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Historical Notes

Already more than a hundred years ago electric
stimulation of the phrenic nerves was discussed
as a possibility for reanimation of breathing and
resuscitation [1-4]. At the Harvard School of
Public Health, JS Sarnoff and collaborators in
the late 1940s, after a series of animal experi-
ments, were able to show that “electrophrenic
respiration” could maintain adequate breathing
in man for considerable time periods [5,6]. In
1968 the first patient with chronic phrenic nerve
stimulation for primary alveolar hypoventilation
was published [7]. Subsequently, in collaboration
with the Avery Laboratory (Avery Biomedical
Devices, Inc., Commack, NY, USA), William
Glenn developed a commercially available dia-
phragm pacing system based upon permanently
implanted phrenic nerve electrodes. These elec-
trodes are connected to a subcutaneously placed
radio frequency receiver controlled by an exter-
nal transmitter supplying the electrical energy.
Later other stimulators like Atrostim® (Atrotech
Oy., Tampere, Finland) and MedImplant (Vienna,
Austria) were constructed and introduced into
the market [8,9]. The different types of equip-
ment have now been available for the treatment
of patients for more than 30 years. Despite
the relatively few number of patients needing
diaphragm pacing, it can be estimated that at
present more than 2,500 operations have been

*Also termed “electrophrenic ventilation”, while “diaphragm
pacing” depicts both phrenic nerve stimulation and muscle
stimulation using electrodes directly implanted in the dia-
phragm. The latter is not in the scope of the present overview.
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performed worldwide, the majority of which
with the Avery system. Essentially the devices
consist of an implanted electrode connected to
an implanted radiofrequency receiver in contact
transcutaneously, via an antenna, with an external
transmitter (®© Figure 180-1). Repetitive stimuli
activate the nerve resulting in contractions of
the diaphragm muscle (© Figure 180-2). These
rhythmic contractions will cause downward
movements of the diaphragm and thereby mimic
normal breaths. Respiratory frequency, progres-
sive increase in amplitude (slope of the curve),
pulse width and interval, inspiratory and expira-
tory times can be varied and optimized for each
patient by programing the device.

Physiology and Anatomy

Normal breathing is accomplished by active in-
spiration of air by increase of the thoracic vol-
ume creating a negative intrathoracic pressure
for filling the lungs with air. The expansion of
the chest needs activation of the breathing mus-
cles, the most important of which being the
intercostal muscles increasing the horizontal
and the diaphragm muscle increasing the vertical
chest volume. Expiration is passive and implies a
relaxation of these muscles. While the intercostal
muscles receive innervations from the thoracic
spinal nerves, the phrenic nerves supply the dia-
phragm muscle.

The phrenic nerves emanate from cell bodies
in the anterior horn of the cervical spinal cord
segments C;—Cs and descend in close vicinity of
the truncs of the cervical plexus, frontal to the
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anterior scalenus muscle and posterior to the jug-
ular vein before entering the thoracic aperture.
The nerves then pass through the mediastinum
close to the pleura and pericardium on either
side of the heart for finally splitting up in a num-
ber of branches innervating the hemidiaphragms.
The respiratory nerves are controlled mainly from
the autonomic respiratory centre situated in the
brainstem, but also from cortical neurons enabling
a voluntary control of breathing. The most impor-
tant of the neuronal control is the autonomic one
efficacious also during sleep and at lower degrees
of unconsciousness. The brainstem respiratory
centre is mainly responsive to changes in blood
PCO, -levels and hypercapnia will stimulate
while hypocapnia will inhibit respiration but to

@ Figure 180-1
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a lesser degree by the arterial PO,. Any block in
the neuronal circuitry connecting the central
nervous control system with the respiratory mus-
cles will cause impaired breathing, hypoxia and,
if total, lead to apnoea and death.

Indications and Patient Selection

Diaphragm pacing by stimulation of the phrenic
nerves is more a physiologic alternative for artificial
respiration than positive pressure insufflations of
air by means of a mechanical respirator in patients
with chronic neurogenic ventilatory failure. Main
candidates for diaphragm pacing are patients
suffering from an insensitive respiratory centre,
either congenital or acquired, as well as high spinal
cord lesions (above the C; —level). Absolute con-
ditions for the method to be applicable include
intact phrenic nerve function and absence of
significant atrophy of the diaphragm. Another
important condition is that the patient and his/
her closely related are willing and motivated for
taking active part in the pacing treatment.

Central Alveolar Hypoventilation
(CAHV, Ondine’s Curse)

CAHV is caused by insensitivity of the respirat-
ory center to increases in blood PCO, resulting

Respiratory cycle with phrenic nerve stimulated inspiration and passive (not stimulated) expiration phases (Avery

device) (lll. Roy Hallgard)
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in progressive hypercapnia to levels inducing a
state of general anesthesia, apnoea, hypoxia, and
finally death. Voluntary respiration is not affected
and, therefore, this deleterious development only
arises during sleep, in fact, at deeper sleep than
REM-sleep since the cortical activity during REM-
sleep will stimulate voluntary respiration mechan-
isms. The name Ondine’s curse emanates from
mythology. There are several versions in folklore
about a mermaid called Ondine (or Undine)
who, because of her husbands’ unfaithfulness, de-
livered him a curse that he should stop breathing
and die if he ever fell asleep. The most widely
known version of this tale was written in 1811 by
Friedrich de la Motte Fouquet and stimulated
Severinghaus and Mitchell to use her name for
CAHV [10]. The congenital form of CAHV is
assumed to be caused by a sporadic gene mutation
[11] and may be one cause of the sudden infant
death syndrome. Acquired CAHV may arise as a
consequence of vascular brain stem lesion, tumor,
and encephalitis. Correct diagnosis implies a thor-
ough examination at a sleep laboratory with EEG,
PCO,, and PO, analyses during different sleep
levels as well as tests of respiratory responses to
increased PCO.,.

Spinal Cord Lesions

Spinal cord lesions at the C,—C, levels may typi-
cally be results of traumatic injuries to the spine
after diving-, traffic- and fall accidents. If severe,
this may cause a functionally complete or close-
to-complete transversal section of the medulla
and block of the nervous communication be-
tween brain and body with quadriplegia and
loss of voluntary as well as automatic respiration.
These patients will permanently be dependant on
artificial respiration but retain the function of the
peripheral phrenic nerves, which can be used for
electric pacing of the diaphragm. Severe spinal
cord lesions at the levels C;—Cs in most cases
also lose the majority of cell bodies of the phrenic

nerves, which will rapidly degenerate and are
impossible to stimulate. This problem may how-
ever be overcome by a combined surgical tech-
nique anastomosing intercostal nerves to the
distal portion of the phrenic nerve and implant-
ing a nerve stimulator [12]. In lesions below Cs
the patients retain adequate phrenic nerve func-
tion and their ability for both voluntary and
automatic diaphragmal respiration, which elim-
inates the need for artificial respiration.

Presurgical Evaluations

Before surgery it should be first ensured that
pulmonary function with gas exchange is ade-
quate and that no primary lung disease exists.
Second the function of the phrenic nerves must
be evaluated. This is done with EMG measure-
ment of the nerve conduction time combined
with fluoroscopic measurements of diaphragmal
contraction upon percutaneous nerve stimula-
tion. The phrenic nerves are easily accessed for
test stimulation at 2-3 cm above the clavicles
at the posterior border of the sternocleidomas-
toideus muscles. As measured fluoroscopically
the dome of the diaphragm muscle should
descend at least 4 cm upon stimulation of the
nerve if permanent pacing should be considered
[4,13,14]. Simultaneous spirometric measure-
ment of the tidal volume is valuable, but may
not be necessary. During fluoroscopy, a possible
pulling of the mediastinum to the side ipsilateral
to stimulation may diminish the space for filling
the lung, should be observed. This is not unusual
in small children and, if so, bilateral phrenic
stimulation activated

nerve simultaneously

must be considered.

Surgical Techniques

There a few fundamental differences between
different models of phrenic nerve stimulators con-
cerning implantation procedures. We, therefore,
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here summarize the original techniques as
developed by Glenn [15] and used at our own
departments. Two different approaches can be
recommended: the cervical (often preferred by
neurosurgeons) and the thoracic (often preferred
by thoracic surgeons) approaches. General anes-
thesia is used but, muscle relaxants should be
omitted to allow intraoperative nerve test stimu-
lation and spirometry during stimulation.

The Cervical Approach

With the patient in prone position, head slightly
turned backwards and rotated contralaterally,
skin is opened by a five cm incision 2-4 cm
above and in parallel to the clavicle passing over
the posterior border of the sternocleidomastoid
muscle. Platysma is opened and the sternoclei-
domastoid muscle retracted frontally and medi-
ally, exposing the scalenus anterior muscle and,
frontal-medial, to the jugular vein. A small fat
pad is usually located over the muscle and has to
be retracted for exposing the phrenic nerve lying
closely under the muscle facia and crossing the
muscle from superior-lateral to inferior-medial
(© Figure 180-3a). For localizing the nerve a bi-
polar nerve stimulator may be used for electrical
testing and observing the muscle response from
the diaphragm. After 5-6 mm incisions through
the scalenus fascia on both sides of and in parallel
to the nerve, the electrode is placed under the
nerve so that the nerve will be located into the
electrode semicircular groove (© Figure 180-3b).
Finally the electrode wings are sutured to the
muscle fascia on both sides (© Figure 180-3c).
The extension wire from the electrode is passed
subcutaneously to a small new thoracic skin in-
cision some distance below. A subcutaneous
pocket is formed for implanting the transmitter,
which will be connected to the lead extension
wire. For the monopolar mode the electrode
connects with the cathode while the anode con-
tact is built-in into the transmitter.

8 Figure 180-3
Surgical implantation of cervical electrode for phrenic
nerve stimulation (Avery device) (lll. Roy Hallgard)
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Bipolar electrodes are implanted similarly
and they differ only with respect to that both
the negative and positive contacts are placed in
the phrenic nerve electrode for a narrow electric
field. The advantage with this is that it can be
used in patients with cardiac pacemakers.

The Thoracic Approach

This is essentially similar to what has been seen
earlier and was also originally described by Glenn
et al [15], and modified by Miller et al [16]. The
thoracic approach was advocated mainly because
of three reasons. First, in some (roughly 25%)
the phrenic nerve may receive an accessory
branch joining the main trunk below the clavicle
[14,17]. Second, to avoid a risk of undesired
sensory effects and muscular twitches in the
arm because of the stimulation of the lower
nerve trunks of the cervical plexus. Third, the
great mobility of the head and neck could con-
tribute to electrode dislocation or break.

With this approach the skin is incised (about
10-15 cm) on the anterior-lateral thorax between
the second and third ribs. The ribs are spread and
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the lung retracted for access to the anterior me-
diastinum and the phrenic nerves, situated at a
depth of around 5 cm. This technique may have
advantages, but the disadvantage is that a thora-
cotomy with some risk for complications may be
detrimental in a patient with already impaired
respiratory function. The surgical complications
reported have, however, been few and recently,
minor traumatic approaches were suggested by
using endoscopic and robotic techniques [18,19].

The timing of surgery is important and must
be individualized especially for patients requiring
full time mechanical ventilatory support. After a
traumatic high cervical cord lesion with initial
quadriplegia, some neuronal recovery may occur
after several months with a possibility of partly
return of ability of spontaneous breathing. In the
early course of events, it is impossible to judge to
which extent this capacity will be functionally
sufficient. Therefore, a period of waiting before
arriving at a definite decision is motivated. On
the other hand due to disuse, atrophy of the
diaphragm starts very early and may by time
reach levels difficult to recondition [20]. It is
not unlikely that early surgery should promote
an optimal result of the treatment.

Postimplantation Management

After surgery the patient should be allowed a
12-14 day period of rest for wound healing
and postoperative tissue edema to resolve, before
starting the stimulation. During fluoroscopic
observation of the diaphragm contractions, the
amplitude threshold for muscle response is
recorded, with spirometry the amplitude is now
increased until maximal tidal volume is obtai-
ned. The transmitter is set at the lowest value for
obtaining maximum tidal volume. The slope of
the amplitude as well as the respiratory rate is
set (usually 12-14 per min). Since patients with
central hypoventilation syndromes retain their
capacity of voluntary breathing, there are seldom

any or only little diaphragma atrophy and the
muscle does not need to be trained. Phrenic
nerve stimulation can, therefore, be started with
long time periods almost directly. However, it is
recommended that the patients in the beginning
use pacing in 1-3 h periods while awake for
habituation before using continuous pacing
for maximal 12 h during sleep. Usually these
patients only need a unilateral phrenic nerve
stimulator, since only pacing is necessary during
the sleeping hours and the risk of muscular fa-
tigue is little.

In patients totally dependent of artificial
respiration, there is always atrophy of the dia-
phragm which needs training. For each patient
an individual conditioning program should be
made up starting pacing in 3-5 min periods per
hour and prolonging these periods successively
to the point when continuous pacing can be
used. Usually this conditioning period will take
3—-6 months. In quadriplegic patients bilateral
implants are necessary and in order to prevent
muscle fatigue the patient should stimulate uni-
laterally maximally for 12 h and then switch
to stimulate the other side. The alternative is
alternate stimulation of the two sides in shorter
intervals (2—3 h) in accordance with individual
preferences.

Outcomes

Several papers published during the 1970s veri-
fied the efficacy of phrenic nerve stimulation for
the treatment of neurogenic respiratory failure
in central hypoventilation syndromes and in
quadriplegic patients [21-24]. In 1988 Glenn
et al [25] reviewed the records of 165 patients
treated in six centers included in a cooperative
study. Sixty-five patients received unilateral sti-
mulators and 100 bilateral, 37% were men and
64% women. Diagnoses were: cervical cord
and brain stem lesions (64%); hypoventilation
syndromes (35%), and 1% peripheral lesions.
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Wound infections were seen in 4.5% of all
implantation procedures. In seven cases removal
of the device was necessary, but pacing could be
reinstituted after reimplantations. Surgical risk
for nerve injury was lower with the monopolar
electrode than with bipolar and the lowest risk of
injury to the nerve was found with monopolar
electrodes implanted with the thoracic approach.
At follow up close to 80% of the patients were
either independent of ventilation or needed min-
imal periods of support with mechanical ventila-
tion. The majority (65%) lived at home, while
23% were hospitalized and 13% stayed in reha-
bilitation units. Fodstad [26] reported postoper-
ative results follow-up ranging from 2 months
to 10 years in thirty-five patients with either
central hypoventilation or spinal cord lesions
treated with phrenic nerve mediated diaphragm
pacing. Seven patients died because of reasons
not related to stimulation and five stopped pac-
ing. Fifteen patients were totally independent
while eight were partly dependent on mechanical
ventilation. In another long-term follow-up
study of 12 patients with complete respiratory
paralysis from high cervical spinal cord lesions,
all treated with stimulation of the thoracic
phrenic nerves, full time pacing was accom-
plished from 0.5 to 16 years [27]. Nine of the
patients could live at home; one of them married
and was able to work full time; two completed
collage studies. A recently published study [28]
prospectively collected data from 64 patients
with high spinal cord lesions and compared the
outcome of phrenic nerve stimulation with
the outcome of mechanical ventilation support.
Data from the study period of more than 20 years
show a statistically significant lower incidence
of respiratory infections; significantly better qua-
lity of speech; and more patients managing
employments in the 32 patients with stimulator
controlled breathing than the 32 with mechanical
ventilators. Subjective evaluations of quality of
life by the patients and their doctors also favored
the stimulation treatment and SCIM (the Spinal

Cord Independence Measure) increased by a fac-
tor four as compared to mechanical respiratory
treatment.

The incidence of long-term pacer compli-
cations (intermittent or absent pacing) was
similar in a pediatric patient group (n = 35)
and an adult group (n = 29), but higher in active
children with Ondine’s curse than in adult
or children with quadriplegia [29]. After inter-
ventions successful pacing was reached in 94%
of the children and 86% of the adult patients.

Concluding Remarks

In highly selected patients with central hypoven-
tilation syndromes and spinal cord lesions above
the C; level, support of respiration by perma-
nently implanted phrenic nerve stimulators may
be of great value. The technique affords a possi-
bility for more independency, reduces the inci-
dence respiratory infections, may reduce the
need for permanent tracheotomy, and reduces
nursing care. Despite a significant financial in-
vestment for each system to be implanted, calcu-
lations indicate that initial costs may be paid off
within 1-3 years [28,30]. Furthermore, for the
individual sufferer benefits to costs ratio may
well be favorable.

Future improvements of the technique
should take measures to develop fully implant-
able system including built-in energy source
in similarity to deep brain and dorsal column
stimulator devices. This would avoid risks for
unintentional decoupling of antennas connect-
ing the external transmitter with the internal
receiver. Closed loop systems that could respond
to changes in the patients’ actual metabolic needs
and automatically adapt to the ventilation
accordingly would also be a target for future
research efforts. For patients with some retained
capacity of voluntary breathing, a system that
could synchronize stimulation-initiated breaths
with voluntary initiation of breaths is warranted.
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