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Abstract

Purpose—After practice, augmented feedback is the most important factor that facilitates motor
learning. We assess the potential effectiveness of two types of augmented auditory feedback on
the re-learning of arm reaching in individuals with stroke: (a) real-time knowledge of performance
(KP) feedback and (b) rhythmic cueing in the form of knowledge of results (KR) feedback.

Method—Five participants with stroke underwent short-term practice, reaching with their
affected arm with KP, KR and no feedback, on separate days. We assessed range of motion of the
upper extremity (shoulder, elbow) and trunk, mean error and variability of the performed
trajectory, and movement time, before and after training.

Results—All participants benefitted from practice with feedback, though the effects varied
across participants and feedback type. In three participants, KP feedback increased elbow
extension and reduced compensatory trunk flexion. In four participants, KR feedback reduced
movement time taken to perform the reach. Of note, one participant benefitted mostly from KP
feedback, which increased shoulder flexion and elbow extension, and decreased compensatory
trunk flexion and mean error.

Conclusions—Within day practice with augmented auditory feedback improves reaching in
individuals with stroke. This warrants further investigation with longer practice periods in a larger
sample size.
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Introduction

Stroke is one of the leading causes of disability, with an estimated incidence of 795 000
cases per year in the USA (American Heart Association www.strokeassociation.org). At 6
months post-stroke, only about 11% of stroke survivors show complete functional recovery
of the upper limb [1]. There are a variety of therapeutic techniques to treat the upper
extremity post-stroke, though currently no regime is the gold standard [2-4]. However, the
application of motor learning principles is one approach that may support and enhance
therapeutic gains during rehabilitation [5,6]. Specifically, augmented feedback is one of the
most potent factors that can influence motor learning [7,8]. It is sensory information
provided to the individual from the environment that supplements naturally or internally
available information, derived for example from a person’s own proprioception and
sensation. When the central nervous system is impaired post-stroke, the ability to process
internal feedback information may become compromised [9]. Thus, the use of augmented
feedback may be highly important for the re-learning of previously acquired skills post-
stroke.

The use of augmented feedback to improve motor re-learning in stroke survivors is an
approach that has been less systematically studied but shows promise [3,10-13]. In
particular, the use of music as a form of augmented feedback may be a fun and motivating
approach to facilitate motor stroke recovery [14-16]. Furthermore, individuals are better
able to execute timely motor responses with sounds as opposed to visual cues [17-20], with
these sensorimotor interactions supported by a tight link between cortical auditory and
motor systems [21-23]. Even the mere act of listening to musical rhythms activates motor
regions of the brain [24,25], which suggests a potential for music to prime the motor system
and hence movements.

Augmented feedback can be broadly categorized into two types: knowledge of results (KR)
and knowledge of performance (KP). KR is feedback information about the outcome or goal
of the movement [7]. In contrast, KP is feedback information about the movement pattern or
kinematics used to achieve the goal [7], and can thus inform individuals about their quality
of movements. Specifically, the provision of rhythmic auditory cues, whereby movements
are executed in synchrony with a sound, have been applied as a form of KR feedback to
improve gait [26,27] and upper extremity motor control [28—-30] post-stroke. Rhythmic
feedback may be conceptualized as a type of KR since a movement that occurs in time with
a sound indicates to the participant they have successfully achieved the task. The rhythmic
cues do not inform individuals about the quality of their movements, however, the cueing
might improve them because it provides a temporal framework for motor actions to map
onto [31]. Preliminary findings suggest rhythmic cueing can improve range of motion
(ROM) in the arm and as well decrease compensatory trunk flexion [30].

In contrast, others have shown the provision of KR feedback improves the end-point
accuracy of the reach to a target, whereas KP feedback improves the movement kinematics
implemented by the upper extremity to reach the target [32,33]. Specifically, KP feedback
facilitates the use of shoulder flexion and elbow extension while reducing compensatory
strategies such as trunk flexion [32,33]. This work applied feedback in the verbal and visual
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modalities. The application of KP feedback in the context of music has to our knowledge,
not been studied.

Taken together, there is evidence for use of augmented feedback to increase ROM of the
upper extremity and to reduce compensatory trunk movements, during reaching. However, it
is unclear what type of feedback may be more effective, especially if one wants to
emphasize KP or KR in the context of giving musical stimuli for motor rehabilitation. Thus,
the aim of this proof-of-concept case series in five individuals with stroke is to explore the
effects of short-term practice using music-based KP, KR, and no feedback on hemiplegic
arm reaching ability. Evidence from short-term practice about which auditory feedback cue
would be most optimal would then allow us to design and conduct a longer-term music-
based intervention using the most promising feedback cue.

Five right-handed individuals (one female) with stroke gave written informed consent to
participate in the study approved by the Institutional Review Board of Beth Israel Deaconess
Medical Center, Boston. Inclusion criteria were as follows: first ischemic stroke in the
middle cerebral artery territory, no previous or subsequent cerebral ischemia or hemorrhage,
no hearing impairment according to subject’s report, and at least 10° of shoulder flexion and
elbow extension. All individuals underwent the Upper Extremity Fugl Meyer (UE-FM)
assessment of motor impairment. This consists of 30 voluntary UE motions observed by a
rater and three tendon tap responses, with a maximal score of 66 [34]. Scores are also
presented out of 56 since one participant had surgery to the wrist, preventing testing of this
section. Thus, a new maximal UE-FM score of 56 was calculated that did not include any
scores for wrist movements. See Table 1 for patient characteristics and Figure 1 for lesion
location.

Electrogonimeter sensor set up

Data were collected for the affected upper extremity using electrogoniometer sensors
(Biometrics Ltd., UK). These sensors measured flexion and extension at the elbow, shoulder
and trunk during reaching (Figure 2), from which we also derived real-time KP feedback.
The distal endblock of the elbow goniometer was attached to the forearm with its center axis
coincident with the center axis of the forearm; the proximal endblock was attached to the
arm with its center axis coincident with the center axis of the arm. The distal endblock of the
shoulder goniometer was attached to the arm, over the belly of the biceps muscle, while the
proximal endblock was attached just lateral to the convex portion of the clavicle. The distal
endblock of the trunk goniometer was attached to the trunk at the level of L5, while the
proximal endblock was attached to the back of the chair. Subjects were instructed to sit
upright such that the distal and proximal endblocks of the trunk goniometer were aligned at
180°.
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Reaching task

Participants were seated with their initial arm position in 90° elbow flexion, 0° shoulder
flexion and abduction, with the hand resting on the start target, fist of the hand closed
(Figure 2). The end target was placed in front of the participant, at arm’s length. This
distance was measured at 90° shoulder flexion (no abduction/adduction), 0° elbow flexion.
The start and end targets along with the upper extremity were aligned in the same plane. One
trial of reaching encompassed the displacement of the fist from the start to end target and
back. Hitting either targets produced a click sound, which was the sound of the electric
switch embedded in the targets that was used to calculate the start and stop times for each
trial. To become familiar with the general experimental setup, participants practiced three
trials of reaching at their own pace with no feedback.

The signals of the goniometer sensors were amplified (K800 Amplifier, Biometrics Ltd.),
synchronized with the electric switches (two 1.5 V batteries), converted from analog to
digital at a frequency of 200 Hz (ADA 16-32/ 2(CB)F, Contec Co., Ltd.), and recorded on a
personal computer with a custom written program in C++. A typical example of collected
data during a forward and backward reach is shown in Figure 3(A).

Study conditions

We explored the effects of two types of augmented auditory feedback, continuous KP and
rhythmic KR, and no feedback, on arm reaching ability. In the KP condition, participants
performed arm reaches between targets while receiving real-time continuous auditory
feedback throughout the trajectory of the reach. In this condition, real-time information (data
sampled at 100 Hz, i.e. every 10 ms) about how the elbow, shoulder and trunk moved during
the reach was provided. Participants heard a consonant (e.g. pleasant) sound played
continuously (details in section: ‘‘Consonant and dissonant stimuli’”) if movements were
performed accurately. That is, data from the participant’s elbow, shoulder and trunk were
within a predetermined target trajectory volume (details in section: ‘“Generation of target
trajectory volume’’). A dissonant (e.g. unpleasant) sound was heard in real-time if data from
any joint was outside the target trajectory volume. When this occurred, participants were
instructed to adjust their elbow, shoulder and/or back since one or more of these joints were
moving incorrectly. For example, the yellow area in Figure 3(B) illustrates data from the
elbow that was outside the target volume and a dissonant sound played. Participants did not
know which specific joint produced the error. We choose this approach to minimize the
cognitive processing load; the task could be too difficult if an individual with stroke has to
learn to associate different sounds with different joint movements. Furthermore, it is well-
known that too much feedback information may slow down learning, in healthy individuals
[7]. Thus, we did not encode every possible kinematic variable as a feedback signal.

In the rhythmic auditory KR condition, participants performed arm reaches between start
and end targets repeatedly, synchronizing the contact of fist-to-target in time with a
metronome, a device that produces a cue at a set time interval, e.g. 1 Hz. If movements are
synchronized with the metronome, this indicates correct performance. If the reach lags
behind or occurs ahead of the metronome, this indicates an error. Prior to testing, a
comfortable metronome pace was selected for each subject.
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Thus, the KP and KR conditions differed in that one provides continuous real-time feedback
throughout the movement trajectory, and the other provides rhythmical feedback at the end
points of movement. In both conditions, auditory feedback was provided on every trial. In
the no-feedback condition participants performed reaching with no auditory feedback.
Sounds were played binaurally through headphones and loudness was set at a comfortable
level for each participant. Participants closed their eyes to ensure only feedback from the
auditory domain could be used.

Study design

Three conditions (rhythmic KR, continuous KP, no feedback) were tested on separate days,
randomized for presentation order across participants. For each condition, we first obtained
baseline pre-training data whereby participants performed 12 trials of reaching without
feedback. Second, the experimenter passively moved the arm between the start and end
targets for six trials. This data was used to create a target trajectory volume (details in
section: ‘“‘Generation of the target trajectory volume’’) from which the real-time continuous
auditory feedback signal was generated and used for the training period. Third, the
experimenter then performed an additional six trials of passive reaching to demonstrate each
of the feedback conditions. Fourth, participants practiced reaching with one of the three
conditions. This training comprised 72 trials of reaching broken into six blocks of 12 trials
with rest provided between blocks. Lastly, participants performed another 12 trials of post-
training reaching with no feedback. Thus, the pre- and post-training (no feedback) trials
allowed us to evaluate short-term retention effects for each of the conditions (Figure 4).

Consonant and dissonant stimuli

Two types of distinguishable sounds, one signaling error and the other correct performance,
were created for the continuous KP condition. Consonant sounds are pleasant and more
preferred than dissonant sounds [35]; the latter is perceptually harsh and unpleasant since
they create a sensation of beating [36]. Two pairs of consonant/dissonant stimuli were
created, pair 1: C-G/C-C#, pair 2: C#-G#/G-G# (frequency C ¥4 261.626 Hz; C# ¥4 277.183
Hz; G ¥ 391.995 Hz; G# ¥ 415.305 Hz). Each stimulus in a pair comprised of two pure
tones; a consonant stimulus forms the interval of a perfect fifth (i.e. seven semitones apart),
and a dissonant stimulus forms the interval of a minor second (i.e. one semitone apart). The
peak amplitude of the stimuli was normalized such that there were no differences in sound
intensity, only changes in sound consonance and dissonance.

Participants underwent a hearing test to ensure they could discriminate between consonant
and dissonant sound pairs, and thus perform the reaching task using continuous KP
feedback. In this hearing test, participants pressed a button when they heard a change in
sound. In half the trials, the consonant stimulus was presented first and the dissonant
stimulus presented at 1, 2, 3 or 4 s following (total trial duration is 5 s). This prevented
participants from anticipating and thus predicting when the stimulus would occur. There
were four orders of stimuli presentation (consonant to dissonant, dissonant to consonant, for
each of stimuli pair 1 and pair 2), four time points at which the change occurred, and two
trials per configuration, rendering 32 trials. An additional 32 trials were also included where
by there was no change in the sound stimulus (participants were instructed to not press the
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button). Here, stimuli (C-G, C#-G#, C-C# and G-G#) were played throughout the 5-s period
for eight trials each. All trials were randomly presented with sounds presented at a
comfortable level, binaurally through a headphone (HD 201, Sennheiser). To determine
whether participants could discriminate between consonant and dissonant sound pairs, we
calculated the percentage of correct responses and reaction time to changes in the stimuli.

Generation of the target trajectory volume

A target trajectory volume was created to define what would be considered correct and
incorrect reaching performance for the continuous KP feedback condition. This volume was
derived from the six trials of passive movement so that it would be individualized for each
participant. This enabled us to take into consideration each person’s impairment level and
thus the amount of improvement that could be realistically seen. First, we normalized the
time taken between lift-off of the hand from the start target and contact of the hand with the
end target (an example of the time normalization is shown as the gray area in Figure 3A and
percent (%) reach in Figure 3B). Second, we averaged the time-series data across the six
trials of passive movement to create a target trajectory. Third, the target trajectory volume
was defined as £10° of the target trajectory for the elbow and shoulder, and +5° of the target
trajectory for the trunk (Figure 3C). For example, the black solid and dashed lines in Figure
3(B) denote the target trajectory and its volume, respectively. These ranges take into
consideration the natural variability of movements during arm reaching. Electrogoniometer
data from healthy participants in our pilot testing showed that inter-trial variability (2 SD)
across 100 trials of reaching were 7.63°, 6.41° and 1.83° at elbow, shoulder and trunk,
respectively. This pilot work shows £10° range for the elbow and shoulder, and +5° range
for the trunk, accommodated the natural variability of movements.

Data analysis

The pre- and post-no-feedback trials for each condition were analyzed to determine the
short-term effects of practice. For each reach, we calculated ROM at each joint (elbow,
shoulder, trunk) and movement time. ROM is defined as the maximal change in joint angle
during the reach (see Figure 3A). Movement time is defined as the time when the hand lifts
off from the start switch and returns to it (see Figure 3A). As a secondary outcome measure,
we assessed how a performed movement deviates from a target trajectory. We define an
error at ith sampled time frame (g) as,

e; = arg m],in\/(xi_xj)2+(yi—y,j)2+(2i_Zj)gv €]

where x;, y; and z, are ith sampled time frame of the performed joint angle at the elbow,
shoulder and trunk, respectively, while xj, y; and z, are jth sampled time frame of the target
joint angles. Namely, the error (g) was calculated as the minimum distance from a point (P;)
to the target trajectory in the three-dimensional plot in elbow-, shoulder, and trunk-joint
angle space (Figure 3C). We calculated mean and SD of the errors across the sampled time
frames. Mean error and its SD were calculated only for the forward portion of the reach (i.e.
the time when the hand lifts off from the start switch and hits the target switch). This is
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because creation of the continuous feedback is based on the forward portion of the reach
toward the end target.

For each condition, data for each dependent measure were averaged across the 12 pre- and
post-reaching trials separately, and a ratio of post/pre was calculated. A value of 1 indicates
no change, values >1 indicate measures post-training were greater than those pre-training
(i.e. increase ROM at elbow and shoulder) and values <1 indicate that measures post-
training were reduced relative to pre-training (i.e. decreased ROM at trunk, movement time,
mean error and its SD). Given five participants were tested, data are presented and discussed
as a case series.

Magnetic resonance imaging

Results

We obtained magnetic resonance imaging (MRI) images on a 3-T GE scanner to delineate
the stroke lesion. For each participant, we obtained a T1-weighted high-resolution scan (0.93
x 0.93 x 1.5 mm3) and a set of axial fluid-attenuated inversion recovery (FLAIR) images
(0.5 x 0.5 x 5 mm3). Lesions were drawn on each participant’s normalized T1-weighted
image, using the FLAIR for additional guidance on lesion delineation (Figure 1).

Perceptual hearing test

Mean percentage of correct response to the stimulus was 96.9 + 2.4%. Mean reaction time to
a change in the stimulus was 620.08 + 80.52 ms.

Effect of feedback on reaching performance

All five participants demonstrated some benefit to practice with feedback. Responses varied
across feedback type and participants (Figures 5 and 6, Table 2), however, some general
trends include: (1) continuous KP feedback increased elbow extension and reduced
compensatory trunk flexion in three individuals; (2) rhythmic KR feedback reduced
movement time for reaching in four individuals. Below, we describe the effects in each
participant.

Participant 1

Short-term performance was improved when practice occurred with, as opposed to without,
feedback. Specifically, continuous KP feedback enhanced shoulder flexion, while rhythmic
KR feedback decreased compensatory trunk flexion and movement time for reaching.

Participant 2

Short-term performance was improved when practice occurred both with and without
feedback. Specifically, practice without feedback improved elbow extension, and reduced
mean error and variability of error. Practice with rhythmic KR feedback reduced movement
time for reaching and mean error. Practice with continuous KP feedback increased shoulder
flexion and decreased compensatory trunk flexion.
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Short-term performance was improved when practice occurred both with and without
feedback. Specifically, practice without feedback improved shoulder flexion. Practice with
rhythmic KR feedback increased elbow extension, and decreased compensatory trunk
flexion and mean error. Practice with continuous KP feedback also reduced compensatory
trunk flexion and variability of error.

Participant 4

Short-term performance was improved when practice occurred with, as opposed to without,
feedback. Specifically, this individual appeared to benefit mostly from practice with
continuous KP: increased shoulder flexion and elbow extension, and decreased
compensatory trunk flexion and mean error. Practice with rhythmic KR feedback only
reduced movement time for reaching.

Participant 5

Short-term performance was improved when practice occurred both with and without
feedback. Specifically practice without feedback improved shoulder flexion and elbow
extension, and decreased mean error and variability of error. Practice with rhythmic KR
feedback also increased shoulder flexion and elbow extension, and reduced movement time
for reaching and variability of error. Practice with continuous KP feedback only improved
shoulder flexion.

Discussion

The aim of this proof of concept case series was to determine what type of music-based
augmented feedback could improve reaching movements in the affected extremity in
individuals with stroke. The optimal outcome of this training would be that participants
could use feedback to reduce compensatory trunk movements and increase ROM in the
shoulder and elbow, thus improving their reaching ability. If practice would occur over a
longer period of training, changes in ROM would likely manifest in reductions in motor
impairment [33]. Our preliminary pilot findings in five individuals suggest that there may be
some benefit of providing music-based augmented feedback, however, effects differed
across participants and feedback type. This motivates the need to test more individuals
across a longer period of time to determine whether and which of these effects are long
lasting.

Our findings show that in four participants, practice with rhythmic KR feedback reduced
movement time for reaching. The fifth participant (#3) also showed some reduction in
movement time, but smaller in magnitude. These results concur with prior research that
suggests 2 weeks training on a reaching task with rhythmic auditory cues also reduces
movement time in individuals with chronic stroke [30]. This prior research also found
rhythmic training to reduce compensatory trunk flexion, and increase shoulder flexion and
elbow extension. However, our findings from short-term practice suggest only some
participants’ benefit from rhythmic KR to enhance shoulder flexion (participant #5) and
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elbow extension (participants #3, #5), and reduce compensatory trunk flexion (participants
#1, #3).

Similarly, our findings provide modest evidence that practice with continuous KP feedback
can also increase shoulder flexion (participants #1, #4) and elbow extension (participants #2,
#4, #5), and reduce compensatory trunk flexion (participants #2, #3, #4). These findings
concur with prior work showing KP relative to KR feedback improves elbow and shoulder
ROM along with their joint inter-coordination, and decreases compensatory trunk flexion
[32,33]. In particular, participant #4 seemed to ideally benefit from continuous KP feedback.
This individual was able to increase shoulder flexion and elbow extension, and decrease
compensatory trunk flexion, after practice, relative to practice with no feedback or rhythmic
KR feedback.

As a secondary outcome measure, we assessed whether mean error and its variability
decreased after practice. Some participants were able to reduce the mean error and
variability of their elbow, shoulder and trunk movements. However, there was no clear
pattern of findings across participants. Mean error was reduced in participants #2 and #3
with rhythmic KR feedback, and in participant #4 with continuous KP feedback. Variability
was reduced in participant #5 with rhythmic KR feedback, and in participant #3 with
continuous KP feedback. These findings suggest that mean error and variability may not be
sensitive nor relevant measures of improvement for our tasks. Improvements in ROM can
occur independent of changes in mean error.

Together, the findings of this case series indicate that the use of music-based augmented
auditory feedback may have some modest short-term practice effects in improving aspects
of reaching in stroke patients. However, it is unclear at this point, which feedback type,
rhythmic KR or continuous KP, is more optimal. Participants showed short-term
improvements in performance after practice with both types of feedback. Thus, it may be
that an intervention comprising both rhythmic KR and continuous KP feedback would be
most effective.

Limitations to our study include the short-term nature of the training (1 day, 72 trials) with
no evaluation of retention beyond the immediate post-training period. The reason for the
short-term nature of our study was to determine if one could quickly establish which
feedback cue is most optimal. This information would then allow us to design an
intervention over a longer period of practice where one would also expect retention effects
over a longer period. Feedback was also provided on every trial (though required for the
rhythmic condition). This may not be as effective for motor learning as it is thought that the
provision of less feedback is better [7]. We also did not perform statistics due to the case
series nature of our study.

Findings from our case series support the notion that enhancing sensory feedback can
improve motor performance, which ultimately may allow brain-injured patients to relearn
motor skills. We encourage future research to train participants over a longer period so that
the long-term effectiveness of these different types of music-based augmented feedback can
be fully evaluated.
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IMPLICATIONS FOR REHABILITATION

e After practice, augmented feedback is the second most important factor that

facilitates motor learning.

» Music-based augmented auditory feedback has potential to enhance reaching

abilities in individuals with stroke.

«  Future studies are warranted to evaluate the long-term effectiveness of this

feedback over a longer training period in a larger sample size.
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Figure 1.
Lesion location. Lesions are shown in the right hemisphere, superimposed on the standard

MNI 152 template. The slice with the maximal lesion size is shown for each participant.
Participant 1-5 shown from left to right.
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Figure 2.
Experimental setup. Electrogoniometer sensors measure elbow, shoulder and trunk

movements. The start and end targets incorporate electric switches that measured reaching
times.
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Figure 3.
Data analysis. (A) A typical example of data recorded from electrogoniometers (red: elbow,

green: shoulder, blue: trunk) and electric switches (cyan: start target, magenta: end target).
Movement time was calculated from the start target signal. ROM was calculated from the
electrogoniometer sensor. (B) Data are shown for the reach, from time of hand lift-off from
the start switch to time when the hand hits the target switch. The time axis (i.e. x-axis) is
denoted as percentage of reach; the y-axis is joint angle in degrees. The positive and
negative values on the y-axis denote joint flexion (FIx) and extension (Ext), respectively.
The black solid and dashed lines represent the target trajectory and its volume, respectively.
The yellow area represents the portion of the reach performed outside the target volume. (C)
Three-dimensional plot in elbow-, shoulder-, and trunk-joint angle space. Black line and
gray area indicate the target trajectory and its volume, respectively. Magenta line indicates a
performed movement. The mean error and SD was calculated at each time frame of a
performed movement trajectory to assess the degree to which the movement deviates from
the target.
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Figure 4.
Experimental protocol. The number of trials in each block is shown. Light gray boxes

denote trials where rhythmic KR feedback is provided while dark gray boxes denote trials
where continuous KP feedback is provided.
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Figure 5.
Change in range of motion at elbow, shoulder and trunk after training. A value of 1 (dashed

horizontal lines) indicates no change, values >1 indicate that measures post-training were
greater than those pre-training, and values <1 indicate that measures post-training were
reduced relative to pre-training.
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Change in movement time, mean error and variability of error after training. A value of 1

(dashed horizontal lines) indicates no change, values >1 indicate that measures post-training
were greater than those pre-training and values <1 indicate that measures post-training were
reduced relative to pre-training.
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Table 1

Participant demographics.

Age at assessment

Time since stroke

Upper extremity

ID (years) Sex (months—m, days-d) Affected side Lesion volume (cc) Fugl-Meyer
01 55 M 108 m 24d R 169.24 14/66 (14/56)
02 60 F 2méd L 1.06 44/66 (39/56)
03 52 M 57m3d L 39.19 53/66 (46/56)
04 57 M 52 m 15d L 199.25 33/66 (33/56)
05 64 M 14 m 10d R 10.26 30/66 (17/56)
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