0.006) than
the C group. To describe further the pronounced segmentation
in S subjects, histograms of representative trials by S and C
subjects were constructed. The histograms verified that at
baseline, S subjects’ hands spent more time at very low
velocities and had a tendency to reach higher velocities (e.g.,
Fig. 2C). This suggested that the S hand spent more time at the
beginning/end of a segment and tended to reach higher mid-
segment movement velocities.

Tracking performance during and after TV. The addition of
TV caused a marked improvement in tracking performance for
the S group (Fig. 2A). Figure 3 plots differences in tracking
performance between the Pre-TV, TV, and Post-TV conditions

1483

for S and C subjects. The mean segmentation (Ng .. = 18 *
1, Nc pre = 17 £ 1) did not significantly change in response to
TV foreither S or Cindividuals (Ng v = 18 £ 1, Ng o = 17
Iy Nery = 17 £ 1, Nepoy = 16 = 1; ANOVA P = 0.594).
Likewise, there were no improvements in A, (means * SD) for
either group (Acg e = 0.020 = 0.003 m, Agrv = 0.021 *
0.004 m, A g o5 = 0.018 = 0.002 m; A ¢ ., = 0.007 £ 0.001
m, A.cry = 0.006 = 0.001 m, A, poe = 0.007 = 0.001 m;
ANOVA; P = 0.324). However, compared with Pre-TV values
(reported above), in the S group, TV elicited significant de-
creases in total path length (means * SD; [, = 1.014 =
0.058 m, g yoq = 1.008 = 0.058 m; Tukey, P = 0.011 and
0.006, respectively) and movement smoothness (IMSgy =
2.60 £ 0.43, IMSg o = 2.38 = 0.34; Tukey, P = 0.020 and
0.003, respectively) during both TV and Post-TV trials. No
change in mean velocity occurred in the S group (Vgry =
0.073 m/s, Vg pos = 0.073 m/s; P = 0.345 and 0.391, respec-
tively); however, decreases in Vsd were significant (Vsdg 1y =
0.012 m/s, Vsdg poq = 0.011 m/s; Tukey, P = 0.041 and 0.006,
respectively). Histograms of hand velocity from representative
data trials confirm that although mean velocity remained un-
changed in response to TV, the velocity at each point in time
became more tightly clustered about the target speed (Fig. 20).
The change to a narrower histogram more closely emulated the
behavior of velocity data observed during C subjects’ trials.
In contrast, the S subjects who participated in the sham
vibration experiment exhibited no improvements in any of the
performance measures we analyzed. We found no significant
improvements in the number of segments (Ngpym pre = 17 £ 1,
NSham,TV = 17 * 1; NSham,post = 17 * 2)’ Ae (AeSham,pre =
0.023 % 0.009 m, A ghamv = 0.022 = 0.010 m, Aspam post =
0.023 = 0.010 m), mean velocity (Vghampre = 0.089 m/s,
Vshamty = 0.087 m/s, Vgpm o = 0.087 m/s), standard
deviation of velocity (Vsdgpum pre = 0-010 m/s, Vsdgp,m tv =
0.011 m/s, Vsdgpumpose = 0.012 m/s), IMS (IMSgpum pre =
3.24 £ 0.51, IMSgpum rv = 3.27 £ 0.57, IMSgpm post = 3-12 F
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0.63), or total path length ([spympre = 1.224 = 0.144 m,
Ishamrv = 1.206 = 0.156 m, lgum pose = 1.198 = 0.166 m)
associated with the sham vibration (P > 0.05 for all tests).
Thus the performance improvements reported for TV were
specific to that experimental manipulation and were not a
simple effect of prolonged training.

To develop a further understanding of the movement re-
sponse to TV, we plotted the median IMS from all S data on a
trial-by-trial basis (Fig. 4). The plot indicates the response to
TV occurs immediately at the onset of TV. The lack of a trend
in the initial Pre-TV trials further supports the conclusion that
learning or fatigue is not likely a contributing factor to the
response observed in TV and Post-TV trials.

For C subjects, compared with Pre-TV values (reported
above), modest decreases in total path length (Ic vy = 0.935 =
0.056 m, Ic o = 0.937 = 0.059 m), movement smoothness
(IMS¢cry = 095 £ 0.05, IMS¢ o = 0.96 = 0.20), mean
velocity (Vg v = 0.068 m/s, Vg . = 0.068 m/s), and standard
deviation of velocity (Vsdc v = 0.068 £ 0.009 m/s, Vsd¢ poq =
0.068 = 0.009 m/s) were not statistically significant (P > 0.05
for all tests).
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Muscle activations. In the shoulder, muscle activity cycli-
cally increased corresponding with the x (medial/lateral)-posi-
tion data. For example, in Fig. 5A, increased PD activity
occurred for a right-handed subject as they moved laterally
(+x-direction) through the workspace. In the S group, the
power of RMS EMG at the frequency of hand movement
decreased at the elbow and shoulder (FE, BRD, BI, TRI, AD,
PD, and PEC) in response to TV and remained lower Post-TV
(Fig. 5B). However, the difference between Pre-TV and
Post-TV muscle activity was only significant for the BI, PD,
and PEC muscles (P = 0.023, 0.011, and 0.009, respectively).
As a result, the change in strategy of movement that improved
the movement smoothness with TV did not appear to involve
increased muscle activation (e.g., as might occur with a coacti-
vation strategy). The power of the RMS EMG for the FF
muscles increased during vibration trials, suggesting vibration
of these muscles elicited a tonic vibration reflex (Hagbarth and
Eklund 2004).

Correlations between performance and functional ability.
For S subjects, correlations were observed between functional
ability and performance measures. Figure 6 displays that the
mean movement smoothness, total path length, A., and the
number of movement segments (averaged across Pre-TV, TV,
and Post-TV trials) all negatively correlated with upper ex-
tremity FMA scores (r2 = (0.776, 0.645, 0.601, and 0.542,
respectively; P < 0.01 in all cases).

DISCUSSION

This study evaluated movement deficits in a tracking task
and demonstrated that wrist vibration improved performance
on manual tracking tasks for chronic stroke survivors. S sub-
jects did not perform as well as C subjects during the figure-8
tracking task, which required control of the shoulder and elbow
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Fig. 5. Muscle activity while tracking. A: modulation of electromyography
(EMG) activity in the posterior deltoid (Post Delt; PD) muscles during
vibration for a single chronic S subject. The magnitude of the root-mean square
(RMS) signal fluctuated at a frequency corresponding to the frequency of hand
movement. The magnitude of fluctuation decreased during TV. Med/Lat,
medial/lateral; MVC, maximum voluntary contraction. B: changes in the
power of the RMS EMG activity (means * SD) recorded at the median
frequency (Freq) of hand movement for all muscles. Significant decreases in
biceps brachii long head (BI), PD, and pectoralis major (PEC) activity was
recorded between Pre-TV and Post-TV trials.

musculature. When TV was applied at the wrist, S subjects
significantly improved tracking performance. Data supporting
the improved quality of hand movement included decreased
hand path length, a decrease in the standard deviation of hand
velocity, and improvement in movement smoothness. Im-
provement in tracking performance in these subjects was ac-
companied by a decrease in the amount of shoulder muscle
activity required to complete the task. These improvements
were specific to the vibration applied to the wrist because no
improvements were observed when a sham was applied to the
left plantar flexor tendons proximal to the ankle.
Segmentation of coordinated hand movement. Both S and C
subjects failed to produce smooth and continuous movements
despite the fact that the target they were tracking moved at a
constant speed. Rather, hand movement was segmented into
submovements that can be identified in tangential velocity data
as many single-peaked, bell-shaped speed profiles or speed
pulses (Milner 1992). Segmentation of complex movements
into submovements has previously been observed in experi-
ments requiring manual tracking by humans (Pasalar et al.
2005) and nonhuman primates (Roitman et al. 2004). Sub-
movements are characterized by a linear relationship between
peak speed and the duration of the movement (Pasalar et al.
2005; Roitman et al. 2004). The slope of this (positive) pro-
portional relationship increases when experimental conditions
introduce larger tracking errors in the experiment, such as in
the presence of force fields or when movement speed is
amplified (Pasalar et al. 2005). This suggests that larger move-
ment errors are characterized by greater fluctuations in move-
ment velocity. This indeed was what we found in this study:

movements made by S subjects had higher A_, whereas hand
speed was more variable and attained higher peak speeds than
in C subjects. Although C subjects also produced segmented
movements, they were better able to maintain hand speeds
normally distributed within a tight band about the desired
target speed, thus allowing these subjects to keep the hand
close to the target throughout each trial. As a result, C subjects
performed the task with shorter average path lengths and lower
A, compared with stroke survivors.

Differences in submovement quality were observed both at
the ends of segments as well as during the submovements. The
first observation was that S subjects spent longer periods of
time moving at slow velocities at the beginning and end of each
submovement. The second observation was that movement
occurring midsegment had a tendency to reach higher veloci-
ties for S subjects. Previously, Krebs and colleagues (1999)
observed distinct submovements made by stroke patients dur-
ing what should have been continuous arm movements and
attributed the lack of smoothness to an inability to coordinate
and overlap movement segments as typically done by healthy
individuals. Results from the present study indicate that each S
submovement was more pronounced compared with C sub-
movements and exhibited an increased range in velocity.

Possible mechanisms for improved movement with TV.
When TV was applied at the wrist flexor tendons, submove-
ment generation in trajectories made by S subjects became
more consistent with that observed in the control group. The
variability of velocity decreased and movement smoothness in-
creased, indicating that S subjects made consistently smoother
trajectories with vibration than without. Corresponding with im-
proved quality of movement, the power of the EMG signal
decreased and remained significantly lower in upper arm muscu-
lature during the 12 Post-TV trials.

Submovement generation is not abolished by the removal of
visual feedback in goal-directed movement tasks (Novak et al.
2002), and thus proprioceptive feedback suffices to drive the
feedback control actions needed to ensure movement accuracy.
Insight into the origins of poor tracking performance in stroke
survivors may foster understanding of the role proprioception
plays in limb movement control. At least three possibilities
related to the cortical control of movement exist. First, abnor-
mal segmentation of movements may arise after stroke due to
deficits in proprioceptive sensation itself (Carey et al. 1993;
Niessen et al. 2008; Smith et al. 1983) since cortical feedback
control actions that are dependent on any given sensory signal
will be compromised if that signal is absent or corrupted by
noise. This does not appear to be the primary issue with our
subjects because application of vibration at the wrist (i.e.,
adding noise to the proprioceptive signals encoding limb state;
cf. Cordo et al. 1995; Roll et al. 1989) acts to improve
kinematic performance. Second, many S subjects have deficits
integrating proprioceptive feedback into the motor commands
driving limb movement (Trombly 1992). This might not be
surprising because many strokes involve the middle cerebral
artery, which compromises sensorimotor cortical areas (includ-
ing primary sensorimotor cortex) and associated white matter
tracts. Recent experimental evidence from functional imaging
experiments implicates primary sensorimotor cortex in the
moment-by-moment feedback control of limb position (Sum-
inski et al. 2007), areas that also demonstrate responsivity to
vibration (Naito et al. 1999; Romaiguere et al. 2003; see also
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Fig. 6. Correlations between tracking performance mea- 20 30
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Siggelkow et al. 1999) and passive manipulation of the limbs
(Kocak et al. 2009; Reddy et al. 2001; Suminski et al. 2007) as
well as functional reorganization associated with recovery of
motor function poststroke (Nudo and Milliken 1996).

It is possible that TV improves feedback control of tracking
movements by elevating excitability of sensorimotor cortical
regions participating in the reorganized, but still suboptimal,
control of arm motion. Although cortical excitability is ex-
pected to be greatest in somatomotor regions of brain that code
the vibrated muscle (e.g., Smith and Brouwer 2005), there is
also evidence of cortical excitation throughout the brain. Vi-
bratory activation of motor areas was initially documented
using PET, in which motor cortical areas were active during
biceps TV at 70 Hz (Naito et al. 1999). Vibration of the palm
at 50 Hz at a level that generates a TV reflex also activates a
number of motor areas of the cortex based on functional MRI
(fMRI) recordings (Golaszewski et al. 2002). fMRI recordings
during vibration of the biceps (150 Hz) yields similar activa-
tion of motor areas (Gizewski et al. 2005), and results demon-
strating activation of motor areas have been observed using
MEG recordings during vibration (Casini et al. 2006). The
cortical areas activated by vibration are capable of integrating
sensory inputs throughout the limb for planning movements.
Such excitation could facilitate recruitment of cortical neurons
with beneficial but quiescent control potential at neighboring
joints in the limb. Finally, impaired kinematic performance
during target tracking might instead reflect deficits in the
selective and coordinated activation of limb muscles through-
out the limb. In this case, TV might instead improve feedback
control of tracking movements through intracortical inhibition
of “spillover” motor efferent activation in neighboring brain
regions associated with the elbow and shoulder control. The
current experimental findings cannot differentiate between
these last two possibilities.

It is also possible that TV could have had an effect on spinal
reflex contributions to the task, although the reduction in
muscle activity associated with the vibration makes this un-
likely. Indeed, abnormal reflex modulation is very common
poststroke. Typically, spinal reflex activity in healthy individ-
uals is modulated by the motor cortex through regulation of
brain-stem pathways as well as by direct corticospinal input to
Ia inhibitory interneurons (Lundberg 1979). However, this
descending inhibition of spinal reflexes is often compromised

UE Fugl - Meyer

in S subjects, leading to deficits in the coordination of activa-
tion between muscles groups in the limb (Dewald et al. 1995),
abnormal reflex coupling between the elbow and shoulder
joints (Sangani et al. 2007), and an inability to regulate muscle
stiffness through the entire range of motion of a joint (Levin et
al. 2000; Schmit et al. 2000). Wrist TV may also modify
control of movement through changes in the excitability of
spinal reflex pathways. However, we observed a reduction in
the activity of proximal limb muscles during TV applied to the
wrist, an effect that persisted through the 12 washout trials
performed after vibration ceased. Intuitively, this observed
reduction in muscle activity does not favor the notion of an
increase in spinal reflexes as an explanation for improved
movement performance.

Perhaps the most important result of this study is the sus-
tained improvements in arm tracking that were maintained
Post-TV. Studies evaluating posteffects of vibration indicate
the stimulus has the capacity to sustain altered proprioception
and muscle contractions on removal of the stimulus (Duclos et
al. 2007; Rogers et al. 1985; Wierzbicka et al. 1998). The
postvibratory effects to a 30-s vibration period can last from 3
min to 3 h (Wierzbicka et al. 1998) and can produce muscle
contractions in the vibrated muscle for several minutes (Gil-
hodes et al. 1992). In the current study, vibration was applied
for briefer periods of time and repeated, but the postvibratory
effects were long lasting, consistent with the time course of
changes in proprioception (Rogers et al. 1985) or posture
(Duclos et al. 2007; Wierzbicka et al. 1998) observed previ-
ously. The aftereffects of TV are generally opposite the illusion
produced by vibration (Kito et al. 2006; Seizova-Cajic et al.
2007); however, in the current study, improvements in move-
ment smoothness were similar in both the TV and Post-TV
periods. Furthermore, there was no evidence of degradation of
smoothness over the Post-TV period in the current study, as
might be expected as an aftereffect wears off. At present, it is
unknown how long the beneficial effects of vibration might
last.

Similar to the effects during vibration, postvibration effects
have been associated with supraspinal interpretation of propri-
oceptive cues. Although there may be spinal postvibratory
effects associated with decreases in spindle firing of the vi-
brated muscle (Ribot-Ciscar et al. 1998), the spinal effects on
elbow and shoulder muscles following vibration of wrist flex-
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ors are largely unknown. Muscle spindle afferent signals from
vibrated wrist muscles alter elbow movement (Kasai et al.
1992). Furthermore, multijoint reflexes are known to exist
between the forearm and shoulder muscles at both the spinal
(Cavallari and Katz 1989) and supraspinal level (Alexander
and Harrison 2003; Gracies et al. 1991). Despite these obser-
vations, the importance of the supraspinal processing of the
postvibratory effect is emphasized by observations that illu-
sions produced by vibration or postvibration are altered by
visual and auditory information (Feldman and Latash 1982).
TMS applied during the postvibratory period suggests a change
in the excitability of motor cortical areas associated with the
vibrated muscle (Kito et al. 2006). Thus the Post-TV effects on
tracking in subjects with stroke suggest an adaptation that
could be linked to postvibration effects described previously.
Future studies are needed to identify the duration of the effects
and the illusory impact of the wrist vibration both at the wrist
as well as throughout the arm.

Clinical implications. The ability to improve motor control
of slow, controlled movements has the capacity to improve the
quality of life of people with stroke. Gains in manual tracking
abilities are directly applicable to many activities of daily
living such as the use of a steering wheel to drive a car, a
joystick to operate a wheelchair, or a mouse to navigate a
computer screen. Because performance measures on the figure-
8 tracking task were significantly correlated with a measure of
functional motor impairment (upper extremity FMA scores),
the development of therapeutic interventions aimed at improv-
ing functional ability should continue to be explored. Electrical
stimulation has previously been used as a nonspecific sensory
stimulus to improve motor performance on functional tasks
(Conforto et al. 2007; Wu et al. 2006). In a similar context, the
use of TV should continue to be investigated as a rehabilitative
tool used to enhance motor function during complex arm
movements.
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