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Abstract

Background: Huntington disease (HD) is an inherited genetic disorder that results in the death of brain cells. HD symptoms
generally start with subtle changes in mood and mental abilities; they then degenerate progressively, ensuing a general lack of
coordination and an unsteady gait, ultimately resulting in death. There is currently no cure for HD. Walking cued by an external,
usually auditory, rhythm has been shown to steady gait and help with movement coordination in other neurological conditions.
More recently, work with other neurological conditions has demonstrated that haptic (ie, tactile) rhythmic cues, as opposed to
audio cues, offer similar improvements when walking. An added benefit is that less intrusive, more private cues are delivered by
a wearable device that leaves the ears free for conversation, situation awareness, and safety. This paper presents a case study
where rhythmic haptic cueing (RHC) was applied to one person with HD. The case study has two elements: the gait data we
collected from our wearable devices and the comments we received from a group of highly trained expert physiotherapists and
specialists in HD.

Objective: The objective of this case study was to investigate whether RHC can be applied to improve gait coordination and
limb control in people living with HD. While not offering a cure, therapeutic outcomes may delay the onset or severity of
symptoms, with the potential to improve and prolong quality of life.

Methods: The approach adopted for this study includes two elements, one quantitative and one qualitative. The first is a
repeated-measures design with three conditions: before haptic rhythm (ie, baseline), with haptic rhythm, and after exposure to
haptic rhythm. The second element is an in-depth interview with physiotherapists observing the session.

Results: In comparison to the baseline, the physiotherapists noted a number of improvements to the participant’s kinematics
during her walk with the haptic cues. These improvements continued in the after-cue condition, indicating some lasting effects.
The quantitative data obtained support the physiotherapists’ observations.

Conclusions: The findings from this small case study, with a single participant, suggest that a haptic metronomic rhythm may
have immediate, potentially therapeutic benefits for the walking kinematics of people living with HD and warrants further
investigation.

(JMIR Rehabil Assist Technol 2020;7(2):e18589) doi: 10.2196/18589
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Introduction

Background
Rhythmic cueing is a technique that is able to provide immediate
improvements to asymmetrical or irregular gait for a variety of
neurological conditions [1-5]. This paper presents a case study
of the first reported application, to the best of our knowledge,
of rhythmic cueing via haptics (ie, through the sense of touch)
for a participant diagnosed with Huntington disease (HD).

HD is an inherited genetic disorder that results in the death of
brain cells [6]. HD has a relatively low occurrence: around
10.6-13.7 individuals per 100,000 in western populations, and
1-7 individuals per million in Asian populations [7]. Even so,
George Huntington, the person who first defined the disease in
1872, described it as follows: “Once it begins, it clings to the
bitter end” [8]. There is currently no cure for HD [6].

Specific symptoms of HD vary between people [9]; however,
HD symptoms generally start with subtle changes in mood and
mental abilities [9]. These symptoms are then followed by a
general lack of coordination and an unsteady gait [10]. In later
stages of the disease, uncoordinated, jerky body movements
become more apparent [9]. Huntington chorea—chorea, or
χορεία, being the ancient Greek name for dance—is a name
given to the hand and feet movements caused by HD because
of their unfortunate loose resemblance to dancing.

Physical abilities gradually worsen, until coordinated movement
becomes difficult, eventually affecting the person’s vocal cords,
making them unable to talk [9,10]. Eventually, due to the gradual
death of brain cells, mental abilities often decline into dementia
[11]. Since HD is a genetic disease, symptoms can start at any
age. However, symptoms do not usually become apparent until
a person is between 30 and 50 years of age [6,11].

A small percentage of HD cases (about 8%) start before the age
of 20 years, and typically present with symptoms more similar
to Parkinson disease [11]. This is often defined as juvenile HD
(JHD), and it differs in that it generally progresses faster, with
affected individuals usually remaining alive no longer than
around 10 to 15 years after signs and symptoms appear [12]. In
such cases, chorea is generally exhibited only briefly, if at all.
Additional signs of JHD include slow movements, clumsiness,
frequent falling, rigidity, slurred speech, and drooling. A total
of 30%-50% of persons with JHD often experience seizures
[12,13].

Even though there is currently no cure [6], treatments [11] and
frequent physiotherapy [14] can relieve some symptoms and,

in some cases, improve quality of life [11]. Generally, full-time
care is required in the later stages of the disease [10].

In the case of neurological conditions that affect gait more
generally, asking survivors to match their steps to a steady
external rhythm has been found to improve various gait
characteristics, as we will now outline. This method of
gait-related physiotherapy and rehabilitation, primarily using
audio rhythms, has been widely explored in conditions such as
hemiparetic stroke [15], cerebral palsy [16], and Parkinson
disease [17,18] with promising results. More recently, steady
rhythms mediated through the haptic, as opposed to auditory,
modality (ie, mediated via the sense of touch) have been
demonstrated to show very similar therapeutic benefits [5]. In
some contexts, rhythmic haptic cueing (RHC) can have
advantages over audio cueing, as it can be less obtrusive and
leaves the sense of hearing free for other purposes [19].

In this case study, we tested RHC for assisting and enhancing
current physiotherapy practices of HD and JHD. Even though
physiotherapy for HD does not aim to fully restore walking
abilities, it can have long-term therapeutic effects in delaying
the disease’s progression; this could extend the period that a
person with HD can be independently mobile, hence, providing
better quality of life.

Results from a single participant with JHD in this study were
analyzed qualitatively by an independent team of expert
physiotherapists. They commented on the participant’s gait
pattern and characteristics before cueing, during application of
the rhythmic cue, and immediately after cueing.

Human Gait
Before moving on to the details of the study and the results
obtained, it may be useful to clarify aspects of human gait and
kinematics, including terminology used by physiotherapists to
describe gait [20].

Each step, or step cycle, consists primarily of two phases: the
swing phase and the stance phase. The swing phase, as the name
suggests, happens from the moment the toes of the foot initiating
a given step lift off the ground and the leg begins to swing
forward (see Figure 1). This phase completes when the heel of
that foot strikes the ground, beginning to support the body’s
weight, thereby starting the stance phase (see Figure 1). Between
each of two successive step cycles of alternating legs, there is
what is known as the double-support phase, where both legs
touch the ground, as illustrated in Figure 1.
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Figure 1. Illustration of the human gait. The phases in human gait are shown at the top, and the joint flexions during one step are shown at the bottom.

The three principal lower-limb joints flex and extend during
each step; these are the hip, the knee, and the ankle joint. A
joint is said to flex during reduction of the joint angle and to
extend when the angle increases. The relevant flexions and
extensions of these joints during a typical step are shown at the
bottom of Figure 1.

All of the above aspects of gait can be affected by neurological
conditions such as HD, which affect the motor control centers
in the brain. Precise effects can vary greatly depending both on
the condition and the individual case. However, all of these
conditions generally affect the activation patterns of one or more
muscle groups, reducing the flexion capabilities of the
lower-limb joints.

As briefly discussed in the sections below, walking to a steady
rhythm can have various gait-related benefits. The next section
considers entrainment, the underlying neurological mechanism
that makes walking to a rhythm possible.

Entrainment
In physics, entrainment is a natural phenomenon where two or
more periodic processes interact with each other to adjust to a
common or related period. In the early 1990s, biological and

specifically human aspects of entrainment were investigated in
some detail. Studies showed that gait can be facilitated using
rhythmic stimulation [1,21,22]. With these early studies, human
capacity for biological entrainment became better understood,
and applications for movement rehabilitation of neurological
conditions were studied in more detail.

Applications included the use of auditory cues to synchronize
human motor coordination into more stable temporal patterns.
In such cases, entrainment mechanisms act between the external
rhythm and the motor response to stabilize and regulate gait
patterns [15].

Rhythmic Haptic Cueing
Haptics is a term used when referring to any form of
communication involving the sense of touch [23] and can
provide a valuable mode for mediating rhythmic cueing for
entrainment and motor movement physiotherapy. RHC shows
great potential in physiotherapy and rehabilitation, with similar
and immediate benefits to the more established auditory cue;
however, benefits from RHC can be achieved less obtrusively,
while leaving the ears free for improved safety, social
integration, and situation awareness [5,24]. Generally in

JMIR Rehabil Assist Technol 2020 | vol. 7 | iss. 2 | e18589 | p. 3http://rehab.jmir.org/2020/2/e18589/
(page number not for citation purposes)

Georgiou et alJMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


computing, particularly with mobile and wearable devices, uses
of haptics are typically limited to notifications, such as alerts
about incoming phone or text messages. This common mode
of usage engages with relatively simple human
stimulus-response mechanisms. By contrast, the mode of the
considered use primarily does not engage with cognitively
mediated nor reflex versions of stimulus-response mechanisms,
but does engage with different human mechanisms that mediate
human entrainment [25] and that are predictive rather than
simply reactive [26]. Due to physiological delays, stimulus
response is not a viable way to synchronize to rhythm [26].

The human capacity to entrain, on the other hand, can provide
the fine-grained synchronization that allows movement to be
coordinated, both physically and mentally [5], in synchrony to
an external rhythm.

In this study, RHC was presented to the participant via the
Haptic Bracelet system [5]. The Haptic Bracelet system is made
up of prototype lightweight wearable devices, capable of

providing RHC in the form of vibrations through carefully
calibrated vibrotactiles on alternating legs, leaving the audio
channel clear and free of distractions (see Figure 2). The Haptic
Bracelet system includes a vibrotactile unit that produces the
RHC. A vibrotactile unit is worn on each leg using Velcro straps.
Each vibrotactile unit consists of an Arduino microprocessor
board, a Wi-Fi board to communicate with an external control
unit, a vibrotactile actuator, and vibrotactile motor drivers. The
control unit consists of bespoke computer software that runs on
a laptop and communicates with the vibrotactile unit via a Wi-Fi
network. The researchers operate the system using the control
unit. The Haptic Bracelet system also includes a motion sensor
employing inertial measurement units that can track the motion
of the participant as she walks on the runway. Detailed technical
specifications of the Haptic Bracelet system have been
previously published [5].

The next sections describe the methodology used and the initial
results obtained.

Figure 2. The Haptic Bracelet wearable devices placed on the participant’s legs (one device on each leg). The vibrotactiles used for delivering the
haptic cues were strapped on near the knee using Velcro straps.

Methods

Study Design
The approach adopted for this study was a repeated-measures
design that included before (ie, baseline), with, and after
conditions, followed by an in-depth interview with a group of
physiotherapists observing the session.

Research Participant and Setting
For this case study, in order to investigate the effects of RHC
in the gait of people with HD, one female participant (RK; this
is a pseudonym for the participant) was recruited from the PJ
Care residential care home in the United Kingdom. The
recruitment criteria included being diagnosed with HD, over
18 years old, and able to walk 10 meters independently. RK
was 28 years old when the study was performed, and she was
diagnosed with JHD at a young age. RK is a tip toe
walker—physiotherapy partially addressed this. However,
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frequent falls she recently experienced affected her confidence,
causing her to be wheelchair bound when traveling outdoors.
Her carer was present during the study for safeguarding.

RK provided written informed consent prior to this study. This
study was conducted indoors within PJ Care’s residential care
center. The room used was large enough to accommodate a
10-meter-long, straight-line walking runway while at the same
time allowing a group of physiotherapists to observe the walks.
This room had carpeting that covered the entire floor.

The study received ethical approval from the London-Stanmore
Research Ethics Committee of the National Health Service –
Health Research Authority (17/LO/2050) and from The Open
University’s Human Research Ethics Committee
(HREC/2017/2633/Holland1).

Procedure

Prebaseline
The participant (RK) was first asked to walk the length of a
10-meter runway six times without wearing the bracelets as a
prebaseline measure. She was asked to walk as she normally
would, allowing for the group of physiotherapists present to
view how she walked without wearing any devices. These
prebaseline walks made it possible to investigate whether
wearing the devices would have any impact on her walk, even
without cueing.

Baseline
For the next stage (ie, baseline), the Haptic Bracelet system
components were attached to each leg, but without providing
haptic cueing. RK was then asked to walk the length of a
10-meter runway six times (three times each way) to provide a
baseline measure. The motion sensor unit tracked the motion
for baseline measurements. A carer walked alongside RK for
safety. A chair was placed on either end of the runway for RK
to rest if needed between trials. Short breaks were scheduled
between each session, but we also made clear to RK and her
carer that they could request a break at any point during the
study, even midtrial.

Familiarization Period
After completing the baseline set of trials without haptic cueing,
the tactile metronome of the Haptic Bracelet system was
switched on with RK simply sitting on a chair to feel the tactile
cues. For the purpose of initial familiarization, a slow but
arbitrary cueing rate was set. The tactile cue intensity was

adjusted so that pulses could be felt clearly but without causing
any discomfort. The placement of the vibrotactiles delivering
the cues had been previously decided after consulting with
physiotherapists during earlier studies [5,27] with stroke and
brain injury survivors (see Figure 2 for vibrotactile placement).

Once the intensity was set to a comfortable level, the period of
the metronome cue was adjusted for the participant to match
her natural walking speed, as observed and calculated from the
baseline condition. Setting the metronome’s period to match
the individual’s natural walking rhythm is considered important
for rhythm-based gait rehabilitation, generally, and for other
conditions, as this approach has been found to help participants
feel most comfortable in timing their steps to the beat of the
rhythm [28].

Once the tactile intensity and the metronome period was
adjusted, RK was asked to stand up and try to step in place
following the metronome’s rhythm without moving forward.
At this stage, RK was asked again if she felt like she needed
any further adjustments to be made on the metronome period
or the vibrotactile intensity; we adjusted accordingly.

With-Cue and After-Cue Conditions
As previously noted, in addition to serving as a basis for
comparison, the baseline measurements were used to establish
a reference cadence for setting the tempo of the haptic cues for
the with-cue condition. The with-cue condition consisted of six
walks with haptic cueing switched on.

After a short 5-minute break, RK was invited to walk six more
times while trying to walk to the rhythm from memory (ie, the
after-cue condition). At this stage, RK has been walking for
around 15 minutes in total, excluding break time. Even though
RK was eager to walk, she exhibited higher levels of fatigue
than we had anticipated, and her carer asked if we could end
the session after four walks in the after-cue condition. In the
interest of our patient’s safety, we immediately complied.

Interview With Physiotherapy Experts
A group of five experienced and specialized physiotherapists
were present in the room to observe the participant during all
four conditions and to make detailed notes on their observations.
After RK left the room, we held an in-depth interview with this
group at the end of the session to discuss their observations.
The physiotherapists also provided a formal gait-assessment
report for each stage of this study, as shown in Table 1.
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Table 1. Gait-assessment report by physiotherapists.

ObservationsParticipant (RK) movementPhase

Reduced hip flexion and no heel strike on stance
phase

Reduced hip and knee flexion during midswing

Reduced toe-off

Difficulty with turnings

RK mobilized 10 meters six times without
wearing the haptic device.

Prebaseline

Reduced hip flexion and no heel strike on stance
phase

Reduced hip and knee flexion during midswing

Reduced toe-off

Difficulty with turnings

RK mobilized 10 meters six times while
wearing the device that was not switched on.

Baseline

Increased hip flexion and has a slight heel strike on
stance

Increased knee flexion during midswing

Increased hip flexion, knee flexion, and toe-off,
which help her clear the ground

RK mobilized 10 meters six times while
wearing the device that was switched on.

With cues

Retains changes from previous trial

Cannot fully comment on this, as this requires sev-
eral trials to ascertain her ability to remember the
sensation from the device by observing it through
her gait pattern

RK mobilized 10 meters four times while
wearing the device that was switched off to
observe whether she was able to remember
the rhythm.

After cues

Results

Observations From the Physiotherapists
Observations focused primarily on how RK’s joint angles—hip,
knee, and ankle (see Figure 1)—changed during her walking
between conditions. The physiotherapists provided a
gait-assessment report regarding RK for each phase of the study
as summarized below in Table 1.

The gait patterns were further discussed in the interview
following the walking trials. The two most senior
physiotherapists in the team (ZN and AF; these are pseudonyms
for these two PJ Care physiotherapists) led the conversation
describing how RK walked in the prebaseline session (ie, walk
with no devices). Specifically, both ZN and AF agreed that RK
walked with reduced hip flexion causing her to land on the front
part of her foot first (ie, toes area) showing no, or limited, heel
strike during the beginning of her stance phase. ZN said, “RK
has reduced hip flexion; knee flexion has reduced as well. There
is decreased dorsi flexion, that’s why she doesn’t have any heel
strike,” and added, “reduced toe-off and not clearing the ground
properly.” According to the physiotherapists, RK showed
reduced hip flexion during the swing phase and reduced knee
flexion midswing, where knee flexion is normally at maximum.
This caused RK to experience difficulties clearing the ground
with her toes and may be a factor contributing to the frequent
falls she is experiencing.

ZN and AF commented that there was no difference in the way
that RK walked between the baseline and prebaseline conditions.
This indicates that wearing the devices when switched off did
not affect the way RK walked. However, both ZN and AF agreed
that when the haptic metronome was switched on, and the
devices gave RK a tactile cue on alternating legs matching her
preferred pace, RK’s hip flexion increased, giving her a slight

heel strike at the beginning of her stance phase. ZN said the
following:

I think when you put the bracelet [switch on haptic
metronome] she has improved, because you can really
see that there is a bit of hip flexion in there and then
knee flexion. But there is no dorsi flexion; maybe it’s
just the point of her condition that’s deteriorating.
However, I saw that she also clears the ground more
and because in Huntington’s the basal ganglia [part
of the brain] is affected and so gait initiation is
difficult. That’s why RK was swaying from side to
side before making her first step.

ZN then added, “The rhythm is helping with the initiation,” and
concluded, “The rhythm has helped with the flexion values; it
is minimal but compared to baseline has improved.”

Another change observed in this condition was that RK’s knee
flexion increased midswing, while her overall hip and knee
flexion increased, allowing RK to have a better toe-off, clearing
the ground better.

During the after-cue condition, when RK walked to the rhythm
from memory (ie, when the haptic metronome was switched
off again), the physiotherapists commented on how her walk
pattern remained the same as in the with-cue condition. ZN said,
“It’s the same as I observed [as with-cue condition]. She has
increased hip flexion, improved knee flexion but not dorsi
flexion; she clears the ground better.” RK’s retaining of rhythm
from memory is consistent with studies relating to other
conditions [5] and suggests evidence of rhythm persistence,
where a participant retains the rhythm in her head, and sustains
gait improvements for a short period after cueing. This
phenomenon has been observed in haptic cueing for the purpose
of improving gait with other neurological conditions, particularly
hemiparesis [5].

JMIR Rehabil Assist Technol 2020 | vol. 7 | iss. 2 | e18589 | p. 6http://rehab.jmir.org/2020/2/e18589/
(page number not for citation purposes)

Georgiou et alJMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


In addition to commenting on the changes in RK’s gait, the
physiotherapists explained how flexion and changes in joint
angles are more relevant to HD rather than gait symmetry, which
was important for hemiparetic stroke survivors as investigated
in Georgiou et al [29]. They also mentioned that it seemed to
them that “the devices have improved balance.” For people
living with HD, risk of falls is very high, and improving balance
can help in reducing the frequency of falls. The physiotherapists
observed that both when walking with the haptic metronome
turned on and immediately afterward without the metronome,
it seemed that RK had a better sense of balance when walking.

The physiotherapists also commented about the key parameters
that can be useful to measure when using the wearable sensors
to support the visual assessment. They have suggested measuring
speed of walking, stride length, and joint angle kinematics for
flexion angles to better understand toe-off and heel strike events.
They also suggested, if it was possible, to measure “how far
someone has walked,” adding “possibly outdoor walking.”

They provided critical feedback on certain issues that this study
could not address; for example, the issue of turning and fatigue.
They observed that RK was more comfortable with straight-line
walking than turning. The nature of RHC is such that, at this
stage, it can facilitate straight-line walking but cannot address
turning. Also, the physiotherapists observed that RK was getting
fatigued during the study, and RK’s carer suggested to end the
study before she could complete the six trials for the after-cue
condition. However, it was not possible to determine the actual

reason for RK’s fatigue. It was not clear whether, due to RHC,
the cost of energy of walking was increased, whether RK got
fatigued as she was not used to walking independently, or
whether she felt pressure to perform better while being observed.

Data From the Motion Sensors
The motion sensors used in this study consisted of two inertial
measurement units, one placed on each ankle of the participant.
The data were sent to the control unit software running on the
laptop via the Wi-Fi network. The data obtained were analyzed
using bespoke algorithms running on MATLAB (The
MathWorks, Inc) [5].

The following results show the temporal gait parameters for
both legs in the baseline, with-cue, and after-cue conditions.
Figure 3 shows the stride cycle time for both legs for the three
experimental conditions. It is clear from the results that due to
RHC, the time taken to complete a stride was reduced for both
legs; in addition, the same rate was retained for the after-cue
condition. This further supports the observations of the
physiotherapists that RHC has changed RK’s gait pattern and
she has been able to retain the changes from memory.

The motion sensors used in this study could not measure the
change in flexion and joint angles on which the physiotherapists
commented. To measure such changes on joint angle kinematics,
a different motion-tracking facility is required, such as a 3D,
optical, motion-capture system or a seven-sensor inertial
measurement unit system [30].

Figure 3. Temporal gait parameters (stride cycle time) for both legs in the baseline, with-cue, and after-cue conditions.

Discussion

Principal Findings
In this preliminary study, a single participant with JHD walked
indoors following a steady rhythm. The steady rhythm was
delivered haptically through carefully controlled tactile cues on
alternating legs at a cadence set to match the participant’s

preferred pace, as measured during initial baseline trials. The
participant’s gait was visually observed by a group of
experienced physiotherapists.

The team of physiotherapists reported changes in the flexion of
RK’s joints, rather than changes such as improved spatial and
temporal symmetry, which are typically reported for other
neurological conditions such as hemiparesis [5,31].
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In this study, motion sensors were used to measure temporal
gait parameters for the walking trials. Results from temporal
data show both that RHC was associated with changes in gait
pattern when the Haptic Bracelet system was switched on and
that RK could retain a similar improved walking pattern after
the cue was withdrawn. One of the limitations of this study is
that the two ankle-worn motion sensors were not designed to
measure all of the parameters relevant to all of the changes in
gait kinematics that the physiotherapists’ observed. A more
sophisticated motion-tracking system would be required to
measure changes in gait kinematics, such as joint angles.
However, this was not practical in the case of this study. A
potential alternative could be to use a portable, wearable,
motion-tracking setup using seven inertial measurement units
[30].

The team of physiotherapists concluded that RK assumed
generally better walking kinematics, exhibiting better joint
flexion, during both the with-cue and the after-cue conditions.
This allowed for better ground clearance, potentially reducing
RK’s risk of falling.

Even though RHC can potentially improve gait features for
straight-line walking, RHC's effect on turning is not clearly
understood. The physiotherapists observed that RK was facing
difficulties while turning. It is not yet clear whether the RHC
was interfering with RK’s turning motion or whether RK was
being extra cautious, as people tend to have a higher risk of falls
while turning [32]. RK might lack confidence in turning due to
her history of frequent falls.

The physiotherapists observed that RK was experiencing fatigue
toward the end of the study. It is not well understood whether

RHC can be a contributing factor to fatigue. Other factors may
cause fatigue; HD itself, for example, can be a contributing
factor to fatigue, as this is one of the symptoms of the disease.
Other possible causes of fatigue could be RK’s overall lack of
physical activity leading to low stamina or RK putting more
effort into her walks because she was being observed. However,
in general terms, it is not clearly understood whether RHC can
increase the cost of energy of walking.

Conclusions
The observations from this preliminary study suggest that RHC
may have immediate benefits for walking among individuals
with HD, potentially extending the period of independent
mobility for people with HD. This warrants further investigation.

Further Work
One of the limitations of the study is that there was only a single
participant. Previous research on RHC using wearable devices
has shown immediate changes to gait pattern for people living
with neurological conditions such as hemiparesis [29]. To the
best of our knowledge, this study is the first step in investigating
how RHC using wearable devices can help people living with
HD. A number of lessons can be drawn from this preliminary
work that can feed forward to future research in this field.

Further studies with more participants with HD or JHD can be
conducted to investigate whether the immediate benefits
observed in this study can be replicated in others. Long-term
studies can also be conducted to investigate whether the
immediate benefits of RHC can be sustained for a longer period
of time and how this might lead to extended periods of
independent mobility for people with HD or JHD.

Acknowledgments
RI is supported by the Goldcrest Charitable Trust. BP is partly supported by the Engineering and Physical Sciences Research
Council (grant Nos. EP/R033862/1, EP/R013144/1, and EP/P01013X/1).

Conflicts of Interest
None declared.

Multimedia Appendix 1
Supplementary data: baseline stride time.
[XLS File (Microsoft Excel File), 29 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Supplementary data: with-cue stride time.
[XLS File (Microsoft Excel File), 28 KB-Multimedia Appendix 2]

Multimedia Appendix 3
Supplementary data: after-cue stride time.
[XLS File (Microsoft Excel File), 28 KB-Multimedia Appendix 3]

References

1. Prassas S, Thaut M, McIntosh G, Rice R. Effect of auditory rhythmic cuing on gait kinematic parameters of stroke patients.
Gait Posture 1997 Dec;6(3):218-223. [doi: 10.1016/s0966-6362(97)00010-6]

JMIR Rehabil Assist Technol 2020 | vol. 7 | iss. 2 | e18589 | p. 8http://rehab.jmir.org/2020/2/e18589/
(page number not for citation purposes)

Georgiou et alJMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=rehab_v7i2e18589_app1.xls&filename=72577b4c02480b3fdf04416aaee4748a.xls
https://jmir.org/api/download?alt_name=rehab_v7i2e18589_app1.xls&filename=72577b4c02480b3fdf04416aaee4748a.xls
https://jmir.org/api/download?alt_name=rehab_v7i2e18589_app2.xls&filename=a7bfb10aa6ef3379ac897801125f9a9a.xls
https://jmir.org/api/download?alt_name=rehab_v7i2e18589_app2.xls&filename=a7bfb10aa6ef3379ac897801125f9a9a.xls
https://jmir.org/api/download?alt_name=rehab_v7i2e18589_app3.xls&filename=c2ab34d3cc12426ae6a2f6b21791fc90.xls
https://jmir.org/api/download?alt_name=rehab_v7i2e18589_app3.xls&filename=c2ab34d3cc12426ae6a2f6b21791fc90.xls
http://dx.doi.org/10.1016/s0966-6362(97)00010-6
http://www.w3.org/Style/XSL
http://www.renderx.com/


2. Ashoori A, Eagleman DM, Jankovic J. Effects of auditory rhythm and music on gait disturbances in Parkinson's disease.
Front Neurol 2015;6:234 [FREE Full text] [doi: 10.3389/fneur.2015.00234] [Medline: 26617566]

3. Murgia M, Pili R, Corona F, Sors F, Agostini TA, Bernardis P, et al. The use of footstep sounds as rhythmic auditory
stimulation for gait rehabilitation in Parkinson's disease: A randomized controlled trial. Front Neurol 2018;9:348 [FREE
Full text] [doi: 10.3389/fneur.2018.00348] [Medline: 29910764]

4. Ghai S, Ghai I. Effects of rhythmic auditory cueing in gait rehabilitation for multiple sclerosis: A mini systematic review
and meta-analysis. Front Neurol 2018;9:386 [FREE Full text] [doi: 10.3389/fneur.2018.00386] [Medline: 29942278]

5. Georgiou T. Rhythmic Haptic Cueing for Gait Rehabilitation of Hemiparetic Stroke and Brain Injury Survivors [doctoral
thesis]. Milton Keynes, UK: The Open University; 2018 Jul. URL: http://oro.open.ac.uk/55999/

6. NINDS Huntington's disease information page. National Institute of Neurological Disorders and Stroke. URL: https://www.
ninds.nih.gov/Disorders/All-Disorders/Huntingtons-Disease-Information-Page [accessed 2020-09-06]

7. Bates GP, Dorsey R, Gusella JF, Hayden MR, Kay C, Leavitt BR, et al. Huntington disease. Nat Rev Dis Primers 2015
Apr 23;1:15005. [doi: 10.1038/nrdp.2015.5] [Medline: 27188817]

8. Wexler A, Wild EJ, Tabrizi SJ. George Huntington: A legacy of inquiry, empathy and hope. Brain 2016 Aug;139(Pt
8):2326-2333 [FREE Full text] [doi: 10.1093/brain/aww165] [Medline: 27421790]

9. Dayalu P, Albin RL. Huntington disease: Pathogenesis and treatment. Neurol Clin 2015 Feb;33(1):101-114. [doi:
10.1016/j.ncl.2014.09.003] [Medline: 25432725]

10. Caron NS, Wright GEB, Hayden MR. Huntington disease. GeneReviews. Seattle, WA: University of Washington; 1998
Oct 23. URL: https://www.ncbi.nlm.nih.gov/books/NBK1305/ [accessed 2020-09-06]

11. Frank S. Treatment of Huntington's disease. Neurotherapeutics 2014 Jan;11(1):153-160 [FREE Full text] [doi:
10.1007/s13311-013-0244-z] [Medline: 24366610]

12. Huntington disease. US National Library of Medicine. Bethesda, MD: National Institutes of Health; 2020 Aug 17. URL:
http://ghr.nlm.nih.gov/condition/huntington-disease [accessed 2020-09-04]

13. Walker FO. Huntington's disease. Lancet 2007 Jan 20;369(9557):218-228. [doi: 10.1016/S0140-6736(07)60111-1] [Medline:
17240289]

14. Bilney B, Morris ME, Perry A. Effectiveness of physiotherapy, occupational therapy, and speech pathology for people with
Huntington's disease: A systematic review. Neurorehabil Neural Repair 2003 Mar;17(1):12-24. [doi:
10.1177/0888439002250448] [Medline: 12645441]

15. Thaut M, Leins A, Rice R, Argstatter H, Kenyon G, McIntosh G, et al. Rhythmic auditory stimulation improves gait more
than NDT/Bobath training in near-ambulatory patients early poststroke: A single-blind, randomized trial. Neurorehabil
Neural Repair 2007;21(5):455-459. [doi: 10.1177/1545968307300523] [Medline: 17426347]

16. Kwak EE. Effect of rhythmic auditory stimulation on gait performance in children with spastic cerebral palsy. J Music Ther
2007;44(3):198-216. [doi: 10.1093/jmt/44.3.198] [Medline: 17645385]

17. Thaut MH, McIntosh KW, McIntosh GC, Hoemberg V. Auditory rhythmicity enhances movement and speech motor control
in patients with Parkinson's disease. Funct Neurol 2001;16(2):163-172. [Medline: 11495422]

18. Nieuwboer A, Kwakkel G, Rochester L, Jones D, van Wegen E, Willems AM, et al. Cueing training in the home improves
gait-related mobility in Parkinson's disease: The RESCUE trial. J Neurol Neurosurg Psychiatry 2007 Feb;78(2):134-140
[FREE Full text] [doi: 10.1136/jnnp.200X.097923] [Medline: 17229744]

19. Holland S, Wright R, Wing A, Crevoisier T, Hodl O, Canelli M. A gait rehabilitation pilot study using tactile cueing
following hemiparetic stroke. In: Proceedings of the 8th International Conference on Pervasive Computing Technologies
for Healthcare (PervasiveHealth '14). 2014 May 20 Presented at: 8th International Conference on Pervasive Computing
Technologies for Healthcare (PervasiveHealth '14); May 20-23, 2014; Oldenburg, Germany p. 402-405 URL: https://eudl.
eu/pdf/10.4108/icst.pervasivehealth.2014.255357 [doi: 10.4108/icst.pervasivehealth.2014.255357]

20. Inman VT, Ralston HJ, Todd F. In: Lieberman JC, editor. Human Walking. Baltimore, MD: Williams & Wilkins; 1981.
21. Thaut MH, McIntosh GC, Prassas SG, Rice RR. Effect of rhythmic auditory cuing on temporal stride parameters and EMG

patterns in normal gait. Neurorehabil Neural Repair 1992 Jan 01;6(4):185-190 [FREE Full text] [doi:
10.1177/136140969200600403]

22. Thaut M, Kenyon G, Schauer M, McIntosh G. The connection between rhythmicity and brain function. IEEE Eng Med
Biol Mag 1999;18(2):101-108. [doi: 10.1109/51.752991] [Medline: 10101675]

23. van Erp JBF, Kyung K, Kassner S, Carter J, Brewster S, Weber G, et al. Setting the standards for haptic and tactile
interactions: ISO’s work. In: Proceedings of the International Conference on Human Haptic Sensing and Touch Enabled
Computer Applications (EuroHaptics 2010). 2010 Presented at: International Conference on Human Haptic Sensing and
Touch Enabled Computer Applications (EuroHaptics 2010); July 8-10, 2010; Amsterdam, the Netherlands p. 353-358.
[doi: 10.1007/978-3-642-14075-4_52]

24. Holland S, Bouwer A, Dalgelish M, Hurtig T. Feeling the beat where it counts: Fostering multi-limb rhythm skills with the
haptic drum kit. In: Proceedings of the 4th International Conference on Tangible, Embedded, and Embodied Interaction
(TEI '10). 2010 Presented at: 4th International Conference on Tangible, Embedded, and Embodied Interaction (TEI '10);
January 25-27, 2010; Cambridge, MA p. 21-28. [doi: 10.1145/1709886.1709892]

JMIR Rehabil Assist Technol 2020 | vol. 7 | iss. 2 | e18589 | p. 9http://rehab.jmir.org/2020/2/e18589/
(page number not for citation purposes)

Georgiou et alJMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES

XSL•FO
RenderX

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4641247/
http://dx.doi.org/10.3389/fneur.2015.00234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26617566&dopt=Abstract
https://doi.org/10.3389/fneur.2018.00348
https://doi.org/10.3389/fneur.2018.00348
http://dx.doi.org/10.3389/fneur.2018.00348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29910764&dopt=Abstract
https://doi.org/10.3389/fneur.2018.00386
http://dx.doi.org/10.3389/fneur.2018.00386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29942278&dopt=Abstract
http://oro.open.ac.uk/55999/
https://www.ninds.nih.gov/Disorders/All-Disorders/Huntingtons-Disease-Information-Page
https://www.ninds.nih.gov/Disorders/All-Disorders/Huntingtons-Disease-Information-Page
http://dx.doi.org/10.1038/nrdp.2015.5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27188817&dopt=Abstract
http://europepmc.org/abstract/MED/27421790
http://dx.doi.org/10.1093/brain/aww165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27421790&dopt=Abstract
http://dx.doi.org/10.1016/j.ncl.2014.09.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25432725&dopt=Abstract
https://www.ncbi.nlm.nih.gov/books/NBK1305/
http://europepmc.org/abstract/MED/24366610
http://dx.doi.org/10.1007/s13311-013-0244-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24366610&dopt=Abstract
http://ghr.nlm.nih.gov/condition/huntington-disease
http://dx.doi.org/10.1016/S0140-6736(07)60111-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17240289&dopt=Abstract
http://dx.doi.org/10.1177/0888439002250448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12645441&dopt=Abstract
http://dx.doi.org/10.1177/1545968307300523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17426347&dopt=Abstract
http://dx.doi.org/10.1093/jmt/44.3.198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17645385&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11495422&dopt=Abstract
http://europepmc.org/abstract/MED/17229744
http://dx.doi.org/10.1136/jnnp.200X.097923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17229744&dopt=Abstract
https://eudl.eu/pdf/10.4108/icst.pervasivehealth.2014.255357
https://eudl.eu/pdf/10.4108/icst.pervasivehealth.2014.255357
http://dx.doi.org/10.4108/icst.pervasivehealth.2014.255357
https://journals.sagepub.com/doi/pdf/10.1177/136140969200600403
http://dx.doi.org/10.1177/136140969200600403
http://dx.doi.org/10.1109/51.752991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10101675&dopt=Abstract
http://dx.doi.org/10.1007/978-3-642-14075-4_52
http://dx.doi.org/10.1145/1709886.1709892
http://www.w3.org/Style/XSL
http://www.renderx.com/


25. Angelis V, Holland S, Upton PJ, Clayton M. Testing a computational model of rhythm perception using polyrhythmic
stimuli. J New Music Res 2013 Mar;42(1):47-60. [doi: 10.1080/09298215.2012.718791]

26. Holland S, Bouwer A, Hödl O. Haptics for the development of fundamental rhythm skills, including multi-limb coordination.
In: Papetti S, Saitis C, editors. Musical Haptics. Cham, Switzerland: Springer Open; 2018:215-237.

27. Georgiou T, Holland S, van der Linden J, Tetley J, Stockley RC, Donaldson G, et al. A blended user centred design study
for wearable haptic gait rehabilitation following hemiparetic stroke. In: Proceedings of the 9th International Conference
on Pervasive Computing Technologies for Healthcare (PervasiveHealth 2015). 2015 May 20 Presented at: 9th International
Conference on Pervasive Computing Technologies for Healthcare (PervasiveHealth 2015); May 20-23, 2015; Istanbul,
Turkey URL: https://eudl.eu/pdf/10.4108/icst.pervasivehealth.2015.259073 [doi: 10.4108/icst.pervasivehealth.2015.259073]

28. Thaut CP, Rice R. Rhythmic auditory stimulation (RAS). In: Thaut MH, Hoemberg V, editors. Handbook of Neurologic
Music Therapy. Oxford, UK: Oxford University Press; Oct 01, 2016:94-105.

29. Georgiou T, Holland S, van der Linden J. Rhythmic haptic cueing for gait rehabilitation of people with hemiparesis. JMIR
Prepr (forthcoming) 2020 Mar 10:18649 [FREE Full text] [doi: 10.2196/preprints.18649]

30. O'Reilly M, Caulfield B, Ward T, Johnston W, Doherty C. Wearable inertial sensor systems for lower limb exercise detection
and evaluation: A systematic review. Sports Med 2018 May;48(5):1221-1246. [doi: 10.1007/s40279-018-0878-4] [Medline:
29476427]

31. Islam R, Holland S, Georgiou T, Price B, Mulholland P. Wearable haptic devices for long-term gait re-education for
neurological conditions. In: Proceedings of Haptic Technologies for Healthcare, EuroHaptics 2018. 2018 Presented at:
Haptic Technologies for Healthcare, EuroHaptics 2018; June 13-16, 2018; Pisa, Italy URL: http://oro.open.ac.uk/55243/

32. Kloos AD, Kegelmeyer DA, Young GS, Kostyk SK. Fall risk assessment using the Tinetti mobility test in individuals with
Huntington's disease. Mov Disord 2010 Dec 15;25(16):2838-2844. [doi: 10.1002/mds.23421] [Medline: 20960478]

Abbreviations
HD: Huntington disease
JHD: juvenile Huntington disease
RHC: rhythmic haptic cueing

Edited by G Eysenbach; submitted 06.03.20; peer-reviewed by R Haghighi Osgouei, L Siqueira do Prado, B Jyoti; comments to author
30.04.20; revised version received 15.06.20; accepted 11.08.20; published 14.09.20

Please cite as:
Georgiou T, Islam R, Holland S, van der Linden J, Price B, Mulholland P, Perry A
Rhythmic Haptic Cueing Using Wearable Devices as Physiotherapy for Huntington Disease: Case Study
JMIR Rehabil Assist Technol 2020;7(2):e18589
URL: http://rehab.jmir.org/2020/2/e18589/
doi: 10.2196/18589
PMID:

©Theodoros Georgiou, Riasat Islam, Simon Holland, Janet van der Linden, Blaine Price, Paul Mulholland, Allan Perry. Originally
published in JMIR Rehabilitation and Assistive Technology (http://rehab.jmir.org), 14.09.2020. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work, first published in JMIR
Rehabilitation and Assistive Technology, is properly cited. The complete bibliographic information, a link to the original publication
on http://rehab.jmir.org/, as well as this copyright and license information must be included.

JMIR Rehabil Assist Technol 2020 | vol. 7 | iss. 2 | e18589 | p. 10http://rehab.jmir.org/2020/2/e18589/
(page number not for citation purposes)

Georgiou et alJMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES

XSL•FO
RenderX

http://dx.doi.org/10.1080/09298215.2012.718791
https://eudl.eu/pdf/10.4108/icst.pervasivehealth.2015.259073
http://dx.doi.org/10.4108/icst.pervasivehealth.2015.259073
https://preprints.jmir.org/preprint/18649
http://dx.doi.org/10.2196/preprints.18649
http://dx.doi.org/10.1007/s40279-018-0878-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29476427&dopt=Abstract
http://oro.open.ac.uk/55243/
http://dx.doi.org/10.1002/mds.23421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20960478&dopt=Abstract
http://rehab.jmir.org/2020/2/e18589/
http://dx.doi.org/10.2196/18589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

