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Diaphragm stimulation technology, pacemakers and use
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ABSTRACT

Diaphragm stimulation technology is used in the second-line treatment of respiratory failure due to bilateral
diaphragmatic dysfunction. However, an intact diaphragm muscle function is needed for a successful
diaphragm stimulation. Diaphragm pacemakers does not help in pathologies that may occur in these regions
but it has been shown in studies with long-term follow-up that in patients who will be connected to a long-
term mechanical ventilator, it can protect from ventilator-related infections, reduce lung atelectasis, and lead
a comfortable and active life both in terms of psychology. According to diaphragm pacemaker practices,

postoperative gains are unfortunately not at desired level.
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Introduction

Electrical stimulation of the diaphragm, first
described by Duchenne conceptually as the best
way to mimic natural respiration [1], was
started to be implemented after the
development of a device, which was first
commercially distributed by Glenn et al., in the
late 1960s [2]. Today, diaphragmatic pacing is
used as second-line treatment in patients with
respiratory  failure  due to Dbilateral
diaphragmatic paralysis or severe paresis [3, 4].
Diseases in which diaphragmatic pace is used
most frequently in the literature include;
patients with quadriplegia occurring in high
cervical spinal cord injuries [5-8], and patients

with amyotrophic lateral sclerosis (ALS), a
degenerative motor neuron disease [9, 10].

Design and Functions

There are 2 different permanently placed
devices currently used in the world. The model,
which can be placed cervically or
thoracoscopically, is placed on the phrenic
nerve and directly stimulates the phrenic nerve.
It consists of three parts; electrodes and receiver
together constitute the first part, antenna and
transmitter [11]. The electrodes of this model
are placed on the phrenic nerve with a cervical
or thoracoscopic approach, and the receiver is
implanted under the skin and connected to the
transmitter by postoperatively placing the
antenna on the receiver.

On the other hand, the laparoscopically used
model consists of two parts; electrode and
transmitter [12]. Electrodes are placed
intramuscularly in the diaphragm after
contraction mapping of the diaphragm is
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performed laparoscopically. The electrode
cables are fixed on the skin by tunneling under
the skin. Electrode cables are then connected to
the transmitter.

Recently, there has been the use of a
transvenous pacemaker that stimulates the
phrenic nerve, which is temporarily placed with
a catheter (2-4 weeks) [13].

To whom it can be applied?

It can be often used in quadriplegic patients
connected to a ventilator, ALS patients, central
hypoventilation syndrome, phrenic nerve
damage, as well as central sleep apnea
syndrome  (Ondine's curse), idiopathic
diaphragmatic paralysis, multiple sclerosis,
spinal muscular atrophy, obstructive pulmonary
diseases [4]. The limiting factor is the presence
of an intact phrenic nerve and diaphragm
muscles.

Patients with apnea due to the bilateral
diaphragmatic plegia with full-thickness spinal
cord damage at third cervical vertebra and
above, are the most suitable patients. Nerve cell
bodies of the phrenic nerve are located in the
anterior horn of C3- C5, Therefore, it should be
known that the phrenic nerve is intact at
intermediate cervical spinal cord injuries. The
most practical and non-invasive way to show
that the phrenic nerve is intact, is the
observation that the diaphragm descends more
than 3 cm by an imaging method or by
fluoroscopy or electro myelography by giving

an electrical impulse from the neck
percutaneously [14, 15].
On the other hand, electrodes placed

intramuscularly on the diaphragm rather than
on the phrenic nerve are preferred in patients
with ALS, due to phrenic nerve involvement as
a result of damage to motor neurons. In this
case, diaphragmatic thickness becomes
important for the success of the procedure. In a
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study of Sanlt A et al., it has been shown that
mortality is significantly higher in patients with
a cut-off value of diaphragmatic thickness
below 3.5 mm [16].

How should it be placed?

Diaphragmatic pacemaker can be placed with a
cervical, thoracic or abdominal approach.
While the phrenic nerve is stimulated in the
cervical and thoracic approach; the muscle is
stimulated in the abdominal approach.

In upper level cervical spinal cord injuries;
cervical, thoracic and abdominal approaches
can all be applied. The choice depends on the
surgeon's experience. In patients with
diaphragmatic plegia originating from the
central nervous system, one of the cervical,
thoracic or laparoscopic approaches may be
preferred. In lower motor neuron diseases,
direct diaphragmatic (laparoscopic) innervation
should be performed.

The advantage of the cervical approach over
thoracic approach, is ability to place electrodes
on both phrenic nerves in a single surgical
procedure. It eliminates the morbidity and
mortality associated with thoracic surgery when
compared to the thoracic approach. The
disadvantage is that the surrounding tissues and
brachial plexus can be stimulated and unwanted
contractions may occur.

The advantage of the thoracic (thoracoscopic)
approach; is the absence of brachial plexus
innervation that may develop in the cervical
approach. Since the lower branch of the phrenic
nerve joins the nerve trunk in the thorax, more
parts of the nerve can be stimulated. The
disadvantage is the mortality and morbidity that
may occur due to thoracic surgery and in
addition, 2 surgical procedures are required for
bilateral nerve innervation.

The advantage of the Abdominal (laparoscopic)
approach; is the ability to perform
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diaphragmatic innervation in a single surgical
procedure and the possibility of phrenic nerve
damage that may develop during surgery in the
cervical and thoracic approach is eliminated
since it is placed directly into the diaphragm
muscle. The disadvantage is limited to the
complications of laparoscopy.

As well as the permanent placement of the
diaphragm pace, it has recently been used
temporarily. The phrenic nerve is stimulated by
the electrodes that are placed intravenously
with the help of a catheter. It is advanced from
the subclavian vein into the superior vena cava,
and transvenous stimulation of the nearby
localized phrenic nerves is performed. This
practice has been shown to help patients wean
from the ventilator and shorten the time they
remain connected to the ventilator [13].
Temporary diaphragmatic pacing has been used
to limit diaphragmatic atrophy or increase
contraction strength in cases such as acute
respiratory  failure or  bilateral lung
transplantation, where the patients may need a
long-term mechanical ventilator [13, 17-20].

What are the achievements?

An average of 12,000 new spinal cord injuries
develop annually in the United States. 4% of
these need a long-term mechanical ventilation
[5]. The prevalence of ALS is shown as 4-
6/100,000 in publications from North America
and Europe, and it is estimated that there are
approximately 90,000-100,000 ALS patients in
the world and 3500-5000 ALS patients in
Turkey [10]. Respiratory failure in ALS is the
most important morbidity and mortality factor
affecting the progression of the disease [21-23].
Progressive weakness of respiratory muscles
leads to carbon dioxide retention and
hypercarbic respiratory failure, which causes at
least 84% of deaths from ALS [24].
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In a study of Onders RP., While 71% of 300
quadriplegic  patients  with  laparoscopic
diaphragmatic pacing were able to be
continuously separated from the mechanical
ventilator for 24 hours, all of the patients could
be separated for more than 4 hours per day [5].
In another study with ALS patients, ALS
functioning score (ALSFRS), forced vital
capacity (FVC), sniff nasal inspiratory pressure
(SNIP), and polysomnographic recordings were
measured in 18 patients to measure sleep
quality after considering that respiratory
disorders developing during sleep may be an
early clue to diaphragmatic damage and the
results were compared before and 4 months
after laparoscopic diaphragmatic pacing. It is
shown that sleep efficiency improved (69 +
15% to 75 = 11%, p = 0.0394) with fewer
arousals and micro-arousals. Diaphragm
conditioning has been shown to improve sleep
in these severely ill patients who are not
expected to experience spontaneous recovery
[24].

In another study performed in 51 patients with
ALS who underwent laparoscopic
diaphragmatic pacing, all patients were
extubated after diaphragmatic pacing and there
was no 30-day mortality. After the application
of the DPS device, the DPS device was
operated in synchronization with the ventilator
of the anesthesia during the awakening phase of
the patients, and an increase of 19% was shown
in the respiratory compliance of the patients [9].
In a systematic review that evaluated 12 studies
conducted between 2000 and 2015, 40% to 72%
of the patients became fully independent from
the ventilator after the application of
diaphragmatic  intramuscular ~ pacemaker.
Reported complications include pneumothorax,
infection, and interference with pre-existing
cardiac pacemakers [7].
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Conclusion

Recent studies have shown that even temporary
transvenous diaphragmatic pacing catheters can
be safely inserted and removed to avoid the side
effects of positive pressure mechanical
ventilators.

Foe the use of permanent diaphragmatic paces,
on the other hand, it has been shown in studies
with long-term follow-up that in patients who
will be connected to a long-term mechanical
ventilator, it can protect from ventilator-related
infections, reduce lung atelectasis, and lead a
comfortable and active life both in terms of
psychology. It has been observed that the young
age of patients (long survival expectation) and
high family interest are factors that will
increase compliance with the device.

Funding: The author(s) received no financial
support for the research, authorship, and/or
publication of this article.

Conflict of Interest: The authors declare that
they have no conflict of interest.

Ethical statement: Since this research is a
review study, no ethics committee decision was
required.

Open Access Statement

This is an open access journal which means that
all content is freely available without charge to
the user or his/her institution under the terms of
the Creative Commons Attribution Non-
Commercial License
(http://creativecommons.org/licenses/by-
nc/4.0). Users are allowed to read, download,
copy, distribute, print, search, or link to the full
texts of the articles, without asking prior
permission from the publisher or the author.

Copyright (c) 2022: Author (s).

47

References

[1]Duchenne GB. De I’electrisation localisee et
de son application a la pathologie et la
therapeutique par courants induits at par
courants galavaniques interrompus et
conius. J.B. Bailliere et Fils. 1872; 3rd ed.
Paris: 907.

[2]Judson JP, Glenn WW. Radio-frequency
electrophrenic  respiration.  Long-term
application to a patient with primary
hypoventilation. Jama. 1968; 203(12): 1033-
37.

[3]Onders RP, ElImo M, Kaplan C, et al.
Extended use of diaphragm pacing in
patients with unilateral or bilateral
diaphragm dysfunction: a new therapeutic
option. Surgery. 2014; 156(4): 776-84.

[4]Dobelle WH, D'Angelo MS, Goetz BF, et al.
200 cases with a new breathing pacemaker
dispel myths about diaphragm pacing. Asaio
J. 1994; 40(3): 244-52.

[5]Onders RP, Khansarinia S, Weiser T, et al.
Multicenter analysis of diaphragm pacing in
tetraplegics with cardiac pacemakers:
positive implications for ventilator weaning
in intensive care units. Surgery. 2010;
148(4): 893-7; discussion 897-8.

[6]Kaufman MR, Elkwood A, Aboharb F, et al.
Diaphragmatic reinnervation in ventilator-
dependent patients with cervical spinal cord
injury and concomitant phrenic nerve lesions
using simultaneous nerve transfers and
implantable neurostimulators. J Reconstr
Microsurg. 2015; 31(5): 391-95.

[7]Garara B, Wood A, Marcus HJ, et al.
Intramuscular diaphragmatic stimulation for
patients with traumatic high cervical injuries
and ventilator dependent respiratory failure:
A systematic review of safety and
effectiveness. Injury. 2016; 47(3): 539-44.

[8]Khong P, Lazzaro A, Mobbs R. Phrenic
nerve  stimulation: the  Australian


http://creativecommons.org/licenses/by-nc/4.0
http://creativecommons.org/licenses/by-nc/4.0

Karacaoglu et al. / J Bionic Mem. 2022; 2(2):44-48

experience. J Clin Neurosci. 2010; 17(2):
205-8.

[9]Onders RP, Carlin AM, Elmo M, et al.
Amyotrophic  lateral  sclerosis:  the
Midwestern surgical experience with the
diaphragm pacing stimulation system shows
that general anesthesia can be safely
performed. Am J Surg. 2009; 197(3): 386-
90.

[10]Sanli A, Sengiin IS, Karagam V, et al.
Preoperative parameters and their prognostic
value in amyotrophic lateral sclerosis
patients undergoing implantation of a
diaphragm pacing stimulation system. Ann
Indian Acad Neurol. 2017; 20(1): 51-54.

[11] Breathing Pacemakers. [cited 2022 07
February]; Available from:

[12]12. Diaphragm Pacing System. [cited 2022
07 February]; Available from:

[13]Reynolds S, Ebner A, Meffen T, et al.
Diaphragm Activation in Ventilated Patients
Using a Novel Transvenous Phrenic Nerve
Pacing Catheter. Crit Care Med. 2017;
45(7): 691-4.

[14]Shaw RK, Glenn WW, Hogan JF, et al.
Electrophysiological evaluation of phrenic
nerve function in candidates for diaphragm
pacing. J Neurosurg. 1980; 53(3): 345-54.

[15] Alshekhlee A, Onders RP, Syed T, et al.
Phrenic nerve conduction studies in spinal
cord injury: applications for diaphragmatic
pacing. Muscle Nerve. 2008; 38(6): 1546-
52.

[16]Sanli A, Sengun IS, Tertemiz KC, et al.
Importance of diaphragm thickness in
amyotrophic lateral sclerosis patients with
diaphragm pacing system implantation. Surg
Endosc. 2016; 30(1): 154-58.

48

[17]Onders RP, Markowitz A, Ho WP, et al.
Completed FDA feasibility trial of surgically
placed temporary diaphragm pacing
electrodes: A promising option to prevent
and treat respiratory failure. Am J Surg.
2018; 215(3): 518-21.

[18]Reynolds SC, Meyyappan R, Thakkar V, et
al.  Mitigation of Ventilator-induced
Diaphragm  Atrophy by  Transvenous
Phrenic Nerve Stimulation. Am J Respir Crit
Care Med. 2017; 195(3): 339-48.

[19] Testelmans D, Nafteux P, Van Cromphaunt
S, et al. Feasibility of diaphragm pacing in
patients after bilateral lung transplantation.
Clin Transplant. 2017; 31(12).

[20] Dekker LR, Gerritse B, Scheiner A, et al.
Mapping for Acute Transvenous Phrenic
Nerve Stimulation Study (MAPS Study).
Pacing Clin Electrophysiol. 2017; 40(3):
294-300.

[21]Borasio GD, Voltz R, Miller RG. Palliative
care in amyotrophic lateral sclerosis. Neurol
Clin. 2001; 19(4): 829-47.

[22]Bourke SC, Shaw PJ, Gibson GJ.
Respiratory function vs sleep-disordered
breathing as predictors of QOL in ALS.
Neurology. 2001; 57(11): 2040-44.

[23]Ducko CT. Clinical advances in diaphragm
pacing. Innovations (Phila). 2011; 6(5): 289-
97.

[24] Gonzalez-Bermejo J, Morelot-Panzini C,
Salachas F, et al. Diaphragm pacing
improves sleep in patients with amyotrophic
lateral sclerosis. Amyotroph Lateral Scler.
2012; 13(1): 44-54.



