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Spinal Cord Stimulation
A New Method to Produce an Effective Cough in Patients with
Spinal Cord Injury
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Patients with spinal cord injury have an increased risk of developing
respiratory tract infections as the result of expiratory muscle paraly-
sis and consequent inability to cough. We have developed a method
by which the expiratory muscles can be activated via lower thoracic
and upper lumbar spinal cord stimulation to produce an effective
cough mechanism. In a tetraplegic patient who required frequent
(8.57 � 2.3 times per week [mean � SEM]) caregiver assistance to
facilitate airway clearance and expectoration of secretions, three
epidural electrodes were applied in the T9, T11, and L1 spinal cord
regions. During stimulation at the T9 and L1 levels, airway pressures
were 90 and 82 cm H2O, respectively. Peak expiratory flow rates
were 6.4 L/s and 5.0 L/s; respectively. During combined (T9�L1)
stimulation, airway pressure and expiratory flow rate increased to
132 cm H2O and 7.4 L/s, respectively. Addition of the third lead did
not result in further increases in pressure generation. These values
are characteristic of those observed with a normal subject. Because
the patient is able to trigger the device independently, he no longer
requires caregiver support for airway management. If confirmed
in additional patients, spinal cord stimulation may be a useful
method to restore an effective cough mechanism in patients with
spinal cord injury.
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Patients with cervical and thoracic spinal cord injuries suffer
from paralysis of a major portion of their expiratory muscles and
therefore lack a normal cough mechanism (1–3). Consequently,
most of these patients have a markedly reduced ability to clear
airway secretions and are dependent upon caregiver support to
apply suctioning, manually assisted coughing, or other tech-
niques for airway management. Moreover, lack of an adequate
cough contributes to their development of recurrent respiratory
tract infections and atelectasis (4–6) and attendant high morbid-
ity and mortality. Respiratory tract infections remain a major
cause of death in this patient population (7–10).

The network of neurons in the spinal cord and peripheral
neuromuscular system below the level of injury remains intact
in most patients with spinal cord injury (3). Therefore, the expir-
atory muscles are amenable to various stimulation techniques
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to generate large positive airway pressures and peak expiratory
flow rates with the potential to produce a functionally effective
cough mechanism (11–13).

METHODS

This investigation was approved by the Investigational Review Boards
at MetroHealth Medical Center and the National Institute of Neurologi-
cal Disorders and Stroke. Informed consent was obtained from each
patient before enrollment in the study.

A 52-yr-old man developed incomplete tetraplegia (C5-C6 level,
ASIA C) after a motor vehicle accident 7 yr ago. Before his injury, he
had smoked 1.5 packs of cigarettes per day for 30 yr. He had no history
of chronic lung, heart, or cerebrovascular disease. Since his injury, he
had experienced difficulty clearing his throat and expectorating secretions
and relied on frequent assisted cough maneuvers each week (8.57 �
2.3 times per week [mean � SEM]). On several occasions, he nearly
asphyxiated secondary to aspiration of food particles. He had been
treated for upper respiratory tract infections on a regular basis–two
to three times per year and had required antibiotics and aggressive
respiratory management, including frequent manually assisted coughing
and aerosolized bronchodilators. He was hospitalized for management
of pneumonia, which necessitated tracheostomy and mechanical venti-
lation. He had a history of autonomic dysreflexia, which occurred in
association with infections. On physical examination, his height and
weight were 183 cm and 99 kg, respectively. His lung fields were clear
to auscultation. His upper rib cage retracted slightly inward with inspira-
tion. His abdomen was protuberant. A Foley catheter was present.
Neurologically, he had complete paralysis of his lower extremities and
partial paralysis of both upper extremities. Chest X-ray was clear. His
FVC, FEV1, and inspiratory capacity were 1.96 L (38.8% predicted),
1.64 L (41.1% predicted), and 1.33 L (38.6% predicted), respectively.
Maximal expiratory and inspiratory pressures and peak expiratory flow
rates were also reduced (22 cm H2O, 72 cm H2O, and 2.4 L/s, respectively).

Based upon previous animal studies (14–16), an electrical stimula-
tion system (ESS) was surgically implanted in a single procedure in an
attempt to produce an effective cough system. After partial hemilami-
nectomies at the T9, T11, and L1 spinal cord levels, three 4-mm, single-
lead, platinum-iridium disc electrodes (Freehand Epimysial Electrode;
NeuroControl Corp., Valley View, OH) were positioned midline in the
epidural space on the thecal sac at the T9, T11, and L1 levels with
fluoroscopic guidance. A single-disc, ground electrode (30 mm) was
positioned on the surface of the thoracic muscle fascial plane. A radio-
frequency receiver (7.6 � 4.6 � 0.85 cm; 12 g) (Finetech Medical Ltd.,
Welwyn Garden City, Hertfordshire, UK) was placed in a subcutaneous
pocket just above the left costal margin. The electrode wires were
tunneled subcutaneously and connected to the receiver. Contraction of
the abdominal muscles was confirmed by visual inspection and palpation
during electrical stimulation applied in the operating room.

Postoperatively, stimulation was applied by activating a small, porta-
ble external transmitter (9.5 � 6 � 2.5 cm) connected to a rubberized
antenna, which was secured on the skin with tape over the implanted
receiver. The transmitter, powered by a rechargeable battery, delivers
a radiofrequency signal to the implanted receiver, which converts this
to an electrical signal that is transmitted to the electrodes. The patient
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underwent a conditioning period consisting of supramaximal stimula-
tion for 6 wk. The patient also used the device as needed for clearing
his throat or evacuating secretions. Because the patient had the ability
to move his right hand, he was able to trigger the device independently
by applying pressure to one of several buttons on the transmitter. While
using the device, the patient mimicked a normal cough: He initiated
an inspiratory effort just before stimulation, briefly maintained a closed
glottis during stimulation, and opened his glottis while attempting to
forcefully exhale.

Measurements of airway pressure, expired volume, and expiratory
flow rate during stimulation were recorded using previously described
conventional techniques (17, 18) through a full-face mask to assess the
force of expiratory muscle contraction and cough efficacy.

The patient’s requirement for caregiver assistance and need for
assisted coughing were assessed over a 6-wk period before institution
of the ESS. The volume of respiratory secretions evacuated was
quantitated.

RESULTS

Representative tracings of airway pressures and expiratory flow
rates during supramaximal stimulation at the T9 and L1 spinal
cord levels and during combined stimulation at total lung capacity
(TLC) after the reconditioning period are shown in Figure 1.
During stimulation at the T9 and L1 levels, airway pressures
were 90 and 82 cm H2O, respectively, and peak expiratory flow
rates were 6.4 L/s and 5.0 L/s, respectively. During combined
stimulation, airway pressure and expiratory flow rate increased
to 132 cm H2O and 7.4 L/s, respectively.

Mean changes in airway pressure generation during supra-
maximal stimulation at each spinal cord level alone and in combi-
nation at FRC and TLC are shown in Figure 2. Stimulation at
any one of the three sites alone resulted in similar maximal
pressure changes at FRC and TLC. Stimulation of any combina-
tion of two or more electrodes resulted in significantly greater
pressure generation than any single electrode alone. However,
combined stimulation of the T9 and L1 levels resulted in the
largest pressure development for two leads. Addition of the third
lead did not result in any further increases in pressure generation.
Similar results were obtained with peak flow rate generation.

Figure 1. Representative tracings of expiratory flow and airway pressure
during stimulation at T9 (40 V, 53 Hz, 150 �s), L1 (40 V, 53 Hz,
200 �s), and combined stimulation (T9�L1) at TLC.

The relationship between stimulus frequency and airway
pressure generation during stimulation at T9 and L1 alone and
with both electrodes in combination are shown in Figure 3. With
increasing stimulus frequency, there were increases in pressure
generation. Beyond 30 Hz, there were only small increases in
pressure generation.

During chronic use of stimulation for perceived clinical need
for cough, combined stimulation of T9 and L1 was used at supra-
maximal stimulus parameters. The stimulus transmitter allowed
for several different combinations of stimulus parameters. The
patient initially had access to a selection of a single maximal
cough effort or a series of three cough efforts.

After the conditioning period, caregiver support was not re-
quired because the patient was able to manage his secretions
independently on an as-needed basis. The volume of secretions
remained approximately the same. The patient stated that the
ESS resulted in a much more effective and comfortable method
of secretion removal. Moreover, the variable waiting time of
several minutes for the arrival of caregivers for airway manage-
ment was eliminated.

DISCUSSION

Due to expiratory muscle paralysis, patients with spinal cord
injury are dependent upon one of several methods of airway
clearance (5). These include gravity, active suctioning with a
catheter connected to a mechanical pump, a manually assisted
cough method whereby external force is applied to the abdomi-
nal wall (19), and a mechanical insufflation–exsufflation device
that applies a large positive followed by a large negative pressure
to the airway (20). Each of these methods has significant limita-
tions that restrict their efficacy, including patient discomfort,
requirement of provider–patient coordination, and lack of uni-
form distribution of pressure within the intrathoracic cavity.
Additionally, these methods are costly and labor intensive and
require the presence of trained personnel. Despite the use of
these various modalities, respiratory complications continue to
be a major cause of morbidity and mortality in this patient
population.

This report represents the first demonstration of a portable
stimulation system in a tetraplegic patient resulting in airway
pressures and airflows comparable to a normal cough (21–24).
This patient can generate a cough on demand and effectively
evacuate his secretions and clear his throat without caregiver
assistance. This patient had limited movement, which facilitated
use of the device. However, the transmitter could also be trig-
gered by an object held in the mouth. Although the peak pres-
sures achieved by our patient are somewhat lower than those
described in normal subjects (21), he was unable to achieve a
normal TLC. Because expiratory muscle force development is
related to muscle length, which is a function of lung volume, it
is likely that his reduced TLC restricted maximum force
development.

Because this technique results in generalized stimulation of
the lower thoracic and upper lumbar motor roots, the paraspinal
muscles were also stimulated, resulting in some trunk motion.
Although our patient was aware of the sensation of lower-body
movement during stimulation, this was tolerated without pain
or discomfort. No leg movement, bowel leakage, or symptoms
or signs of autonomic dysfunction were observed.

The mechanism by which the expiratory muscles are activated
through the application of electrical current over the dorsal
surface of the spinal cord has been studied extensively in animals
(14–16). This work was instrumental in the implementation of
these techniques in humans. Based upon studies in dogs, stimula-
tion applied in the T9 region with a single electrode results
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Figure 2. Mean changes � SEM in airway pressure genera-
tion during stimulation at T9, T11 (40 V, 53 Hz, 200 �s),
L1 and combined stimulation (T9�T11�L1) at FRC and
TLC (stimulus parameters same as Figure 1).

in large positive airway pressures as a consequence of direct
activation of motor roots in the vicinity of the electrode and
more caudal motor roots via activation of spinal cord pathways
(16). Stimulation at T9 alone does not result in complete abdomi-
nal muscle activation since stimulation with a second electrode
in the T13/L1 spinal cord region of the canine model results
in significantly greater changes in airway pressure generation
(15). Stimulation with three or more electrodes does not result
in significantly greater pressure generation. Although a three-
electrode system was implanted in this subject due to size differ-
ences between humans and dogs, the results in this subject sug-
gest that a two-electrode system is adequate, as in the dog model.

Other methods of stimulating the expiratory muscles have
been proposed to generate an effective cough mechanism in
patients with spinal cord injury. Stimulation applied to the sur-
face of the abdominal wall results in only modest increases in
expiratory pressure generation and no significant abdominal
muscle contraction in a significant number of subjects (11–13).
High-frequency magnetic stimulation applied to the lower back,
although a successful method of stimulating the expiratory mus-
cles (25–27), requires precise positioning of an external coil over
the back and an external power source. Because this device
generates substantial heat at the stimulating coil, it also carries
the risk of thermal injury. Moreover, this device is large, expen-
sive, and not easily portable.

Because this is the first demonstration of spinal cord stimula-
tion for these purposes, the long-term tolerance and effects are
unknown. However, spinal cord stimulation has been used for
over 35 yr in the treatment of chronic back pain using similar
techniques as those reported here. The potential complications
associated with these procedures, as with any surgical procedure,
include a low incidence of infection and bleeding (28).

Figure 3. Relationship between stimulus frequency and mean airway
pressure generation � SEM during stimulation at T9, L1, and combined
stimulation (T9�L1) at FRC (stimulus parameters same as Figure 1).

The ESS technique has provided this patient with significant
short-term benefits in terms of airway management. Overall
quality of life is also improved. For example, our patient no
longer must wait for caregiver assistance to clear his throat or
provide assisted cough maneuvers. In addition, his need for
caregiver assistance while traveling with family or for recre-
ational activities has been eliminated. Longer-term, this tech-
nique has the potential to reduce the morbidity and mortality
associated with respiratory complications prevalent in this pa-
tient population.
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