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Abstract 
 
Spinal Cord injury is a disabling condition which affects the respiratory system. The most affected neurological level is the 
cervical spine. Many patients with cervical spinal cord injury are unable to sustain independent ventilation and require 
mechanical ventilation. Long term use of mechanical ventilation is associated with poor quality of life, increased morbidity, 
and mortality.  
 
In patients with intact phrenic nerve, diaphragmatic pacing can be used to help wean the patients off mechanical ventilation. In 
this review, we summarize the indications, contraindications, benefits, safety, and effectiveness of diaphragmatic pacing. We 
also report a brief case of a 62-year-old male with quadriplegia secondary to C2-C3 fracture who was intubated after drowning 
but was extubated with the help of diaphragmatic pacing.  
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Introduction 

 
Spinal cord injury (SCI) is a potentially disabling 
condition which results in significant morbidity and 
mortality. It affects not only motor and sensory 
impairment but can also cause multiple organ 
dysfunction.  
 
The incidence of SCI worldwide varies between 13.0 
to 163.4 per million people. 1 The most frequently 
affected neurological level is the cervical spine, with 
more than half off all SCI occurring in this area. 1,2 
The percentage of cases affecting the cervical level is 
increasing over time. 1,3 
 
In addition to its impact on several other organ 
systems, cervical SCI can severely affect the 
respiratory system. Respiratory complications remain 
the most common cause of death following SCI. 4,5 
The degree of respiratory dysfunction depends on the 
level and completeness of injury. 6 Cervical SCI 
causes interruption of the bulbospinal respiratory 
pathways, resulting in respiratory muscle paralysis. 7  
 
Currently, there is no definite treatment for 
respiratory paralysis. Patients who are not able to 
maintain independent ventilation require long term 
mechanical ventilatory support. 8,9 However, these 
patients are prone to multiple complications. 10,11,12 
Ventilated patients have increased mortality 
compared to non-ventilated patients,13 as well as a 
poorer quality of life. 14 
 
Several different techniques have been reported in the 
past to assist in liberating these patients off 
mechanical ventilation. 15,16,17,18 One such technique 
is the use of phrenic nerve stimulation, also known as 
diaphragmatic pacing. It is used in SCI patients who 
are ventilator dependent due to central respiratory 
paralysis but who retain functional phrenic nerves 
and diaphragm. 19 In this technique, the electrodes are 
implanted in the diaphragm, which causes 
diaphragmatic contraction when stimulated. 18 
 
Diaphragmatic pacing was used first by Glenn and 
associates in 1972. 20 The two main indications for 
this technique are patients with upper cervical spinal 
cord injury and central alveolar hypoventilation 
(either congenital or acquired). 21,22 In a multicenter 
trial of 29 patients, Posluszny et al demonstrated that 
early diaphragmatic pacing implantation in acute 

cervical SCI patients resulted in liberation from the 
ventilator in 16 of 22 (72%) cervical SCI patients.  
Patients who underwent diaphragmatic pacing 
implantation were liberated from mechanical 
ventilation in an average of 10.2 days. 23 
 
The aim of this study was to review the indications, 
benefits, safety, and effectiveness of diaphragmatic 
stimulators. We also report a brief case of a 62-year-
old male with quadriplegia secondary to C2-C3 
fracture who was intubated after drowning. He was 
then extubated after we connected him to his 
diaphragmatic stimulator. 
 
Case report  
 
A 62-year-old male with paraplegia secondary to C2-
C3 fracture presented to the hospital after drowning. 
His CSI was due to a motor vehicle accident 30 years 
earlier. The exact circumstances of his drowning 
were unclear, but he was found to be in the water by 
a fisherman, who pulled him out. He was pulseless 
and apneic, so cardiopulmonary resuscitation (CPR) 
was started. Emergency medical services (EMS) 
found his electrocardiographic rhythm to be pulseless 
electrical activity. He received multiple rounds of 
CPR before the return of spontaneous circulation was 
achieved. The patient was intubated on the field. He 
was admitted to the medical ICU.  
 
Chest Xray on admission showed the presence of 
diaphragmatic stimulators. Further history was 
obtained from the caregiver who reported that he had 
the stimulators inserted about 10 years ago (Fig.1 and 
2) Once we connected him to the stimulator, we were 
able to wean him off the mechanical ventilator and 
were able to extubate him (Fig.3). 
 

 
 
Fig 1: Power source of the diaphragmatic pacing 
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Fig 2: Receiver implant of the diaphragmatic pacing 
attached to patients’ body 
 

 
 
Fig 3: Patient on spontaneous ventilation and able to 
trigger ventilator after connecting to the diaphragmatic 
pacing (red arrow). Respiratory rate of 14 
 

 
 
Figure 4: Monitor screen shot showing the artificat effect 
of the diaphragmatic stimular corresponding to the 
respiratory rate (white) 
 

Normal physiology of breathing and dysfunction 
in spinal cord injury 

 
The normal physiology of breathing involves the 
utilization of oxygen in order to provide for 
respiration on a cellular level, while exhaling carbon 
dioxide. Respiration and respiratory organs 
synchronously facilitate gas exchange via the lungs, 
bronchi, trachea, throat, oral cavity, and nose. The 
primary muscle of inspiration is the diaphragm. The 
diaphragm along with the external intercostal 
muscles contract during inspiration, which creates a 
negative-pressure vacuum within the lungs and draws 
air into the thoracic cavity through the respiratory 
system as the diaphragm flattens. When the muscles 
of respiration relax, the diaphragm returns to its 
domed shape. Air is forced out and exhaled due to the 
elastic recoil of the lung. The diaphragm is 
innervated by the phrenic nerve, which is supplied by 
cervical spinal nerves C3, C4, and C5. 
 
Impairment in spinal cord injury is greatest following 
cervical spinal injuries. 24 The respiratory dysfunction 
in cervical SCI is multifactorial. Directly following 
traumatic SCI, a temporary spinal shock may result in 
flaccid paralysis of muscles lower than the injury 
level, a condition that lasts on the order of weeks to 
months. 25 When intercostal muscles are paralyzed, 
the chest wall is not stable; thus, during inspiration, 
negative intrathoracic pressure leads to the 
paradoxical depression of the ribs. 26 Ventilation does 
not occur in an efficient manner and the work of 
breathing increases, leading to airway collapse and 
atelectasis. 11 
 
In cervical and high thoracic injuries above T6, a 
decreased amount of sympathetic nervous system 
activity occurs with increased parasympathetic vagal 
nerve activity predominating, resulting in increased 
reactivity of the bronchioles. 27,28,29 Due to impaired 
cough, secretions accumulate throughout the lungs. 30 
Also in cervical SCI, there is direct damage of the 
respiratory bulbospinal pathway that can lead to 
muscle paralysis. In the weeks to months following 
SCI, the paralysis of muscles may lead to intubation 
or tracheostomy as the need for respiratory support 
increases. 
 

Indications and contraindications for pacing 
 
Diaphragmatic pacing is a technique initially 
developed for the treatment of respiratory muscle 
weakness in patients with SCI. 31 Despite the lack of 
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randomized control trials, there are 2 indications that 
account for most of the cases of diaphragmatic 
pacing: reliance on mechanical ventilation in either 
central hypoventilation syndromes (CHS), 32 or high-
level SCI.  
 
The phrenic nerve cell bodies are in the anterior 
horns of C3 to C5. Thus, ideal candidates with SCI 
are those with injury above the C3 level as there is no 
impairment of the phrenic nerve. It has allowed 
patients to reduce their time on mechanical 
ventilation or even eliminate the need for mechanical 
ventilation. 33,34,35 Other unusual conditions with 
successful application includes brain stem infarction, 
36 Syringomyelia, 37 Pompe Disease, 38 intractable 
hiccups, 39 severe COPD. 40 (Table 1) 
 
 

Diaphragm pacing is contraindicated for patients with 
trauma at the mid cervical spine or direct trauma to 
the phrenic nerve including nerve tumors and 
neuropathies in that location as the phrenic nerve 
cannot be stimulated in those patients. In addition, 
patients with a nonfunctioning diaphragm also not 
candidates for diaphragm pacing stimulation. 
Therefore, evaluation of phrenic nerve function needs 
to be performed in each patient undergoing  
diaphragmatic pacing. 41 In addition, patients with 
amyotrophic lateral sclerosis (ALS) are not suitable 
candidates for diaphragmatic stimulation. 
Randomized trials have shown unclear benefit or 
potential harm in this condition. 42,43,44  
 
 
 

 

Indications Contraindications 

SCI above C3 level Trauma at the mid cervical spine (C3-C5) 

Congenital central alveolar hypoventilation Direct trauma to the phrenic nerve 

Brain stem infarction and tumors Nonfunctional phrenic nerve 

Basilar meningitis Phrenic nerve tumor 

Arnold-Chiari malformations Phrenic nerve neuropathies 

Pompe Disease Nonfunctional diaphragm 

Syringomyelia 
 

Lower motor neuron diseases like Charcot Marie Tooth, polio 
disease, spinal muscular atrophy, diaphragmatic flutter, and 
acute flaccid myelitis 

  

Intractable Hiccups   

Severe COPD   

Meningomyelocele   

Cerebrovascular accidents   

Accidental unilateral phrenic nerve injuries   

Amyotrophic lateral sclerosis (ALS)? 
Some research has shown benefit whereas some have shown 
some potential harm 

 

Table1:  Indications and Contraindications of diaphragmatic pacing 
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Type of surgical technique 

 
There are three locations for phrenic nerve 
stimulation: the cervical, thoracic, and diaphragmatic 
approach, also known as diaphragmatic pacing 
stimulation (DPS) 
 

1. The cervical approach is an option for ventilator-
dependent patients from brainstem and high cervical 
cord lesions. It has several advantages over a 
traditional thoracic approach including a minimally 
invasive approach with low morbidity, compared to 
chest surgery required in a thoracic approach. The 
procedure can be performed during a single 
operation and can be performed in an outpatient 
setting. 45,18 There are some disadvantages of the 
cervical approach. Inadequate stimulation of the 
phrenic nerve intraoperatively may occur from 
stimulation of an accessory branch of the phrenic 
nerve or from prior damage to the phrenic nerve. 
Postoperative complications include irritation of the 
surrounding brachial plexus structure and hardware 
malfunction. 45 

2. The thoracic approach is the oldest technique for 
diaphragmatic pacing. The technique has higher 
morbidity and mortality. 46 Implantation of the 
phrenic nerve pacemaker needs to be performed via 
either video-assisted thoracoscopic surgery (VATS) 
or open thoracotomy. The advantage of this 
technique is to avoid brachial plexus stimulation. 
Additionally, this technique may stimulate a larger 
portion of the phrenic nerve as it joins the main 
nerve trunk after entering the thoracic cavity. 47 
However, no randomized control trials have 
compared the effectiveness of these 2 techniques. 

 
3.    The diaphragmatic approach, or intraperitoneal 

diaphragm pacing, is a more recent technique that is 
also a minimally invasive surgical technique. The 
procedure is performed laparoscopically to implant 
electrodes into the diaphragm. The device 
implantation can be performed in one procedure. The 
main advantages of an intraperitoneal approach are to 
avoid brachial plexus stimulation and avoid potential 
phrenic nerve damage. 48,49 

 
In every type of surgical approach, diaphragmatic 
pacemakers contain both internal and external 
electrodes. An internal electrode is placed on the 
phrenic nerve in the cervical and thoracic approach. 
In the diaphragmatic approach, they are implanted to  
 

 
diaphragmatic muscle at the point of insertion to the 
phrenic nerve.  
 
For the external component, a stimulus transmitter is 
connected to an antenna on the skin surface above a 
subcutaneous radio frequency receiver. The 
transmitter controls pulse frequency, amplitude of the 
current, respiratory rate and inspiratory time. 21 
  

Benefits, complications, and outcomes 
 
In non-severe trauma, slowly progressive/reversible 
neuromuscular disease, and minor stretch injuries to 
the phrenic nerve, mild respiratory insufficiency can 
be supported with intermittent non-invasive 
ventilation. However, in complete spinal cord 
injuries, patients largely require mechanical 
ventilation. High transection of the spinal cord 
proximal to or at the origin the phrenic nerve at 
cervical levels C3-C5 largely results in quadriplegia 
and complete apnea, and thus patients become 
permanently dependent on invasive positive pressure 
to support respiration. However, in patients with 
bilaterally patent phrenic nerves that remain 
innervated and intact with the diaphragm, pacing is 
an option to allow decreased dependence, or even 
liberation from mechanical ventilation 50. Even in the 
midst of unilateral injury to the phrenic nerve, 
patients may still benefit from diaphragmatic 
stimulation when combined with techniques such as 
surgical phrenic nerve repair and intercostal nerve 
stimulation 51,52 

 
 Efficacy, defined as being able to maintain an 
unassisted tidal volume 15% greater than a patient’s 
weight adjusted basal requirement, has been 
demonstrated in up to 98% of patients who receive 
pacing. 50 Up to 72% of patients receiving successful 
diaphragmatic pacing have been able to sustain 
complete weaning from the ventilator at an average 
of 10 days postoperatively, 53 with a range of 40-72% 
reported in prospective and retrospective reviews. 54 
When including patients who can tolerate significant 
periods off the ventilator on a daily basis, this 
percentage increased to up to 96%, with some 
additional evidence suggesting reductions in hospital 
length of stay and mortality. 49  
 
Effective implantation of diaphragmatic pacing has 
been accomplished across a wide range of delays in 
surgery, spanning on average between 40 days to 9.7 
years since the time of initial CSI. 54 Some 
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observational evidence has demonstrated that a 
shorter interval between the time of implantation and 
time of injury resulted in high rates of ventilator 
liberation 23. While ideal candidates are those with 
ventilator dependence due to spinal cord injury 
proximal to cervical level C3, it has successfully been 
implemented in patients sustaining low cord injury to 
levels C4-C7. 49 
 
Diaphragmatic pacing stimulation is a minimally 
invasive laparoscopic procedure with perioperative 
mortality as low as less than 1%, and infrequent risk 
of infection as low as 2%. 49 Capnothorax is a 
relatively common complication of implantation, in 
which carbon dioxide gas from laparoscopic 
abdominal insufflation transverses into the pleural 
space and forms a pneumothorax. While typically 
managed with observation alone when asymptomatic 
and small in non-tetraplegic patients, patients with 
tetraplegia may require temporary increases in 
ventilator-provided tidal volume to adequately 
expand the lungs, fill the pleural space, and resorb the 
gas. If recalcitrant, insertion of either chest tube or 
thoracentesis needle is often needed. 49 Other 
theoretic complications include diaphragmatic and 
viscus perforation related to laparoscopic surgery; 
however these are infrequently reported. 
  

Clinical significance and future direction 
 
Diaphragmatic pacing is an alternative to mechanical 
ventilation in patients with central hypoventilation 
syndrome 55 and cervical SCI, 56 however other 
indications have been explored, including 
amyotrophic lateral sclerosis (ALS) and heart failure.  
 
Randomized controlled trials in patients with ALS 
demonstrated decreased survivability in two separate 
studies despite the theoretical benefit of delaying 
progression of diaphragmatic weakness. 42,43 A pilot 
study in heart failure showed that diaphragmatic 
pacing in addition to cardiac resynchronization 
therapy helped to improve symptoms of dyspnea, 
work capacity, and left ventricular ejection fraction 
over 3 weeks. However, this study only included 24 
patients and further trials need to be completed. 57 
 
Other potential indications to consider are early 
diaphragm pacing to facilitate weaning from the 
ventilator in select patients, e.g., ventilator induced 
diaphragmatic dysfunction. 21 More studies are 
needed regarding risks and benefits of such an 
approach as well as cost effectiveness measures, as 

the initial cost of diaphragm pacing may be quite 
high. 
 
In conclusion, diaphragmatic pacing in ventilator 
dependent SCI can dramatically improve not only 
mortality, but quality of life as well. Recipients of 
diaphragmatic pacing benefit from increased 
survivability, likely related to decreased incidence of 
ventilator associated respiratory infections. 58 
Ventilator-free quadriplegics demonstrate a post-
injury life expectancy of 35 years, while those 
requiring chronic mechanical ventilation have a life 
expectancy of only 18 years. 21 Furthermore, gradual 
independence from mechanical ventilation leads to 
increased patient mobility, comfort, and speech 
ability.  
 
Despite these potential benefits, current data and 
clinical outcomes are limited. The definition of 
successful pacing is not standardized, varies between 
studies, and ranges anywhere as low as 50%, to as 
high as 98%. The degree of mechanical ventilation 
liberation also varies widely, ranging from complete 
independence to a few hours a day. 47,55,59  
 
While future trials should aim to be larger, more 
robust, and better defined, diaphragmatic pacing 
represents a promising and powerful therapeutic 
option for CSI patients who often have very few. In 
the appropriate candidate, it should strongly be 
considered a means of not only improving morbidity 
and mortality, but also a way of returning a sense of 
control and freedom to patients often feeling like they 
have none. 
  

References 

1. Kang Y, Ding H, Zhou H, et al. Epidemiology of 
worldwide spinal cord injury: a literature review. J 
Neurorestoratology 2017; 6:1-9.  

2. National spinal cord injury statistical center. Spinal 
cord injury facts and figures at a glance. 
2013;36(1):1-2.  

3. Montoto-Marqués A, Ferreiro-Velasco ME, 
Salvador-De La Barrera S, et al. Epidemiology of 
traumatic spinal cord injury in Galicia, Spain: trends 
over a 20-year period. Spinal Cord 2017;5 5(6):588-
594.  

4. Van Den Berg ME, Castellote JM, De Pedro-
Cuesta J, et al. Survival after Spinal Cord Injury: A 
Systematic Review.  J Neurotrauma 2010; 
27(8):1517-28.  



Shah P                                                             Diaphragmatic Pacing in Spinal Cord Injury 
 

Journal of Mechanical Ventilation 2022 Volume 3, Issue 2                                                                                                                                                            69 

5. Waddimba AC, Jain NB, Stolzmann K, et al. 
Predictors of cardiopulmonary hospitalization in 
chronic spinal cord injury. Arch Phys Med Rehabil 
2009; 90(2):193-200.  

6. Brown R, DiMarco AF, Hoit JD, et al. Respiratory 
dysfunction and management in spinal cord injury. 
Respir Care 2006; 51(8):853-868. 

7. Zimmer MB, Nantwi K, Goshgarian HG. Effect of 
spinal cord injury on the respiratory system: basic 
research and current clinical treatment options. J 
Spinal Cord Med 2007; 30(4):319-330.  

8. Epstein SK, Nevins ML. Prolonged mechanical 
ventilation. In: Mosenfifar Z, Soo Hoo GW, editors. 
Practical Pulmonary and Critical Care Medicine: 
Respiratory Failure. Lung Health in Biology and 
Disease. New York: Taylor and Francis Group; 2006. 
pp. 187–217. 

9. Como JJ, Sutton ERH, McCunn M, et al. 
Characterizing the need for mechanical ventilation 
following cervical spinal cord injury with neurologic 
deficit. J Trauma - Inj Infect Crit Care 2005; 
59(4):912-916.  

10. Claxton AR, Wong DT, Chung F, et al. Predictors 
of hospital mortality and mechanical ventilation in 
patients with cervical spinal cord injury. Can J 
Anaesth 1998; 45(2):144-149.  

11. Fishburn MJ, Marino RJ, Ditunno JF. Atelectasis 
and pneumonia in acute spinal cord injury. Arch Phys 
Med Rehabil 1990; 71(3):197-200.  

12. Frankel HL, Coll JR, Charlifue SW, et al. Long-
term survival in spinal cord injury: A fifty year 
investigation. Spinal Cord 1998; 36(4):266-274.  

13. DeVivo MJ, Go BK, Jackson AB. Overview of 
the national spinal cord injury statistical center 
database. J Spinal Cord Med 2002; 25(4):335-338.  

14. Charlifue S, Apple D, Burns SP, et al. 
Mechanical Ventilation, health, and quality of life 
following spinal cord injury. Arch Phys Med Rehabil 
2011; 92(3):457-463.  

15. Bach JR. Noninvasive respiratory management of 
high level spinal cord injury. J Spinal Cord Med. 
2012; 35(2):72-80.   

16. Galeiras Vázquez R, Rascado Sedes P, Mourelo 
Fariña M, et al. Respiratory management in the 
patient with spinal cord injury. Biomed Res Int 2013; 
2013:168757. 

17. Hoh DJ, Mercier LM, Hussey SP, et al. 
Respiration following spinal cord injury: evidence for 
human neuroplasticity. Respir Physiol Neurobiol 
2013; 189(2):450-464.  

18. Dalal K, DiMarco AF. Diaphragmatic pacing in 
spinal cord injury. Phys Med Rehabil Clin N Am 
2014; 25(3):619-629.  

19. Le Pimpec-Barthes F, Legras A, Arame A, et al. 
Diaphragm pacing: the state of the art. J Thorac Dis 
2016; 8(Suppl 4):S376-S386.  

20. Glenn WW, Holcomb WG, McLaughlin AJ, et al. 
Total ventilatory support in a quadriplegic patient 
with radiofrequency electrophrenic respiration. N 
Engl J Med 1972; 286(10):513-516.  

21. DiMarco AF. Diaphragm Pacing. Clin Chest Med 
2018; 39(2):459-471.  

22. Nicholson KJ, Nosanov LB, Bowen KA, et al. 
Thoracoscopic placement of phrenic nerve pacers for 
diaphragm pacing in congenital central 
hypoventilation syndrome. J Pediatr Surg 2015; 
50(1):78-81.  

23. Posluszny JA, Onders R, Kerwin AJ, et al. 
Multicenter review of diaphragm pacing in spinal 
cord injury: Successful not only in weaning from 
ventilators but also in bridging to independent 
respiration. J Trauma Acute Care Surg 2014; 
76(2):303-310.  

24. Benditt JO, Boitano LJ. Pulmonary issues in 
patients with chronic neuromuscular disease. Am J 
Respir Crit Care Med 2013; 187(10):1046-1055.  

25. Ditunno JF, Little JW, Tessler A, et al. Spinal 
shock revisited: a four-phase model. Spinal Cord 
2004; 42(7):383-395.  

26. Menter RR, Bach J, Brown DJ, et al. Clinical 
Case of the Month: A review of the respiratory 
management of a patient with high level tetraplegia. 
Spinal Cord 1997; 35(12):805-808.  

27. Bravo G, Rojas-Martínez R, Larios F, et al. 
Mechanisms involved in the cardiovascular 
alterations immediately after spinal cord injury. Life 
Sci 2001; 68(13):1527-1534.  

28. Garstang SV, Miller-Smith SA. Autonomic 
nervous system dysfunction after spinal cord injury. 
Phys Med Rehabil Clin N Am 2007; 18(2):275-296.  

29. Berlly M, Shem K. Respiratory management 
during the first five days after spinal cord injury. J 



Shah P                                                             Diaphragmatic Pacing in Spinal Cord Injury 
 

Journal of Mechanical Ventilation 2022 Volume 3, Issue 2                                                                                                                                                            70 

Spinal Cord Med 2007; 30(4):309-318.  

30. Ramakrishnan Bhaskar K, Brown R, O’Sullivan 
DD, et al. Bronchial mucus hypersecretion in acute 
quadriplegia: macromolecular yields and 
glycoconjugate composition. Am Rev Respir Dis 
2012; 143(3 I):640-648.  

31. DiMarco AF, Onders RP, Ignagni A, et al. 
Phrenic Nerve Pacing via intramuscular diaphragm 
electrodes in tetraplegic subjects. Chest 2005; 
127(2):671-678.  

32. Ali A, Flageole H. Diaphragmatic pacing for the 
treatment of congenital central alveolar 
hypoventilation syndrome. J Pediatr Surg 2008; 
43(5):792-796.  

33. Onders RP, DiMarco AF, Ignagni AR, et al. The 
Learning curve for investigational surgery: Lessons 
learned from laparoscopic diaphragm pacing for 
chronic ventilator dependence. Surg Endosc Other 
Interv Tech 2005; 19(5):633-637.  

34. Chervin RD, Guilleminault C. Diaphragm pacing: 
review and reassessment. Sleep 1994; 17(2):176-187.  

35. Chervin RD, Guilleminault C. Diaphragm pacing 
for respiratory insufficiency. J Clin Neurophysiol 
1997; 14(5):369-377.  

36. Lassman AB, Mayer SA. Paroxysmal apnea and 
vasomotor instability following medullary infarction. 
Arch Neurol 2005; 62(8):1286-1288.  

37. Sardenberg RA, Secaf LB, Pinotti AC, et al. 
Diaphragmatic pacing: unusual indication with 
successful application. J Bras Pneumol 2011; 
37(5):697-699.  

38. Smith BK, Fuller DD, Martin AD, et al. 
Diaphragm pacing as a rehabilitative tool for patients 
with pompe disease who are ventilator-dependent: 
Case series. Phys Ther 2016; 96(5):696-703.  

39. Andres DW, Matthews TK. Transesophageal 
diaphragmatic pacing for treatment of persistent 
hiccups. Anesthesiology 2005; 102(2):483.  

40. Glenn WW, Gee JB, Schachter EN. Diaphragm 
pacing. Application to a patient with chronic 
obstructive pulmonary disease. J Thorac Cardiovasc 
Surg 1978; 75(2):273-281. 

41. Glenn WWL, Phelps ML. Diaphragm pacing by 
electrical stimulation of the phrenic nerve. 
Neurosurgery 1985; 17(6):974-984.  

42. McDermott CJ, Shaw PJ, Cooper CL, et al. 
Safety and efficacy of diaphragm pacing in patients 
with respiratory insufficiency due to amyotrophic 
lateral sclerosis (DiPALS): a multicentre, open-label, 
randomised controlled trial. Lancet Neurol 2015; 
14(9):883-892.  

43. Gonzalez-Bermejo J, Morélot-Panzini C, Tanguy 
ML, et al. Early diaphragm pacing in patients with 
amyotrophic lateral sclerosis (RespiStimALS): a 
randomised controlled triple-blind trial. Lancet 
Neurol 2016; 15(12):1217-1227.  

44. Sanli A, Şengün I, Karaçam 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;2 0(1):51-54.  

45. Padmanaban V, Payne R, Corbani Ket al. Phrenic 
Nerve stimulator placement via the cervical 
approach: Technique and anatomic considerations. 
Oper Neurosurg 2021; 21(3):E215-E220.  

46. Son BC, Kim DR, Kim IS, et al. Phrenic Nerve 
Stimulation for Diaphragm Pacing in a Quadriplegic 
Patient. J Korean Neurosurg Soc 2013; 54(4):359-
362.  

47. Elefteriades JA, Quin JA. Diaphragm pacing. 
Chest Surg Clin N Am 1998; 8(2):331-357.  

48. Tedde ML, Filho PV, Hajjar LA, et al. 
Diaphragmatic pacing stimulation in spinal cord 
injury: anesthetic and perioperative management. 
Clinics 2012;67(11):1265-1269.  

49. Onders RP, Elmo MJ, Khansarinia S, et al. 
Complete worldwide operative experience in 
laparoscopic diaphragm pacing: Results and 
differences in spinal cord injured patients and 
amyotrophic lateral sclerosis patients. Surg Endosc 
2009; 23(7):1433-1440.  

50. Celli BR. Respiratory management of diaphragm 
paralysis. Semin Respir Crit Care Med 2002; 
23(3):275-281.  

51. DiMarco AF, Takaoka Y, Kowalski KE. 
Combined intercostal and diaphragm pacing to 
provide artificial ventilation in patients with 
tetraplegia. Arch Phys Med Rehabil 2005; 
86(6):1200-1207.  

52. Kaufman MR, Bauer T, Onders RP, et al. 
Treatment for bilateral diaphragmatic dysfunction 
using phrenic nerve reconstruction and diaphragm 



Shah P                                                             Diaphragmatic Pacing in Spinal Cord Injury 
 

Journal of Mechanical Ventilation 2022 Volume 3, Issue 2                                                                                                                                                            71 

pacemakers. Interact Cardiovasc Thorac Surg 2021; 
32(5):753-760.  

53. Kerwin AJ, Yorkgitis BK, Ebler DJ, et al. Use of 
diaphragm pacing in the management of acute 
cervical spinal cord injury. J Trauma Acute Care 
Surg 2018; 85(5):928-931.  

54. 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):539-544.  

55. Weese-Mayer DE, Hunt CE, Brouillette RT, et al. 
Diaphragm pacing in infants and children. J Pediatr 
1992; 120(1):1-8.  

56. MacLean IC, Mattioni TA. Phrenic nerve 
conduction studies: a new technique and its 
application in quadriplegic patients. Arch Phys Med 
Rehabil 1981; 62(2):70-73. 

 

 

 

57. Beeler R, Schoenenberger AW, Bauer P, et al. 
Improvement of cardiac function with device-based 
diaphragmatic stimulation in chronic heart failure 
patients: the randomized, open-label, crossover 
Epiphrenic II Pilot Trial. Eur J Heart Fail 2014; 
16(3):342-349.  

58. Hirschfeld S, Exner G, Luukkaala T, et al. 
Mechanical ventilation or phrenic nerve stimulation 
for treatment of spinal cord injury-induced 
respiratory insufficiency. Spinal Cord 2008; 
46(11):738-742.  

59. Onders RP, Elmo M, Kaplan Cet al. Long-term 
experience with diaphragm pacing for traumatic 
spinal cord injury: Early implantation should be 
considered. Surgery 2018; 164(4):705-711.  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 


