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Abstract
A Standardized Method of Detecting Movement Onset in Ballistic Wrist Extension Movements
of Stroke Patients

By Anusha Gadipudi

Ischemic stroke affecting the primary motor cortex (M1), or its corticospinal projections (CST)
has been shown to impact hand function in humans and non-human primates. Considering the
prevalence of ischemic stroke, it is essential to accurately quantify hand function in order to track
post-stroke recovery of movement and guide rehabilitation. The experimental use of kinematic
measures of hand movement - including the onset of the movement, peak velocity, and time to
peak velocity — has grown rapidly over the past two decades as a method of quantifying behavioral
restitution rather than compensation. The purpose of this study is to test the feasibility of a
standardized method for determining the onset of movement in ballistic wrist extensions of patients
recovering from ischemic stroke in M1 or CST. Currently the onset of movement is determined
visual inspection. However, it is subject to a degree of inter-observer variability and may be time-
consuming and inefficient to use. Here we employed four methods of estimating the onset of
movement— the visual inspection method, and three automated approaches, the sigma factor
method, the 5% Max method, and the 10% Max method. The degree of a participant’s affectedness
was quantified by their scores on the Jebsen-Taylor Hand Function Test (JTHFT). The visually
determined onset was treated as the golden standard of determining the onset of movement. The
onset time from the sigma factor method was found to be closest to the onset times from the visual-
inspection method, and therefore, the most accurate to the true onset. In participants with higher
normalized JTHFT scores, the 10% Max method was less accurate to the true onset, and the 5%
Max method of determining onset was generally the farthest from the true onset. Furthermore, a
negative correlation was established between normalized JTHFT scores and the peak velocity of
the ballistic wrist extensions, potentially explaining the failure of the 5% and 10% Max automated
methods in participants with more affected hand function. These results indicate that the sigma
factor method may have the most merit for use as a standard metric for determining the onset of

ballistic wrist extension movements in individuals affected by ischemic stroke.
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Introduction

Ischemic stroke affecting the primary motor cortex (M1) or it’s corticospinal projections (CST)
has been shown to impair hand function (Israely S and Carmeli E, 2017), and specifically also
wrist extension movements in humans (Buetefisch CM et al., 2018;Revill KP et al., 2020).
Previous measures of the effect of stroke on hand function have included the Jebsen-Taylor Hand
Function Test JTHFT) (Jebsen RH et al., 1969), the Wolf Motor Function Test (WMFT) (Wolf
SL et al., 1989), the Motor Activity Log (MAL) (Uswatte G et al., 2006), and kinematic measures
(Buetefisch CM Revill KP,Haut MW Kowalski GM,Wischnewski M Pifer M ,Belagaje SR ,Nahab
F,Cobia DJ ,Hu X ,Drake D and Hobbs G, 2018;Thrane G et al., 2019). Kinematic measures of hand
movements provide information about the onset, position, acceleration, and velocity of a
movement (Singer HS et al., 2016). However, although experimental use of kinematic analysis as
a measure of hand function has grown rapidly over the past two decades, standardization of hand
movement sensorimotor metrics across studies are lacking (Alt Murphy M and Higer CK,

2015;Kwakkel G et al., 2017;Schwarz A et al., 2019).

This study was prompted by a current longitudinal clinical study that seeks to track recovery of
hand function following ischemic stroke by measuring the time of onset and the peak velocity of
ballistic wrist extension movements at two timepoints during the recovery process. The first time
point is recorded within 1-month following the stroke, during the subacute phase of recovery. The
second timepoint is recorded about 6-months after stroke as the patient enters the chronic phase of
recovery. Ballistic movements are characterized by rapid muscular contractions and high firing
rates. Electromyographic (EMG) recordings of ballistic movements show triphasic burst patterns
(Zehr EP and Sale DG, 1994) in the agonist and antagonistic muscles involved in executing the
movement. The wrist extension movement is necessary for wrist stabilization and recovery of hand
and finger function following ischemic stroke in M1 or CST (Zaaimi B et al., 2012). This
laboratory based kinematic measure was demonstrated to correlate with hand function as measured
by clinical assessments of function, such as the JTHFT (Buetefisch CM,Revill KP .Haut
MW Kowalski GM,Wischnewski M, Pifer M ,Belagaje SR ,Nahab F.,Cobia DJ,Hu X ,Drake D and
Hobbs G, 2018) in chronic stroke patients with injury to the M1 or its CST which indicates its



relevance for hand function. Furthermore, evidence from non-human primate stroke models
indicates that lesions in M1 are correlated with abnormal movement kinematics, further confirming
the validity of ballistic wrist extension movements as a measure of function in M1 or CST

(Dancause N et al., 2006)

Movement onset has been previously utilized to quantify the kinematics of a movement. It is
defined as the time from the ‘go’ signal to the onset of the movement. Other frequently used
measures include the time to maximum velocity and the duration of a movement. These measures
cannot be calculated without first determining the movement onset (Schwarz A Kanzler
CM,Lambercy O,Luft AR and Veerbeek JM, 2019). However, methods for determining the
movement onset varied across studies. There are three main proposed methods of determining the
onset of a movement in a ballistic wrist extension: As a deviation from the resting position (sigma
factor) (Wentink EC et al., 2014); as a percentage of the maximum resultant velocity (%Max)
(Rousseau C et al., 2016;Wagner JM et al., 2008); and by visual inspection (Waters P and Strick
PL, 1981). While %Max has been frequently utilized to calculate the movement onset, the set
percentage of the maximum varies greatly across studies: movement onset of reaching and
grabbing movements was defined in one study as 2% of the maximum velocity (Thrane
G,Sunnerhagen KS,Persson HC,Opheim A and Alt Murphy M, 2019); and as 5% of the maximum
velocity in another study (Wagner JM,Rhodes JA and Patten C, 2008). Alternatively, sigma factor
has previously been used to determine the onset of movement when EMG was recorded (Corcos
DM et al., 1992;Hodges PW and Bui BH, 1996) but is less frequently used in kinematic
measurements. Visual inspection has been previously used to rectify results found from %Max
(Bundy DT et al., 2018) but is less frequently used independently to determine onset due to its

time-consuming nature and high subjectivity between observers.

The current investigation looks to compare the three different methods of determining the
onset of movement in patients suffering from impaired hand function due to ischemic stroke

affecting M1 or CST to conclusively determine which method is most reliable



Methods:

The data was gathered from participants recruited for an on-going study by Dr. Cathrin Buetefisch
from 2015 — 2020. All participants were confirmed to be suffering from ischemic stroke involving
M1 and/or CST by the visual inspection of their brain MRI by a board-certified neurologist (C.
Buetefisch). 35 individuals (68.5+9.77, 19 females, 37.14% dominant hand affected) were
recruited to participate in this study. Of these 35 individuals, 31 participants (59.9+9.01, 17
females, 35.48% dominant hand affected) had kinematic recordings available for analysis.
Recordings were completed within 1-month of the ischemic stroke. Subjects completed written
informed consent before entering the study. The Institutional Review Board of Emory University

approved the study.



Non-
Affected Affected
Which Dominant | Hand Hand

Subject Hand Hand JTHFT JTHFT
Number Affected Sex Age Affected? | Score Score
NAH_003 L F 60 | N 0.27 0.63
NAH_004 L F 52| N 0.13 0.49
NAH_005 L F 56 | N 0.15 0.49
NAH_006 L F 41 1Y 0.14 0.29
NAH_008 L M 71 | N 0.01 0.02
NAH_013 L F 64 | N 0.08 0.92
NAH_014 L F 54 | N 0.25 0.76
NAH_015 L M 72 | N 0.31 0.40
NAH_016 L M 59 | N 0.22 0.68
NAH_017 R F 511Y 0.13 0.22
NAH_019 L F 39 | N 0.20 0.25
NAH_020 R F 63|Y -0.03 0.10
NAH_021 L M 62 | N 0.18 0.23
NAH_023 L M 53| N 0.25 0.93
NAH_025 R F 72 | N 0.08 0.07
NAH_026 L M 60 | N 0.11 0.16
NAH_034 L F 571 Y 0.10 0.13
NAH_036 R M 60 | N 0.05 0.18
NAH_040 L F 62 | N 0.25 0.92
NAH_041 R M 56| Y 0.22 0.22
NAH_048 L F 65 | N 0.31 0.44
NAH_049 L M 61]Y 0.20 0.37
NAH_053 L F 65 | N -0.08 0.92
NAH_055 L M 55| N 0.33 0.93
NAH_056 R M 61]Y 0.21 0.60
NAH_059 R F 79 1Y 0.28 0.92
NAH_061 L M 42 | N 0.16 0.93
NAH_062 L F 65 | N 0.15 0.33
NAH_063 R M 74 1Y 0.17 0.29
NAH_065 R F 63|Y 0.12 0.34
NAH_066 R M 61]Y 0.16 0.92

Table 1: Characteristics of participants included in this analysis




Motor Tasks

We measured the wrist extension movement of participants (n = 31) in both hands at a 1-month
and 6-month time post-stroke. As part of the ongoing longitudinal study, all participants were also
tested in single exposures to two different interventions at these time points. The interventions
consisted of either rTMS or Sham and were applied in a random order. The measurements were
conducted before and after each intervention at 1-month post-stroke and 6-months post-stroke. As
a result, all participants had 2 measurement of ballistic wrist extension movement at each time
point for a total of 4 measurements. For the measurement, participants were asked to rapidly
execute 7 ballistic wrist extension movements following an auditory cue. A 2-dimensional
gyrometer was mounted on the dorsum of the hand to measure wrist extension movements. EMG
activity was recorded on the extensor carpi ulnaris (ECU) muscle, a muscle that supports wrist
extension movements. Kinematic and EMG data were recorded using LabVIEW (National
Instruments, CA, USA). Data were sampled at 1 kHz (bandpass 3Hz — 3 kHz) for 1500ms
following the auditory cue. The 2-dimensional position data was recorded in the y-axis and the x-

axis.

Kinematic and EMG data were stored on a PC for off-line analysis. Data analysis was done in
LabVIEW (National Instruments, CA, USA). Peak velocity and movement onset were calculated

from the resultant angular velocity of the ballistic wrist extension movement.



Analysis

Movement onset (MO) was determined through 4 different approaches: visual inspection; 5 %Max;

10% Max; and sigma factor). Peak velocity (Vmax) was defined as the maximum resultant angular

velocity from the x-axis and y-axis.
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Fig 1: Visualization of the raw data in the labVIEW program. In Ch2/3, the red trace indicates the
- velocity of the movement in the y-axis. The white trace indicates the velocity of the movement in
the x-axis. The green trace indicates the resultant velocity as calculated for the velocity in the x- and

y- axes.

Visual Inspection

The onset of the ballistic wrist extension was determined by visually inspecting the kinematic trace

of the resultant velocity. A cursor was placed at the time point where the velocity increased from

rest, defining the visually determined movement onset. Recordings in which no discernable

movement was found during visual inspection were excluded from the analysis.
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Fig 2: Movement onset by inspection. The cursor (the blue box in the window “Ch 2/3zoom”) was
manually moved to the onset of the movement. This time point is extracted and shown under
“TO_ch2/3”. In this case, the visually determined onset coincided with a sigma factor value of 7

(indicated in “sigma factor_")

Y%Max

In the 5%Max and 10%Max approaches, the movement onset was calculated as a percentage of
the maximum resultant velocity of the ballistic wrist extension. Based on previous studies from
Bundy et al. and Rousseau et al., the onset of movement was predicted to occur when the velocity
of the hand exceeded 10% (Bundy DT,Szrama N,Pahwa M and Leuthardt EC, 2018) or 5%
(Rousseau C,Papaxanthis C,Gaveau J,Pozzo T and White O, 2016) of the maximum velocity of

the movement.
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Sigma Factor

In this approach, the deviation from the mean rest velocity determines the onset of movement. The
resting period was defined by the 50 ms following the auditory cue, as in Fig 4. Based on the
observed reaction times in healthy adult humans, auditory cued movements are not expected to
occur within 100 ms after to go signal (Schlittenlacher J and Ellermeier W, 2015). To determine
the sigma factor, the mean amplitude of the angular velocity at rest was calculated. The sigma
factor was then defined as a multiple of the standard deviation from the mean resting amplitude.
In order to standardize the analysis, a single sigma factor was chosen to test on the group-level. A
sigma factor value that could accurately indicate the onset time across a range of participants had
to be defined. In an initial pilot analysis of 17 files, (n = 6.91+0.96) the highest sigma factor was
found to be 10. Considering the shape and slope of the trace, a higher sigma factor was deemed to
be more accurate to determine the true onset of movement than a lower sigma factor. As indicated
in Fig. 5, a steeper slope causes less shift in the indicated onset along the x-axis per unit amplitude.

Smaller slopes, which generally indicate more affected movements are associated with an



increased shift along the x-axis per unit amplitude. Furthermore, Fig. 5a. demonstrates the error in
underestimating the individual sigma factor. The indicated onset time is much lower than the true
onset time. As a higher sigma factor was determined to be more accurate to the true movement
onset, the highest sigma factor from the pilot analysis was then chosen to standardize the group-
level analysis. The highest sigma factor found in the pilot analysis was 10, so a sigma factor value

of 10 was used in this analysis.
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Unclear Onset

EMG Method

The sigma factor method of determining onset depends on setting a determined rest period. In this
study, the rest period was set to the first 50ms after the auditory tone. However, movements
recorded from more affected participants may not have a clear resting period. These participants
may have unwanted movements or overflow from other movements that confounds the recordings
and precludes defining the onset of the movement. An example is depicted below in Fig. 7. In
these participants, the standardized sigma factor approach fails to accurately determine the onset
of the movement. In such cases, it becomes necessary to use the EMG of an agonist muscle to
estimate and visually correct the onset of the movement. The agonist muscle for this ballistic wrist
extension movement is the ECU (Fig 7. Upper left panel). Using the onset of the EMG burst we
are able to estimate the onset of movement based on ECU muscle activation (Buetefisch CM,Revill
KP Haut MW Kowalski GM,Wischnewski M,Pifer M,Belagaje SR,Nahab F,Cobia DJ.Hu
X,Drake D and Hobbs G, 2018). Any movement recorded before the EMG burst is ascribed to
another muscle and is not considered the target movement. The temporal relationship between M1
pyramidal tract neuron discharges, EMG activity, and execution of voluntary movements was
previously established in non-human primate studies (Kalaska JF,2009). PTN firing occurred 100-
200 ms before EMG activity, which was found to proceed the onset of kinematic movement
(Crammond DJ and Kalaska JF, 2000). In the contraction of skeletal muscles in humans, the delay
between the onset of electrical activity and measurable muscle tension was found to be between

30 — 100 ms (Cavanagh PR and Komi PV, 1979).
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Fig 7: Affected ballistic wrist extension movement. EMG burst pattern is observed in Ch 0.
Kinematic movement trace is observed in Ch 2/3.

In the movement depicted in Fig. 7, the participant appears to be unable to keep their wrist still
during the expected rest period. As the sigma factor method of onset depends on marking the
beginning of the movement as a deviation from the set resting period, that method is not sufficient
to determine the onset here. By observing the EMG in Fig. 7, the characteristic burst pattern of a
ballistic movement occurs between 600-800 ms. Setting the sigma factor to 10 indicates the onset
at 63.2 ms, which is lower than the expected onset range. Narrowing the search window to 600 ms

- 800 ms yields an onset at 741 ms, which is within the expected onset range.
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Fig 8: The predicted onset when the sigma factor is set to 10 and the search window is shortened

to 600 ms — 800 ms after the stimulus, this range marks the predicted onset indicated by the EMG
Additionally, while the onset can be usually determined from the resultant velocity (between the
x-axis and y-axis), there may be instances where the onset is more clearly indicated through the x-
axis or the y-axis movement alone. In the example depicted in Fig. 8 and Fig. 9, the excessive
movement appears to be on the y-axis (the red trace only). It may be possible to estimate the onset
by using the data from the x-axis rather than the resultant. With this method, the onset occurs at

725 ms which is also within the range of the expected onset.
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Fig 9: Predicted onset when the sigma factor is set to 10 and the search window is not shortened
when only the x-axis trace is used

Although these movements pose a weakness to the sigma factor method of determining onset, they
are also a liability to the %Max method of determining onset. The first instance where the
movement crosses 5% of the maximum velocity occurs at 53.8ms (Fig. 10). Similarly, the onset at

10% of the maximum is at 64.2 ms.
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Fig 10: Movement onset as determined by the %Max method

If the search window is shortened, the movement onset at 5% of the maximum is 726.6 ms and at
10% of the maximum is 760.6 ms. If the window is expanded and only x-axis data is considered,
the onset of movement at 5% of the maximum is 719.8 ms and at 10% of the maximum is 733.2

ms. Both methods yield onset times within the expected range.

Jebsen-Taylor Hand Function Test

With the ultimate goal of operationalizing a standardized method of determining movement onset,
we also utilized the JTHFT to explore association between impaired hand function and validity of
our automatic analysis approaches. A strong association between these two measures, i.e. greater
impairment in hand function correlates with greater inaccuracy of the automated method, may
allow us to set a cutoff score after which a ballistic movement would not be analyzed using the
standardized method and would have to be analyzed visually. The Jebsen-Taylor Hand Function
Test is a standardized timed measure of hand function (Jebsen RH,Taylor N,Trieschmann
RB . Trotter MJ and Howard LA, 1969). JTHFT is a reliable and valid test of hand function
(Bovend'Eerdt TJ et al., 2004;S181rtmag I C and Oksiiz C, 2020). The JTHFT score is calculated
based on the norm scores that Jebsen defined in 1969 (Jebsen RH,Taylor N,Trieschmann
RB,Trotter MJ and Howard LA, 1969). In the present study, the test was administered by a trained

research physical therapist. Patients were asked to complete 7 motor tasks within 120 s. However,
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two tests — for writing and stimulated feeding, were excluded from analysis due to low test-retest
reliability (Stern EB, 1992). Ultimately, the time taken for the patient to complete 5 motor tasks
was summed to derive a RAW score. The RAW score was normalized to age- and sex- matched
controls. The test was repeated in the ipsilesional and contralesional hands, and the final value was
normalized for hand dominance. A larger score on the JTHFT indicated more abnormal hand

movement.
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Results
1. The range of sigma factors that indicated the true onset

The sigma factor indicating onset was recorded in a pilot study of 17 measurement sessions with
7 trials each. The highest occurring sigma factor was found to be 10 (Fig. 11). Based on these
preliminary results, the standardized sigma factor value was set to 10. After completing the
analysis of the entire data set (n = 31), there was only one trial with a higher sigma factor of 17 for
the affected hand measurements. For the non- affected hand, 4 trials had greater than 10 sigma
factor (Fig. 12). The average sigma factor was found to be 6.62+1.23 in the affected hand, and
6.59+1.31 in the non-affected hand.

Pilot Study
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Fig 11: The range of sigma factors that indicated the true, visually determined onset of 17
measurement sessions, each with 7 trials. Recordings in which no discernable movement was
detected through visual inspection were excluded from the analysis
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Fig 12: The range of sigma factors that indicated the true, visually determined onset in the affected
hand and the non-affected hand (n = 31). Each file has 7 trials. Recordings in which no discernable
movement was detected through visual inspection were excluded from the analysis

2. Movement onset determined by different approaches

Figure 13 shows the range of the indicated onset times in the affected hand and in the non-affected
hand. Figure 14 shows the average indicated onset time in both hands and compares the different

methods of detecting the onset of movement. In the affected hand, the average indicated onset time
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of the visual (387.07+16.60ms), sigma factor (396.26+17.34ms), 5% max (353.80+30.60ms),

and 10% max (380.671+26.20ms) methods are shown. The average indicated onset time using the

5% max method is much lower than the visually indicated true onset time, suggesting that the 5%

Max method is less accurate than the 10% Max method or the sigma factor method. In the non-

affected hand, the average indicated time of the visual (381.00 £11.56ms ), sigma factor
(377.13£11.86ms), 5% max (392.90+£17.14ms), and 10% max (406.87+£17.82ms) methods are

shown.
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Fig 13: The range of indicated onset times by the 4 different methods employed in the affected hand
and the non-affected hand.
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Fig 14: The average indicated onset time and the standard deviation across all participants in the
affected and non-affected hand.
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3. Relationship between peak velocity and JTHFT

The peak velocity of a kinematic movement is lower in more affected subjects, who have higher
normative scores on the JTHFT. As the 5% max method fails in participants with lower peak
velocities, it is possible that the 5% max method may not be an appropriate method for
standardizing a method of finding the movement onset in more affected individuals. The JTHFT
was used as a clinical method of determining how an individual’s movement quality is affected by
ischemic stroke. More affected participants have higher JTHFT scores than less affected

participants. A JTHFT score of 0 indicates a normal hand function.
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Fig 15: The correlation between JTHFT scores and the peak velocity reached in the ballistitic wrist
extension movement, in the affected and non-affected hands
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4. Relationship between JTHFT scores and the time difference
We found a clear correlation between degree of impairment in hand function and the time
difference from the true onset in the 5% and 10% max methods of determining the onset. The time
difference was calculated by taking the absolute value of the difference between the indicated onset
time in the standardized method and the indicated onset time in the visually determined method.

The more affected a participant was, the less accurate the 5% and 10% methods were (Fig. 16).
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Fig 16: The correlation between JTHFT scores and the time difference from the indicated onset in the
affected and non-affected hands.
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Discussion
The sigma factor method is generally the most accurate to the true movement onset as defined by

visual inspection. This effect was consistent across all subjects. The 5% Max and 10% Max method

of standardizing the movement onset were found to be inaccurate in more affected subjects with
higher JTHFT scores. These results indicate that the %Max method may not be appropriate in
determining onset of movement in studies of people with impaired hand function such as patients

recovering from ischemic stroke in M1 or CST.

This study uses 2-dimensional inertial recording. The current recommendation from the Stroke
Recovery and Rehabilitation Roundtable is to conduct recordings in 3-dimensions using high-
speed optoelectronic recording devices. In this study, the 2-dimensional recording system still
allows for analysis of resultant movements. In addition, the use of inertial systems may be valid
for capturing ballistic wrist extension movements (Wirth MA et al., 2019) . Furthermore, the use
of optoelectronic systems is subject to a degree of interobserver variability, and the recording
apparatus can be expensive and time-consuming to set-up. Future investigation may seek to
compare the results in determining the onset of a movement using optoelectronic recording as
opposed to inertial recording systems. Future studies may also include recordings captured in 3-

dimensions rather than 2-dimensions.

The failure of the 5% and 10% Max methods in patients suffering from ischemic stroke is of
particular note. The greater a participant’s JTHFT score, the worse the 5% and 10% Max methods
were at finding the true onset accurately. Furthermore, the high degree of variation in the onsets
determined by the 5% and 10% Max methods suggest that this effect may be driven by a few
highly affected subjects, for whom this method is simply insufficient for determining the
movement onset. In such cases, visual inspection may be needed to correct the movement onset to
accurately reflect the true onset. Alternatively, these results also make the case for implementing
a ‘cut-off” JTHFT score beyond which the determination of the movement onset cannot be
standardized and automated. Beyond this score, visual inspection would be needed to determine

the movement onset.
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Furthermore, a sigma factor value of 10 was chosen for this study based on the results from
analyzing a pilot group. However, the highest sigma factor in the complete sample was found to
be 17 for one trial for the affected hand and greater than 10 in 4 trials of the non- affected hand
(max. 14). Potential future investigation may consider testing the effect on accuracy when
choosing different sigma factors in order to further understand the most accurate standardized

method of finding the movement onset.

Future investigation may look to compare the inter- and intra- observer reliabilities of the
kinematic approach to the clinical approach. This investigation may also compare the reliability of
the visually determined onset method to the standardized method. Additional investigation may be

conducted to develop a method of automating this analysis.

I have received IRB approval on the following protocol:

IRB ID: CRO01-IRB00081238
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