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THE NEED
There is a need for early optimization of active hand muscle control in
patients with cervical spinal cord injuries to enhance their quality of life

THE PROBLEM
Clinical Observation – PICU and ICU
•

Acute Spinal Cord Injury in the Pediatric ICU: A 17-year old patient was brought in to the
pediatric ICU overnight after a motor vehicle accident and was diagnosed with a C7 spinal
cord injury. The primary focus of her hospital care team was to stabilize her vitals and to
devise an optimal respiratory therapy regimen. There was minimal focus on physical
therapy interventions for the musculoskeletal system, specifically for the muscles of the
arms, forearms, and hands, during the first 24-48 hours after the patient’s accident.

•

Chronic Spinal Cord Injury in the ICU: An elderly patient with a past medical history of
cervical spinal cord injury had been admitted into the ICU since February due to a bladder
infection and consequent respiratory complications. The patient was paralyzed from the
neck down and because she had been in the ICU for over 4 months with only light
bedside physical therapy, the muscles in her forearm and hands started to contract and
her fingers and wrist started folding in on themselves and resulted in visible deformities
in her upper extremity.

Desired Outcomes
•

To maximize active control of arm, forearm, and hand muscles in patients with cervical
spinal cord injuries

•

To increase independence in performing activities of daily living (e.g., feeding, hygiene,
etc.) 1

•

To enhance quality of life 2
o Since hand function was noted as a key parameter in perceived quality of life for
quadriplegic patients with cervical spinal cord injuries and since this is the target
population, this project will focus on hand muscle function rehabilitation
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o Muscles that control the hand are either located within the hand (intrinsic
muscles) or in the forearm and cross the wrist joint (extrinsic muscles); therefore,
existing solutions and needs criteria will address both these groups of muscles

The Gap Between Medical Interventions and Desired Outcomes
•

Medical rehabilitation for patients with spinal cord injuries (SCIs) is usually divided into
two phases: acute/subacute rehabilitation (occurring immediately after the injury) and
chronic rehabilitation (occurring after the patient has been stabilized in the ICU and
before they are discharged home)

•

Ideally, patients should gain increasing active control of muscles in their arms, forearms,
and hands as they progress from acute rehabilitation à chronic rehabilitation à home 2

•

Unfortunately, this is often not the case, likely because of discrepancies between the
goals of acute and chronic rehabilitation

•

Acute rehabilitation aims: Passive exercises performed to prevent or reverse muscle
contractures and atrophy, to maintain muscle tone, and to relieve joint pain 3
o Despite these techniques, one study found that 66% of patients (n = 92)
developed at least one contracture 4
o Incidence of contractures in upper extremity muscles:
§ 43% - shoulder
§ 33% - elbow and forearm
§ 41% - wrist and hand

•

Chronic rehabilitation aims: Maximize independent mobilization (requires active muscle
function) of upper extremities for patients to enhance autonomy and ease community
reintegration 3

•

During and following the chronic rehabilitation phase, patients undergo intensive physical
therapy to regain as much muscle function as possible; however, the passive exercises
from the acute phase can cause changes in muscle size, tone, and physiology which can
further prevent cervical SCI patients from achieving favorable functional outcomes from
currently available treatment options (discussed below)

•

The gap: difference between the functional aims of acute and chronic rehabilitation
prevents the patient from maximizing active control of hand muscles
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Figure 1. Schematic showing the gap between medical rehabilitation interventions and desired
outcomes in quadriplegic patients with cervical spinal cord injury.

DISEASE STATE FUNDAMENTALS
Epidemiology
•

Incidence of SCI in the United States (2015): ~40 new cases per million = ~12,400 new SCI
cases 5

•

Prevalence in US in 2014: approximately 276,000
persons 5

•

Common etiologies of traumatic SCIs – motor
vehicle accidents, falls, violence, sports,
medical/surgical complications

•

Figure 2. Etiology of Traumatic SCI.
Reprint from 2015 SCI Data Sheet 5

As of 2010, the most common SCI is incomplete tetraplegia
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Figure 3. Neurological Level and Extent of Injury.
Reprint from 2015 SCI Data Sheet 5

Spinal Cord – Anatomy and Physiology
•

The spine is comprised of 33 vertebrae that are arranged in 5 distinct regions – the
cervical, thoracic, lumbar, sacral, and coccygeal sections

•

Each of the 5 regions has unique characteristics related to appearance, degree of
mobility, and components of the vertebrae

Figure 4. Regions of the Spine.
Reprint from Teach Me Anatomy 7

Figure 5. General Structure of a Vertebra
Reprint from Moore’s Anatomy 6

•

The general structure of a vertebra is shown in Figure 5

•

The spinal cord, which is a collection of nerves, travels through a structure called the
vertebral foramen (the spinal canal) and is protected by the bony vertebrae and the
various ligaments that reinforce the vertebrae
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•

The spinal nerves exit the vertebral column through two symmetrical openings on the
sides of the vertebrae called the intervertebral foramen 6

•

The spinal nerves have both sensory and motor components and each nerve has a very
specific location of action in the body

Spinal Cord Injuries – Pathophysiology
•

Primary mechanisms of spinal injury are hyperflexion, hyperextension, compression,
rotation, or penetration of a foreign object 8

Figure 6. Schematic illustrating the various mechanisms leading to spine injuries.
Reprint from Musculoskeletal Key 8

•

Spinal injuries can affect the ligaments and soft tissue surrounding the spinal column, the
vertebrae, and/or the spinal cord
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•

Injuries that directly cause damage to the spinal cord are referred to as spinal cord
injuries (SCIs)
o These injuries can arise due to compression of the spinal cord or either partial or
complete tearing of the cord

•

The type of spinal cord injury and the resulting consequences it has on an individual’s
motor and sensory functions determine the classification of the SCI

Figure 7. Schematic showing the level of spinal cord injury and the associated portions of the body
that are affected.
Reprint from Nye Law Group 9

•

Patients are classified by the number of limbs affects (tetraplegic – 4 limbs, paraplegic – 2
limbs) and by the degree of motor and sensory function in the affected limbs (complete –
no motor or sensory function, incomplete – some motor and/or sensory function)

•

While spinal cord injuries have some degree of negative impact on almost all organ
systems in the body, the musculoskeletal consequences are most related to a patient’s
perception of quality of life, independence, and reintegration into the community 2

•

The most significant and disabling of these musculoskeletal complications are muscle
contractions that cause joint stiffness, muscle atrophy, and an increase in muscle tone
(spasticity) which decreases the patient’s range of motion
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•

It has been found that the level of a spinal cord lesion is no longer an accurate predictor
of the number of functioning and available muscles in the upper extremity, so there is a
chance that patients with complete and incomplete quadriplegia may regain at least
some function in upper extremity muscles if addressed rapidly 10, 11

EXISTING SOLUTIONS
The goal of existing solutions for the upper limb is to increase independence, ease of performing
activities of daily living, voluntary and active movements, and broadening the patient’s temporal
workspace. The best outcomes are achieved when caregivers deliver anticipatory rehabilitation
such that treatments prevent development of deformities or functional changes that would
interfere with anticipated future treatments and advances 12. Below are the most commonly used
rehabilitation techniques presently used in patients with cervical SCIs:

Orthotic Devices
•

Orthosis devices are braces that enhance the function of a limb or correct a deformity

•

These continue to be the most common form of medical intervention in patients with SCI

•

The primary goal of these devices are to maintain or create a “tenodesis grip” such that
with voluntary wrist extension, the patient can passively pinch and grip objects using the
thumb and index finger

Figure 8. Figure A shows the tenodesis grip created by orthoses devices and Figure B shows the
passive opening and closure of the thumb and index finger with gravity in a healthy subject.
Reprint from Musculoskeletal Key 12

•

While there are numerous orthoses that are available in the market and many have
evolved with advances in medicine, the one that is used most frequently is described
below:
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•

Wrist-drive flexor hinge orthosis: This orthosis enhances the passive tenodesis grasp by
allowing finer control of the pinch and grasp maneuvers
o Patients must have active wrist extension to benefit from this orthosis

•

Patients with higher-level cervical cord injuries (C4 and above) often do not benefit from
these orthoses because they lack active wrist extension and flexion 13

Figure 9. Wrist-driven flexor hinge orthosis. Figure A shows the passive hand opening position and
Figure B shows the fine pinch grip between the index finger and thumb.
Reprint from Musculoskeletal Key12

Reconstructive Surgery – Tendon Transfers and Nerve Transfers
•

Tendon transfers procedures: In this procedure, a surgeon takes the tendon of a working
muscle in the forearm or hand and reattaches it to a paralyzed muscle.

•

Tendon transfers facilitate restoration of movement at the elbow joint
(flexion/extension), movement at the wrist joint, and gripping with the fingers 14

•

The transfers can only be performed if there is a functioning muscle in the
elbow/forearm region whose tendon can be relocated and if the patient has active wrist
extension. If a patient does not have any functioning muscles in the forearm, but does
have functioning muscles in the arm, the surgeon must first do a tendon transfer to
“create” a functioning muscle in the forearm, and if successful, can try to do a transfer
from the newly functional forearm muscle to a paralyzed hand muscle 14

•

These procedures are not usually performed until at least 12-18 months after injury to
allow for recovery from nerve root injuries 16

•

Can be used as a supplement to nonsurgical interventions to maximize patient
independence
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•

Transfer procedures cannot be performed if there are joint contractures 15

Neuromuscular Stimulation
•

Neuromuscular stimulation technology for patients with SCI is called functional electrical
stimulation (FES) and involves “the coordinated stimulation of two or more muscles to
achieve functional outcomes” 12

•

Neuroprosthesis refers to the combined technique of bracing a limb and delivering FES

•

The one FES system available for patients with cervical SCI is:

•

NESS H200 (Bioness Inc.): combination of five surface electrode and an orthosis. The
electrodes stimulate the flexor tendons of the fingers and thumbs, the thenar muscles in
the hand, and the long extensor muscle in the forearm 12, 17, 18
o This device has to be put on by the patient and is only be used for a couple hours
during the night time 17

Figure 10. NESS H22 FES system for muscle stimulation.
Reprint Bioness.com 17
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Summary of Existing Solutions
Table 1. Summary of Existing Solutions

STAKEHOLDER ANALYSIS
Using the cycle of care analysis, the following stakeholders were identified: patients, caregivers,
physical therapy team, orthopedic surgery team, and insurance companies. The following is a
breakdown of their interests:
•

Patients – want to maximize their independence and voluntary range of motion by
increased hand function

•

Caregivers – want patients to be more independent so that it decreases the caregiver
workload and invested resources
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•

Physical therapy team – instead of trying to reverse conditions like muscle contractures,
atrophy, and spasticity during the chronic rehabilitation phase, they can spend more time
assisting patients expand their range of motion and regain more active movement

•

Orthopedic surgery team – currently, orthopedic hand surgeons cannot perform tendon
or nerve transfer surgeries on most patients with SCIs because the patients develop
contractures or do not regain active muscles in the forearm/hand region. Addressing the
need would allow them to perform more surgeries and have better functional outcomes

•

Insurance companies – results in cost savings for insurance companies because patients
would not need as much help from caregivers and they would be less like to develop
musculoskeletal complications which lead to rehospitalizations 5

MARKET ANALYSIS
Market Landscape – Trends in Size and Growth
•

Incidence of SCIs is on the rise - approximated new incidences of SCIs in the US based on
US population projections
o
o
o
o
o

Present – 12,400 (2010 data)
2020 – 13,600
2030 – 14,960
2040 – 16,240
2050 – 17,560

•

Greatest proportion of SCI injuries: incomplete tetraplegia arising from injury to the
cervical spinal cord

•

Proportion of cervical injuries is increasing 19

•

Proportion of neurologically complete injuries is decreasing 19

•

The trend in increasing cervical injuries and decreasing complete injuries is significant
because it means that there is a greater need to standardize and implement an early
upper extremity musculoskeletal rehabilitation technique to enable patients to regain
maximal possible active control of their hands
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Market Segmentation
•

Segmentation of SCI patients based on race and ethnicity

Figure 10. Segmentation of SCI patient population based on race and ethnicity.
Reprint from 2015 SCI Data Sheet 5

•

Segmentation of SCI patients based on their level of spinal cord injury and associated
healthcare costs – it is important to note that yearly costs of healthcare for patients with
high tetraplegia are significantly greater than those with low tetraplegia. A major factor
contributing to this difference is the higher level of dependence that C1-C4 SCI patients
on caretakers for completion of basic activities of daily living. 5

•

By addressing this difference and restoring more active function of the hand, annual
costs for patients with tetraplegia may decrease

Table 2. DIRECT lifetime costs for patients with various levels of SCI. This does not include
INDIRECT costs that result from loss of employment and various other factors.
Reprint from 2015 SCI Data Sheet 5
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NOVEL SOLUTION CRITERIA
ABSOLUTE CRITERIA

RELATIVE CRITERIA

Must be implemented rapidly within the first
24 – 48 hours after injury

Can be implemented prior to complete
strength and function muscle assessments
during acute rehabilitation
Can be implanted

Must provide optimized therapeutic
stimulation during frequent intervals
Provides rehabilitation to forearm and hand
muscles
Must allow patients to successfully meet
criteria for other interventions such as tendon
transfer surgeries
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Can provide rehabilitation to shoulder, arm,
forearm, and hand muscle groups
Can eliminate the need for orthoses that only
provide passive range of motion
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