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Abstract
Objective: Evaluation of noninvasive stimulation modalities to augment cough and assist tracheostomy
decannulation in high-level tetraplegia.

Study Design: Single case study.

Methods: A 65-year-old man with C4 ASIA C tetraplegia had delayed rehabilitation due to a tracheostomy
and recurrent pneumonia primarily resulting from ineffective cough. Anterior surface electrical stimulation
(SES) of the abdominal musculature was conducted to train an effective cough and enable decannulation.
Training occurred daily for 4 weeks. The patient was tested 1 year later with posterolateral SES to determine
the relative clinical effect of this delivery method.

Results: At baseline, the addition of anterior SES increased maximal expiratory pressure (80%), maximal
expiratory cough pressure (67%), and peak expiratory flow rate (11%). Three weeks after training began, the
patient was decannulated following a program of SES and assisted and voluntary coughing. Upon testing 1
year later, SES with posterolaterally placed electrodes also produced an enhancement of voluntary cough
attempts.

Conclusions: Noninvasive SES can potentially assist decannulation of tracheostomies.
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INTRODUCTION
Individuals with spinal cord injury (SCI) are highly
susceptible to respiratory compromise. During the acute
phase after SCI, it is the leading cause of death for spinal
patients at all levels, accounting for 28% of deaths in the
first year (1). Clinicians augment respiratory hygiene
using conventional chest physiotherapy, nebulizers and
other pharmacotherapies, insufflation-exsufflation devic-
es, noninvasive ventilation, tracheostomies, bronchosco-
py, and stimulation techniques, including surface
electrical stimulation (SES), implanted electrodes, and
magnetic stimulation (2–6). Nevertheless, the incidence

of respiratory illness after SCI remains high due to loss or
impairment of voluntary control of muscles required for
inhalation and forceful exhalation. Many of these patients
are treated with tracheostomies to assist progression from
intensive care to less acute settings. However, ongoing
problems with secretion control can complicate the
removal of these devices (7). This report outlines how
SES training contributed to tracheostomy removal in a
patient with high-level tetraplegia who was unable to be
decannulated using conventional treatments.

CASE STUDY
A 65-year-old man with C4 ASIA C tetraplegia consented
to participate in this study after 8 months of continuous
postinjury care in an acute hospital spinal unit. The patient
had no premorbid diagnosis of lung disease but had a 24
pack-year smoking history, although prior to admission he
had not smoked for 15 years. The rehabilitation process
was delayed due to recurrent respiratory infections
stemming from an ineffective cough. This complication
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required frequent suctioning via a tracheostomy tube,
which could only be provided in the acute setting.
Adjuvant modalities unsuccessfully applied prior to the
SES intervention included conventional chest physiother-
apy techniques (implemented from admission and
continued throughout this study), noninvasive ventilation
performed with pressures of 12/6 cmH

2
O commenced 3

months post injury and ongoing through this SES clinical
trial, a Passy–Muir valve trial 3 months prior to this study,
and 2 documented uses of an insufflation-exsufflation
device, one 3 months pretrial (1 week duration) and 1
during the SES trial (3 days duration).

METHODS
In both the ward and the laboratory, measurements were
made during the maximal expiratory pressure (MEP)
maneuver against a closed airway. Maximal expiratory
cough pressure (MECP) was measured during a cough
(open airway) through a mouthpiece. The SES was timed
to occur at total lung capacity (TLC). Spirometry trials
met American Thoracic Society requirements for repro-
ducibility (8).

SES Training on the Ward
SES was applied through 2 pairs of surface electrodes (;3
cm 3 8 cm) placed anteriorly over the abdomen with the
subject seated (Figure 1A). The stimuli were delivered via
a commercially available stimulator (Multi-tems Pty Ltd,
Sydney, Australia). Stimuli trains were delivered at 50 Hz
(4 seconds on, 4 seconds off, 100 mA: maximum for this
stimulator).

Cough training occurred daily for 20 to 30 minutes,
for 4 weeks. Voluntary cough efforts were timed with the
trains of SES. The patient inhaled to near TLC during the
4 seconds when no stimulation occurred. Just prior to
stimulation, the patient closed the glottis and held it
closed for 2 to 3 seconds into the stimulation period.
About 1 second before stimulation ceased, the patient
initiated a cough. The patient rested for 1 stimulation
cycle and repeated the cough effort on the next cycle.
Coordination of the voluntary cough with the SES was
assisted by lights on the stimulator. To maximize
inspiratory capacity, a thermoplastic abdominal plate

and an abdominal binder were applied over the
electrodes.

Lung function and cough-related measurements
were performed both with and without SES, at baseline
and after 4 weeks of cough training. A portable handheld
spirometer (Microlab 3300, Micromedical Ltd, Kent,
United Kingdom) measured peak expiratory flow rate
(PEFR), forced expiratory volume in 1 second (FEV

1
), and

functional vital capacity (FVC). A custom-designed
manometer measured MECP (at the mouth) developed
during an attempted cough and MEP during a maximal
expiratory effort against a closed airway from TLC. The
patient repeated each maneuver 3 times. A flanged
mouthpiece was used to reduce the chance of air leaks
around the lips for MEP and MECP measurements in the
ward. Baseline measurements via the tracheostomy
involved dressings as necessary to minimize air leaks. A
tube mouthpiece placed between the lips was used for
the other measurements.

Subsequent Measurements
Approximately 1 year after hospital discharge, the patient
returned to our respiratory physiology laboratory to
participate in an experiment to test the effectiveness of
SES in enhancing cough in SCI. In this study, electrodes
were placed in the posterolateral position (Figure 2A).
Trains of electrical stimuli (50 Hz, 1 second duration, 200
microseconds pulse width; 225 mA, DS7 Digitimer Co,
Hertfordshire, United Kingdom) were delivered bilaterally
and timed to coincide with a voluntary cough effort from
TLC. The patient was seated and breathed on a
mouthpiece connected to a pneumotachometer to
measure expiratory flow and expired lung volume (Hans
Rudolph, Kansas City, MO). Pressures developed during
MEP maneuvers and coughs were measured using a
gastroesophageal catheter (an intraesophageal tube
mounted with pressure transducers located in the
stomach and esophagus) to measure the abdominal
(gastric) pressure (P

ga
) and thoracic (esophageal) pres-

sure (P
es

) (Gaeltec Ltd., Dunvegan, United Kingdom). All
signals were stored on a computer (using Spike2 Cam-
bridge Electronic Design, Cambridge, UK). Typical flow,
volume, P

ga
, and P

es
signals during a voluntary cough

Figure 1. (A) Anterior electrode placement (ward testing); (B) Baseline and posttraining results for maximal expiratory
pressure (MEP); (C) Maximal expiratory cough pressure (MECP); and (D) Peak expiratory flow rate (PEFR). Responses without
stimulation (open bars) and with stimulation (filled bars) are shown.
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with and without posterolateral SES are shown in Figure
2B. A flanged mouthpiece was used to reduce the chance
of air leaks around the lips. Additionally, a researcher
manually positioned the mouthpiece to limit air leaks and
maintained bilateral cheek pressure.

RESULTS
Ward Assessment (Anterior SES)
At baseline, the addition of SES produced increases in
MEP (80%), MECP (67%), and PEFR (11%) (Table 1,
Figure 1). There were also small increases in FVC and FEV

1

with the addition of SES. After 4 weeks of training, testing
with no SES showed a small increase in MEP, but MECP
and PEFR had increased by 133% and 28%, respectively.
Post-training, the addition of SES also produced increases
in MEP (83%), MECP (57%), and PEFR (30%).

Clinically, after 2 weeks of training the patient did not
require further suctioning but was able to manage his
secretions with a combination of assisted coughs, SES,
and voluntary coughing. After 3 weeks of training, the
tracheostomy was removed, and the patient did not
present with a chest infection in the remaining 11

months of his admission. Removal of the tracheostomy
enabled the patient to commence rehabilitation. Respi-
ratory SES assisted in secretion control where previous
modalities were insufficient.

Laboratory Assessment: 1 Year After Discharge
(Posterolateral SES)
The combined voluntary MEP maneuver and train of
stimuli, compared to a MEP maneuver with no stimula-
tion, resulted in a more than fivefold increase in P

ga
.

During a cough, the SES produced a 33% increase in peak
expiratory flow, a 21% increase in expired volume, a
threefold increase in P

ga
and a twofold increase in P

es

(Figure 2, Table 2). The patient developed P
ga

pressures
of 10 cmH

2
O passively during inspiration (to TLC), but

during voluntary cough, did not develop further P
ga

,
suggesting that he had no preserved ability to voluntarily
activate his abdominal muscles.

DISCUSSION
In this case study, the acute hospital stay was prolonged
due to the inability of conventional respiratory tech-

Figure 2. (A) Posterolateral electrode placement (laboratory testing); (B) Typical flow, volume, gastric pressure (P
ga

) and
esophageal pressure (P

es
) during a voluntary cough without (left panels) and with (right panels) posterolateral surface

electrical stimulation (SES). Timing of stimulation is indicated by the thick horizontal bar.

Table 1. Baseline and Posttraining Measurements With and Without Anterior SES (Ward Testing)*

Baseline, No SES Baseline þ SES Posttraining, No SES Posttraining þ SES

MEP (cm H
2
O) 10 18 12 22

MECP (cm H
2
O) 6 10 14 22

PEFR (L/s) 3.0 3.3 3.8 5.0
FVC (L) 1.4 1.6 1.8 2.1
FEV

1
(L) 1.3 1.6 1.6 2.0

*SES indicates surface electrical stimulation; MEP, maximal expiratory pressure; MECP, maximal expiratory cough pressure, PEFR,
peak expiratory flow rate during a cough; FVC, functional vital capacity; and (FEV

1
), forced expiratory volume in 1 second. All

measurements were made in triplicate and the peak value expressed.
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niques to address the problem of an ineffective cough. A
program of SES almost doubled the MEP during the acute
management phase. This could be a result of a training
effect after 4 weeks of inpatient training, as has been
noted by Lin et al after magnetic stimulation (9).
Measurement differences resulting from intercurrent
decannulation could potentially also have contributed,
however. Subsequent modifications to the technique of
stimulation led to a more than 5 times increase (of P

ga
) in

MEP. This may reflect the posterolateral positioning of
electrodes (10) and an increased stimulus intensity. These
later laboratory-based results were unaffected by training
effects or intercurrent decannulation.

Although flanged mouthpieces have been related to
measurement error in this population group (11), the
authors minimized this error in the laboratory-based
results by using a researcher to position the mouthpiece
to limit air leaks and maintain bilateral cheek pressure.
The laboratory-based results demonstrate that the P

ga

and P
es

values (Table 2), both of which would have been
unaffected by mouthpiece type, also improved.

Several studies describe the effective use of FES to
assist with enhancing cough in tetraplegic patients
(3,12–15), with limited success in producing high
enough expiratory pressures for effective cough. Other
studies have used magnetic stimulation over the T9-T10
spinous process to activate the spinal nerve roots (T8-
T12) that supply abdominal muscles (9,16–21). Despite
the relative success of the magnetic stimulation in
activating a large portion of abdominal muscles, the
stimulators are large, expensive, and not appropriate for
application in any subsequent community maintenance
therapy. Additional improvements in airway pressure and
flow rate have been described by DiMarco et al (22),
although this involves an invasive procedure, using
surgically implanted electrodes positioned on the thecal
sac in the midline epidural space at the T9, T11, and L1
levels.

We have recently shown that posterolateral SES is 2
to 3 times more efficient at producing abdominal muscle
contraction and abdominal pressure than stimulation
over the anterior wall of the abdomen and was equally as
good as magnetic stimulation over the T9-T10 spinous
process (10).

Problems specific to SES include the potential to
cause local skin burns or irritation, electrode sensitivity,
autonomic dysreflexia, and problems with use over
healing wounds (23). It is contraindicated in patients
with cardiac pacemakers and has precautions for use with
metallic implants (23) and unstable spinal columns.
Setup requirements include adequate training of patient
and staff for electrode placement and coordination of
glottis closure prior to stimulation, testing to ensure that
the patient can tolerate the stimulation and does not
suffer thermal injury or autonomic dysreflexia, and
increasing awareness that bowel and bladder programs
may be affected (3). It is important to recognize that this
patient was cognitively capable, motivated, and able to
tolerate lower (ward-based) levels of stimulation prior to
progressing to higher-intensity studies using posterolat-
eral electrode placement.

CONCLUSION
Surface functional electrical stimulation has potential
application as an adjuvant respiratory technique in acute
SCI to assist respiratory management such as tracheos-
tomy decannulation through its ability to augment
cough and thus improve respiratory hygiene. The
effectiveness is improved by the use of posterolateral
SES techniques.
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