
105

Corresponding author: B.B. Lee, Spinal Injuries Unit, Prince of Wales 
Hospital, Randwick, NSW 2031, Australia; phone: 0061293991827; 
email: guslogie@gmail.com

Top Spinal Cord Inj Rehabil 2019:25(2):105–111
© 2019 Thomas Land Publishers, Inc.
www.thomasland.com
doi: 10.1310/sci2502–105

Abdominal Functional Electrical 
Stimulation to Augment Respiratory 

Function in Spinal Cord Injury
E.J. McCaughey,1,2 J.E. Butler,1,2 R.A. McBain,1,2,3   

C.L. Boswell-Ruys,1,2,3 A.L. Hudson,1,2 S.C. Gandevia,1,2,3 and B.B. Lee1,2,3

1Neuroscience Research Australia, Randwick, Australia; 2School of Medical Sciences, University of New South Wales,  
Kensington, Australia; 3Prince of Wales Hospital, Randwick, Australia

Background: Functional electrical stimulation (FES) is the application of electrical pulses to a nerve to achieve a functional 
muscle contraction. Surface electrical stimulation of the nerves that innervate the abdominal muscles, termed abdominal FES, can 
cause the abdominal muscles to contract, even when paralysed after spinal cord injury. As the abdominal muscles are the major 
expiratory muscles, and commonly partially or completely paralysed in tetraplegia, abdominal FES offers a promising method 
of improving respiratory function for this patient group. Objective: The aim of the article is to provide readers with a better 
understanding of how abdominal FES can be used to improve the health of the spinal cord–injured population. Methods: A 
narrative review of the abdominal FES literature was performed. Results: Abdominal FES can achieve an immediate effective 
cough in patients with tetraplegia, while the repeated application over 6 weeks of abdominal FES can improve unassisted 
respiratory function. Ventilator duration and tracheostomy cannulation time can also be reduced with repeated abdominal FES. 
Conclusion: Abdominal FES is a noninvasive method to achieve functional improvements in cough and respiratory function in 
acute and chronically injured people with tetraplegia. Potential practical outcomes of this include reduced ventilation duration, 
assisted tracheostomy decannulation, and a reduction in respiratory complications. All of these outcomes can contribute to 
reduced morbidity and mortality, improved quality of life, and significant potential cost savings for local health care providers. 
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Spinal cord injury (SCI) is a debilitating 
and life changing event, with an estimated 
global incidence of 40 to 80 cases per million 

population per year and a global prevalence of 
236 to 4,187 per million population.1 More than 
half of these injuries will be caused by damage to 
the cervical (neck) area of the spinal cord, termed 
tetraplegia.2 Tetraplegia is commonly associated 
with paralysis of all four limbs, but paralysis also 
affects the major respiratory muscles, namely the 
diaphragm, abdominal, and intercostal muscles. 
This reduces respiratory function, with resultant 
respiratory complications, such as pneumonia 
and atelectasis, the leading cause of morbidity 
and mortality in the first year of tetraplegia.3-5 
These respiratory complications are particularly 
prevalent in the first 6 weeks post injury, regarded 
as the acute stage of injury,6 with an incidence 

rate of up to 68%.7 As well as the resultant delay 
in rehabilitation and reduction in quality of life, 
the number of these complications is a critical 
determinant of hospital costs.8

Functional electrical stimulation (FES) is the 
application of a train of electrical pulses (20-
50 Hz) to a nerve to achieve a functional muscle 
contraction. It has been used in SCI to reduce the 
effects of immobilization through cycling and 
rowing-like exercise and to improve gait, pain 
management, and bowel, bladder, and sexual 
function, among others.9-12 FES can be delivered 
transcutaneously, or subcutaneously to stimulate 
peripheral nerves, and through direct stimulation 
of the spinal cord.9,13,14 Transcutaneous (surface) 
electrical stimulation of the abdominal muscles, 
termed abdominal FES, can cause contraction 
of the abdominal muscles, even when they are 
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paralysed by SCI.15 Abdominal FES has been used 
to achieve functional improvements in cough 
and respiratory function.16 Potential practical 
outcomes of this include reduced mechanical 
ventilation duration, assisted tracheostomy 
decannulation, and a possible reduction in 
respiratory complications. These outcomes can 
reduce morbidity and mortality, improve quality 
of life, and result in a significant cost saving for 
local health care providers (Figure 1). The aim 
of the article is to provide readers with a better 
understanding of how abdominal FES could 
be used to improve the health of people with 
tetraplegia within the intensive care, medical ward, 
and community settings.

Cough

Cough is the body’s key airway defense 
mechanism against respiratory complications. 
Bach et al17 have shown that patients with a 
cough peak flow (CPF) of >4.5 L/s are at less risk 
of developing acute respiratory failure. The use 
of abdominal FES to enhance cough was first 
proposed by Linder in 1993.18 A meta-analysis of 
four subsequent studies showed that the direct 
application of abdominal FES, without training, 
led to a statistically significant increase in CPF in 
patients with an SCI (standardised mean difference 
2.43L/s, 95% confidence interval [95% CI], 
0.32-4.54).16 This instantaneous improvement 
in CPF should reduce respiratory complications 
in tetraplegia. Hence, abdominal FES provides a 

directly applicable clinical tool that can be used 
in conjunction with established physiotherapy 
techniques such as manually assisted cough 
(MAC), mechanical insufflation-exsufflation 
(ie, Cough Assist machine),19 and tracheal and 
bronchial suction and postural drainage.20

While the best clinical indicator for cough 
efficacy in humans is not clear,21 the gastric (P

ga
) 

and esophageal pressure (P
es
) generated during 

a cough have been identified as good laboratory 
parameters to indicate expiratory muscle strength, 
which is likely to correlate with cough efficacy 
in humans.21,22 Butler et al23 and McBain et al24 
both found that the application of abdominal 
FES led to a statistically significant increase in 
P

ga
 and P

es
, using what has been shown to be an 

optimal electrode position for abdominal FES21 
(Figure 2). A meta-analysis suggests further 
research on the effect of abdominal FES on P

ga
 and 

P
es
 is warranted.16 Figure 3 shows an example of 

the improvements in respiratory function achieved 
using abdominal FES.

•  Abdominal FES can directly improve cough.
•  This may be a useful mechanism to reduce 

respiratory complications.

Respiratory Training

The repeated application of abdominal FES, 
termed abdominal FES training, has been shown 
to lead to a significant increase in unassisted 
forced vital capacity (FVC, p = .043), vital capacity 

Figure 1. Proposed outcomes of abdominal functional electrical 
stimulation (FES) training. Decreased health care costs are achieved through 
a reduction in respiratory complications, decreased incidence and duration 
of tracheostomy, and reduced hospital readmissions and length of stay.
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Figure 2. Posterolateral abdominal functional electrical stimulation (FES) electrode 
placement suggested by Lim et al21 as the optimal abdominal FES electrode position. This 
position has subsequently been used in clinical studies by Butler et al23 and McBain et al.24 
Image shows abdomen viewed front on and at a 45° angle. Note: Depending on the 
user’s body size, a second electrode can be applied to each electrode in series to increase 
the length of electrode coverage.

Figure 3. Flow-volume loops during two coughs 
recorded from a 59-year-old individual with C4/5 
tetraplegia (AIS C, time since injury: 43 years). Red 
line indicates cough during abdominal functional 
electrical stimulation (FES); blue line indicates a 
voluntary (unassisted) cough. For the stimulated 
cough, a normal breath prior to the cough is also 
shown and functional residual capacity (FRC) is 
indicated by the dotted arrow. Inspiratory and 
expiratory flow directions are indicated on the y-axis, 
and expiratory volume direction is indicated on the 
x-axis. Note the large increase in cough peak flow 
and the sustained increase in expiratory flow during 
the stimulated cough. In contrast to the unassisted 
cough, the stimulated cough ends below FRC.

(V
c
, p = .013), and peak expiratory flow (PEF,  

p = .026)16 and a very small increase in unassisted Pga 
produced in a cough.24 Respiratory complications, 
such as pneumonia and atelectasis, are the leading 
cause of morbidity and mortality in the first year 
of tetraplegia and remain a significant source 
of morbidity and mortality throughout the 
lives of these patients.3-5 As respiratory function 
is a predictor of respiratory complications in 
tetraplegia,8 improvements in these outcomes 
should reduce respiratory complications in 
this vulnerable patient group. More research 
is required to determine for how long these 
improvements persist if training is ceased.

•  Abdominal FES training can improve overall 
unassisted respiratory function.

•  These improvements should facilitate better 
airway clearance in tetraplegia.

•  Abdominal FES training may reduce respiratory 
complications in tetraplegia.

Tracheostomy Decannulation

A study by Lee et al25 describes one 65-year-
old patient with tetraplegia who, due to 
repeated respiratory complications, remained 
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on noninvasive ventilation via a tracheostomy 
8 months post injury. The patient then underwent 
an abdominal FES training program. This 
abdominal FES training led to a 27% and 29% 
increase in unassisted PEF and FVC, respectively. 
This improvement enabled the patient to cough 
unaided after 2 weeks of training and have the 
tracheostomy removed a week later. Subsequently, 
the patient had no respiratory complications in 
the following 11 months. The patient continued to 
use abdominal FES in the community for the next 
15 years and remained tracheostomy-free. This 
suggests that abdominal FES can be used to reduce 
tracheostomy cannulation times in tetraplegia, 
with this study also being the first to suggest that 
abdominal FES may reduce ventilation duration. 
As the need for tracheostomy is associated with 
a number of related complications,26 a reduction 
in tracheostomy cannulation time contributes 
to reduced morbidity and mortality, improved 
quality of life, and a reduction in costs for the 
health care provider.

•  Abdominal FES should be considered to reduce 
tracheostomy cannulation times and should be 
considered at an early time point after injury.

Ventilator Weaning

In a pilot study by McCaughey et al,15 abdominal 
FES training in 10 participants with acute 
tetraplegia led to an 11-day reduction in mechanical 
ventilation duration compared to 10 age-, sex-, and 
injury level-matched controls. This supplements 
other pilot research that has shown abdominal 
FES can be used to reduce ventilation duration 
in critical illness (without SCI).27 With the need 
for mechanical ventilation increasing morbidity 
and mortality and costing the health care provider 
an additional $2,000/day,28 abdominal FES has 
the potential to improve the lives of a large and 
diverse cohort of patients who require mechanical 
ventilation to support respiration.

•  Mechanical ventilation duration may be reduced 
by an effective abdominal FES training regime.

•  Abdominal FES is also applicable in non-SCI 
patients (see Future Directions section).

Future Directions

The major cause of mortality in the first year 
after SCI is respiratory complications, and this is 
amplified with higher mortality in low income 
clinical settings.29 The repeated application of 
abdominal FES improves the respiratory function 
of people with tetraplegia.16  However, while 
respiratory function is a predictor of respiratory 
complications in tetraplegia,8 evidence that 
abdominal FES reduces respiratory complications 
is only anecdotal. As such, we are undertaking the 
first prospective, multicentre, randomised placebo-
controlled trial to determine whether abdominal 
FES reduces respiratory complications in acute 
tetraplegia (Australia New Zealand Clinical Trial 
Registry: ACTRN12618000214235). Definitive 
evidence of the effectiveness of abdominal FES to 
reduce respiratory complications in tetraplegia, in 
both low- and high-income settings, will assist the 
rapid worldwide translation of this low cost and 
easily applied technology for this vulnerable patient 
group.

While abdominal FES has most commonly 
been applied in SCI, its application is universal 
and it has the potential to benefit all patients 
with reduced respiratory function. This includes 
critically ill ventilator-dependent patients, with 
a pilot study suggesting that abdominal FES 
maintains expiratory muscle thickness and 
reduces intensive care length of stay.27 To build on 
this evidence, we are investigating the effectiveness 
of abdominal FES to reduce ventilation duration 
in critical illness (Australia New Zealand Clinical 
Trial  Registry : ACTRN12618000209291). 
Demonstration of the effectiveness of abdominal 
FES to reduce ventilation duration in all critically 
ill patients (particularly those at risk of prolonged 
ventilation) will greatly increase the applicability 
of abdominal FES in nonspecialist spinal centres. 
We believe this will facilitate faster clinical 
translation of this technology for people with 
tetraplegia.

The median pediatric incidence rate of SCI 
in North America is approximately 18 per 
million population, per year (unpublished 
data, publication under review). As in the adult 
population, respiratory complications from SCI 
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are significant causes of morbidity and mortality 
in children.30 FES cycling has been shown as a safe 
treatment modality that may reduce the effects 
of immobilisation in childhood SCI.31 Thus, 
abdominal FES may offer a safe and useful pathway 
to reduce respiratory complication in pediatric 
tetraplegia and critical illness, further increasing 
the scope of this technique.

•  Mortality after tetraplegia is higher in low-
income settings.

•  Studies are currently underway to evaluate 
the effectiveness of abdominal FES to prevent 
respiratory complications and reduce ventilation 
duration in low- and high-income settings.

•  Abdominal FES may also be a useful tool in 
pediatric tetraplegia and critical illness.

Alternatives

A number of techniques have been used to activate 
the abdominal muscles to support exhalation, 
including noninvasive magnetic stimulation 
applied over the T10 spinous process to activate the 
motor nerve roots that innervate the abdominal 
muscles (T8-12)21,22 and low (50 Hz) and high 
(500 Hz) frequency electrical stimulation of the 
spinal cord (epidural spinal stimulation).13,14,32 Both 
of these techniques have been shown to achieve 
high P

ga
 and P

es
,14,21,22,32 with spinal cord stimulation 

generating some of the highest respiratory 
pressures achieved with electrical stimulation to 
date.32 However, there is currently no low-cost, 
portable, magnetic stimulation system available. 
Epidural stimulation of the spinal cord at high 
intensities can result in significant co-contraction 
of the muscles in the back and leg and equipment 
failure rates as high as 25%; implantation of the 
device requires a minimally invasive surgical 
procedure, which has its own complications.33 
Transcutaneous abdominal FES offers an effective 
noninvasive alternative to activate the abdominal 
muscles to assist respiration. 

Limitations

As intact lower motor neurons are necessary 
for FES to be successful, abdominal FES will not 

be suitable for every patient with an SCI. Patients 
with lower motor neuron damage will have flaccid 
paralysis, meaning that atrophy occurs quickly 
after injury. As a result, respiratory function may 
be more severely compromised in these patients. As 
these patients will not be candidates for abdominal 
FES, they require alternative interventions to 
manage respiratory health.

As with any form of electrical stimulation, 
abdominal FES carries a risk of autonomic 
dysreflexia for people with an injury at T6 and 
above. However, there are no reports of abdominal 
FES causing autonomic dysreflexia in the literature 
to date.34 If a person does experience autonomic 
dysreflexia as result of abdominal FES, immediate 
cessation of the stimulation should resolve the 
symptoms. Finally, it should also be acknowledged 
that the proportion of people suffering incomplete 
SCIs is increasing.2 As these people will be able 
to feel the stimulation, stimulation intensity 
may need to be lower than in those with a 
complete injury.

Conclusion

Abdominal FES is a noninvasive method to 
achieve functional improvements in cough and 
respiratory function in the spinal cord–injured 
population. Potential and realistic outcomes of 
this include reduced ventilation duration, assisted 
tracheostomy decannulation, and a reduction in 
respiratory complications. All of these outcomes 
will reduce morbidity and mortality, improve 
quality of life, and result in a significant cost saving 
for local health care providers.
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