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Reaching tasks are considered well-executed if they appear ‘‘smooth,’’ a quality that is typically

quantified by its opposite, jerk, the rate of change of acceleration. While jerk is a theoretically sound
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measure, its application to spastic individuals sometimes yields counter-intuitive results, and does not

reveal motor impairment across the workspace. To more generally quantify spontaneous accelerative

transients (SATs) within a movement, a pseudo-wavelet transform was devised that iteratively

compared angular trajectories to a series of straight-line approximants. Cumulative linear fit errors were

expressed in terms of flexion angle, yielding an SAT map of the entire motion. To compare SAT maps

with traditional smoothness measures, two scalar indices were extracted from them: residual excursion

deviation (RED), representing the integral over Dy and the ratio of peak error to mean error (PEME) on

the map. Fifteen subjects, including five subjects with chronic stroke performed elbow flexions

throughout their entire ranges of motion, Dy, at a comfortable pace with their arms supported in the

transverse plane. Maps revealed that stroke subjects were significantly less coordinated than controls,

as measured both by RED: 8.072.9�10�3 versus 3.170.8�10�3 and PEME: 6.670.9 versus 12.171.9,

both Po0.001. Comparable jerk metrics, including integrated average jerk, did not report a significant

performance deficit at the Po0.05 level. Map metrics for all subjects were independent of average

velocity (correlation with _y: rp0.31), but jerk-based metrics for stroke subjects were spuriously co-

variant with velocity r ¼ 0.85, which may relate to the significantly higher mean arrest period ratio in

stroke subjects (0.2670.19 versus 0.0970.08, Po0.001). We conclude that SAT maps provide reliable

information on regional movement impairments at a wide range of proficiency levels.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Human motor proficiency is generally characterized in terms of
smoothness in the movement record, which is a primary index of
neural recovery following stroke (Trombly, 1993; Platz et al., 1994;
Kahn et al., 2001; Rohrer et al., 2002). Traditional time-domain
metrics of smoothness such as jerk are convenient for compara-
tive purposes, but scalar quantities based on temporal informa-
tion are susceptible to artefact associated with signal processing
techniques (Hsiang et al., 1999; Dabroom and Khalil, 1999) and are
opaque to the locality of performance deficits in space. Further-
more, jerk-based assessments occasionally report insignificant
performance deficits in impaired cohorts, or even increased jerk
with rehabilitation, contradicting other smoothness measures
(Goldvasser et al., 2001; Rohrer et al., 2002).

Myriad neuromuscular effectors exhibit a positional depen-
dence during normal reaching (Lan and Crago, 1994; Gottlieb
et al., 2004; Pigeon et al., 1996; Kashima et al., 2000; Suzuki et al.,
ll rights reserved.
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2001), as well as reaching by hemiparetic subjects (Levin and
Dimov, 1997; Levin et al., 2000; Ju et al., 2002; Hu et al., 2006).
Whether, and to what degree this positional variability manifests
biomechanically, is not well understood. In other words, how does
task smoothness vary with position? To answer this question, a
spatially sensitive smoothness measure is needed.

We present a method for producing maps of spontaneous
accelerative transients (SATs) that depict motor performance
throughout the entire range of motion (ROM) of a single joint,
i.e. as a function of joint angle, not time. The method employs a
pseudo-wavelet paradigm to detect regions of stable velocity and
depicts SATs as bright bands against a black background.
Assessment of the algorithm was performed on repetitive elbow
flexions of chronic stroke patients as well as age- and gender-
matched control subjects with no known neurological impair-
ments. Scalar smoothness measures were derived quantifying
morphological parameters of their SAT maps, allowing for
comparisons to standard jerk metrics. This transformation into
the angular domain eliminates residual error associated with the
repeated differentiation of discrete-time data, and obviates
systematic bias of time-domain smoothness metrics, such as jerk,
due to prolonged stall behaviors (time spent at low angular
n of spontaneous accelerations in reaching tasks. Journal of
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velocities) typical of spastic movements. The present discussion is
limited to single-joint elbow flexions, but can be extended to any
single- or multi-joint movement.
2. Methods

2.1. Subjects and protocol

Fifteen volunteers were recruited to participate in this pilot study. Ten healthy

subjects with no known neurological impairments, and five chronic stroke patients

made a single visit (Table 1). Two subjects were left-dominant prior to stroke; all

subjects were right-affected. Stroke subjects were selected on the basis of

moderate impairment as measured by the Chedoke-McMaster Stroke Assessment

score of between 3 and 4 on a 0–7 scale (7 ¼ unimpaired), without regard to

dominance. All subjects gave informed consent on based on the procedures

approved by the IRB of Rutgers University.

Subjects were seated in the mechanical arm support and tracker (MAST),

which supports the arm against gravity while recording angle of elbow flexion.

Each control subject was seated with his/her dominant (right) arm in the MAST;

each stroke subject used his/her affected arm. The elbow rested on a cushioned

pad, and shoulder and wrist involvement was minimized by physical constraint.

Instantaneous feedback of angular position was provided by an electronic dial-face

display, though subjects were not explicitly instructed to attend to this display.

After a familiarization session and adequate warm-up exercises, subjects were

asked to perform cyclic flexion-extension repetitions at his/her own pace,

maximizing smoothness within their maximal ROM, Dy.

2.2. Signal processing

The MAST-mounted goniometer recorded elbow motion with a resolution of

70.051 and was routed through a DAQ board (National Instruments, Austin TX) to

a LabView (National Instruments) GUI. Raw data were processed bi-directionally

with a 2nd-order lowpass Butterworth’s filter with a 4 Hz cutoff prior to analysis.

Individual flexions were extracted by automated detection of local minima in the

trajectory trace, and edge effects were removed.

2.3. Linear segmentation

For any angular trajectory, y(t), regional adherence to an iso-accelerative

movement can be assessed by modeling excursion as a piecewise function, P, of j
Table 1
Subject demography.

Healthy N ¼ 10 Stroke N ¼ 5

Age 54.9714.2 47.7720.8

Gender 4M/6F 2M/3F

Months post-stroke 1678

Chedoke-McMaster arm score 3.470.5

All healthy subjects were right-dominant, all stroke patients were right-affected (3

were right-dominant).
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Fig. 1. Generation of the first three piece-wise comparisons P against a single flexion fro

Pk (Eq. (1)), spanning T/j timepoints, representing zero acceleration. The dotted lines sh

vertical bar plots Vj along the ordinate reflect regional error Ek of y to Pk (Eq. (2)).
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linear segments (Fig. 1). As j increases, departures from a smooth movement, in the

form of SATs, will be detected as error to this linear fit. Each segment, k, transcribes

a line with constant angular velocity linking all angles between Yk and Yk+1 where

kA@oj+1 and Y ¼ y(t) such that t ¼ T � {k�1/j}, T the total time of movement.

Thus, the kth segment is given by

Pk ¼
Ykþ1 �Yk

ðT=jÞ
� i�

k� 1

j
T

� �� �
þYk (1)

where k ¼ |G|:GC{k�1/j}oi/T.

2.4. Regional deviations from straight trajectory

Each linear segment was compared against the corresponding portion of the

observed motion, and a regional error was calculated according to the Pearson

product-moment correlation coefficient relating the observed motion to that of a

straight-slope excursion

Ek ¼ 1� rðPk; ykÞ (2)

where the correlation coefficient is given by

r ¼ hPk ;yki � ðT=jÞP̄kȳk

ððT=jÞ � 1ÞsPk
syk

�����
����� (3)

where /Pk,ykS is the inner-product of the trajectory segment and its linear

approximant. The correlation coefficient ranges from 0 (no correlation) to 1

(identical signals), thus Ek acts as a negative index of correlation. For segments

containing SATs, departure from a linear trajectory approximant will be

considerable, increasing the error. For each iteration, j, regional errors are written

onto the appropriate loci of template vector Vj, spanning the ROM

Vjg ¼ Ek8
k� 1

j
o
g
np

k

j
(4)

where g is an assignment index within the jth row of V on to which the error is

assigned along the degrees-dimension, yielding the transform into the angular

domain. The resolution of V is determined by u, here 512 data points, yielding

�0.251 window-size in a ROM of Dy ¼ 1201 (Fig. 2). We define the spatial

acceleration vector S as the sum across all iterations j ¼ 1,y,N:

Sg ¼
XN

j

Vjg (5)

where N is a limit arbitrarily chosen to be the iteration at which at least one

segment comprises fewer than a pre-defined threshold minimum number of data

points (here chosen to be equal to 3: below this, all straight-line models reflect the

trivial straight-line connecting two adjacent samples) (Fig. 3). For all analyses, S is

adjusted by subtracting the spatial acceleration minimum Smin

2.5. Comparison of scalar smoothness measures

The squared-magnitude of the time-change of acceleration was integrated over

T:

IAJ ¼
1

T

Z
T

d3

dt3
yðtÞ

�����
�����
2

dt, (6)

yielding integrated average jerk (IAJ), a single scalar value of dys-coordination. The

jerk integral is temporally normalized so as to mitigate the effects of movement
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m a stroke subject. Comparison of recorded motion y(t) against a straight-line plot

ow even time partitions of time (into 1 section, halves, thirds, and so on), and the

on of spontaneous accelerations in reaching tasks. Journal of
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Fig. 2. Summing V over j iterations results in a cumulative error plot, yielding

spontaneous accelerative transiet (SAT) map S(y) as the trace of peaks.

Fig. 3. Depiction of spatial error across the workspace. Cumulative error trace is

plotted as a color-coded vector along the x-y coordinates of the hand in space.

Shown: sample error plot of elbow flexion in transverse plane. Colors range from

black (least error) to red (greatest error) according to the peaks of S(y). Figure

reflects the time-domain data (angle of flexion vs. time) transformed into the

angular-domain (cumulative error to straight-line approximants vs. angle of

flexion).

Fig. 4. Flexion motion performed by a stroke patient (CM level 3). Spontaneous ac

corresponding peaks in the cumulative error-to-straight-line plot.
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speed on jerk score (Cozens and Bhakta, 2003). In concordance with standard

practice, each differentiation was smoothed with filter characteristics identical to

those defined above; trapezoidal integrals were computed.

For comparison purposes, the equivalent integration was performed on the

spatial acceleration vector S over the angular range Dy. The regional excursion

deviation (RED) represents the scalar magnitude of the spontaneous accelerations

across the workspace and was defined as,

RED ¼
1

N

Z
Dy

SðyÞdy. (7)

By normalizing to the number of segments, N, RED is insensitive to different

average velocities, and more generally allows for comparison across experiments

by eliminating differences between sampling frequencies, and is analogous to

temporal normalization of average jerk (Eq. (6)).

In order to determine the relative power of instances of least smoothness, the

peak error-to-mean error (PEME) ratio of maximum trace value (peak error to an

iterated approximation as a straight-line segment in S, and maximum jerk in IAJ) to

trace means. Under the hypothesis that persons with impaired motor control

would be prone to SATs throughout their range of motion, there should be several

peaks within the S(y) and |d3/dt3y(t)|2 traces, in addition to the large peaks

expected from movement onset and cessation. Integrated metrics RED and IAJ

should thus increase due to the additional area under each curve, and the relative

severity peaks associated with movement reversal should be muted by the

increase in trace peak content, thus decreasing PEME.

Additionally, the number of peaks, p, were calculated. Group-wise differences

were determined by the Wilcoxon rank-sum test. PEMES,J and pS,J will be

subscripted to denote values computed in the angular (S(y)) or time (J(t)) domain.

Integrated metrics (LAJ and RED) as well as PEME and p are unit-less quantities

reflecting area under a curve, a ratio and a tally, respectively. The mean arrest

period ratio (MAPR), i.e. time spent at less than 10% maximum angular velocity to

total movement duration, was calculated as ð _yðtÞoð _ymax=10ÞÞ=T , (Beppu et al.,

1984; Rohrer et al., 2002).
3. Results

A typical flexion trace from a stroke subject is shown in Fig. 4,
with major inflections noted by arrows (Figs. 1–4 were generated
from the same sample flexion). Note the correspondence of the
inflections with peaks in spontaneous acceleration trace S(y)
(arrows).

Comparing SAT maps of controls and stroke subjects, it can be
seen from Fig. 5 that controls tended to produce doubly peaked
profiles, with thin bands only at the onset and cessation of activity
(i.e. at plot extrema). In contrast, stroke subjects produced large
transient accelerations at intermediary angles.

As expected, stroke subjects performed single-joint reaching
tasks with compromised range of motion (80731, versus 91741
for healthy subjects, Po0.001, Table 2), and produced movements
comprising greater periods of stall activity, as indicated by the
MAPR of 0.2670.19 versus 0.0970.08; Po0.001, (Table 3).
celerative transients (SATs) in the excursion trace are highlighted, as are their

n of spontaneous accelerations in reaching tasks. Journal of
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Fig. 5. Sample traces from four unimpaired subjects (Top) and four chronic stroke patients (Bottom). The bright bands at the plot extrema reflect motion initiation and

cessation. For stroke subjects, intermediary activity produces SATs of equal or greater magnitude to that of motion onset and cessation.

Table 2

Motor performance parameters and S(y)-derived metrics.

Range of motion (Dy) Curve area Curve ratio (max:mean) Curve peak count

RED(�10�3) IAJ(�10�5) PEMEs PEMEJ(�10�5) ps pJ

Healthy 91.073.8 3.170.8 9.076.7 12.171.9 9.977.7 9.370.9 14.474.5

Stroke 80.073.0 8.072.9 40.6746.9 6.670.9 42.8749.4 9.971.6 9.975.7

Signif. PE0.028 PE6.7�10�4 PE0.25 PE6.6�10�4 PE0.77 PE0.79 PE0.10

Table 3

Correlation to average velocity: motor performance parameters and S(y)-derived

metrics.

Curve area Curve ratio (max:mean)

MAPR(10%) RED IAJ PEMEs PEMEJ

Healthy 0.0970.08 �0.22 0.40 0.03 0.38

Stroke 0.2670.19� 0.07 0.85 0.31 0.85

� Po0.001.
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Both scalars derived from SAT maps, RED and PEMES, revealed
significant dyscoordination in the stroke group, at the Po0.001
level, in contrast to those derived from jerk, IAJ and PEMEJ, which
did not reach significance at the Po0.05 level, as shown in Table 2.
Trace peak counts, however, yielded similar results using both
methods, with pS ¼ 9.971.6 versus 9.370.9, and pJ ¼ 9.975.7
versus 14.474.5 for stroke and control subjects, respectively.
4. Discussion

The finding of significantly reduced smoothness within a small
cohort of hemiparetic subjects demonstrates the discriminative
power of scalar metrics derived from SAT maps as opposed to jerk-
based metrics, which failed to discriminate between cohorts at
the Po0.05 level, and do not reliably co-vary with other
smoothness measures (Goldvasser et al., 2001; Rohrer et al.,
2002; Cozens and Bhakta, 2003).

We propose that the inability of jerk to resolve a significant
performance deficit in a cohort with large MAPR is due to curve
normalization by time (Eq. (6)). An antithetical relationship
between MAPR and normalized average jerk has been reported
elsewhere, but causality has been attributed to various other
Please cite this article as: Wininger, M., et al., Spatial resoluti
Biomechanics (2008), doi:10.1016/j.jbiomech.2008.10.015
phenomena, such as the blending of sub-movements (Krebs et al.,
1999; Goldvasser et al., 2001; Rohrer et al., 2002). Jerk normal-
ization is considered necessary in order to eliminate bias due to
average velocity or total range of motion (Rohrer et al., 2002;
Cozens and Bhakta, 2003), and alternate formulations have been
proposed where total movement duration is penalized (Hoff,
1994; Engelbrecht, 2001). However, in movements with prolific
stall behavior, time-normalized jerk and related metrics may
actually decrease in spastic movements due to a preponderance of
zero-jerk activity during stall periods.

This phenomenon is simulated in a sample flexion trace
recorded from a healthy individual (Fig. 6). Integrating over time
to T1 ¼ 2.5s, the area under the jerk trace of the flexion (Top Left)
will yield jerk score J1 ¼ 83. Artificially introducing two stall
periods of duration T0 ¼ 0.25 T1 into the positional trace (inset, Top

Right), punctuates the jerk trace by 0-jerk segments associated
with the period of no movement. The area under the curve
remains the same however, because the integration is over a
longer duration T2 ¼ T2+2 T0 ¼ 3.75s; thus the jerk score equates
J2 ¼ J1. Temporally normalizing the jerk waveforms places the long
trace into the same temporal bounds as the short trace, decreasing
the area under the curve as the peaks of the long trace are
‘‘squeezed’’ to 2

3 their original width in order to accommodate the
1
3Tn of stall activity (Bottom).

Comparing smoothness measures with regard to their depen-
dence on movement speed, it was found that for healthy subjects
jerk-based metrics correlated poorly to average velocity, as
expected: rðIAJ; _̄yÞ ¼ 0:4, rðPEMEJ ; _̄yÞ ¼ 0:38 (Table 3). For stroke
subjects, however, the jerk metrics were strongly correlated with
average velocity: rðIAJ; _̄yÞ ¼ rðPEMEJ ; _̄yÞ ¼ 0:85, likely due to the
MAPR value for stroke subjects being 3 times greater than that for
controls. Thus, as stall periods decrease average velocity, IAJ is
concomitantly reduced, forcing covariation between IAJ and _̄y.
Compounding the problem is the high variability of MAPR that
passes on to intra-subject jerk variability.
on of spontaneous accelerations in reaching tasks. Journal of
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Fig. 6. Artefactual deflation of normalized jerk calculation due to stall behavior. Sample flexion motion from healthy subject is evaluated for integrated jerk before and after

a simulated stall at two intermediate angles, yielding identical IAJ values (Top). Normalization is necessary to eliminate inter-subject differences in average velocity and

range of motion, but cause an artefactual decrease in jerk integral by narrowing peaks to accommodate zero-acceleration periods (Bottom). Trace1 and Trace2 are identical,

except for intervening spaces. Jerk score is dimensionless, and reflects amplitude-normalized trajectory trace and derivatives.
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By measuring unique loci in the angular domain, of which
a stall corresponds to a single locus, SAT metrics are not
subject to spurious correlations to average velocity: jrðRED; _̄yÞj,
jrðPEMES; _̄yÞjo0:4 in both cohorts. We conclude that transforming
kinematic data into the angular domain yields accurate, high-
resolution maps of spontaneous accelerations, and scalar mea-
sures of movement smoothness that are insensitive to movement
speed, distance, and periods of arrested motion.
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