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This paper summarizes the results of screening for partIcipation in research 
programs involving functional neuromuscular stimulation (FNS). It examines the 
characteristics of a group of children and teenagers with spinal cord injuries 
(SCI) identified as potential candidates for FNS as defined by the rigorous 
inclusion criteria of the research studies. One hundred and thirteen children and 
teenagers under the age of 20 with cervical, thoracic or lumbar level spinal cord 
injuries were examined for inclusion in an experimental program of FNS to 
provide standing, walking, or prehension. Although biased towards adolescents 
with complete midthoracic and midcervical injuries, the age, sex, injury level, 
etiology, and neurological status of the sample coincided with previously 
published reports and consisted predominantly of teenage males injured in 
motor vehicle or sports related accidents. Approximately half of the individuals 
examined were physically appropriate for research participation without pre
paratory intervention. Treatment options to prepare individuals for FNS were 
identified in 25% of those considered inappropriate at the initial evaluation, 
indicating that the potential user population of clinical systems may be larger 
than estimates obtained from research applications. Peripheral denervation was 
the single most prevalent physical impediment to the application of FNS. 
Although the incidence of lower motor neuron (LMN) involvement was similar 
in subjects with tetraplegia and paraplegia, those with cervical lesions more 
frequently exhibited other medical complications that interfered with the appli
cation of FNS. Surgical procedures involving transfer of paralyzed but excitable 
muscles were identified in almost one third of the candidates with tetraplegia 
who were excluded due to denervation. Of those physically appropriate, 
psychological factors eliminated several candidates from consideration. Such 
concerns may also be addressed with suitable intervention in preparation for the 
clinical application of FNS. Almost 50% of those appropriate for FNS research 
elected to participate in the programs, with those declining citing the hospitaliza
tion, time and travel commitments as the primary factors influencing their 
decisions. Results suggest that FNS for standing, walking and hand grasp may be 
an option for a significant percentage of the pediatric SCI population. 
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Introduction 

If the neurological damage resulting from a 
traumatic spinal cord injury is confined to 
the upper motor neuron, then a small 
electrical current applied to the peripheral 
nerve will generate a contraction of its 

associated muscle. Functional neuromuscu
lar stimulation refers to the activation and 
coordination of several muscles in this man
ner to produce a useful, purposeful move
ment, rather than to achieve a purely 
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therapeutic goal such as increasing or main
taining joint range of motion or restrength
ening weak or atrophied muscles. The 
technology has the potential to provide or 
enhance standing, walking or upper extrem
ity abilities, thereby increasing the number 
of options available to its users in their 
pursuit of independence in vocational and 
avocational activities. 

Young people may be at a greater risk of 
spinal cord injury than any other segment of 
the population, since injuries occur most 
frequently in persons between the ages of 15 
and 20 years.1- 10 As trauma care becomes 
more sophisticated and medical manage
ment improves, young people with SCI also 
demonstrate the best survival rates and life 
expectancies. Patients between the ages of 
10 and 19 have survival rates approaching 
those of the general population and higher 
than all other individuals with traumatic 
injuries.7 The life expectancy of a person 
sustaining an injury at 20 years of age has 
also been shown to be significantly higher 
than that of an individual older than 40 at 
the time of injury.4,9 Therefore, FNS may 
have a greater impact on the lives of people 
with SCI under the age of 20 than any other 
segment of the population. As FNS ap
proaches widespread clinical use, it becomes 
increasingly important to understand the 
characteristics of children, teenagers and 
young adults wtih SCI in order to design 
systems that are appropriate for those indi
viduals who may eventually become long 
term users of the technology. 

For these reasons, researchers at the 
Philadelphia Unit of Shriners Hospitals, 
together with Case Western Reserve Uni
versity, have been investigating the applica
tion of FNS to children, adolescents and 
young adults with SCI. This paper summar
izes the results of the screening process used 
to identify candidates for research programs 
designed to develop and test FNS devices 
for standing, walking or prehension in 
young people under 18 years of age. It 
represents an initial attempt to identify the 
segment of the pediatric SCI population 
which may contain the most likely candid
ates for research-grade FNS systems and to 
understand the factors that may interfere 
with their administration. 
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Literature review 

Functional neuromuscular stimulation in 
SCI 
FNS systems have ranged from simple, 
switch activated single channel devices 
intended to correct foot drop to complex 
microprocessor controlled devices for stand
ing, walking, or grasp and release. 11-12 
Stimulation has been delivered via surface 
electrodes, intramuscular wire electrodes 
that exit the body percutaneously, or im
plantable systems that utilize epimyseal or 
nerve cuff electrodes and communicate with 
an external controller through a radio fre
quency link. Still other systems have com
bined FNS with varying degrees of external 
bracing to constrain the motions generated 
by the stimulated muscles, simplify control, 
reduce the number of stimulation channels, 
or provide mechanical support. 13,14 Most 
participants in standing and walking 
protocols have had complete thoracic 
lesions between levels T6 and T12. Indi
viduals with incomplete thoracic lesions 
have also received attention by various 
researchers. 11,12,15 

For standing, electrodes have most often 
been applied to the surface of the anterior 
thigh to excite all heads of the quadriceps 
simultaneously. 11,16, 17 Subjects are trained to 
maintain balance by adopting a 'modified C' 
posture with the lumbar spine in lordosis 
and the hips fully extended. Range of 
motion limitations such as hip flexion con
tractures, or other orthopaedic complica
tions such as excessive spine curvatures, 
restrict the usefulness of this posture. Step
ping has been demonstrated in individuals 
with complete paraplegia by applying addi
tional channels of stimulation to one of 
several sites on the lower extremity which 
elicit a flexion withdraw reflex. The reflex 
tends to vary with time and activation 
history, however, and is often weak or 
nonexistent. More complex systems for 
lower extremity function have utilized per
cutaneous intramuscular electrodes to activ
ate individual muscles, rather than rely on 
reflex patterns. 1R Up to 48 channels of 
stimulation have been applied ot the mus
cles controlling the trunk, hip, thigh, knee 
and ankle to generate standing, walking and 
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stair climbing motions. Currently, such 
lower extremity applications still rely on the 
use of assistive devices and upper extremity 
exerti 'n for balance and support, and tend 
to be energy inefficient.u-12 

Although the applicability of FNS to 
individuals with cerebral palsy, 19 high 
(C4) ,20-22 or low (C6 and C7) cervical 
injuries23 are currently under investigation, 
upper extremity applications have concen
trated primarily on providing prehension 
and release to persons with midcervical level 
tetraplegia.23-29 The most advanced and well 
reported system employs 16 channels of 
percutaneous intramuscular stimulation to 
activate the finger flexors, extensors, and 
thumb muscles. The system is capable of 
generating two types of prehension pat
terns: palmar grasp and lateral pinch. Selec
tion and control of the grasps are provided 
by a single command source, which is 
usually the position of the contralateral 
shoulder. Surgical procedures have been 
prescribed to augment the function of the 
system, such as stabilization of the inter
phalangeal joint of the thumb or syn
chronization of the fingers with tenodeses of 
the flexor or extensor tendons. 26-29 

With notable exceptions,20-23 efforts to 
provide prehension and release have 
focused primarily on people with C5 and 
weak C6 level injuries because they are 
unable to benefit from conventional surgical 
interventions, such as voluntary tendon 
transfer surgery or orthotic devices. They 
also retain sufficient proximal control to 
position their hands in space for func
tional activities, which increases the likeli
hood that FNS-produced grasps may be 
useful. 24-26 

Peripheral denervation 
While it is possible to stimulate muscle 
tissue directly, most FNS applications rely 
on activating the peripheral nerve, which is 
much more excitable. An intact lower motor 
neuron (LMN) is essential if low levels of 
current are to be used to generate a strong 
and repeatable muscular contraction. One 
study of 24 individuals with injuries between 
C5 and L3 reported denervation in over 
45% of those patients with thoracolumbar 
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(T12-L3) lesions and over 7% of those 
patients with thoracic (Tl - 11) lesions, al
though no evidence of lower extremity 
peripheral denervation was observed in any 
of the patients with cervical level in
juries.30.3 The absolute number of indi
viduals in each group was not reported. In 
another study of 24 patients with injuries 
between levels C4 and C7, peripheral inner
vation to the muscles required for prehen
sion with FNS was found to be intact in a 
majority of instances.32 Participants in that 
investigation ranged from 14 to 30 years and 
all had been examined within 1 year post 
injury. The status of the lower motor nerve 
was assessed via observation of reflex activ
ity, response to surface stimulation, 
strength-duration testing, or EMG analysis. 
Over 90% of the finger flexors and almost 
80% of the finger extensors were found to 
be totally or partially innervated. Denerva
tion of the finger flexors and extensors was 
most common with C5 level injuries, and 
one out of three individuals with C4 level 
injuries exhibited de nervation of the biceps. 

Candidacy for lower extremity FNS 
applications 
The patient selection criteria for a clinical 
program of standing and walking with sur
face FNS at the University Rehabilitation 
Institute in Ljubljana, Slovenia included 
four factors: injury level, neurological 
status, physiological or metabolic impair
ments, and physical limitations. IS Func
tional ability and injury level were con
sidered when evaluating individuals with 
complete lesions. FNS alone was prescribed 
for people with lesions between T4 and T12. 
Trunk instability and the potential of devel
oping spine deformities in volunteers with 
injuries above T4 indicated a combination of 
FNS and passive bracing. Application of 
FNS to individuals with injuries below T12 
was often precluded by LMN involvement 
and bracing alone was prescribed for such 
individuals. Patients with incomplete lesions 
were evaluated based entirely on function, 
without reference to injury level. Neuro
logical status included an assessment of 
LMN involvement. Excessive spasticity or 
peripheral denervation of the knee exten-
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sors contraindicated the use of stimulation. 
Patients were eliminated from consideration 
for FNS walking if a withdraw reflex could 
not be elicited repeatedly. Abnormalities in 
the heart rate, blood pressure, EKG, or the 
inability to tolerate exhaustion were con
traindications to FNS, and range of motion, 
skin integrity, and joint stability were also 
part of the physical examination. 

Applying these criteria to 500 patients 
with SCI resulted in the identification of 54 
individuals with complete injuries and 26 
people with incomplete injuries as candi
dates for FNS, representing 16% of the SCI 
population admitted to the Institute. 15.16 
Although the sample was not typical or 
statistically unbiased, it was offered as a 
preliminary estimate of the user population. 
Fifty patients with complete injuries, or 
10% of the original sample, completed the 
standing and walking program. Participants 
were distributed according to sex in a similar 
manner to that reported for individuals with 
SCI in the United States (80% male, 20% 
female). 1-9 Thirty percent of the partici
pants dropped out after standing or walking 
for 3 or more months at home, citing the 
inconvenience of donning and doffing the 
four channel surface stimulation system as 
reason for withdrawal. All patients with 
lesions between T4 and T12 were able to 
stand with FNS,  but only half were able to 
walk because of undetected neural involve
ment or partial denervation. Three quarters 
of patients with T4 and T5 lesions, and half 
of those with lesions from T6 to TIl ,  were 
able to produce walking movements. 

A study conducted at the Rehabilitation 
Institute of Chicago (RIC) and the Illinois 
Institute of Technology (lIT) used similar 
evaluation criteria and methods to produce 
standing in individuals with SCI. 33.34 User 
population estimates were obtained from 
reviewing the charts of 192 patients. Inclu
sion in a program of FNS standing with a 
two-channel surface system was restricted to 
individuals who met the profile summarized 
in Table I. The average age of the sample 
was 33 years, and males again outnumbered 
females 4 to 1. According to these criteria, 
20 out of the 192 candidates were con
sidered to be appropriate for FNS, implying 
that approximately 10% of all individuals 
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Table I RIC/lIT evaluation criteria for lower 
extremity FNS 

1 Injury level between T4 and T12 
2 No upper extremity involvement 
3 Prescription of knee-ankle-foot orthoses 
4 No associated medical problems 
5 No history of substance abuse 
6 Age between 18 and 50 years 

with paraplegia would be potential users of 
a stimulation system for standing. 

This may be an underestimate of the user 
population because of the stringent nature 
of several of the inclusion criteria. Addres
sing associated medical or psychological 
problems with appropriate treatment or 
therapy may have enlarged the estimate. In 
particular, relaxing the age restriction, or 
eliminating the requirement of a knee
ankle-foot orthosis (KAFO) prescription, 
may have resulted in an increased number 
of FNS users.34 No allowances were made 
for the possibility of preparatory interven
tions that might precede application of FNS. 
The estimate of the user population was also 
based solely on a chart review and candi
dates were not examined personally by the 
investigators. The RIC/lIT and Ljubljana 
studies may have been limited by the accep
tability of surface stimulation systems. 

Candidacy for upper extremity FNS 
applications 
Although current efforts are directed ex
clusively toward implantable technology, 
the inclusion criteria published for the 
neuroprosthetic system developed at Case 
Western Reserve University (CWRU) rep
resented a staged approach to the applica
tion of FNS. Candidates were expected to 
progress from a device using percutaneous 
electrodes to a combination of stimulation 
and hand surgery to enhance performance, 
and finally to a fully implanted system.26 
Patient selection was based on physiological 
and psychosocial criteria, as well as an 
assessment of independence following reha
bilitation. To date, over 27 individuals with 
C5/C6 lesions have been provided with 
prehension and release via percutaneous 
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stimulation, 10 have had augmentative sur
gery and seven have progressed to the 
implanted system.26-29 More recently, the 
percutaneous stages have been eliminated 
and augmentative surgery has been per
formed during the same procedure in which 
the implanted stimulator is installed. The 
number of potential candidates examined 
to identify system users, and relative fre
quency of physical, psychosocial, or per
sonal barriers to participation has not been 
reported. 

The physiological and psychosocial 
criteria for acceptance into the percuta
neous CWRU program25,26 are given in 
Table II. The criteria applied to a candi
date's support mechanisms also included the 
ability and willingness of the patient and 
attendant to maintain skin interfaces, don 
and doff the system, set up evening exercise 
programs, provide transportation to and 
from the hospital, and use the system 
regularly in accordance with the research 
protocols. 

In the event that the primary muscles 
required for stimulation of palmar and 
lateral grasps are denervated, it may be 
possible to intervene surgically. The transfer 
of the tendon of an innervated but paralyzed 
muscle to that of a denervated prime mover 
has been suggested as a method to obviate 
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the problems encountered with LMN in
volvement which would otherwise eliminate 
a patient from consideration for FNS.26-29 
No attempt has been made to estimate the 
number of individuals with peripheral 
denervation who would become FNS 
candidates after such surgery. 

Psychological and social criteria 
Although no assessment tools have been 
validated expressly for the psychological 
screening of FNS candidates, coping skills, 
the ability to tolerate uncertainty, and the 
ability to provide informed consent have 
been identified as key elements in the 
emotional makeup of successful FNS re
search participants.35 The Minnesota Multi
phasic Personality Inventory, Shipley 
Institute of Living Scale, the Wide Range of 
Achievement Test Reading Level II, the 
Beck Depression Inventory and Acceptance 
of Disability Scale have been used to assess 
mental status and problems with relation
ships, intelligence and cognition, verbal 
comprehension, depression and emotional 
disruption, and values associated with dis
ability adjustment in FNS candidates. A 
retrospective analysis of several participants 
in the surface standing program at the RIC 
showed that psychological testing could 

Table II Inclusion criteria for CWRU percutaneous neuroprosthetic hand system 

Physiologic criteria 

1 Stable neurological status 

2 Absence of medical problems (infections , diabetes , 
chronic skin breakdown, heart disease , uncontrolled 
spasticity) 

3 Intact vision 
4 Complete physiological rehabilitation (good sitting 

balance and voluntary strength, minimal upper extremity 
contractures) 

5 Minimal hypermobility or joint laxity 
6 No hypersensitivity in the instrumented hand 
7 Adequate proximal control to position the hand for 

function 
8 Adequate wrist strength (grade 4) or static support to 

stabilize the hand 
9 Intact innervation of key muscles 

10 Not a candidate for voluntary tendon transfers 

Psychosocial criteria 

1 Adequate ability to cope with the 
disability 

2 Motivated and able to identify 
realistic functional goals 

3 Normal cognitive function 
4 Willingness to become an active 

research participant 
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identify individuals who had failed to com
plete the research program. The psycho
logical testing was repeated prospectively on 
candidates prior to admission to the pro
gram and confirmed the projection of future 
success with FNS standing. 17 

The danger of using psychological testing 
to predict success with FNS lies in obtaining 
a false negative result, that is, excluding a 
candidate from consideration who may in 
fact be successful. It may be possible to offer 
FNS systems to people while concurrently 
addressing their psychosocial needs with 
the necessary interventions. An additional 
danger arises from applying psychological 
criteria in the selection of FNS participants 
in the absence of reliability studies of such 
assessments in the SCI population. The 
values, roles, emotional make-up and pro
cess of adjusting to an injury require atten
tion when planning or providing any type of 
intervention, especially when it involves 
experimental modalities in a pediatric popu
lation. Basing the administration of FNS 
systems on such incompletely understood 
phenomenon may artificially and inappro
priately restrict the availability of the tech
nology. 

Methods 

Data for this study were collected from a 
convenience sample of 113 children (birth to 
12 years) and teenagers (13 to 19 years) with 
spinal cord injuries. Approximately 55% of 
the sample were 1 year or more post injury 
at the time of the screening exam. All were 
admitted to the Philadelphia Unit of Shrin
ers Hospitals for evaluation by the authors. 
The primary purpose of the examination 
was to identify children willing and appro
priate to participate in experimental pro
grams of FNS to provide standing and 
walking or prehension and release. In addi
tion to the patient population of the Phila
delphia Unit, candidates for both upper and 
lower extremity research programs were 
also identified by the SCI Units of Shriners 
Hospitals in Chicago and San Francisco, 
solicited by the rehabilitation therapies of 
other Shrine Hospitals, or referred by un
affiliated health care professionals and re
habilitation institutions. Age-appropriate 
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referrals were also made by the FES Infor
mation Center at Case Western Reserve 
University. On occasion, candidates con
tacted the authors directly after becoming 
aware of the research program independ
ently. The Philadelphia Unit of Shriners 
Hospitals also conducts SCI clinics in 
Greenville, South Carolina and San Juan, 
Puerto Rico. Candidates for both research 
programs identified at these clinics were 
also examined. Age at injury, etiology, 
neurological status, race, sex, and other 
demographic data were collected and col
lated for each referral. 

The criteria for the lower extremity FNS 
program at Shriners Hospitals for Crippled 
Children (SHCC) are presented in Table 
III. Children with paraplegia who had been 
treated at the Philadelphia Unit prior to 
1986 were identified from the medical 
records and readmitted for examination. 
From 1986 to 1991, individuals with spastic 
paralysis treated at Shriners who were likely 
standing and walking candidates underwent 
the complete screening procedure. A week 
long screening visit including appointments 
with physical and occupational therapy (PT, 
OT), nursing (N), recreational therapy 
(RT), social services (SS), and the medical 
staff was scheduled for each candidate for 
lower extremity FNS to assess thoroughly 
their physical and psychosocial condition. 

Table III SHCC inclusion criteria for lower ex
tremity FNS 

I Age up to 20 years 
2 Motor complete spinal cord injury below Tl 
3 No LMN involvement of the quadriceps , 

gluteal or hamstring muscles 
4 Functional independence in ADLs,  wheel

chair management and transfers 
5 Range of motion within functional limits for 

standing and walking with KAFOs (hip and 
knee flexion contractures less than 200) 

6 Ability to stand and ambulate in braces 
7 No outstanding orthopaedic involvement 

(scoliosis , history of spontaneous fracture, 
etc) 

8 No outstanding medical problems (uncon
trolled spasticity , skin involvement, etc) 

9 No outstanding psychosocial involvement that 
would negatively influence research participa
tion 
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During this time, the operation and main
tenance of the FNS systems, as well as the 
percutaneous electrode implantation pro
cedure, were explained using demonstra
tions, videotape presentations, and written 
materials. 

Lower extremity screening tests included 
evaluations of functional status and equip
ment (PT, OT), assessments of cognitive 
and perceptual ability (OT), administration 
of the Leisure Diagnostic Battery (RT), and 
determination of general health including 
skin integrity, bowel and bladder manage
ment (N), along with a complete medical 
examination including plane x-rays to docu
ment orthopaedic status and bone age. A 
formal psychosocial evaluation of the child 
and family (SS) was also performed. The 
innervation status of individuals with para
plegia was determined by performing a 
strength-duration test on the quadriceps, 
gluteal and hamstring muscles bilaterally, 
unless a critical muscle was clearly and 
unambiguously denervated. All tests were 
completed independently by different 
members of the clinical or research teams. 
At the conclusion of the screening process, a 
summation meeting was held and a col
laborative decision was made regarding 
whether or not the child was a candidate for 
FNS. 

Every child with a cervical level spinal 
cord injury treated at Shriners Hospital in 
Philadelphia from 1989 to 1991 was exam
ined and evaluated for research participa
tion. A three day screening admission was 
arranged for each upper extremity candi
date, and consultations were obtained from 
social services, medical staff, and an inde
pendent hand surgeon. Inclusion criteria for 
the upper extremity FNS program were 
adapted from those reported by CWRU and 
are summarized in Table IV. Modifications 
included the addition of age-appropriate 
evaluations and an upper age limit. 

Upper extremity innervation was deter
mined by first testing the response to surface 
stimulation. Full strength-duration curves 
were obtained only for those muscles with 
questionable, nonspecific, or weak re
sponses. If the peripheral nerve was not 
found to be intact, the individual was 
further evaluated to determine whether a 
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Table IV SHCC inclusion criteria for upper ex
tremity FNS 

1 Age up to 20 years 
2 SCI resulting in C5-6 tetraplegia 
3 Optimal independent function in ADLs 
4 Functional sitting balance (or mechanisms to 

substitute for lack of trunk control) and 
good sitting tolerance 

5 Independent wheelchair mobility 
6 Independent trial of traditional orthotic de

vices 
7 Stable neurological status 
8 No outstanding medical problems (skin in

volvement. uncontrolled disreflexia, etc) 
9 Intact vision, audition , cognition and per

ception 
10 Appropriate upper extremity status (ade

quate proximal control and balance for bi
lateral function, full passive range of move
ment (ROM). no intolerable hypersensitiv
ity, intact LMN status) 

11 Not a candidate for active tendon transfer 
surgery 

12 No outstanding psychosocial involvement 
that would negatively influence research 
participation 

paralyzed but stimulatable muscle was avail
able that could be transferred to accomplish 
the same function as the denervated muscle. 

Candidates for both upper and lower 
extremity applications were classified ac
cording to the algorithm depicted in Figure 
1. Initial consideration was given to the 
physical status of each individual. Physically 
appropriate candidates were evaluated and 
further classified according to psychosocial 
status. A comprehensive assessment focus
ing on family structure and demographics, 
attitudes and feelings toward the child, 
perceptions of the child's strengths and 
difficulties, coping mechanisms, expecta
tions of the FNS device and research partici
pation, support systems, and family dynam
ics was administered. In addition. the family 
APGAR Questionnaire36 was administered 
to measure satisfaction with family assist
ance, mutuality of communication and 
problem-solving, freedom to change roles 
and grow emotionally, intimacy and emo
tional interaction, and time commitments 
made by family members. The social worker 
assigned to the patient made the final 
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Physically appropriate? 

Yes No 

Psychosocially appropriate? 

Yes 

Appropriate for FNS 
Extend invitation 

Accepted 

Rejected 

Schedule 
admission 

Determine 
reason 

Postponed 

No 

Reevaluate 

Inappropriate for FNS 
Identify reasons and 
possible interventions 

Intervention possible? 

Yes No 

Reject 

Figure 1 Classification algorithm for FNS candidates. 

determination of psychosocial status and 
made recommendations regarding research 
participation. 

The relative percentages of all candidates 
who were physically and psychosocially ap
propriate, physically appropriate but with 
interfering psychosocial issues, or physically 
inappropriate, were tabulated. Interven
tions which might address the physical or 
psychosocial impediments to participation 
were identified for those individuals who did 
not meet the inclusion criteria. These 
candidates were scheduled for reevaluation. 
Individuals who were physically and 
psychosocially suited for FNS were 
extended invitations to participate in the 
research program. As illustrated in Figure 1, 
the candidate exercised the option to ac
cept, postpone, or decline research partici
pation. Reasons for declining the invitation 
were recorded. 

Results of the screening process for re
search participation were pooled to offer 
insight into the nature of the group of 
research applicants as a whole. Pooled data 
were expressed as percentages of all indi
viduals examined. Where possible, results 
from those with cervical (C4-8) and thor
acic/lumbar (Tl -L3) injuries were exam-

ined separately to allow differential 
comparisons. When analyzed separately, 
results were expressed as the percentage of 
people in each subgroup. 

Results 

Subject demographics 
Approximately two thirds of the entire 
sample were male, a smaller percentage 
than reported for the general SCI popula
tion,7-9 but coinciding with preliminary re
ports in pediatrics. 10 An interaction between 
sex and injury level was also observed. 
While children with paraplegia appeared to 
be distributed relatively evenly between the 
sexes, those with cervical level injuries 
appeared to be predominantly male. 
Approximately 64% of all males examined 
presented with cervical level injuries, as 
compared to only one third of all females. 

Midcervical (C5 and C6) and midthoracic 
(T5-8) level injuries were the most com
monly observed lesions in the sample, as 
illustrated in Figure 2. The frequency of C5 
and C6 injuries is comparable to that ex
pected from the SCI population in gen
eral. 7-9 The frequency of injuries in the 
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Figure 2 Distribution of injury levels at time of examination ( n = 113). 

midthoracic levels varies slightly from other 
reports by underrepresenting the prevalence 
of thoracolumbar level injuries, however. 
This may be due to the preferential target
ing of individuals with midthoracic injuries 
by referring agencies with knowledge of the 
inclusion criteria for the research programs. 

Almost three quarters of the sample had 
sustained their injuries while between the 
ages of 11 and 20. As shown in Figure 3a, 
the most commonly observed age at injury 
was between 16 and 20 years, representing 
almost 40% of all those examined. This was 
followed by injuries sustained by teenagers 
between 11 and 15 years of age, represent
ing over one third of the sample. These 
results appear to reflect what would be 
expected from the proportions reported for 
both pediatric SCI and the SCI population 
at large.7-10 A differential presentation of 
age with respect to injury level is given in 
Figure 3b. Candidates with cervical level 
injuries tended to be older, while those with 
thoracic and lumbar level injuries tended to 
be more evenly distributed across age. This 
is in contrast to the pediatric literature 
reporting that cervical injuries are more 
common in younger children (birth through 
8 years) than older children (9 through 16 
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years).l0 This again may reflect the bias of 
the authors and referring agencies toward 
older applicants. 

Motor vehicle accidents (MY A) were the 
most common cause of SCI in the young 
people examined, as shown in Figure 4a. 
Over 50% of all the injuries observed were 
due to accidents involving an automobile, 
bus or motorcycle. Diving and sports related 
injuries were the next most frequently ob
served causes of SCI. If combined, the 
MY A and diving/sports groups account for 
over 75% of the injuries seen in this sample, 
following closely the proportions reported 
in the National SCI Database for the same 
age group.7 Disease, gun shot wounds 
(GSW), and falls were observed less fre
quently. The disease category consisted of 
cases of transverse myelitis (TM) or spinal 
tumors. Other causes of injury included 
iatrogenic injury, surgical complication, 
birth trauma or vascular accident. Although 
MY As were the leading cause of both 
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( a) all injuries ( n = 1 13) , (b) etiology as a 
function of injury level. 
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tetraplegia and paraplegia, they resulted in 
more cases of paraplegia in this sample, as 
illustrated in Figure 4b. Two thirds of all 
cases of paraplegia were attributed to a 
motor vehicle, as compared to 38% of the 
cases of tetraplegia. All diving and sports 
related injuries observed resulted in tetra
plegia, while most GSWs yielded thoracic 
level injuries, which suggests a strong inter
action between etiology and injury level. 
There also appears to be an interaction 
between etiology and age. No diving, 
sports, or fall related injuries were observed 
in children under 10 years of age. Con
versely, disease processes such as spinal 
tumors and TM were observed exclusively 
in that age group. MY As were distributed 
across all ages, but tended to be heavily 
skewed toward older children and teenag
ers. 

Although the sample was not random and 
may be biased towards individuals meeting 
the research selection criteria, the charac
teristics of the subjects included in this study 
generally agree with reports describing 
younger segments of the SCI population. 

FNS candidacy 
Over 45% of all individuals examined were 
found to be physically appropriate for FNS 
and free from orthopaedic complications or 
LMN involvement which would preclude 
stimulation. The majority of the barriers to 
the application of FNS appeared to be 
physical in nature. Of those found to be 
physically suited for some form of FNS, 
over 80% exhibited no psychosocial prob
lems which might limit research participa
tion. These results imply that more than one 
third of all people included in this study met 
the physical and psychosocial criteria for 
FNS at the time of examination . 

Figure 5 contains a differential analysis of 
candidates for upper and lower extremity 
FNS research programs. As seen in Figure 
5a, over 60% of those individuals with 
thoracic or lumbar lesions passed the phys
ical examinations and were medically fit for 
the application of FNS for standing or 
walking. Few instances of psychosocial in
volvement severe enough to limit participa
tion were observed and close to 95% of the 
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a 

Fail Fail 

b 

Physical examination Psychosocial examination 
(n=52) (n=32) 

Fail Fail 

Physical examination Psychosocial examination 
(n=61) (n=20) 

Figure 5 Comparative results of FNS screening: 
(a) candidacy for lower extremity FNS applica
tions ( n = 52) , (b) candidacy for upper extrem
ity FNS applications ( n = 61) . 

physically appropriate candidates were also 
well suited psychosocially. This suggests 
that over 55% of all individuals examined 
with thoracic or lumbar level injuries would 
be able to take advantage of lower extremity 
FNS as defined in the research program. 

A similar analysis for individuals with 
cervical level injuries is given in Figure 5b. 
Fully one third of the candidates examined 
with tetraplegia were physically well suited 
for FNS. The majority of these individuals 
also met the psychosocial criteria. Sixty 
percent of those who were physically appro
priate exhibited no significant psychosocial 
problems severe enough to prevent partici
pation in the FNS research program. The 
types of psychosocial factors which were 
observed included depression, anorexia 
nervosa, drug or substance abuse, lack of 
attendant or family support or other en
vironmental factors. These results indicate 
that almost one quarter of the individuals 
with tetraplegia were both physically and 
psychosocially appropriate for FNS as de
fined by the selection criteria at the time of 
the initial screening. 

The principal physical and medical com
plications which would prohibit the applica-
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tion of FNS are summarized in Figure 6a. 
Occasionally these conditions were not iso
lated but were present in combination. In 
these cases, the candidate was categorized 
according to what was considered to be the 
major limiting factor. The most common 
physical reason for not recommending FNS 
appears to be LMN involvement. Almost 
40% of the individuals found to be physic
ally inappropriate for FNS exhibited dener
vation of the primary muscles for grasp and 
release or for standing and stepping. Close 
to 30% of those unsuited for the FNS 
research program were candidates for more 
traditional treatment such as voluntary mus
cle transfers to augment grasp. Orthopaedic 
complications which prevented the admini
stration of FNS included the presence of 
contractures, and hip subluxations. The 
physical problems listed as 'other' included 
one instance each of skin problems, 
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hypersensitivity or abnormal sensation, and 
neurological instability or spontaneous re
turn of function. 

A differential comparison of the physical 
impediments to participation in the FNS 
programs for upper and lower extremity 
applications is given in Figure 6b. Of the 
individuals with paraplegia categorized as 
physically inappropriate, almost 70% 
showed denervation of the antigravity 
muscles of the legs. Similarly, peripheral 
denervation was the leading cause of exclu
sion for children with tetraplegia. Ortho
paedic problems for people with paraplegia 
included two instances of joint subluxation, 
while four individuals with tetraplegia ex
hibited interfering upper extremity contrac
tures. Only individuals with tetraplegia were 
excluded due to neurological instability or 
the prescripition of tendon transfers. The 
'other' category included two people with 
thoracic injuries exhibiting recurrent skin 
problems and adverse sensation. The rel
ative frequencies of these complications 
may be misleading. The absolute number of 
individuals with tetraplegia who exhibited 
peripheral denervation was actually larger 
than the number of people with paraplegia 
with LMN involvement. Because candidates 
with cervical injuries presented with more 
medical contraindications than children with 
thoracic or lumbar injuries, the relative 
percentage of denervation as the primary 
impediment to FNS appears to be lower. 
More children with tetraplegia exhibited 
peripheral denervation, but more were also 
disqualified for other medical complica
tions. 

Some degree of peripheral denervation 
was observed in approximately 28% (17/61) 
of people with cervical level lesions at the 
time of examination. The injury level, eti
ology, and extent of LMN involvement are 
summarized in Table V. Intact innervation 
was observed more frequently in the finger 
and thumb flexors, while LMN damage was 
more common in the extensor muscles. 
When expressed as a percentage of all 
similar mus1ces tested, more than 90% of all 
finger and thumb flexors retained intact 
innervation, while almost 80% of all finger 
and thumb extensors remained innervated 
and would be excitable with FNS. These 
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results are comparable to those previously 
reported for the adult SCI population.32 

Approximately 27% (14/52) of the indi
viduals with thoracic or lumbar injuries 
exhibited partial or complete LMN involve
ment in the primary muscles of the lower 
extremities. The injury level, etiology and 
denervation patterns of these cases are 
summarized in Table VI. Both children with 
injuries resulting from transverse myelitis 
exhibited peripheral denervation as a result 
of the disease process, although a relation
ship between the pattern of denervation and 
etiology is not readily evident. There ap
pears to be an interaction with injury level, 
however. Over half of the individuals with 
injuries below T12 exhibited some peri
pheral denervation in the lower extremities 
because of the proximity to the cauda 
equina.31.32 

Figure 7a summarizes the participation 
status of the children found to be both 
physically and psychosocially appropriate. 
Slightly less than half of the children who 
were both physically and psychosocially fit 
for FNS chose to participate in one of the 
stimulation programs. Approximately 25% 
of those well suited for stimulation declined 
the offer. Reasons for declining reflected 
the inpatient nature of the research program 
and the current state of the research-grade 
FNS systems. They included the necessity to 
be away from home or interrupt schooling 
during hospitalization for implantation, 
training, and data collection, as well as 
dissatisfaction with the cosme sis of the 
system or the appearance of the stimulated 
movements. The separation from home and 
family and the travel necessary for children 
from geographically distant areas made 
some parents postpone the application of 
FNS. Fifteen percent were interested, but 
preferred to be admitted into the program 
upon completion of their high school stud
ies, over their summer vacations, or after 
the FNS systems were more fully developed 
and out of the research stage. Several 
children under the age of 10 were con
sidered too young to tolerate the implanta
tion and other procedures. Others had 
exceeded the admission age limitation for 
the research programs by the time their 
screening examinations were completed and 
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Table VI Lower extremity denervation patterns at time of examination 

Subject Level Cause Knee Knee Hip 
Extensors Flexors Extensors 

18 Tl 
19 T8 
20 T8 
21 T9 
22 TlO 
23 TlO 
24 T12 
25 Tl2 
26 Tl2 
27 T12 
28 Ll 
29 Ll 
30 L2 
31 L2 

X = complete denervation 
\ = partial denervation 
GSW = gun shot wound 

MVA 
MVA 
VA 
MVA 
GSW 
TM 
MVA 
MVA 
MVA 
MVA 
MVA 
MVA 
MVA 
Tumor 

MV A = motor vehicle accident 
TM = transverse myelitis 
V A = vascular accident 
VM = vastus medialis 
VL = vastus lateralis 
BF = biceps femoris (long head) 
GMax = gluteus maximus 
GMed = gluteus medius 

VM 

L R 

X X 
\ \ 

X 
\ X 
X \ 
X X 

X 
X X 
X X 
\ \ 
\ \ 

\ 

were no longer eligible for treatment in the 
Shriners Hospitals system. In other cases, 
the travel, especially for children living out 
of the country, prohibited participation in 
the Shriners research program. These situ
ations were grouped into the 'other' cate
gory and represent externally imposed 
limitations, rather than a response to the 
offer of FNS itself. 

Figure 7b is a differential comparison of 
the participation status of children with 
tetraplegia and paraplegia. A larger per
centage of the children physically and 
psychosocially appropriate for lower ex
tremity FNS chose to decline or postpone 
participation. This may be due in part to 
several programmatic constraints, such as 
the inpatient nature of lower extremity FNS 
program which required research subjects to 

VL BF GMax GMed 

L R L R L R L R 

\ \ \ \ 
X X X X X X 
\ \ \ \ 
X X X X 
\ 

X 
\ X X X 
X X 

X X X X 
X X 

\ X X X 
\ \ X X 

X X 

live at the Philadelphia Unit, in addition to 
the candidate's perception of the relative 
benefits of research participation. 

Discussion 

Due to the possible presence of an ortho
paedic complication, peripheral denerva
tion, and social or economic constraints, not 
all individual with SCI may be well suited 
for FNS. Because of the expense, complex
ity, unknown functional benefits, and high 
level of maintenance, FNS systems have 
been primarily experimental in nature and 
restricted to use in clinical research pro
grams. As such, they have usually been 
applied to highly motivated adults who meet 
the rigorous inclusion criteria of a specific 
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Figure 7 Participation status of appropriate 
candidates: (a) pooled research participation 
status (n = 113), (b) participation status as a 
function of injury level. 

research study, making the clinical impact of 
FNS difficult to predict. Not all individuals 
with SCI who may benefit from FNS may be 
suited for research applications, and many 
others may opt not to participate in experi
mental programs. Until recently, the appli
cability for the technology to the pediatric 
SCI population has received little attention. 

The results of this study indicate that 
almost half of the children surveyed could 
be expected to be both physically and 
psychosocially suited for FNS in the re
search setting. They suggest that, even in 
the absence of any preparatory interven
tion, a large segment of the pediatric SCI 
population may be able to take advantage of 
some form of FNS as systems and protocols 
for clinical applications become available in 
the future. 

A larger percentage of children with 
paraplegia met the inclusion criteria for FNS 
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(58% ) than did children with tetraplegia 
(20% ) because of the complicating medical 
problems and psychosocial issues that typify 
the postinjury period for individuals with 
midcervical injuries. This observation high
lights an important consideration when in
terpreting the results of screening for FNS 
candidacy. The data collected here repre
sent a 'snap shot' of the characteristics of the 
candidate population. Decisions regarding 
FNS participation were made based on data 
collected only at the time of the screening 
evaluation and without regard to possible 
medical treatment or therapeutic interven
tion which might have made an otherwise 
inappropriate candidate better suited for 
FNS. Often, simple interventions which 
would prepare a patient for FNS could be 
easily identified, such as surgery, splinting, 
or other therapy to alleviate contractures. 

Contractures were the most common 
orthopaedic problem encountered at the 
joints. They can best be controlled with 
medication for spasticity and good daily 
stretching regimens of the lower extremities 
in patients with paraplegia and of both 
upper and lower extremities for patients 
with tetraplegia. Where ankle equinus is a 
severe problem, night splinting could be 
instituted. On occasion, elbow and wrist 
splinting may also be prescribed. Surgery 
was recommended for all four individuals 
who presented with limiting upper extremity 
contractures. These children may be appro
priate for FNS once functional range of 
motion is achieved. It may be possible to 
address several of the physical barriers to 
participation in a similar fashion. 

Subluxation and dislocation appear to be 
common problems at the hip, with 28% 
incidence in the pediatric spinal cord injured 
populationY Control of spasticity in the hip 
joints is essential along with the prevention 
of hip flexion and adduction contractures 
which may contribute to the subluxation. 
Stretching and early prophylactic bracing 
may be helpful, along with the use of an 
abduction splint in the wheelchair. Should 
subluxation occur, surgical procedures such 
as soft-tissue releases and bony supple
mentation are possible. Since hips dislocate 
posteriorly, the bony coverage would need 
to be augmented in that region of the 
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acetabulum. This procedure was also per
formed on two participants with hip sublux
ations who went on to stand with FNS after 
surgery and rehabilitation. 

Spinal curvature occurs in 98% of patients 
with spinal cord injury, with 67% requiring 
surgery.38 In lower extremity applications, 
spinal curves compromise standing posture 
and result in excessive use of the arms for 
support ; in upper extremity applications 
spinal curves interfere with sitting balance 
and may prohibit the execution of bimanual 
activities. Early prophylactic bracing should 
be considered for FNS candidates before the 
curves begin to interfere with function. Both 
upper and lower extremity FNS systems can 
be implemented in the presence of prophy
lactic bracing, although modifications to 
either the system or brace may be required. 
For example, a brace designed to correct 
sitting posture may need to be customized to 
allow a patient to adopt a stable 'C posture. 
If the contralateral shoulder position is used 
as a command source to control stimulated 
grasp, a thoracic-Iumber-sacral-orthosis 
(TLSO) may need to be modified to accom
modate a sensor mounted to the skin above 
the sternum. Prophylactic bracing may also 
influence the ability to cross midline and 
affect upper extremity performance with or 
without FNS. 

Once the curve progresses past 40° , a 
spinal fusion is usually recommended. 38 
FNS can be applied after the spinal defor
mity has been corrected. In fact, five indi
viduals who were found to be appropriate 
for stimulation in this study had received 
clinical intervention prior to their screening 
examinations. These children had under
gone surgery to correct spinal curvatures 
which would have otherwise eliminated 
them from consideration. All of these indi
viduals successfully participated in the lower 
extremity program and were able to stand 
and step with FNS. 

Skin involvement prohibited several indi
viduals from participating in the FNS re
search programs. Prevention of pressure 
sores is essential for numerous reasons 
related to the general health and wellbeing 
of the individual. If pressure sores do occur, 
conservative measures are preferable before 
surgical repairs such as muscle flaps. When 
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flaps are indicated, gluteal muscles should 
be preserved because they are essential for 
good stimulated standing and walking. 

Peripheral denervation was the principal 
physical impediment to the application of 
FNS. Without an intact and excitable peri
pheral nerve, high stimulating currents or 
long duration stimulating pulses are re
quired to activate the muscle tissue directly. 
Techniques for activating denervated mus
cle are generally impractical for functional 
applications requiring the coordination of 
many muscles, and may even be dangerous 
as the chance of an electrical or chemical 
burn increases. Without the input from 
reflex arcs and spasms, denervated muscle is 
also frequently replaced by unexcitable con
nective tissue. In such cases, the surgical 
transfer of paralyzed but innervated muscles 
with excitable LMNs may be possible. 
Other procedures, such as neurotization, 
may also be possible to restore the innerva
tion to a denervated muscle. 

Peripheral denervation was observed in 
over one quarter of all the individuals 
examined. The frequency of LMN injury 
was similar to that reported for the adult 
SCI population. In the lower extremity, the 
highest incidence of denervation was ob
served in individuals with T12-L3 level 
injuries. Although this suggests that FNS 
systems for ambulation or standing may be 
more applicable to children with lesions 
above Tll ,  tendon transfers or neurotiza
tion are options with much potential that 
have yet to be explored. The overlapping 
functions of the upper extremity muscu
lature resulted in preserved innervation of 
almost 80% of the finger and thumb exten
sors and 90% of the flexors. This suggests 
that , even though some form of denervation 
was observed in many children with tetra
plegia , a synergist or other muscle with an 
intact and electrically excitable peripheral 
nerve may be available as a substituteY-29 
When the 10 children with tetraplegia who 
were considered inappropriate for FNS 
upon initial evaluation because of LMN 
damage were reexamined for possible sub
stitution of paralyzed but innervated mus
cles, four were identified as likely candi
dates. Although it represents a small 
sample, and the success of these procedures 
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would need to be established, the data 
suggest that options for FNS exist, even for 
individuals who exhibit peripheral denerva
tion. According to this limited survey, per
haps as high as 40% of those with LMN 
involvement may be able to take advantage 
of FNS tendon transfer surgery. 

For all these reasons, the frequencies of 
physical or medical complications which 
interfere with the application of FNS may 
have been inflated in this study because no 
preparatory interventions were considered. 
Conversely, the percentage of children with 
SCI who may benefit from FNS in the 
research setting may have been underesti
mated. In addition, almost 45% of those 
children and teenagers examined were still 
within 1 year post injury. This would suggest 
that those individuals exhibiting neuro
logical instability at the time of the initial 
examination may also be appropriate for 
FNS at some point in the future. 

Similarly, complicating psychosocial fac
tors are dynamic and may be addressed with 
treatment or additional resources. The con
dition of the individuals initially categorized 
as inappropriate for FNS may change with 
time or suitable intervention to the point 
where they would be better prepared for 
research participation. Therefore, the find
ings presented here may be underestimates 
of the user population of FNS devices. With 
the proper physical or psychosocial prepara
tion, perhaps more than half of the children 
with SCI may be made appropriate for FNS. 
As with the physical data, psychosocial 
status reflects only the strict inclusion 
criteria of very specific research programs 
using experimental devices. It is not meant 
to imply that clinical applications of FNS 
should be withheld or denied because of 
such factors. 

The data also seem to indicate that 
between 40 and 50% of the children who 
were classified as completely appropriate 
for FNS found it acceptable in the research 
setting. Many postponed participation or 
were prohibited from taking advantage of 
the program due to logistical or administra
tive constraints. Several individuals who 
initially postponed FNS later decided to 
participate because admission schedules and 
transportation issues were resolved. Most 
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individuals in this category were either very 
young, or unwilling to interrupt their social, 
home, or school lives to invest the time 
required to make the commitment to re
search participation. 

Acceptance of the offer of FNS may 
reflect the research nature of the programs, 
rather than the functionality or perceived 
benefits associated with the technology 
itself. During this study, only percutaneous 
intramuscular electrodes and devices origin
ally designed to be used with adults were 
employed. Smaller, lighter and less con
spicuous systems that produced more 
cosmetically pleasing prehension and loco
motion may have convinced some candi
dates to participate. Several physically and 
psychosocially appropriate candidates ex
pressed the desire to become involved with 
FNS only after clinical systems were made 
available. Others were unwilling to undergo 
implantation of intramuscular electrodes or 
to maintain the percutaneous interface. 
These objections may be addressed by the 
expedient development of fully implantable 
systems for clinical application similar to 
pacemakers, provided these patients are less 
hesitant to have surgery. 

The manner in which FNS programs are 
structured and systems are delivered may 
also have affected the decision to partici
pate. Because the Shriners program is re
search-oriented, it may not serve as an 
accurate model for the acceptability of FNS 
systems when administered and maintained 
as a clinical service. The inpatient nature of 
the lower extremity FNS program was the 
single most frequently cited reason for 
rejecting participation. Travel, separation 
from family, and the need to reside at the 
hospital are negative aspects of the structure 
of the research program and should not be 
associated with the FNS systems them
selves. Both upper and lower extremity 
programs at Shriners draw patients from a 
wide geographic area, making travel to the 
hospital for routine examinations or system 
maintenance extremely inconvenient, even 
if performed infrequently. Although the 
upper extremity program is based on an 
outpatient model, the need to collect data, 
service the FNS devices, and address other 
clinical problems associated with system use 
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still required volunteers to return to Phila
delphia for several days. Reasons for declin
ing or postponing FNS may have been 
confounded by these programmatic con
siderations. Investigators and clinicians 
involved with designing new research 
or service-oriented programs would be ad
vised to adopt an outpatient model with an 
emphasis on local participants. 

These data do not predict the effective
ness of FNS at achieving the goals of 
increased function or independence. Nor do 
they offer any evidence of its success, utility, 
or ultimate acceptability. They indicate only 
the relative frequency with which the option 
of receiving FNS was exercised and do not 
imply satisfaction with the technology after 
a period of use. User acceptance of FNS 
systems will need to be addressed by other 
means after a large number of systems have 
been provided for daily use outside of the 
research setting. 

The inclusion criteria for research partici
pation employed in this study may also 
be unduly restrictive. For example, the 
criterion regarding tendon transfers was 
adopted from the CWRU guidelines for 
adults and may not be appropriate for 
growing children. The effficacy of active 
tendon transfer surgery has not been estab
lished in the pediatric SCI population, and 
the effects of growth and maturation on the 
long term surgical outcome need to be 
studied before such procedures are re
commended preferentially over other clin
ical options. Parents and families of children 
with low cervical injuries may view FNS as a 
desirable alternative if it proves to offer 
clinical benefits that are similar or superior 
to surgery. Although the efficacy of FNS in 
growing children with low tetraplegia also 
remains to be determined, the feasibility of 
implementing partial systems in children 
and teenagers with strong C6 and C7 func
tion has been examined.23 In a related pilot 
study at Shriners, working grasps were 
established in four individuals who did not 
meet the CWRU criteria because they were 
candidates for active tendon transfers. 

Similarly, FNS may also prove to be 
beneficial to individuals with high tetra
plegia. One teenager classified as physically 
inappropriate according to the selection 
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criteria for this study because of a C4 level 
injury also participated in a pilot program to 
determine the feasibility of applying FNS to 
people with high cervical lesions.22 Inde
pendent control of stimulated grasp and 
elbow flexion were both achieved in this 
individual in the laboratory. The success of 
the pilot study highlights the potential for 
clinical applications of FNS beyond the 
limits of the strict inclusion criteria em
ployed in the present study. 

Although the sampling process employed 
in this study was flawed, the results may 
provide valuable insight into the character
istics of that segment of the pediatric SCI 
population appropriate for immediate parti
cipation in research involving well des
cribed neuroprosthetic systems. Since FNS 
systems for upper and lower extremity 
function are not yet readily available for 
clinical use, they are being applied only in 
highly structured research settings. The first 
systems to be completely transferred to the 
clinical environment are likely to be exten
sions of the most well developed of the 
experimental devices currently under study. 
Until research on new clinical applications 
with other patient populations is complete, 
and new systems are mature enough for 
clinical delivery in the future, this sample 
may offer an initial indication of the charac
teristics of the pediatric SCI population who 
may become users of FNS devices in the 
short term. 

Care should be taken in interpreting these 
results, however, as well as in interpreting 
the data reported in all published attempts 
to estimate the FNS user population. Offer
ing preparatory intervention, addressing 
programmatic and administrative con
straints, and relaxing restrictive inclusion 
criteria for research applications may all 
serve to increase the estimate of the number 
of individuals who may eventually benefit 
from the technology. 
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