
SPINAL CORD INJURY REHABILITATION (CL SADOWSKY, SECTION EDITOR)

Improving the Efficiency of Electrical Stimulation Activities After
Spinal Cord Injury

David R. Dolbow • William R. Holcomb •

Ashraf S. Gorgey

Published online: 18 June 2014

� Springer Science + Business Media New York 2014

Abstract In order to enhance spinal cord injury (SCI)

rehabilitation programs using neuromuscular electrical

stimulation (NMES) and functional electrical stimulation

(FES) it is important to examine the manner in which

muscle fibers are recruited and the dose–response rela-

tionship. A review of the literature suggests that premature

force decline and early fatigue with NMES and FES

activities may be alleviated with decreased current fre-

quency and increased current intensity. Dose–response

relationships with NMES and FES are dependent on the

goals of interest as reversing muscle atrophy can be

achieved with activities 2–3 times per week for 6 or more

weeks while increasing bone mass is more limited and

requires more intense activity with greater exercise fre-

quency and duration, e.g., 3–5 days per week for at least

6–12 months. The best known protocol to elicit neurolog-

ical improvement is massed practice activities-based

restorative therapies (ABRT) (3–5 h per day for several

weeks).
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Introduction

Electrical activity is a primary component of the neuro-

logical system of all living creatures. Everything we do is

linked to a series of electrochemical signals that travel

throughout our bodies. When the neurological system is

functioning optimally, mental and physical activities con-

tinue without interruption. However, when damage occurs

within the brain or spinal cord, electrical signals can be

disrupted halting communication between neurons. This

can be especially devastating to the somatic motor system

because it is under voluntary control and the spinal cord is

the highway through which signals for functional activities

are passed from the brain to skeletal muscles [1].

Alternative external methods have been used success-

fully to induce electrical stimulation to the body for the

purpose of restoring skeletal muscle activities after dis-

ruption of natural neurotransmission due to spinal cord

injury (SCI). Common terms within this practice are neu-

romuscular electrical stimulation (NMES) and functional

electrical stimulation (FES). Although NMES and FES are

often used interchangeably they can be divided into two

distinct activities. NMES is the electrical stimulation of

muscle to facilitate muscle action and reeducation of the

muscle toward normal function [2]. FES is the utilization

of multiple channel electrical stimulators controlled by a

microprocessor to recruit muscles in a programmed syn-

ergistic sequence that will allow accomplishment of a

specific functional movement pattern [2]. Both NMES and
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FES have proven to provide overlapping benefits toward

the rehabilitation of those with SCI, however, each activity

also has its’ own particular strengths when it comes to

restoration of function. In order to optimize electrical

stimulation programs for individuals with SCI, we must

look at the manner in which muscle contractions are

induced as well as the relationship between ‘‘the doses of

exercise’’ and desired physiological responses of the

exerciser.

Muscle Recruitment and Torque Decline with NMES/

FES

Because most benefits of exercise are dose related, it is

important to be able to sustain adequate periods of exercise

in order to realize benefits. A limitation of training with

FES and NMES is the inability to maintain sufficient

contraction force over the training period. When training

muscles with NMES using multiple repetitions, significant

force decline occurs and could result in an insufficient

training stimulus. During FES-assisted ambulation, partic-

ipants with SCI often develop early onset fatigue which

limits the activity duration [3]. When using NMES resis-

tance training, FES-assisted ambulation, FES cycling or

other electrical stimulation functional activities with SCI

individuals, sufficient contraction force must be maintained

to enable the activity for a prescribed training duration. It

has been commonly accepted that the greater decline in

force during NMES and FES activities in contrast to vol-

untary exercise is the result of greater fatigue. There has

been a long held belief that the order of motor unit

recruitment with NMES/FES is the reverse of the physio-

logical recruitment order first described by Henneman et al.

[4] as the size principle. With voluntary exercise the

smaller motor units that are slow, weak but fatigue resistant

are recruited first. As greater force is required the larger

motor units that are fast, strong yet fatigue rapidly are then

recruited. Some authors have concluded that the recruit-

ment order is reversed with NMES/FES because the axons

of the larger motor units have less resistance to electrical

current [5]. Therefore, selective recruitment of the large,

fast motor units would result in a more rapid fatigue than

with voluntary exercise. Although this has been readily

accepted as a logical explanation for the greater decline in

force that has been observed with NMES and early fatigue

with FES, other plausible explanations are gaining support.

Gregory and Bickel reviewed the literature and made a

compelling argument that electrical stimulation does not

result in a reversal of the recruitment order that occurs with

voluntary exercise. In their perspective, the authors con-

cluded that the reversal may occur with direct stimulation

of the motor nerve but not with stimulation through surface

electrodes that are used clinically [6]. With stimulation

through surface electrodes it is likely that the recruitment is

random and representative of the types of motor units in the

proximity of the electrodes. Therefore, the percentage

recruitment of fast motor units would depend on the per-

centage of fast motor units in the muscle being stimulated

and the location of axonal branches relative to the place-

ment of the surface electrodes. This recruitment pattern

would likely result in slightly greater fatigue than with

voluntary contractions where recruitment follows the size

principle. In addition, with voluntary contractions there is

the ability to delay fatigue with asynchronous recruitment

which is not possible with NMES or FES. So, it is apparent

that a portion of the greater force decline that occurs with

electrical stimulation exercise versus voluntary exercise is

the result of greater fatigue.

Logically, if the decline in force was due entirely to

fatigue, longer rest intervals would negate the decline.

However, Holcomb et al. reported force declines of 8.2 %

over 5 NMES repetitions even when rest intervals were

lengthened to 2 min between each repetition. Under the

same conditions force declines with voluntary contractions

were only 2.8 % [7]. Gorgey et al. [8] reported that

decreasing the frequency from 100 to 25 Hz decreased

fatigue from 76 to 39 % during NMES knee extension

exercise accounting for just under half of the fatigue pre-

sented. Therefore, it is offered that there is an additional

contribution to the greater force decline in electrically

induced activities. This additional factor is accommodation

to the electrical current intensity. Randolph et al. [9]

reported a significant decline in force from repetition 1 to

repetition 10 while at the same time reported a significant

decrease in ratings of discomfort. These results appear to

suggest that accommodation to current intensity occurs and

may contribute to the decline in force. Holcomb et al.

provided further support by increasing NMES intensity by

5 % after every other repetition in a ten repetition set. With

this strategy, the force during repetition 10 was not sig-

nificantly different than repetition 1 [10]. In sensory intact

individuals one might expect that discomfort would

increase with the increased stimulation intensity but this

was not the case. There was no statistically significant

difference in perceived discomfort from repetition 1 to 10

which suggests that the effects of accommodation were

negated. The fact that the effects of accommodation were

negated as force was maintained lends further support to

the idea that accommodation contributes to fatigue in

providing decline in electrically stimulated force when

compared to voluntary exercise. Therefore, to counteract

the decline in force and/or increase in fatigue that appears

to occur over time with electrically stimulated exercise,

lower frequency combined with increases in current

intensity is recommended.
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One other factor to consider during NMES and FES

activities is the amount of subcutaneous fat in the area

where surface electrodes are placed. A recent study dem-

onstrated that individuals with 50 % greater cross-sectional

area (CSA) of thigh subcutaneous fat compared to a control

group required 48–59 % greater current amplitude to

complete full knee extension [11].

Paradigm Shift in Electrical Stimulation

Neurorehabilitation

Electrical stimulation devices were originally developed

to assist with activities such as respiration, bowel and

bladder function, grasping, standing, and walking activi-

ties [12]. The initial purpose was to help compensate for

the loss of function due to a damaged neurological sys-

tem. The prevailing belief throughout most of the twen-

tieth century was that the central nervous system (brain

and spinal cord) was in effect hard wired and once

damaged restoration of function was not possible, thus the

need for external compensation [13]. However, the suc-

cessful restoration of significant neurological function of

individuals with chronic SCI over the past couple decades

has precipitated a paradigm shift in rehabilitation focus

[13–15].

In addition to function restoration through FES-driven

orthotics, electrical stimulation activities for individuals

with SCI have two other separate areas of focus (1)

enhanced neurologic function via restoration of the dam-

aged spinal cord and (2) prevention of secondary risk

factors associated with inactivity due to muscle paralysis.

Concerning restoration of the spinal cord, repetitive elec-

trical stimulation activities have been shown to promote the

generation of tripotential progenitor cells, stimulate re-

myelination of damaged neuronal axons, and promote

sprouting of new collateral axons that have potential to

assist in the re-establishment of neuronal function [3, 14,

16••, 17••]. Although restoration of damaged spinal path-

ways in humans has not matched that in animals, positive

results provide encouragement of greater potential benefits.

Along with neurological damage within the spinal cord,

paralysis below the level of injury causes negative body

composition changes that increase the risk of secondary

conditions such as obesity, metabolic syndrome, diabetes

mellitus, cardiovascular disease, and osteoporosis [18–25].

FES and NMES activities have been shown to help

decrease the risk of inactivity-related health conditions by

partially reversing loss of muscle and bone mass and

decreasing the accumulation of fat mass that results from

paralysis and inactivity [18, 24, 26–33]. Similar to resto-

ration of neurological function in the spinal cord, beneficial

results in body composition and associated secondary

disease risk are thus far limited, however, significant

results in this area point to greater potential benefits.

The primary electrical stimulation activities in use

related to skeletal muscle activities are NMES resistance

training, FES cycling, and FES-assisted ambulation [34].

These and other developing activities provide individuals

with SCI an option for increasing physical activity to

healthy levels, a means for exercising paralyzed muscles

and produces positive body composition changes while

sending health-promoting signals into the spinal cord [35••,

36]. The study of electrical stimulation activities as one

component in the effort to enhance rehabilitation of indi-

viduals with SCI remains substantial as researchers con-

tinue to work toward the establishment of procedures and

practices that are more efficient.

NMES/FES Dose–Response

An important area of interest concerning the optimization

of FES and NMES activities is the dose–response rela-

tionship. While it can be stated that physical activity vol-

ume and all-cause mortality have an inverse linear dose–

response relationship, the components of an exercise pro-

gram (intensity, frequency, and duration) vary depending

on the desired benefits, i.e., increased muscle mass,

decreased fat mass, increased bone mass, cardiovascular

conditioning, and enhanced neuroplasticity [25, 30, 37, 38].

Activity-dependent neuroplasticity has been studied in

animals and humans with varying levels of success [14,

39–41]. Described as the interface between physical and

neural activity, activity-dependent neuroplasticity is the

resultant increase in neurotrophic proteins that promote

neuron survival and development [39]. FES cycling and

FES-assisted ambulation are activities that provide poten-

tial for neuroplasticity and restoration of functional spinal

pathways [3, 14, 41, 42]. The predominant theory of

activity-driven SCI rehabilitation programs, e.g., activity-

based restorative therapies (ABRT), promotes the need for

high volume physical activity to provide positive neuronal

changes. In these programs, massed practice (3–5 h per

day) is utilized through a combination of physical activities

which include but are not limited to FES cycling, manual

or electrical stimulated standing and body weight sup-

ported treadmill training [13–15].

Task specific training has been reported to be optimal

for restoration of functional activities after SCI, especially

concerning neuro-adaptive central pattern generation [43].

However, FES-assisted ambulation with paralytic lower

extremities has double the energy cost of able-bodied

walking and is much slower [3], thus unable to singularly

produce the characteristics of massed practice which pro-

mote positive neurological changes. For this reason,
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multiple activities are required during an ABRT program.

FES cycling is an integral ABRT component because it is

typically performed for 30–60 min per session and at a

cycling speed of 50 revolutions per minute (rpm) provides

adequate massed practice stimulation within the spinal cord

[3, 15, 39, 44]. Sixty minutes of FES cycling can provide

spinal impulses equivalent to performing 6,000 steps.

Along with high exercise frequency and duration, the

electrical intensity of FES activity must be great enough to

safely perform the activity throughout each session. When

sensation is present, comfort level must take precedence

when determining the electrical intensity of the activity

because it can be potentially painful.

ABRT program exercise frequency is typically 5 day-

s per week for a duration of 2–6 weeks. Sessions are

massed in part to elicit as much neuro-recovery as possible

while the participants have access to a myriad of neuro-

rehabilitation equipment (i.e., FES cycles, body weight

supported treadmills, therapeutic pools) and access to SCI

rehabilitation specialists as community fitness and wellness

centers customarily provide access to neither.

Exercise parameters to enhance body composition

depend on the component of interest. Increasing muscle

mass of a specific muscle group after SCI may be most

optimally achieved through resistive training via NMES.

Mahoney et al. [45] and Gorgey and Shepherd [46] found

increases in the CSA of quadriceps muscles by 35–39 %

after NMES resistance training (4 sets of 10 repetitions

with 2 min rest intervals, 2 times per week for 12 weeks).

Gorgey et al. [47] also found that inducing muscle hyper-

trophy in the quadriceps muscles via NMES also co-acti-

vates the surrounding muscles causing increased CSA in

the hamstrings and hip adductors.

Less efficient for individual muscle group hypertrophy

but with the capacity to affect a greater number of muscle

groups in a single exercise session, FES–lower extremities

cycling (LEC) has been shown to improve total body and

legs muscle mass from 3.3 to 12 % with 2–3 sessions

weekly over 9 weeks up to 1 year [27, 44, 48, 49]. Like-

wise, FES–LEC 2–3 times per week for 10 weeks increased

the CSA of leg muscles by 10 % [50, 51]. Frotzler et al.

found a 35 % increase in thigh muscle CSA and a 16 %

decrease in thigh fat CSA after 12 months of FES–LEC.

Participants cycled for an average of 58 min 3.7 times per

week [26]. Fornusek et al. demonstrated that slower speeds

were superior to faster speeds as they found that mid-thigh

girth increased by 6.6 % after 6 weeks of 3 times per week

FES–LEC at speeds of 10 rpm as compared to a 3.6 %

increase with a speed of 50 rpm [52]. A primary factor

being that the slower cadence of cycling allowed greater

resistance levels and increased stress on muscle fibers.

The metabolism rate of bone is much slower than for

muscle, thus changes in bone mineral density (BMD) require

more time. Whereas changes in muscle mass due to elec-

trical stimulation may be seen in weeks, changes in BMD are

likely not seen until after 6 months. In a review of literature

on the effects of aging and electrical stimulation on bone

mass after SCI, Dolbow et al. found no studies using an

FES–LEC frequency of B2 times per week reporting

improvements in BMD. To the contrary, FES–LEC fre-

quencies of 3 times per week or more showed mixed results

with 5 times per week producing the best results [30].

Chen et al. [53] found an 11 and 13 % increase in BMD

at the distal femur and proximal tibia after FES–LEC

5 days per week for 6 months. Frotzler et al. demonstrated

that trabecular and total BMD in the distal femur increased

by 14 and 7 %, respectively, after participants with SCI

performed FES–LEC an average 58 min per session, 3.7

times per week for 12 months. During this study, each

participant cycled at their highest possible workload [26].

Shields and Dudley-Javoroski used NMES on the soleus

muscle 5 times per week for 2–3 years at an intensity

1.5 times their body weight and found a 31 % increase in

trabecular BMD at the distal femur [54]. In a follow-up

study, the authors reduced the NMES load to 1.1 times

body weight 5 times per week for 6–11 months and found

no change in BMD indicating the importance of intensity

of exercise for BMD improvements [55].

As in muscle mass, NMES training may evoke greater

BMD changes but is more limited in that it typically is used

on one muscle group at a time whereas FES activities

exercise multiple muscle groups simultaneously. This

allows FES activities to apply bone enhancing stress to a

greater area of bone.

Altering BMD with electrical stimulation after SCI is more

difficult than creating positive change in soft tissue body

components (i.e., muscle and fat). Intensity of the workload

must be high; the frequency C3 times per week and the

duration of the exercise program must extend for several

months in order to find change in the trabecular rich areas of

bone (i.e., distal femur and proximal and distal tibia).

Individuals with SCI have an increased risk of cardio-

vascular disease due to muscle paralysis and decreased

physical activity. The prevalence of cardiovascular disease

is reported to be 3–5 times greater among individuals with

SCI compared to able-bodied individuals [56–59]. Due to

lack of sympathetic input and autonomic control, the car-

diovascular system for individuals with injuries T6 and

above has impaired responses to cardiovascular condi-

tioning activities [36]. Faghri et al. [28] studied the effects

of FES–LEC 3 times per week for 12 weeks on SCI indi-

viduals and found increased cardiac stroke volume and

cardiac output. The authors concluded that these results

suggest individuals with SCI are able to improve peripheral

muscular and central cardiovascular fitness with FES–LEC

training. Hooker et al. demonstrated an increase in peak
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VO2 with FES–LEC after participants with SCI performed

FES–LEC for 30 min 2 times per week for 19 weeks [60].

Hamzaid and Davis [36] reviewed the health and fitness

benefits of FES–LEC in persons with SCI and determined

that although study reports varied and in some cases were

contradictory, overall the observation of increased stroke

volume, cardiac output, and peak VO2 provides credence

for the ability of regular FES activities to promote car-

diovascular benefits.

Sadowsky et al. were able to examine the benefits of

FES–LEC in a cross-sectional retrospective review as part

of a 29-month follow-up evaluation. Individuals that par-

ticipated in FES–LEC increased an average 36 % in

quadriceps muscle mass and decreased intra/inter-muscular

fat by 44 % compared to the control group. FES–LEC

participants also increased an average 20 points on the

combined motor-sensory scale (American Spinal Cord

Injury Association Impairment Scale) while the controls

decreased by an average 9.6 points. Although this is a

cross-sectional examination, the results provide evidence

of the ability of FES activities to enhance neurologic and

body composition health [35••].

Because of the varied disability among individuals with

SCI and the resultant difficulty in designing an effective

exercise protocol (intensity, frequency, duration), Perret

et al. [61] simplified the process by investigating the fea-

sibility of a healthy FES–LEC weekly exercise caloric

expenditure. For SCI individuals that had been training with

FES–LEC for 6 months, 4–8 h of cycling was required to

expend the commonly recommended 1,000–2,200 kcal per

week to reduce health risks [61]. Considering that 30 min of

exercise daily is a commonly accepted dose for reducing

health risk, the authors concluded that using the FES–LEC

weekly caloric expenditure was a feasible alternative

method for rating physical activity level.

Limiting Factors/Safety Precautions

When designing an exercise program for an individual with

SCI all activity components are necessarily guided by the

level and completeness of injury [34]. Persons with motor

complete injuries require electrical stimulation to induce

muscle contractions below the level of injury while

incomplete injuries may have some level of voluntary

motor activity. An intact sensory system requires that

electrical stimulation be modified dependent upon the

comfort level of the participant.

Individuals with complete SCI at T6 level and above

display a compromised cardiovascular system due to

impaired autonomic control and loss of input from the

sympathetic nervous system resulting in bradycardia and

hypotension [62]. This cardio-dysfunction blunts maximal

heart rates (B130 beats per minute), which limits cardiac

output and blood supply to exercising muscles [34]. Indi-

viduals with injuries T10 and below are more likely to have

lower motor neuron dysfunction which can result in the

inability to receive external electrical stimulation rendering

FES ineffective [34].

Another concern is that chronic motor complete SCI

results in significant bone loss leading to neurogenic

osteoporosis and increased risk of fragility fractures [30].

While it has been reported that hundreds of individuals

with SCI have safely performed thousands of FES activities

it is important to screen potential FES activity participants

for those at high risk (severely low BMD and/or history of

fragility fractures) in order to limit risk of injury [30].

Conclusion and Future Trends

To date, there are no universally accepted exercise proto-

cols for the use of NMES and FES activities for persons

with SCI. General exercise guidelines defined for able-

bodied individuals are not sufficient due to the complex

nature of SCI. As mentioned above, exercise protocols

must vary depending on the desired result and the level of

compromise to involved physiological systems. This

review was not meant to be exhaustive but rather to provide

information from available research indicating protocols

that have been successful in research and clinical settings.

As SCI research and electrical stimulation technology

continue to advance, the protocols presented in this review

will certainly be optimized.

A major area of need in SCI rehabilitation is long-term

access to electrical stimulation devices. Currently, there is

no other means by which paralyzed muscle can be stimu-

lated to exercise in order to promote health. Once initial

and extended rehabilitation processes are completed in

clinical settings, individuals are left without resources as

community fitness centers are not equipped to accommo-

date the special needs of a person with SCI. New tech-

nologies have provided adaptive FES cycles and other

devices that can be used in the home; however, these items

remain expensive and unrealistic for many with SCI. The

problem of continuum of care beyond clinical rehabilita-

tion is a dilemma that requires a solution. Possible solu-

tions are the development of less-expensive FES cycles and

other devices or the inclusion of these devices in commu-

nity fitness and wellness centers along with individuals

trained in the special needs of those with SCI.

The general consensus concerning a future cure for SCI

is that it will require the combination of clinical, rehabili-

tative, pharmacological, and technological advancements.

Electrical stimulation and physical activity will certainly

be part of that equation. Similarly, prevention and limiting

Curr Phys Med Rehabil Rep (2014) 2:169–175 173

123



neuronal damage (apoptosis) after SCI are also a very

important part of this very large task.
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