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Use of a myoelectric upper limb orthosis
for rehabilitation of the upper limb in
traumatic brain injury: A case report
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Abstract

Background: Upper limb motor deficits following traumatic brain injury are prevalent and effective therapies are

needed. The purpose of this case report was to illustrate response to a novel therapy using a myoelectric orthosis in a

person with TBI.

Case description: A 42-year-old female, 29.5 years post-traumatic brain injury with diminished motor control/

coordination, and learned nonuse of the right arm. She also had cognitive deficits and did not spontaneously use her

right arm functionally.

Intervention: Study included three phases: baseline data collection/device fabrication (fiveweeks); in-clinic training

(2�/week for nineweeks); and home-use phase (nineweeks). The orthosis was incorporated into motor learning-based

therapy.

Outcomes: During in-clinic training, active range of motion, tone, muscle power, Fugl-Meyer, box and blocks test, and

Chedoke assessment score improved. During the home-use phase, decrease in tone was maintained and all other

outcomes declined but were still better upon study completion than baseline. The participant trained with the orthosis

70.12 h, logging over 13,000 repetitions of elbow flexion/extension and hand open/close.

Discussion: Despite long-standing traumatic brain injury, meaningful improvements in motor function were observed

and were likely the results of high repetition practice of functional movement delivered over a long duration. Further

assessment in a larger cohort is warranted.
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Introduction

Traumatic brain injury (TBI) affects 1.7 million people

in the general US population annually1 and is one of

the most common neurologic disorders causing disabil-

ity.2 Motor deficits are present in 30% of TBI survivors

with arm and hand problems occurring in about 17%,3

limiting the ability to perform activities of daily living

(ADL). However, there is less research on motor recov-

ery in patients with TBI compared with other neuro-

logic diseases involving the brain, such as stroke.2

Activity-based interventions hope to maximize reha-

bilitation outcomes and enhance adaptive neural plas-

ticity;3 however, optimal doses and schedules of
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training have not been adequately established.
Repetition is one parameter important for activity-
dependent neural plasticity. Studies assessing US reha-
bilitation found that stroke and TBI survivors receive
an average of 32–50 repetitions of upper extremity
active and passive movement per therapy session, sig-
nificantly less than the 400–600 repetitions achieved in
animal studies.3 Although persons with TBI benefit
from traditional therapy,4 it is clear that more is
needed to attain full recovery, especially with severely
affected individuals.

Consistent with this idea, Krebs and Volpe5 argued
that the basis of all assistive and therapeutic devices
should be to induce the intent to move followed by
that movement actually happening, referred to as
“intent-driven rehabilitation”. One way this can be
accomplished is through myoelectric control wherein
a weak electromyography (EMG) signal from the
muscle of an impaired limb is detected, processed,
and used to activate a motor within the orthosis. The
motor then assists the user in producing the desired
movement. The patient-directed “intentional” action
of the device promotes patient engagement as the
orthosis will only reward the patient with movement
when they use the correct muscles to complete a task.
Previous studies of myoelectric driven lab-based robot-
ic interventions6 showed improved Fugl-Meyer motor
control scores of the upper extremity7 and reduced
spasticity as assessed by the modified Ashworth scale
(MAS).8 While demonstrating a benefit of “intent-
driven rehabilitation”, in-lab robotic intervention
restricted the amount of practice because training was
restricted to the short lab sessions only and no home
practice was possible.6

While myolectrically-driven orthotic technology has
been in development for many years,9–11 recent advan-
ces have made it more accessible and clinically deploy-
able for rehabilitation. However, initial research has
focused on persons with stroke12–18 and not TBI. The
ability of severely hemiplegic stroke survivors to acti-
vate a powered elbow orthosis using myoelectric con-
trol has been reported,13 along with increased elbow
range of motion with orthosis use.18 Kim et al.15

reported that after a combined period of training and
at home-use of an elbow-only myoelectric orthosis, a
statistically significant three-point change in Fugl-
Meyer motor control score was found in the upper
extremity of nine persons post-stroke. We have recently
reported a case series of chronic stroke survivors who
used a myoelectric upper limb orthosis over a period of
several months and achieved a 9.0� 4.8 point improve-
ment in Fugl-Meyer.19 Since upper limb motor deficits
in TBI are a problem that can lead to decreased inde-
pendence in ADLs and given that there is a lack of
effective therapies and supportive devices for upper

limb impairment, the purpose of this case report was

to illustrate the response to therapy combined with a

myoelectric elbow–wrist–hand orthosis in a person

with longstanding TBI.

Case description

The protocol described in this case report complies

with standards of the Declaration of Helsinki and

was approved by the Institutional Review Boards of

participating institutions (IRB #16039-H29 and

STU00203728) and met the Health Insurance

Portability and Accountability Act (HIPAA) require-

ments for disclosure of protected health information.

Written informed consent for participation was

obtained from the patient’s legal guardian.
The participant was a 42-year-old female who sus-

tained a TBI from being struck by a motor vehicle at

age 12. At study entry, she was 29.5 years post injury,

dependent on caregivers for most ADL/instrumental

activities of daily living (IADLs), used a manual wheel-

chair for mobility, resided in a group home setting, and

required assistance from caregivers to help her make

decisions. She attended an adult workshop where she

would perform general fitness/mobility activities along

with interacting with peers socially, and had done so

for several years. As a result of her injury, she had

abnormal tone, weakness and dysmetria/ataxia leading

to decreased motor control and coordination of the

right upper limb. She has avoided using her right (dom-

inant) arm, which has led to learned nonuse of the right

arm and overuse of the left arm. Furthermore, she had

cognitive, short-term memory, and perceptual deficits.

Right visual processing deficits made it difficult for her

to read and distinguish color. Her mini mental state

exam (MMSE) score at baseline was 15 out of 30.

Due to these impairments, she did not spontaneously

use her right upper limb functionally. Over the years

since her injury, interventions including traditional

physical and occupational therapy (functional mobility

training, upper limb task practice, aquatic therapy pro-

vided by licensed therapists) have been implemented

with limited success to increase the use of her right

upper limb.

Intervention

The participant underwent casting and a myoelectric

elbow–wrist–hand orthosis (MyoPro Motion-G,

Myomo Inc., Cambridge, MA) was custom fabricated

by a certified and licensed orthotist. The orthosis is

intended to help individuals with a weakened or para-

lyzed arm to complete patient-initiated movements and

enhance function (Figure 1).
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The participant was seen for follow-up to ensure
proper orthosis fit and her caregivers were trained in
donning/doffing and operation of the orthosis. Study
interventions were provided by a licensed physical ther-
apist trained in the use of the orthosis and experienced
in the implementation of motor learning-based inter-
ventions for individuals with neurological disorders.

Study participation was divided into three phases:
(1) baseline assessments (week 1 and week 5) and
orthosis fitting/fabrication (weeks 1–5), (2) in-clinic
training (weeks 5–13), and (3) home-use (weeks 14–
22). All study related visits were conducted in the
research clinic of the medical center. During the

in-clinic training phase, the participant attended two
training sessions per week lasting 1.5 h each, for a
total of 18 sessions. Additionally, the participant was
instructed to complete a customized home exercise pro-
gram that incorporated the principles from the in-clinic
training sessions and was encouraged to use the ortho-
sis to complete functional tasks at home.

Training progression followed a movement hierar-
chy previously described.20 An adaptation of this hier-
archy in use is illustrated in Table 1. The orthosis was
used to train a variety of movements across a hierarchy
of motor control difficulty as follows: starting with
single-joint movement practice, advancing to agonist/

Figure 1. Functional task practice example. (a) Myoelectric elbow–wrist–hand orthosis custom fabricated to fit the participant using
MyoPro Motion G components (Myomo Inc.). When the user tries to move the elbow or grasp objects, sensors in the orthosis detect
the myoelectric signal generated by the user’s volitional effort, to activate the motor and move the elbow/hand in the desired
direction, assisting the user to complete the desired movement. (b) Functional task practice without the orthosis donned to reinforce
training. (c) Demonstration of return of functional use showing the participant spontaneously using her impaired limb to feed her pet
treats.

Table 1. Types of practice/training and hierarchy of motor control challenge that can be employed with the orthosis.

Less challenging

#
More challenging

a. Single-joint movement practice

� BICEP

� TRICEP

� hand OPEN

� hand CLOSE

b. Agonist/antagonist coordination across a single joint (DUAL-mode single-joint practice)

� BICEPþTRICEP

� hand OPENþhand CLOSE

c. Individual movement practice across contiguous joints

� BICEPþhand CLOSE

� BICEPþhand OPEN

� TRICEPþhand CLOSE

� TRICEPþhand OPEN

d. Agonist/antagonist coordination across contiguous joints

� DUAL-mode elbowþhand CLOSE

� DUAL-mode elbowþhand OPEN

� TRICEPþDUAL-mode hand

� BICEPþDUAL-mode hand

� DUAL-mode elbowþDUAL¼mode hand
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Table 2. Training schedule and progression.
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antagonist coordination practice across a single joint,
then to individual movement practice across contigu-
ous joints, and finally, working on agonist/antagonist
coordination across contiguous joints. Motor learning-
based therapy in the device was complemented by part
and whole task practice without the device with an
emphasis on volitional movement as close to normal
as possible. High repetition of quality movements were
encouraged both within sessions, during home exercise
practice, and throughout the home-use phase. The par-
ticipant was asked to use the device not only for home
exercise practice but also during functional task perfor-
mance. Training was tailored to meet the specific needs
of the participant and exercises both with and without
the device were selected to address her particular defi-
cits. Detail regarding progression of training employed
can be found in Table 2.

Outcome measures were administered longitudinally
by the same assessor across the three phases of the
study. There were two baseline assessments (weeks 1
and 5), four assessments during in-clinic training
(weeks 7, 9, 11, and 13), and three assessments during
the home-use phase (weeks 16, 19, and 22).

Impairment was assessed using the following meas-
ures. Passive and active range of motion (ROM) of the
shoulder, elbow, and wrist were assessed using a goni-
ometer. The MAS, using a 0–5 point ordinal scale, was
used to assess muscle tone and spasticity8 of the finger
flexors/extensors, wrist flexors/extensors, forearm pro-
nators/supinators, elbow flexors/extensors, and shoul-
der internal rotators. MAS has been widely used to
quantify muscle tone following brain injury.
Interrater reliability of MAS for arm assessments has
been reported as kappa¼ 0.92 or percent of
agreement¼ 97.4%.21 Individual muscle tone ratings
were then summed to give an overall MAS score.
Manual muscle testing (MMT), using a 12-point grad-
ing scale (0, 1, 2–, 2, 2þ, 3–, 3, 3þ, 4–, 4, 4þ, 5), was
used to assess muscle power.22 Numerical values were
then assigned to the grades (i.e. 2þ¼ 2.33; 3–¼ 2.66;
and so on) and the overall MMT score was the sum of
individual muscle values. The Fugl-Meyer Assessment
of Motor Recovery (FM) upper limb subsection is one
of the most widely used quantitative measures of motor
impairment.23 The upper limb subsection includes 33
items measuring movement, coordination, and reflex
action about the shoulder, elbow, forearm, and wrist
with a three-point scale from zero (unable to perform)
to two (able to perform) used to score each item for a
total score of 66. It has good interrater reliability for
use with TBI patients (ICC¼ 0.97).24

Functional task performance without the orthosis
was assessed using the following measures. The box
and blocks test (BBT) is a standardized assessment of
unilateral gross manual dexterity. The participant was

seated at a table, facing a rectangular box that was
divided into two square compartments of equal dimen-
sion by means of a partition. One hundred and fifty
colored, wooden 2.5 cm blocks were placed in one of
the compartments. The BBT was scored by counting
the number of blocks carried over the partition during
a one-minute trial. Higher scores on this test indicate
better gross manual dexterity. Psychometric properties
such as validity and reliability have been well-
established in numerous populations including TBI.24

Performance of ADLs was assessed using the Chedoke
Arm and Hand Activity Inventory, which is suitable
for populations with upper limb paresis25 and consists
of 13 functional tasks. It is not designed to measure the
participant’s ability to complete the task using only
their unaffected hand, but rather to encourage bilateral
function.

Orthosis utilization (i.e. time of use and number of
repetitions of elbow flexion/extension and hand open/
close) was recorded by the built-in orthosis software
while the participant wore the orthosis for in-clinic
training and home-use phase. The orthosis software
records the time the orthosis is powered on and off,
computing the elapsed time for each activation session.
It counts a repetition when the motor activates, gener-
ating movement greater than 30� at the elbow or great-
er than 30% of the preset range of motion at the hand
followed by 1 s rest or change in direction of motion.
Subthreshold movements are not counted, hence
unequal values of flexion/extension and open/close
can be generated. Data were downloaded from the
orthosis periodically during the in-clinic training
phase and at each assessment visit conducted during
the home-use phase. Caregivers were also asked to
record the time the participant spent at home practic-
ing specific exercises from the home program and to
report any changes in her function, which were
recorded as functional milestones by study staff.

Outcomes

There was a stability of performance on clinical meas-
ures between the two baseline assessments. The study
protocol was well tolerated, with no adverse or unan-
ticipated events, and the training schedule was appro-
priately followed with the subject attending all
scheduled training and testing sessions.

During the in-clinic training phase, active ROM
improved for shoulder, elbow, and wrist, while passive
ROM remained essentially unchanged (Figure 2(a)).
There was a two-point improvement in summed
MAS, while summed MMT increased by 13.98 points
(Figure 2(b)). FM improved by 16 points, BBT
improved by 5 blocks, and Chedoke improved by 10
points (Figure 2(b)). During the home-use phase,
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passive and active ROM returned to baseline values
with the exception of shoulder abductors (Figure 2
(a)) but a summated MAS decrease of two points was
maintained (Figure 2(b)).

Over the course of the study, MAS improvements were
observed in shoulder internal rotators (from 2 to 1.5),
elbow flexors (2 to 1.5), and wrist flexors (from 2 to 1).
All other clinical measures retained a gain at the end of
study participation, although a decline in some assess-
ments was noted during the home-use phase. For exam-
ple, there was a seven-point decline in FM score during
the home-use phase, but the final assessment was still nine
points higher than at baseline. There was a one block
decline in the BBT during the home-use phase, but the
final assessment was still five blocks higher than at base-
line. There was a seven-point decline in Chedoke during
the home-use phase, but the final assessment was still
three points higher than at baseline (Figure 2(b)).

Over the course of both in-clinic training and home-
use phases, the participant trained with the orthosis a

total of 70.12 h and, in total, logged 15,849 repetitions

of elbow flexion, 16,859 repetitions of elbow extension,

13,397 repetitions of hand closing, and 13,520 repeti-

tions of hand opening with the orthosis (Figure 3).

Through self-report using logs to record home practice

time during the in-clinic training and home-use phases,

the participant demonstrated consistent practice with

assigned exercises/tasks.
Functional milestones were reported by the partici-

pant’s caregivers (Table 3). Overall, more spontaneous

functional use of the right arm was observed during the

in-clinic training phase and continued during the home-

use phase. After one month of training, the participant

began incorporating her right arm into ADLs, includ-

ing spontaneously using her right hand for feeding,

brushing teeth and manipulating small objects. She

also began to incorporate her right arm into bimanual

tasks such as maneuvering her wheelchair, which

reduced the need to readjust direction when propelling

herself independently.

Figure 2. Change in outcome measures over the study duration: (a) passive and active range of motion at the shoulder, elbow, and
wrist; and (b) impairment measures (summed modified Ashworth scale (MAS), summed manual muscle test (MMT), Fugl-Meyer
assessment of motor recovery) and functional measures (box and blocks test and Chedoke Arm and Hand Activity Inventory).
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Figure 3. Orthosis utilization was recorded while the participant used the device for in-clinic training, home-use and during func-
tional task performance assessment. The orthosis software recorded the date/time the device was worn and number of repetitions of
elbow flexion/extension and hand opening/closing. The number of repetitions includes full and partial completion of movement.

Table 3. Self-reported and observed functional milestones.

Week 9 Increased use of right upper limb for ADLs with occasional cuing (i.e. brushing teeth, eating with utensil,

answering phone, feeding dog treats with precision pinch).

Week 10 More independent initiation of functional tasks with right upper limb (i.e. picking up toothbrush; feeding herself

finger foods spontaneously); participant manipulated object into a functional position in her hand during

testing.

Week 11 Initiated self-feeding with utensil without cuing (i.e. was “eating macaroni salad at a picnic” using a spoon in the

right hand).

Week 12 Eating finger foods with her right hand without cuing; increased precision with pincer grasp when feeding the dog

or picking up small objects; ate a small pastry with her right hand in therapy; stacked three checkers during

therapy.

Week 13 Increased awareness of the right upper limb, states she has been “using her left hand too much in the past and

needs to use her right hand more”. Caregivers note she can reach out further in front of her to use her right

upper limb.

Week 14 Able to pick up very small pieces of dog treat with the device and feed them to her dog.

Week 15 Using right upper extremity more evenly during wheelchair mobility. Able to maneuver her wheelchair in her

home without having to readjust/reposition as often.

Week 19 Continues to use her right upper extremity more spontaneously and maneuvers her wheelchair more

independently.

Pundik et al. 7



Discussion

This case report demonstrates the potential benefit of
using a myoelectric elbow–wrist–hand orthosis in
motor learning-based rehabilitation of upper limb def-
icits in an individual with chronic severe brain injury.
The participant demonstrated gains on measures of
motor impairment and function, and caregivers
reported functional improvement in her home setting
in response to the intervention. Importantly, meaning-
ful changes in motor performance were observed 30
years after initial neurological injury suggesting that
patients with chronic severe TBI have the potential to
improve in response to training.

The use of myoelectric orthoses may have a thera-
peutic effect in addition to previously demonstrated
orthotic effect.26 Therapeutic effect refers to improve-
ments in impairment, defined by the International
Classification of Functioning, Disability and Health
(ICF) framework as changes related to “problems in
body function and structure”.27 Orthotic effect refers
to functional improvements that are possible while
wearing the orthosis that increase activity and partici-
pation. Activity and participation are defined by the
ICF as “execution of a task or action” and
“involvement in life situations”, respectively.27 We
observed a therapeutic effect according to several
measures of both impairment (MAS, MMT, FM) and
function (Chedoke, BBT) of upper limb motor
performance. The basis for a therapeutic benefit of
the intent-triggered myoelectric devices likely rests in
the encouragement and reinforcement of coordinated
volitional practice of motor control5 and the ability to
gradually progress the training. Use of the device moti-
vates practice and allows appropriate progression of
therapy as the EMG threshold that triggers mechanical
motion is gradually increased requiring the user to elicit
greater volitional muscle activation and reciprocal ago-
nist/antagonist activity. Thus, myoelectric orthoses
provide the opportunity to engage and build on small
residual volitional muscle activation, and through the
application of motor-learning principles can be used to
treat upper limb motor impairment for individuals with
brain injury.

The design and implementation of efficacious train-
ing methods for individuals with neurological dysfunc-
tion is challenging. Treatment approaches based on
motor learning theory are currently the prevailing
choice in neurorehabilitation28 and have been shown
to improve impairment, function and quality of life in
the setting of chronic neurological disease.20,29–31

Common across motor-learning based approaches are
the application of critical motor learning principles.
These principles include high repetition of functionally
relevant movement performed as close to normal as

possible; feedback on performance (i.e. knowledge of
results or knowledge of performance); part versus
whole task practice; massed versus distributed practice;
and practice variability to ensure transfer to novel
tasks.32 However, the current healthcare environment
does not support implementation of these time-
intensive yet critical motor learning principles in the
traditional rehabilitation clinic. First, treatment dura-
tion is considerably short and patients have limited
access to skilled care. In a recent study of outpatient
therapy utilization 1–3months post-stroke, patients
attended on average only 24 outpatient therapy ses-
sions in the first year, which equates to less than one
therapy session every two weeks.33 In chronic stages
after brain injury, there is even more limited or no
access to rehabilitation services. Second, typical outpa-
tient upper limb rehabilitation provides insufficient
repetition of arm movement that is an order of magni-
tude below numbers needed for effective neuroplastic-
ity.34 Individuals perform an average of 32–50
repetitions of upper extremity practice per therapy ses-
sion while animal studies report 400–600 repetitions per
session are required to induce neuroplasticity.3 Even
though high dose has been identified as a crucial ingre-
dient to induce neuroplasticity, it is not being accom-
plished adequately in the clinical setting. Third, there is
a need to ensure high quality practice of adequately
challenging patient-driven functional movement.
When under the skilled supervision of a therapist,
motor performance can be closely monitored and pro-
gressed incrementally with clinically significant
results.19,20,31 However, in-clinic training needs to be
supplemented with home practice. Unfortunately, in-
home practice usually lacks quality, capacity to prog-
ress and sufficient adherence.35 Therefore, portable
devices that are used in both clinical and home settings
have the potential to allow for this critical repetition of
quality practice to occur. The biofeedback technology
employed by myoelectric orthoses such as the Myopro,
ensures that training is patient-driven in that the
patient must activate the correct muscle(s) in order to
experience the desired movement. Training complexity
can be progressed from single joint to multijoint move-
ment and, very early on in training, functionally rele-
vant tasks can be practiced.

In our case, the participant practiced an array of
exercises and functional tasks that were progressed
during the in-clinic training sessions and reinforced in
the assigned home practice. Indeed, utilization data
reported for this participant supports that much of
the training occurred in her home setting. She per-
formed several thousands of volitional muscle activa-
tions at home over the course of study participation.
Early in treatment, functional task performance both
with and without the orthosis was encouraged and
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assigned as part of her home practice. For example,
since our study participant enjoyed the companionship
of her pet, she was highly motivated to practice the
functional activity of “feeding treats to her pet,” thus
reinforcing use of her impaired right upper limb. This
motivation resulted in adherence to high quality
repeated practice.

It is compelling that meaningful changes in motor
performance were achieved in response to training
many years after injury, and after demonstration of a
stable baseline. According to her caregivers, the partic-
ipant had many opportunities following her injury to
rehabilitate use of her right arm; however, success was
limited. From initial assessment, it was apparent that
although she had motor impairments that affected her
right arm, they were not sufficiently severe to preclude
movement of the arm. She had weakness of her right
upper limb but was able to move against gravity;
increased tone but was still able to move her joints
through partial range; decreased coordination but
had the ability to move out of stereotypical synergy
patterns. Despite this, she avoided using her right
arm and did not attempt to incorporate it into everyday
function. Working with the myoelectric orthosis
allowed her to overcome the barrier of decreased atten-
tion to her right arm as the orthosis produced large arm
movements in response to her activating the appropri-
ate muscle. By focusing the training on the right upper
limb through both volitional and orthosis-driven exer-
cises, the patient was being guided to use the right limb
in a coordinated way. High repetition and the intro-
duction of meaningful functional task performance fur-
ther reinforced use of her right arm. Minimal clinically
important difference (MCID) and minimal detectable
change values (MDC) of the measures used in this
study have not been established for TBI; however,
values have been reported for chronic stroke. When
considering these values, the effects of training pro-
duced robust improvement on the FM (16-point
increase during in-clinic phase; nine points increase
overall at conclusion of home phase) exceeding the
MCID range of 4.25–7.25 for chronic moderate
stroke.36 The score for box and block test improved
by 5, a result that is close to the MDC reported for
chronic stroke population (5.5–6 blocks/min).37 For
the Chedoke Arm and Hand Activity Inventory, she
exceeded the 6.3-point MDC for chronic stroke (10-
point increase after the in-clinic phase; three points at
conclusion of the home phase).38,39

In conclusion, for this case of an individual with
long-standing TBI and motor deficits of the right
upper limb, motor function improvements were
observed in response to training with a myoelectric
elbow–wrist–hand orthosis combined with motor
learning-based therapy. Meaningful improvements on

study measures and self-reported function were

observed 30 years after initial injury. It may be that

the combination of motor learning and the reinforced

use of an impaired limb through high repetition prac-

tice of functional movement that was delivered over a

long duration led to these results. Further assessment

in a larger cohort of TBI patients is warranted.

Declaration of conflicting interests

The author(s) declared the following potential conflicts of

interest with respect to the research, authorship, and/or pub-

lication of this article: SK is an employee of the manufacturer

of the myoelectric orthosis used in this case report. Other

authors have no conflicts of interest to declare. All authors

are co-investigators on the following grant which funded this

work. The U.S. ArmyMedical Research Acquisition Activity,

820 Chandler Street, Fort Detrick MD 21702-5014 is the

awarding and administering acquisition office. Opinions,

interpretations, conclusions, and recommendations are

those of the author and are not necessarily endorsed by the

Department of Defense.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: This work was supported by the Office of Secretary of

Defense for Health Affairs, through the Orthotics and

Prosthetics Outcomes Research Program, Orthotics

Outcomes Research Award under Award No. W81XWH-

16-1-0733. Opinions, interpretations, conclusions and recom-

mendations are those of the author and are not necessarily

endorsed by the Department of Defense.

Guarantor

SP.

Contributorship

SF, SP, and SK researched literature and conceived the study.

SF, SK, JM, and MS were involved in protocol development,

gaining ethical approval, patient recruitment, and data anal-

ysis. SF wrote the first draft of the article. All authors

reviewed and edited the article and approved the final version

of the article.

Acknowledgements

Portions of the work presented in this article were previously

presented at the American Academy of Orthotists and

Prosthetists Annual Scientific Meeting held in New Orleans,

LA, 14–17 February 2018.

ORCID iD

Svetlana Pundik https://orcid.org/0000-0002-7262-458X

Pundik et al. 9

https://orcid.org/0000-0002-7262-458X
https://orcid.org/0000-0002-7262-458X


References

1. Faul M, Xu L, Wald MM, et al. Traumatic brain injury in

the United States: emergency department visits, hospital-

izations and deaths 2002–2006. Atlanta, GA: Centers for

Disease Control and Prevention, National Center for

Injury Prevention and Control, 2010.
2. Jang SH. Review of motor recovery in patients with trau-

matic brain injury. NeuroRehabilitation 2009; 24:

349–353.
3. Breceda EY and Dromerick AW. Motor rehabilitation in

stroke and traumatic brain injury: stimulating and

intense. Curr Opin Neurol 2013; 26: 595–601.
4. O’Sullivan SB, Schmitz TJ and Fulk GD. Physical reha-

bilitation. 7th edition. Philadelphia, PA: F.A. Davis

Company, 2019.
5. Krebs HI and Volpe BT. Rehabilitation robotics. Handb

Clin Neurol 2013; 110: 285–294.
6. Hu XL, Tong KY, Song R, et al. A comparison between

electromyography-driven robot and passive motion

device on wrist rehabilitation for chronic stroke.

Neurorehabil Neural Repair 2009; 23: 837–846.
7. Fugl-Meyer AR, Jaasko L, Leyman I, et al. The post-

stroke hemiplegic patient. 1. A method for evaluation

of physical performance. Scand J Rehabil Med 1975; 7:

13–31.
8. Bohannon R and Smith M. Interrater reliability of a

modified Ashworth scale of muscle spasticity. Phys

Ther 1987; 67: 206–207.
9. DiCicco M, Lucas L and Matsuioka Y. Comparison of

control strategies for an EMG controlled orthotic exo-

skeleton for the hand. In: Proceedings of 2004 IEEE inter-

national conference on robotics and automation, New

Orleans, LA, 2004 April, pp. 1622–1627.
10. Benjuya N and Kenney SB. Myoelectric hand orthosis. J

Prosthet Orthot 1990; 2: 149–154.
11. Slack M and Berbrayer D. A myoelectrically controlled

wrist-hand orthosis for brachial plexus injury: a case

study. J Prosthet Orthot 1992; 4: 171–174.
12. Page SJ, Hill V and White S. Portable upper extremity

robotics is as efficacious as upper extremity rehabilitative

therapy: a randomized controlled pilot trial. Clin Rehabil

2013; 27: 494–503.
13. Stein J, Narendran K, McBean J, et al.

Electromyography-controlled exoskeletal upper-limb–

powered orthosis for exercise training after stroke. Am

J Phys Med Rehabil 2007; 86: 255–261.
14. Bermudez i Badia S, Lewis E, et al. Combining virtual

reality and a myo-electric limb orthosis to restore active

movement after stroke: a pilot study. In: Proceedings of

9th international conference on disability, virtual reality

and associated technologies, Laval, France, 10–12

September 2012, pp. 187–193.
15. Kim GJ, Rivera L and Stein J. A combined clinic-home

approach for upper limb robotic therapy after stroke: a

pilot study. Arch Phys Med Rehabil 2015; 96: 2243–2248.
16. Page SJ, Hermann VH, Levine PG, et al. Portable neuro-

robotics for the severely affected arm in chronic stroke: a

case study. J Neurol Phys Ther 2011; 35: 41–46.

17. Bleakley SM. The effect of the Myomo robotic orthosis on

reach performance after stroke. Doctoral Dissertation,

University of Pittsburgh, USA, 2013.
18. Naft J. Use of a myoelectric arm orthoses to improve

therapeutic and functional value for patients with

severe arm dysfunction. In: Conference Proceedings of

American Academy of Orthotists and Prosthetists.

Orlando, Florida, 2013.
19. McCabe JP, Henniger D, Perkins J, et al. Feasibility and

clinical experience of implementing a myoelectric upper

limb orthosis in the rehabilitation of chronic stroke

patients: A clinical case series report Sumitani M,

editor. PLOS One 2019; 14: e0215311.

20. McCabe J, Monkiewicz M, Holcomb J, et al. Comparison

of robotics, functional electrical stimulation, and motor

learning methods for treatment of persistent upper extrem-

ity dysfunction after stroke: a randomized controlled trial.

Arch Phys Med Rehabil 2015; 96: 981–990.
21. Naghdi S, Ansari NN, Azarnia S, et al. Interrater reli-

ability of the Modified Modified Ashworth Scale

(MMAS) for patients with wrist flexor muscle spasticity.

Physiother Theory Pr 2008; 24: 372–379.
22. Kendall FP and Kendall FP. Muscles: testing and func-

tion with posture and pain. 5th ed. Baltimore, MD:

Lippincott Williams & Wilkins, 2005.
23. Gladstone DJ, Danells CJ and Black SE. The Fugl-

Meyer assessment of motor recovery after stroke: a crit-

ical review of its measurement properties. Neurorehabil

Neural Repair 2002; 16: 232–240.
24. Platz T, Pinkowski C, van Wijck F, et al. Reliability and

validity of arm function assessment with standardized

guidelines for the Fugl-Meyer Test, Action Research

Arm Test and Box and Block Test: a multicentre study.

Clin Rehabil 2005; 19: 404–411.
25. Barreca S, Gowland CK, Stratford P, et al. Development

of the Chedoke Arm and Hand Activity Inventory: the-

oretical constructs, item generation, and selection. Top

Stroke Rehabil 2004; 11: 31–42.
26. Kafri M and Laufer Y. Therapeutic effects of functional

electrical stimulation on gait in individuals post-stroke.

Ann Biomed Eng 2015; 43: 451–466.
27. World Health Organization. Towards a common language

for functioning, disability and health (ICF). Geneva,

Switzerland: WHO, 2002.
28. Krakauer JW and Carmichael ST. Broken movement: the

neurobiology of motor recovery after stroke. Cambridge,

MA: The MIT Press, 2017.
29. Daly JJ, Hogan N, Perepezko EM, et al. Response to

upper-limb robotics and functional neuromuscular stim-

ulation following stroke. J Rehabil Res Dev 2005; 42:

723–736.
30. Linder SM, Rosenfeldt AB, Dey T, et al. Forced aerobic

exercise preceding task practice improves motor recovery

poststroke. Am J Occup Ther 2017; 71: 7102290020p1.
31. Daly JJ, McCabe JP, Holcomb J, et al. Long-dose inten-

sive therapy is necessary for strong, clinically significant,

upper limb functional gains and retained gains in severe/

moderate chronic stroke. Neurorehabil Neural Repair

2019.

10 Journal of Rehabilitation and Assistive Technologies Engineering



32. Shumway-Cook A and Woollacott MH. Motor control:

translating research into clinical practice. 5th edition.
Philadelphia, PA: Wolters Kluwer, 2017.

33. Chan L, Wang H, Terdiman J, et al. Disparities in out-
patient and home health service utilization following
stroke: results of a 9-year cohort study in Northern
California. PM&R 2009; 1: 997–1003.

34. Lang CE, MacDonald JR and Gnip C. Counting repeti-
tions: an observational study of outpatient therapy for
people with hemiparesis post-stroke. J Neurol Phys

Ther JNPT 2007; 31: 3–10.
35. Donoso Brown EV, Dudgeon BJ, Gutman K, et al.

Understanding upper extremity home programs and the
use of gaming technology for persons after stroke. Disabil

Health J 2015; 8: 507–513.
36. Page SJ, Fulk GD and Boyne P. Clinically important

differences for the upper-extremity Fugl-Meyer Scale in

people with minimal to moderate impairment due to
chronic stroke. Phys Ther 2012; 92: 791–798.

37. Chen H-M, Chen CC, Hsueh I-P, et al. Test-retest repro-
ducibility and smallest real difference of 5 hand function
tests in patients with stroke. Neurorehabil Neural Repair

2009; 23: 435–440.
38. Sivan M, O’Connor RJ, Makower S, et al. Systematic

review of outcome measures used in the evaluation of
robot-assisted upper limb exercise in stroke. J Rehabil

Med 2011; 43: 181–189.
39. Barreca SR, Stratford PW, Masters LM, et al.

Comparing 2 versions of the Chedoke arm and hand
activity inventory with the action research arm test.
Phys Ther 2006; 86: 245–253.

Pundik et al. 11


