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with data collection of a motion tracking system through a DAQ board (NI USB – 6229, 

NI Corporation, TX, USA). 

The subjects tracked the projected targets using a green laser pointer (laser pointer 

module; model BO 798, 3VDC, 200mA, 5W) attached to a wrist splint.  A high-speed 

digital camera (CASIO, model EX-FH100 high-speed camera) was used to record the 

motion of the laser pointer on the screen with a speed of 100 fps. 

 

 

Figure 4-1: Schematic Diagram of the Experimental Set-Up. A. Subjects were seated 
on a comfortable chair with 4-point harness to restrain trunk and shoulder movement. An 
OPTOTRAK camera was used to measure arm motion.  A digital camera was used to 
record the positions of the laser pointer and the target cursors on the screen in front of the 
subject. B.  The diagram illustrates the target cursor presentation for discrete and 
continuous tasks that started with a counterclockwise (CCW) direction in the first trial 
(Trial 1), and was composed of 3 cycles.  Black dots indicate the target cursors. Gray 
circles show the path, but were not actually present on the screen during the experiment. 
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Kinematic data were collected using a camera-based tracking system 

(OPTOTRAK 3020, Northern Digital, Ontario, Canada) with a sampling frequency of 

100 Hz.  The OPTOTRAK cameras detected infrared emitting diode (IRED) markers 

which were attached to two flexible Aquaplast® orthoses, one on the upper arm (6 IRED 

markers) and one on the lower arm (6 IRED markers) for both arms.  Markers were 

arranged so that a minimum of 3 markers could be seen by the camera during the arm 

movement.  The acromion (AC), the medial (EM) and the lateral (EL) epicondyles of the 

humerus, and the styloid processes of the radius (RS) and ulna (US) were registered as 

virtual markers by calibrating their positions with respect to the markers of the orthoses 

prior to the experiment.  The glenohumeral joint rotation center (GH) was estimated by 

translating the AC position 14 mm laterally, 37 mm downward and 8 mm to the front 

(Wang, 1999).  Markers on the orthoses were used to calculate the positions of virtual 

markers (GH, EM, EL,US and RS) for each frame of motion using Toolbench® v. 1.1 

(Northern Digital, Ontario, Canada).  These virtual markers’ positions were used to 

compute the joint angles as described in Appendix A.  Missing marker positions were 

filled by cubic spline interpolation and then the 3D position data were low-pass filtered 

(cutoff frequency = 5 Hz) using a 2nd order zero-phase Butterworth filter. 

Surface electromyography (EMG) was collected from four arm muscles of each 

arm: the anterior deltoid (ADT), posterior deltoid (PDT), biceps (BI) and lateral head of 

triceps (TRI).  Disposable Ag/AgCl electrodes (Vermed Medical, Bellows Falls, VT) 

were placed over the muscle bellies on lightly abraded skin and the signals were 

amplified (x1000) and band-pass filtered (10 – 1000 Hz) prior to sampling (Bortec 
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Medical AMT-16; Calgary, Alberta, CA).  The EMG signals were recorded using a data 

acquisition device (NI USB – 6229, NI Corporation, TX, USA) and the custom written 

LabVIEW program. 

 

4.2.3 Experimental Protocol 

The experiments consisted of two different tasks (discrete and continuous tracking 

tasks), performed in two blocks (Paretic and Non-Paretic for stroke subjects and 

Dominant and Non-Dominant for control subjects).  In the first experiment block, five 

stroke subjects and five control subjects were randomly selected to perform the discrete 

tracking task while the other five of each group were randomly assigned to do the 

continuous tracking (see task sequence in Table 4-2).  Stroke subjects were asked to 

perform the task, either continuous or discrete tracking, using the paretic arm (P) in the 

first block, then the non-paretic arm (NP) in the second block.  For control subjects, the 

first tested arm was randomly assigned as dominant or non-dominant, as listed in Table 

4-2 (first tested arm), followed by the other arm in the second block.  The directions of 

target movement, clockwise (CW) and counterclockwise (CCW), were also randomly 

assigned among all subjects as shown in Table 4-2.  Stroke subjects were called back for 

an additional session of the same protocol.  Data from these two sessions were averaged 

in order to minimize the day-to-day variability.  The protocols of the two tracking tasks 

are described below. 
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A. Discrete tracking task 

Subjects were asked to place the laser pointer onto a cursor projected on the 

screen, with the cursor moving in a point-to-point manner.  The cursor moved along nine 

segments, with points lying on a circle of 27 cm diameter.  (The actual circle was not 

projected.)  The nine points were defined by 9 arcs on the circumference of the circle, 

which consisted of three 60-degree arcs, three 45-degree arcs and three 15-degree arcs, 

which were placed in random order on the circle.  The target cursors appeared one at a 

time, with an audible cue when each target appeared.  The trial started with the projection 

of the cursor on the bottommost position on the circle, along with the audible cue.  

Subjects were instructed to move the laser pointer toward the cursor as fast as possible 

and stabilize the laser pointer within the boundary of the cursor.  The time interval 

between the audible cues (and new cursor positions) was 3 s (i.e. the total ‘on’ period for 

each position).  One block of tracking consisted of 4 cycles (2 clockwise and 2 

counterclockwise directions) and each cycle consisted of movement involving 3 complete 

revolutions.  The cursor moved discretely along the circle in either a clockwise or 

counterclockwise direction for 3 cycles (9x3 = 27 movements/cycle), with a 5 second 

pause when subjects were asked to relax before the new cycle started in the opposite 

direction.  

B. Continuous tracking task   

Subjects were instructed to track a continuously moving cursor with the laser 

pointer.  The trial started with an audible cue and projection of the cursor at the bottom of 

the circle.  The cursor was 3 cm in diameter and moved along a 27-cm diameter circle 
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(not projected) at a speed of 24 deg/s or 0.0565 m/s.  The cursor started to move with an 

audible cue from the start position at the bottom of the circular trajectory, and 

disappeared with another audible cue when it reached the end position.  The subjects 

were asked to follow the cursor continuously with the laser pointer, keeping the laser 

pointer within the boundary of the cursor.  At the stop position, which was after the third 

full circle, when no black dot was present on the screen, subjects were asked to relax their 

arms at the home position and ready for the next trial.  The cursor moved along the circle 

in either a clockwise or counterclockwise direction 3 times, with a 5-second pause 

following the third full circle of the cursor, as illustrated in Figure 4-1 B. 

 

Table 4-2 Experiment information 

Stroke 
Subjects 

Control 
Subjects 

Task 
Sequence# 

Direction 
Sequence## 

First Tested 
Arm (Control)* 

1S 1C D CCW D (R) 
2S 2C D CCW D (R) 
3S 3C C CCW ND (L) 
4S 4C C CW ND (L) 
5S 5C D CW D (L) 
6S 6C C CCW D (R) 
7S 7C C CW ND (L) 
8S 8C C CCW ND (L) 
9S 9C D CW ND (L) 

10S 10C D CW D (R) 
# C= continuous tracking task first and D= discrete tracking task first 
## CW= clockwise first and CCW= counterclockwise first 
* D= dominant and ND= non-dominant arm. In parentheses, R= right and L=left. 
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4.2.4 Data Analysis 

Data analysis in this experiment focused on the characteristics of tracking path, 

arm stability and posture and muscle activities.  Three main analyses were arm 

kinematics, tracking trajectory and EMG. 

Kinematic Analysis 

Joint angles (shoulder elevation, plane of elevation, humeral rotation and elbow 

flexion) were calculated from the positions of the virtual markers of the specified bony 

landmarks (GH, EL, EM, US and RS) as illustrated in Appendix A.  The mean joint angle 

during the discrete task was defined as the mean angle during the last 1 s window of the 

cursor ‘on’ period.  For the continuous task, the angular motion traces of each tracking 

trial (3 cycles) were linearly detrended (detrend function in MATLAB), which yielded 

the linear trend and the residual signal.  The mean joint angles (i.e. arm posture) during 

the continuous tracking task were the means of the linear trend, averaged over the four 

trials.  The joint range of motion during continuous tracking was calculated as the 

average peak-to-peak amplitude (there were 3 maximums and 3 minimums) of the 

residual signal of each joint. 

Tracking Trajectory Analysis 

Time series of laser pointer locations were obtained from the positions of the laser 

pointer at each frame of the video recording (100 fps) during both tracking tasks.  For 

each frame, the positions of the center of the laser pointer and the center of the cursor 

were defined by the centroids of the laser pointer image (regionprops function in 
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MATLAB).  The laser pointer region was obtained by subtracting the current frame (I) 

from the background (B) image (I-B), in which B was the first frame of the tracking 

where there was no laser pointer or cursor present.  The subtraction was used to enhance 

the contrast of the image and extract the green laser pointer object.  Then, an appropriate 

color threshold was defined in order to obtain the binary image with a white region 

defined by the laser pointer and black otherwise.  The cursor white region was obtained 

similarly except that, in order to extract the region of the cursor, the background image 

was subtracted by the current frame (B-I). 

Tracking performance during discrete tracking was quantified by determining the 

covariance matrix of the laser pointer distribution during stabilization (i.e. during the 1-

second window at the end of the cursor ‘on’ period), which was then visualized by a 95% 

confidence ellipse.  Three parameters were calculated from the ellipse: orientation, area 

and aspect ratio.  Orientation was defined by the angle between the first eigenvector, 

corresponding to the largest eigenvalue of the covariance matrix, and the vertical axis in 

either the left or right side, which basically quantified the deviation of the ellipse from the 

vertical line.  Area was calculated from the product of the square root of the two 

eigenvalues and pi.  Aspect ratio was the ratio of the square root of the larger eigenvalue 

by the smaller eigenvalue of the covariance matrix. 

Performance parameters for continuous tracking were quantified as the root-

mean-square error of the Euclidian distance between the laser pointer and desired cursor 

positions (RMSExy), average tracking velocity (Vavg) and standard deviation of the 

tracking velocity (Vstd).  Tracking velocity was defined as the tangential velocity 

between 2 consecutive points. 
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EMG Analysis 

The EMG signals were bandpass filtered (10-350 Hz) and then notch filtered to 

remove the line noise (58 -62 Hz) using a zero-phase 4th order Butterworth filter.  The 

root-mean-square (RMS) of the filtered data (EMGrms) was calculated using a 50 ms 

moving window.  The average EMG area (EMGavg) was obtained by integrating the 

EMGrms over the specified period of time and was normalized by its respective time 

period (between T2 and T1 in Equation 2-2). 

For discrete tracking, T1 and T2 were the stabilization time (1-second window at 

the end of the cursor ‘on’ period).  EMGs from the discrete task during stabilization were 

obtained for the entire stabilizing period and finally averaged to obtain the average EMG 

during the discrete tracking task.  For continuous tracking, T1 and T2 were defined as the 

period of the entire tracking trial (15 seconds).  The average EMG during continuous 

tracking was obtained by averaging the values over the 4 trials. 

Statistical Analysis 

A repeated measures ANOVA was conducted to compare the effect of the arms of 

each subject group (i.e. paretic (P) and non-paretic (NP) arms of stroke subjects and 

dominant (D) and non-dominant (ND) arms of control subjects) on the measurement 

parameters.  When a significant difference between the arms (within subject factor) was 

found, a post-hoc paired t-test was performed to determine the significant difference 

between P and NP, and D and ND.  When a significant difference between subject group 

(between subject factor) was found, a post-hoc (4 arms x 2 subject groups) ANOVA with 

a Tukey post-hoc test was performed order to determine the difference between P and D 
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and between P and ND.  For correlation analyses, Pearson correlation (2-tailed) were 

used to analyze the correlation with the Fugl-Meyer score.  The level of significance was 

set at  = 0.05 for all statistical tests.  The statistical analysis was performed with the 

software package SPSS 16.0 (SPSS Inc., Chicago, USA). 

 

4.3 RESULTS 

4.3.1 Discrete Tracking Trajectories 

Sample trajectories during one cycle of a discrete tracking trial from the paretic 

and non-paretic arm of a stroke subject (S7) and the dominant arm of a control subject 

(C4) are shown in Figure 4-2A for spatial illustration and Figure 4-2B for time series 

display.  The 95% confidence ellipse during stabilization at the target for each case is 

illustrated in Figure 4-2C.  More endpoint instability, based on the area of the ellipse 

(larger ellipse), was generally observed in the paretic arm. 
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Figure 4-2: Discrete tracking trajectories A.  Tracking trajectory traces (black) of the laser 
pointer during one cycle of a trial from paretic and non-paretic arm tracking of a stroke subject 
(S7) and the dominant arm tracking of a control subject (C4).  Target cursors are displayed as 
gray open circles.  B.  Time series of X and Y positions during the same cycle trial.  The stroke 
subject (S7) had shown higher endpoint instability than the control subject (C4).  C. The 95% 
confidence ellipse of the endpoint trajectory during stabilization.  Black crosses represent the 
mean positions during stabilization.  Arrows from A. and B. indicate the target at which the laser 
pointer positions (100 points) during the 1-second window at the end of target appearance 
(stabilization phase) were used to determine the 95% confidence ellipses. 

  

Endpoint stability measures determined from the characteristics of the 95% 

confidence ellipse, averaged over all trials of each subject during stabilizing period, are 

illustrated in Figure 4-3.  The 95% confidence interval ellipses of the stroke subjects were 

significantly greater in the orientation angle (F1,18 = 4.969, p=0.039), aspect ratio (F1,18 = 
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7.400, p=0.014) and area (F1,18 = 8.734, p=0.008) than control subjects.  The post-hoc 

ANOVA revealed that the paretic arm was significantly higher in the orientation angle 

and area for dominant compared to non-dominant arms.  For the aspect ratio, the only 

significant difference was found between the paretic and dominant arms (Figure 4-3A). 

Specifically, stroke subjects’ endpoint instability was larger than control subjects with a 

direction of instability deviating more from the vertical axis and with the endpoint 

distribution more in a single axis during stabilization (more elongated 95% confidence 

ellipse).  A significant correlation with the FM score was observed for the orientation 

(Pearson: r = -0.707, p = 0.022) and the area (Pearson: r = -0.743, p = 0.014) of the 95% 

confidence ellipse of the endpoint (Figure 4-3B). 
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Figure 4-3: Discrete tracking performances A. Comparisons of orientation, area and aspect 
ratio of the 95% confidence ellipse of the endpoint variability during stabilization among paretic 
(P) and non-paretic (NP) arms of stroke subjects and dominant (D) and non-dominant (ND) arms 
of the controls subjects.  Error bars represent ± 1SE.  B. Correlation with the Fugl-Meyer score 
for the paretic (black) and non-paretic (NP) tracking. 

 

4.3.2 Continuous Tracking Trajectories 

Sample laser pointer trajectories during one cycle of a discrete tracking trial from 

the paretic and non-paretic arms of a stroke subject (S7) and the dominant arm of a 

control subject (C4) is shown in Figure 4-4A.  Corresponding X and Y time series are 

plotted in Figure 4-4B. 
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Figure 4-4: Continuous tracking trajectories A. Tracking trajectory traces (black) of laser 
pointer in 1 cycle of a trial from paretic and non-paretic arm tracking of a stroke subject (S7) and 
a dominant arm tracking of control subject (C4). Target cursor trajectories are displayed in gray. 
B. Time series of X and Y positions during the same cycle trial. 

 

Performances in the continuous tracking task were quantified by the root mean 

square error of the laser pointer positions during tracking (RMSExy), average tracking 

velocity (Vavg) and standard deviation of the tracking velocity (Vstd).  Stroke subjects 

had significantly larger RMSExy (F1,18 = 6.305, p=0.022), Vavg (F1,18 = 7.623, p=0.013) 

and Vstd (F1,18 = 8.184, p=0.010) compared to control subjects.  Post-hoc paired t-tests 

showed significant differences between the paretic and non-paretic arms in RMSExy 

(p=0.035), Vavg (p=0.023) and Vstd (p=0.029), but not between the dominant and non-

dominant arms.  Post-hoc ANOVAs revealed that paretic arm tracking was significantly 



82 
 

different from dominant and non-dominant arms in RMSExy, Vavg and Vstd, as shown in 

Figure 4-5A.  A significant correlation with the Fugl-Meyer score (Figure 4-5B) was 

found in RMSExy (Pearson: r = -0.710, p = 0.021), Vavg (Pearson: r = -0.658, p = 0.039) 

and Vstd (Pearson: r = -0.799, p = 0.006). 

 

 

Figure 4-5: Continuous tracking performances A. Comparisons of root mean square error of 
tracking trajectory (RMSExy), average tracking velocity (Vavg) and mean standard deviation of 
tracking velocity (Vstd) among the paretic (P), non-paretic (NP) arms of stroke subjects and 
dominant (D) and non-dominant (ND) arms of the control subjects. Error bars represent ± 1SE. B. 
Correlation of RMSExy, Vavg and Vstd with the Fugl-Meyer score for the paretic (black) and 
non-paretic (NP) tracking. 
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4.3.3 Arm Posture during Tracking 

Mean joint angles during tracking are illustrated in Figure 4-6.  Stroke subjects 

had significantly decreased mean plane of elevation of the paretic arm during both 

discrete tracking (F1,18 = 12.217, p=0.003) and continuous tracking (F1,18 = 6.912, 

p=0.017).  The mean elbow angle was also observed to be significantly decreased in 

paretic tracking for the discrete task (F1,18 = 5.073, p=0.037) but not for the continuous 

task (F1,18 = 4.073, p=0.059).  For discrete tracking during stabilization, the paretic arm 

was significantly decreased in plane of elevation (post-hoc paired t-test, p = 0.020) and 

elbow extension (p=0.008) compared to the non-paretic arm.  Similarly, non-dominant 

arms of control subjects also had significant decreases in plane of elevation (post-hoc 

paired t-test, p = 0.046) and elbow extension (p=0.012) compared to the dominant arms 

for discrete tracking. 
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Figure 4-6: Mean joint angles during tracking Comparisons of joint angles during A. discrete 
tracking and B. continuous tracking among the paretic (P) and non-paretic (NP) arms of stroke 
subjects and the dominant (D) and non-dominant (ND) arms of control subjects.  Stroke subjects 
significantly decreased their plane of elevation and elbow extension during both discrete and 
continuous tracking tasks. Error bars represent ± 1SE. Reported p-values were from the Tukey 
post-hoc test. Asterisks indicate the significant difference from the repeated measures test (* 
p<0.05). 

 

The correlation of the Fugl-Meyer score and the mean joint angles of the paretic 

arms are illustrated in Figure 4-7.  During the stabilization period of the discrete tracking 

task, a significant correlation of the Fugl-Meyer score was observed for the plane of 

elevation (Pearson: r = 0.834, p = 0.003) and elbow extension (Pearson: r = 0.890, p = 

0.001).  In the continuous tracking of the paretic arm, only elbow extension was 

significantly correlated with the Fugl-Meyer score (Pearson: r = 0.751, p = 0.012).  No 
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correlation of arm posture and Fugl-Meyer score was found in the non-paretic arm during 

tracking. 

 

 

Figure 4-7: Correlation of the mean joint angles during tracking of the paretic arm with the 
Fugl-Meyer score.  Elbow extension was significantly correlated with the FM score for both 
discrete and continuous tasks.  Plane of elevation and humeral rotation were significantly 
correlated only in the discrete task.  Elevation angles were not significantly correlated with the 
FM score. Lines show only the significant fit. 

 

When considering the range of motion during continuous tracking (Figure 4-8), 

the paretic arm of stroke subjects showed a significantly larger range of motion in the 

plane of elevation (F1,18 = 5.427, p=0.032) and elbow (F1,18 = 6.983, p=0.017) than 

control subjects.  Significant correlation with the Fugl-Meyer score was found only for 
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elbow extension (Pearson: r = 0.751, p = 0.012); specifically, subjects with lower Fugl-

Meyer score had a significantly larger plane of elevation and elbow movement. 

 

 

Figure 4-8: Joint angle range during continuous tracking A. Comparisons of joint angle 
ranges among the paretic (P) and non-paretic (NP) arms of stroke subjects and the dominant and 
non-dominant (ND) arms of control subjects.  Stroke subjects had a significantly higher range of 
motion in the plane of elevation.  Error bars represent ± 1SE.  Reported p-values were from the 
Tukey post-hoc test.  B. Correlation of the joint angle range with the Fugl-Meyer score during the 
paretic (black) and non-paretic (gray) tracking of all stroke subjects.  Stroke subjects with lower 
Fugl-Meyer score had a significantly larger range of elbow motion during continuous tracking. 

 

During both discrete and continuous tracking tasks, repeated measures ANOVA 

analyses did not show a significant difference in any muscle activities between the paretic 

and non-paretic arms of stroke subjects and the dominant and non-dominant arms of the 

control subjects for the continuous tracking task (Figure 4-9).  Correlation with Fugl-



87 
 

Meyer score was found only in the biceps for both discrete (Pearson: r = -0.736, p=0.015) 

and continuous tracking (Pearson: r = -0.807, p=0.005). 

 

 

Figure 4-9: Average EMGs A. Comparisons of averaged EMGs during the stabilization period 
of the discrete tracking task and B. during the whole period of continuous tracking task.  No 
significant difference among each tracking arm was found in all the averaged EMGs of both 
tasks.   

 

4.4 DISCUSSION 

 Results from the current study provide documentation of the instability of the 

paretic arm during laser pointing tasks, which included combined postural and motion 

components, and demonstrated an arm postural strategy that stroke subjects used to 

stabilize their arms while performing tracking tasks.  The postural strategy might be used 
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to compensate for weakness of the affected arm, or could be a consequence of motor 

impairments of the arm.  Deficit in fine control of movement of the paretic arm was also 

evident, as the range of joint angular motion was greater than controls.  

 

4.4.1 Arm posture during tracking 

Stroke subjects appeared to use an arm postural strategy, which included 

decreasing the plane of elevation and decreasing elbow extension, to maintain stability of 

the arm.  This strategy to maintain the paretic arm posture of stroke subjects may result 

from proximal weakness, abnormal stretch reflex gain of the paretic arm and/or the 

manifestation of muscle synergies post stroke. 

Post-stroke weakness has been identified as a clinical impairment that directly 

affects movement integrity (Patten et al., 2004).  Different arm postures during tracking 

using the paretic arm could be attributed to weakness, especially at the shoulder, since the 

posture consisted of a combined decrease in plane of elevation and elbow extension.  

This posture would reduce the joint moment required by the shoulder to counteract 

gravity by decreasing the moment arm (the distance between shoulder and center of mass 

of the arm).  A similar pattern of arm posture during tracking was observed in the 

dominant and nondominant arms in control subjects.  The relative strength differences of 

the dominant and nondominanat arms could affect the posture for the laser pointing task.  

The strength of the dominant arm is normally greater than the nondominant arm, 

especially in the shoulder (Chandler, Kibler, Stracener,, Ziegler, & Pace, 1992), although 

not necessarily at the elbow (Wittstein et al., 2010).  Similar to stroke subjects, the 
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reduced plane of elevation and increased elbow flexion of the nondominant arm of 

control subjects might help reduce the joint moment at the shoulder, resulting in a more 

comfortable arm posture. 

Abnormal stretch reflex gain post-stroke could make a co-contraction strategy 

during arm stabilization difficult for stroke subjects.  Even though co-contraction is a 

strategy to increase limb stability, force generation and stability are independently 

regulated via co-contraction.  Specifically, increased co-contraction can increase the limb 

stability, but compromise the force generation capacity of the arm (Perreault et al., 2004).  

In the tracking tasks of the present study, postural stability and movement were required 

simultaneously; thus, a co-contraction strategy could be difficult for stroke subjects. 

Since stabilization of the arm by means of co-contraction is accompanied by an increase 

in stretch reflex gain (Milner et al., 1995), decreased static and dynamic stretch reflex 

threshold and impaired regulation of stretch reflex threshold post stroke (Levin & 

Feldman, 1994; Schmit et al., 1999; Schmit & Rymer, 2001) may lead to deficits in the 

ability to appropriately co-contract antagonistic muscles during stabilization.  Because of 

difficulty in modulating muscle contraction, a postural stability strategy may be more 

favored than co-contraction.  For a postural strategy, the arm configuration is adjusted so 

that the direction of endpoint stiffness is aligned with the direction of instability, in order 

to stabilize the hand (Milner, 2002).  Decreased plane of elevation and elbow extension is 

an arm posture that minimizes the moment arm of the endpoint (hand) and thus stabilizes 

the whole limb against gravity.  Altered arm posture in stroke subjects may therefore be 

the strategy used by stroke subjects to stabilize their arm during tracking due to an 
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inability to regulate stretch reflex excitability, making modulation of co-contraction 

difficult. 

Abnormal regulation of muscle ‘synergy’ patterns in stroke survivors could have 

contributed to differences in arm posture between the hemiparetic arm and controls.  

Decreased plane of elevation and elbow flexion are associated with a flexor synergy post 

stroke (Brunnstrom 1970; Dewald & Beer, 2001).  In order for stroke subjects to 

accomplish the laser pointer task, they would have had to elevate the shoulder (to lift the 

laser).  In the flexion synergy, active shoulder elevation is coupled with elbow flexion 

and shoulder abduction (i.e. equivalent to decreased plane of elevation), consistent with 

the posture observed in the current study.  In addition, it is worth noting that the coupling 

of muscle activation within the flexor synergy is more robust and less sensitive to 

changing posture compared to the extensor synergy (Ellis et al., 2007).  The posture 

associated with the flexor synergy might be the most comfortable or neutrally efficient 

posture for stroke subjects and thus stroke subjects could have used this posture during 

tracking for these reasons. 

 

4.4.2 Endpoint stability during tracking 

The current study demonstrated deficiencies in both static (i.e. the endpoint 

stabilization period of the discrete tracking task) and dynamic (i.e. the continuous 

tracking task) stability in stroke subjects.  The static stability was defined by the 

trajectory variability during hold after the point-to-point movement and was quantified by 

the characteristics of the 95% confidence ellipse of the trajectory during stabilization, 
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including the deviation from 90 degrees of orientation of the principle axis, aspect ratio 

and area (Figure 4-3).  Dynamic stability was characterized by the performance during 

continuous tracking (Figure 4-5) as in the trajectory error (RMESxy), average tracking 

velocity (Vavg) and standard deviation of the tracking velocity (Vstd).  Generally, stroke 

subjects demonstrated impairment in both static and dynamic instability during tracking 

which was correlated with the level of clinical impairment (Fugl-Meyer score).  Possible 

underlying mechanisms for these instabilities include deficits in anticipatory control, an 

inability to finely grade muscle contraction, spasticity, weakness and limb posture. 

Static instability of the arm, as measured by the characteristics of the 95% 

confidence ellipse of the trajectory during stabilization of the discrete task, demonstrated 

higher instability (larger ellipse area) than the controls with a direction of instability 

deviating more from the vertical axis (higher orientation angle) and with the endpoint 

distribution more in a single axis during stabilization (more elongated 95% confidence 

ellipse). Different orientation and shape of the ellipse was likely due to different arm 

posture of the paretic arm during stabilization (decreased plane of elevation and elbow 

extension) as the plane of elevation (Pearson: r = -0.804, p=0.005) and elbow (Pearson: r 

= -0.693, p=0.025) were significantly correlated with the orientation angle of the ellipse.  

Dynamic instability of the paretic arm, as demonstrated by a larger RMSExy, 

higher tracking velocity (Vavg) and higher standard deviation of velocity (Vstd) than 

control subjects or the non-paretic arm could result from deficits in anticipatory control 

post stroke.  During tracking, it is postulated that an internal model has to be updated 

using available sensory information (Vercher, Sares, Blouin, Bourdin, & Gauthier, 2003) 

and then implemented in the  execution of a response to an external perturbation, (i.e. a 
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moving target that needs to be tracked in this case).  It has further been suggested that 

stroke survivors have an impairment in anticipatory control due to the inability to 

implement an internal model fast enough (Takahashi & Reinkensmeyer, 2003).  When 

tracking a continuously moving cursor, this impairment could result in larger spatial 

error, with higher and more fluctuating tracking velocity.  Since the proprioceptive 

integrity of the paretic limb contributes significantly to the estimation of kinematic 

performance during updating of motor commands (Scheidt & Stoeckmann, 2007), 

dynamic instability during continuous tracking in stroke subjects could also result from 

impaired proprioception as measured by the thumb localizing test similar to the current 

study. 

A larger range of motion during continuous tracking for the hemiparetic arm 

(Figure 4-8) likely reflected a deficit in fine motor control of movement post stroke.  In 

addition to the supraspinal mechanism previously stated (i.e. involving the internal 

model), deficits in the ability to finely grade muscle contraction and relaxation post 

stroke could also contribute to the observed larger range of motion.  Compromised rate of 

muscular force generation post stroke (Canning et al., 1999) and impairment in time to 

reduce and increase torque following stroke (McCrea et al., 2003) could affect the 

inability to finely grade muscle contraction in stroke subjects resulting in the higher range 

of motion in the plane of elevation and elbow during the fine motor control task of 

continuous tracking. Note that this could also have contributed to the differences in 

posture.  The laser tracking required movement of the forearm to change the position of 

the laser pointer on the screen.  The range of motion depends on the beginning arm 

posture, thus stroke subjects could have placed their arm in a posture such that movement 
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of the laser pointer involved greater joint angle ranges.  If stroke subjects have an 

inability to finely grade movement, this larger range might make it easier to make small 

corrections in the laser pointer location.  This strategy could have consequences to the 

stability of the laser pointer.  

Trends in the dominant and nondominant arms of control subjects might reflect a 

similar adjustment to differences in fine motor control.  Dominant and nondominant arms 

are specialized for different aspects of task performance, i.e. the dominant arm is 

specialized for maintaining the dynamic features of a movement while the nondominant 

arm is more specialized for stabilizing posture (Wang & Sainburg, 2007).  This 

difference in the use of the dominant and nondominant arms likely affects how they are 

controlled during the laser pointing task, and differences in the ability to finely control 

movements in the arms could produce the same trend in posture and movement seen for 

the hemiparetic arm.  That is, the posture, movement range and stability of the 

nondominant arm tended to be more similar to the paretic arm.  

Spasticity and weakness of the paretic limb could also contribute to endpoint 

instability.  The impaired ability to regulate descending stretch reflex threshold (Levin 

and Feldman, 1994) or altered stretch reflex coordination (Sangani et al., 2009; 

Trumbower et al., 2010) could contribute to the dynamic instability observed during 

discrete tracking.  We observed a higher spatial error and tracking velocity in the 

hemipartic arm of stroke subjects compared to controls (Figure 4-5).  During the 

stabilization periods of the discrete tracking task, there was also a larger area of the 

endpoint trajectory ellipse (Figure 4-3).  These instabilities could arise from problems 

when a stretch at one joint causes a reflex response at a separate joint.  The combined 
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reflex response could produce increases in endpoint error, rather than correcting errors as 

might normally occur in the reflex regulation of endpoint stability  

The altered limb posture could have affected the characteristics of endpoint 

instability post stroke.  The orientation of the ellipses of the endpoint trajectory during 

stabilization in the paretic limb of stroke subjects deviated from the vertical line more 

than the nonparetic limb and dominant and nondominant arms of control subjects.  In 

general, the principle axis of the endpoint stiffness ellipse is tuned to the instability of the 

environment (Franklin et al., 2007) and is approximately perpendicular to the final 

portion of movement trajectory (van Beers et al., 2004).  For the point-to-point 

movements of the current study, environmental instability due to gravity and inertia of 

limb movement in the direction of movement trajectory could explain the overall 

instability at the final position experienced by the subjects.  Orientation of the endpoint 

trajectory ellipses of the more stable nonparetic limb and control subject limbs (Figure 4-

3) followed the movement trajectory along the circle, resulting in a mean value of 

approximately 90 degrees.  The difference in the hemiparetic arm could originate from 

the difference in posture during tracking (Figure 4-6 and 4-7), as the endpoint stiffness is 

limb configuration dependent (Lametti & Ostry, 2010).  Alternately, errors in control 

may have altered the trajectory of the final portion of the movement, resulting in changes 

in ellipse orientation.   
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4.4.3 Clinical implications 

This study documents instability of the hemiparetic arm in stroke survivors using 

a laser pointing task.  Arm stability is important in the complete assessment of neural 

motor control since instability could contribute to deficits in movement.  Assessment of 

stability could provide a better understanding of the post-stroke deficits in neuromotor 

control.  For example, when assessing instability of the endpoint in 2D planar movement 

in the medial-lateral direction, increased arm postural instability in stroke subjects is 

likely to originate from abnormal regulation of muscle co-activation, rather than the 

abnormal control of intersegmental torques (Mihaltchev et al., 2005).  Also, some 

interventions, e.g. tendon vibration applied at the wrist flexor, improve stability function 

but not movement (Conrad et al., 2011).  It is therefore important to assess stability 

function as well as movement function post stroke, as has been done by using the 

instability index (Mihaltchev et al., 2005) and stability error and error frequency (Conrad 

et al., 2011).  Assessing arm stability using a laser pointer as in the current experiment 

can increase the sensitivity of the stability measurement. 

Strengthening of the shoulder might improve arm posture and stability in people 

post stroke.  As stated previously, the decreased plane of elevation in stroke subjects 

could result from shoulder weakness.  In addition, as proximal joints are more specialized 

in the control of force, which is the main component in providing the stability (Nisky, 

Baraduc, & Karniel, 2010), strengthening the shoulder joint might improve overall 

stability of the paretic arm.  For the stability task that needs co-contraction of the deltoid 

muscles, shoulder strength training could help increase stability of the shoulder.  There is 
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evidence that strength training improves strength and function of the upper-limb in stroke 

subjects without inducing spasticity (Harris & Eng, 2010) and it could be done in 

combination with robotic therapy, as robotic therapy has shown to improve the fine 

control movement (Fasoli et al., 2004).  Since a significant improvement in function 

using robotic therapy is not evident by a meta-analysis study, which included 

contribution from proximal and distal arm training (Kwakkel, Kollen, & Krebs, 2008), a 

combination of proximal strength training with the robotic therapy may help improve the 

overall stability and movement in people with post-stroke hemiparesis. 
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CHAPTER 5: INTEGRATION OF RESULTS 

  

5.1 SUMMARY OF RESULTS 

The results in this dissertation provide insight into the control of paretic arm 

movement and stability in people with post-stroke hemiparesis.  The primary results of 

the study suggest that limits to paretic arm range of motion are related to shoulder 

weakness and elbow stiffness, that static and dynamic stability of the paretic arm are 

notably decreased, that stroke subjects place the arm in different baseline postures during 

a variety of movement tasks and that people with stroke have difficulty producing the 

graded muscle contractions necessary for fine motor control of the arm.  Characterization 

of reaching, stability and tracking in people with post-stroke hemiparesis is summarized 

in the following subsections. 

 

5.1.1 Reaching post-stroke 

Reaching of the paretic arm was characterized by a limited range of joint motion 

at both the elbow and shoulder, with a more curved and non-smooth endpoint trajectory 

compared to the neurologically intact subjects.  Limited shoulder motion was likely due 

to weakness of the shoulder joint as we observed from the reduced activity of the anterior 

deltoid muscle.  Conversely, limited elbow motion appeared to be due to an increase in 

dynamic stiffness of the elbow, which could be associated with spasticity of the elbow 
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flexors, making elbow extension more difficult.  Limited range of joint motion was 

observed in reaches towards six different target locations, with no effect of high/low or 

medial/lateral target placement.  Trajectory smoothness, as quantified by the normalized 

jerk score (NJS), was significantly higher in the paretic arm during reaching.  Paretic 

reaching trajectories were less smooth in the deceleration phase of reach compared to the 

acceleration phase (higher NJS in the deceleration phase), an effect that was also 

observed in controls.  This finding indicated that the basic motor control mechanisms are 

likely preserved post stroke. 

 

5.1.2 Arm stability post-stroke 

When stabilizing the arm in different target locations within the reachable 

workspace, stroke subjects utilized a different arm posture as compared to controls.  A 

significantly decreased plane of elevation was observed in stroke subjects, especially 

those who had low Fugl-Meyer scores.  This arm posture could be associated with an 

abnormal flexor synergy, as the elbow generally remained flexed during the task.  

Shoulder abduction is often associated with elbow flexion in the flexor synergy pattern.  

Again, weakness of the anterior deltoid might have contributed to the postural 

differences, as efforts to elevate the shoulder would have relied more on posterior deltoid 

activity, thereby changing the plane of elevation as well. 
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5.1.3 Arm posture and movement post-stroke 

When performing a laser pointing task, which simultaneously required both arm 

stability and fine movement, stroke subjects stabilized their paretic arm by significantly 

decreasing the plane of elevation and flexing the elbow, which was the same tendency as 

the non-dominant arm of control subjects.  Similar to the stabilization task, the stroke 

subjects demonstrated a posture of decreased plane of elevation and elbow flexion, again 

possibly due to shoulder weakness and elbow stiffness.  Furthermore, stroke subjects also 

demonstrated a deficit in the fine control movement during tracking by moving with 

greater angular range of motion, especially in the plane of elevation and elbow.  This 

increase in angular range of motion likely reflected an impaired ability to finely grade 

muscle activity. 

 

5.3 CLINICAL CONTRIBUTION 

 Characterization of the paretic arms during reaching, stabilizing and tracking in a 

3D workspace suggested that reduced ADT activity is a common deficit that deteriorates 

task performance.  The shoulder is generally the arm stabilizing joint.  In stroke subjects, 

reduced ADT activity could contribute to shoulder weakness and thus affected the 

stability of the paretic arm of the low-FM subjects, especially for the stabilizing posture 

task when the paretic arm was in the reachable workspace (Chapter 3).  For the tasks that 

required movement and stability (Chapter 2 and 4), shoulder joint of the paretic arms had 

to serve as both a stabilizer and a mover to produce joint motion, since elbow motion was 
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more restricted than shoulder motion in stroke subjects. Reduced ADT activity could 

make the movement more difficult and less efficient for stroke subjects as observed in the 

less smooth reaching (Chapter 2) and tracking (Chapter 4) trajectories. Targeted shoulder 

or upper arm strength training might be recommended in people with post-stroke 

hemiparesis to improve the paretic arm function.  Note that shoulder strength training has 

demonstrated improved upper-limb function without inducing spasticity of the elbow 

(Harris & Eng, 2010). 

 

5.4 FUTURE RESEARCH 

 The findings from this study suggest further investigation of stability and 

movement post-stroke with different arm postures is warranted.  As the self-selected 

posture for stroke subjects was a decreased the plane of elevation, an experimental task 

that restrains posture to a different plane of elevation is an interesting study that could 

further characterize the multijoint movement and stability of the paretic arm.  

Furthermore, in order to investigate the role of tendon vibration in stability improvement 

of the paretic arm in 3D workspace, it may be helpful to design an experiment that 

involves on-line movement correction without having to stabilize the posture of the arm 

so that movement performance can be distinguished from the ability to stabilize the arm.  

A tracking task in the vertical plane similar to this study, with a support at the elbow 

which would provide gravity compensation at the shoulder joint, while still allowing 

motion of the shoulder and elbow joints, is one possibility. 
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APPENDIX A: 3D UPPER EXTREMITY JOINT KINEMATIC 

 

 

Joint angles (elevation, plane of elevation, humeral rotation and elbow flexion) were 

calculated from the positions of the virtual markers of the specified bony landmarks (GH- 

glenohumeral joint, EL- lateral epicondyle, EM-medial epicondyle, US- styloid process of ulnar 

and RS-styloid process of radius).  The local joint coordinate system is defined below. 

A. Reference upper arm coordinate was obtained during calibration where the elevation is 

0 degree, plane of elevation is 90 degrees, humeral rotation is 0 degree and elbow flexion is 90 

degrees.  The center of coordinate is at GH. 

 ுܻ = (ீுିா௟௕௢௪)
‖(ீுିா௟௕௢௪)‖ , ܼு = (ீுିா௟௕௢௪)×(ௐ௥௜௦௧ିா௟௕௢௪)

‖(ீுିா௟௕௢௪)×(ௐ௥௜௦௧ିா௟௕௢௪)‖
 and ܺு = ுܻ × ܼு, 

where  ݓ݋ܾ݈ܧ = (ா௅ାாெ)
ଶ

 , and ܹݐݏ݅ݎ = (௎ௌାோௌ)
ଶ

. 

B. Upper arm coordinate was obtained similarly to the reference upper arm coordinate 

except that GH,EL and EM were the positions during motion, not at the stationary calibrate 

position.  The center of coordinate is at Elbow. 

௛ܻ = (ீுିா௟௕௢௪)
‖(ீுିா௟௕௢௪)‖ , ܼ௛ = (ீுିா௟௕௢௪)×(ௐ௥௜௦௧ିா௟௕௢௪)

‖(ீுିா௟௕௢௪)×(ௐ௥௜௦௧ିா௟௕௢௪)‖
 and ܺ௛ = ௛ܻ × ܼ௛ 

C. Lower arm coordinate was obtained from the EL, EM,US and RS positions during the 

arm motion, defined as following.  Center of coordinate is at Wrist. 

௙ܻ = (ா௟௕௢௪ିௐ௥௜௦௧)
‖(ா௟௕௢௪ିௐ௥௜௦௧)‖ , ௙ܼ = (ீுିா௟௕௢௪)×(ௐ௥௜௦௧ିா௟௕௢௪)

‖(ீுିா௟௕௢௪)×(ௐ௥௜௦௧ିா௟௕௢௪)‖
 and ௙ܺ = ௙ܻ × ௙ܼ, 

where  ݓ݋ܾ݈ܧ = (ா௅ାாெ)
ଶ

 , and ܹݐݏ݅ݎ = (௎ௌାோௌ)
ଶ

. 
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Definition of each joint angle is as following. 

1) Elevation (θ) was defined as the angle between the upper – arm (Yh) and the body 

which approximately coincided with the vertical reference vector (YH). Elevation is equivalent to 

clinical shoulder flexion. 

2) Plane of elevation (α) is the angle between the horizontal projection of the upper –arm 

(Yh') and the reference vector pointing to the right side of the body (ZH for the right arm and –ZH 

for the left arm) which is equivalent to the clinical shoulder horizontal abduction/adduction. 

Increase in the plane of elevation is equivalent to the horizontal adduction and decreased in the 

plane of elevation is equivalent to the motion of horizontal abduction.  

3) Humeral rotation (γ) is calculated from the angle between the projection of the lower –

arm on the cross –sectional plane of the upper –arm (Zf') and the cross product of Yh and Zh (Xh). 

Positive value is the external rotation and negative value is the internal rotation.  

4) Elbow angle (β) is the angle between the upper-arm (Yh) and the lower-arm (-Yf) 

which is equivalent to the elbow flexion/extension angle. 

Calculation equations are described in Table A-1. 
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Table A-1 Calculation of joint angles 

Joint Angles Calculation 

(Humeral) Elevation (θ) 

 










 
 

hH

hH

YY
YY1cos  

Plane of Elevation (α) 

 













 
 

'

'
1cos

hH

hH

YZ
YZ



 

Note: For the left arm, ZH is replaced by -ZH

 

Humeral Rotation (γ)  
  

















 

fh

fh

YX
YX1sin , where 

 + γ = external rotation   

 – γ = internal rotation 
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APPENDIX B: SENSORY STIMULATION POST-STROKE 

 

 

Sensory stimulation, i.e. tendon vibration, applied at the wrist of the paretic arm 

improves stability of the paretic arm in 2D planar movement (Conrad et al, 2011).  

However, the effect of improved arm stability with wrist vibration was not observed in 

the 3D tasks of the present study.  Since increased Ia afferent feedback associated with 

vibration can cause a proprioception illusion of the vibrated joint (Cordo et al., 1995), 

changes in joint angles with vibration are likely to be observed. A difference in humeral 

rotation posture with wrist vibration was observed only in the tracking tasks (Chapter 4 

experiment), but not in the stabilization task (Chapter 3 experiment).  That is, tendon 

vibration at the wrist flexors could alter proprioception of the forearm and thus result in 

more internal rotation of the shoulder, an effect that was also seen in subjects with 

impaired proprioception.  This conclusion needs further investigation since the joint 

movement in the current studies was self-selected and the sample size of normal and 

impaired proprioception subjects was small. 

 

B.1 Effect of vibration and electrical stimulation on arm posture during stabilization 

An analysis on the arm posture of the stroke subjects (see experimental setup and 

methods in Chapter 3) during tendon vibration and electrical stimulation was conducted 

to determine whether wrist stimulation had any impact on the manner in which stroke 

subjects attempted arm stabilization at five targets.  A 3-way (2 subject groups x 5 targets 
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x 4 blocks) ANOVA with repeated measures on the last two factors was used to compare 

the final joint angles among the four experiment blocks of baseline (B), wrist vibration 

(V), median nerve electrical stimulation at the wrist (E) and the combination of vibration 

and electrical stimulation (V+E). The results are shown in Figure B-1.   

During stabilization, tendon vibration, electrical stimulation or the combination of 

them did not significantly affect the arm posture in either stroke or control subjects.  No 

significant difference among experiment blocks was found in plane of elevation, 

elevation, humeral rotation or elbow flexion without any interaction effect from target 

location (plane of elevation: F12,156 = 0.665, p=0.783; elevation: F12,156 = 0.794, p=0.657; 

humeral rotation: F12,156 = 0.954, p=0.495; elbow: F12,156 = 1.003, p=0.449) or from 

subject group (plane of elevation: F3,39 = 2.411, p=0.081; humeral rotation: F3,39 = 0.954, 

p=0.495; elbow: F3,39 = 1.003, p=0.449) except for the elevation (elevation: F3,39 = 2.982, 

p=0.043).  Separate analysis for each subject group did not find a significant difference 

among blocks for either stroke (F3,27 = 1.816, p=0.168) or control subjects (F3,12 = 1.823, 

p=0.197). 
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Figure B-1: Mean joint angle at the end position for each experiment block in post-
stroke hemiparesis.  Electrical stimulation (E) caused a significantly decreased plane of 
elevation and a significant increase in shoulder elevation compared to the baseline (B). 
Tendon vibration (V) caused significantly more internal humeral rotation. 

 

B.2 Effect of vibration on arm posture during discrete and continuous tracking 

Although the stability of the arm during tracking tasks using a laser pointer was 

not significantly improved with wrist vibration, postural effects similar to those 

associated with stabilizing the arm in space were observed.  The experimental protocols 

for discrete and continuous tracking tasks are described in Chapter 4.  We also conducted 

a test in which the second experimental block (non-paretic arm for stroke subjects and the 

second tested arm for control subjects) was followed by a vibration block.  Vibration (90 

Hz, <0.5 mm amplitude) was applied at the wrist flexor tendon (FCR) when the LED 

targets were present.  In the vibration block, the vibrator was applied to the wrist flexor of 

the first tested arm (paretic arm for stroke subjects and randomly, the dominant or 

nondominant arm for control subjects) and the vibration was turned on for the entire time 

that the cursor was present on the screen.  For stroke subjects, additional sessions of 
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placebo vibration were conducted (>1 week later).  The measurements in the placebo 

vibration session were the same as the actual vibration session except that the stroke 

subjects were convinced that they received special vibration that they could not feel, but 

gave the same effect.  During the vibration block of the placebo session, the vibrator was 

secured over the wrist flexors, similar to the true vibration session, without turning the 

vibrator on.  All stroke subjects were convinced that they received tendon vibration that 

they could not perceive. 

Comparison of the mean joint angles during tracking between the paretic block 

(first tested arm for control) and the vibration block was conducted using a one-way (3 

blocks) repeated measures ANOVA.  In discrete tracking, increased internal humeral 

rotation with vibration was observed in both control (F1,9=51.574, p<0.001) and stroke 

subjects during the actual vibration session (F1,9=7.049, p=0.038) but not in the placebo 

session (F1,9=0.990, p=0.346).  Significant decreases in shoulder elevation (F1,9=20.566, 

p=0.001) and elbow extension (F1,9=17.449, p=0.002) were also observed in the control 

subjects.  Likewise, significantly more internal humeral rotation was found with vibration 

during continuous tracking in both control (F1,9=5.977, p=0.037) and stroke subjects 

(F1,9=9.251, p=0.016) but not in the placebo session (F1,9=0.524, p=0.487).  Decreased 

elbow extension with vibration was also observed during the continuous tracking task in 

both control (F1,9=6.100, p=0.036) and stroke subjects (F1,9=10.958, p=0.011).  Shoulder 

elevation was consistently decreased in the vibration block for the control subjects 

(F1,9=6.986, p=0.027).  No significant differences were found with tendon vibration 

during tracking for the mean joint angles of the placebo session. 



122 
 

 

Figure B-2: Effects of tendon vibration on arm posture during tracking A. In the 
discrete tracking task, both control and stroke subjects had significantly more internal 
rotation with vibration, which was not observed in the placebo session.  Significant 
decreases in shoulder elevation and elbow extension with vibration were also observed in 
control subjects.  B. In continuous tracking, significantly greater internal humeral rotation 
and greater elbow flexion were observed with vibration in both control and stroke 
subjects, which was not observed in the placebo session.  A significant decrease in 
shoulder elevation with vibration was also observed in the control subjects.  P is the 
paretic arm for stroke subjects and the first tested arm for control subjects.  NP is the 
nonparetic arm (stroke) or the second tested arm (control).  P-Vib is the vibration trial 
block for the tested arm in P block.  The statistical test was a repeated-measures ANOVA 
between P and P-Vib groups (*p<0.05, **p<0.01, ***p<0.001). 

 

The results suggested that tendon vibration applied at the wrist level produced an 

increase in internal humeral rotation, as it was consistently observed in both control and 

stroke subjects, but not in the placebo trials.  Even though it was confirmed from the 

placebo trials that the arm posture did not change with wrist tendon vibration, the effect 

of the tendon vibration on humeral rotation needs further investigation, since arm posture 

in this experimental protocol was self-selected, with minimum constraint.  At this point, it 
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is unclear if the increased internal rotation with tendon vibration was compensation for an 

illusion effect at the wrist, or an arbitrary change for comfortable posture. 

 

B.3 Effects of proprioceptive impairment 

The effects of a proprioception deficit in the paretic arm of the stroke subjects on 

laser pointer tracking were examined with the notion that proprioceptive impairment may 

cause impaired subjects to have a different arm posture than subjects with normal 

proprioception.  Proprioceptive impairment was assessed using the thumb localizing test 

(Hirayama, 1999) and classified as ‘normal’ or ‘impaired’ (Table B-1).  There were 3 

subjects with normal proprioception and 7 subjects with impaired proprioception.  The 

mean Fugl-Meyer score for the normal (mean 50.33, standard deviation 21.08) and the 

impaired (mean 44.71, standard deviation 11.98) proprioception was not significantly 

different (F1,8=0.303, p=0.597). 
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Table B-1 Summary of subject sample 

Subject Sex Age 
(Years) 

Paretic 
Side 

FM 
Score# 

Proprioception 

1S M 53 R 40 Impaired 
2S F 61 L 26 Normal 
3S F 60 R 50 Impaired 
4S F 63 L 62 Normal 
5S M 63 R 42 Impaired 
6S M 58 R 29 Impaired 
7S M 55 R 36 Impaired 
8S F 59 L 50 Impaired 
9S F 54 R 63 Normal 

10S F 40 L 66 Impaired 
 

Subjects performed the discrete and continuous laser pointer tracking tasks (as in 

Chapter 4) with their paretic arms for day 1 and day 2 (>1 week apart).  The mean joint 

angles during the baseline blocks of both sessions were averaged (to minimize the day-to-

day variability) for the comparison between the normal and impaired proprioception 

groups using a univariate ANOVA.  Subjects with impaired proprioception had 

significantly greater internal humeral rotation than subjects with normal proprioception 

during both the discrete (ANOVA; F1,8=15.071, p=0.005) and continuous (F1,8=10.466, 

p=0.012) tracking tasks.  As this observation was done in groups with small and unequal 

number of subjects, further investigation is needed. 
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Figure B-3: Effects of proprioceptive impairment.  Mean joint angles during A. discrete and B. 
continuous tracking tasks performed by the paretic arms of 10 stroke subjects (3 normal and 7 
impaired proprioception subjects).  Subjects with impaired proprioception had significantly more 
internal humeral rotation than subjects with normal proprioception (**p<0.01, *p<0.05). 

 


