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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurode-
generative disease that affects respiratory muscles and even-
tually requires respiratory assistance.1 Like patients with ALS, 

patients with cervical spinal cord injury commonly have com-
promised respiration, causing morbidity and mortality.2 Me-
chanical ventilation can be used in those patients to support 
respiratory function3,4 and alleviate sleep disorders.5 It is, how-
ever, costly, requires continuous monitoring, and is associated 
with several complications.6,7 Hence, clinicians must endeav-
or to prevent respiratory failure, a major cause of mortality in 
patients with ALS and spinal cord injury,8 while deferring the 
need for mechanical ventilation as long as possible.4 

Diaphragm pacing is a technique with a history of over a half-
century for respiratory assistance.9 Diaphragm pacing provides 
respiratory support by stimulating diaphragm contractions 
with electrical impulses generated by implanted electrodes 
(Fig. 1). Diaphragm pacing systems (DPS) using various sur-
gical techniques have been developed. Of these, the United 
States Food and Drug Administration (FDA) has approved the 
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following two devices: the NeuRx DPSTM Diaphragm Pacing 
System and the NeuRx RA/4 (Synapse Biomedical Inc., Cin-
cinnati, OH, USA), both of which are implanted via laparosco-
py.10 The implantation procedure includes mapping proper 
position of the electrode by electrical stimulation of the dia-
phragm and implantation using a laparoscopic inserting de-
vice (Fig. 2). Phrenic nerve function should be preserved to 
make the diaphragm muscle contract. This stimulation not only 
provide respiratory support but also may delay respiratory mus-
cle atrophy.11 Moreover, with most patients with ALS patients 
suffering from sleep deprivation, diaphragm pacing may im-
prove their sleep quality.12 Nowadays, DPS has been widely 

adopted for cervical spinal injuries and to manage respiratory 
dysfunction from neurodegenerative diseases, such as ALS.13

As the procedure should be performed under general anes-
thesia, risks from anesthesia and concerns of procedure-relat-
ed complications have hindered the use of diaphragm pacing 
in patients with neurological problems. Moreover, there are 
questions regarding the clinical efficacy of DPS (survival, respi-
ratory outcome, and sleep parameters).14 Thus, multiple stud-
ies have sought to investigate the efficacy and safety of DPS in 
patients with ALS and spinal cord injuries. However, these 
studies have reported inconsistent results. 

This systematic review summarizes the results of studies that 

A B

Fig. 1. Diaphragm pacing system. (A) Simplified presentation of a diaphragm system. The electrode is implanted in the diaphragm and connected to the 
stimulator. The stimulator provides an electrical impulse to the patient’s diaphragm, causing it to contract and create respiration. Figure created in the 
Mind the Graph platform (https://mindthegraph.com/). (B) Image of an actual stimulator device connected to a patient. Adapted from Synapse Biomedi-
cal. NeuRx Diaphragm Pacing SystemTM:  patient/caregiver instruction manual.35

A B C

Fig. 2. Implantation procedure for diaphragm pacing. Under general anesthesia, the camera, laparoscopic implant tool, and mapping probes are in-
serted through four trocars into the patient’s abdominal cavity (A). The mapping procedure is achieved by electrical stimulation of the diaphragm with 
a probe. After mapping of the diaphragm, the electrode is inserted laparoscopically (B). The implanted electrodes in each diaphragm (C). Figure cre-
ated in the Mind the Graph platform (https://mindthegraph.com/).
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have reported on the safety and efficacy of DPS in patients 
with ALS or cervical spinal cord injuries with preserved phren-
ic nerve function. 

MATERIALS AND METHODS

Data sources and literature search
The present review followed the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses reporting guidelines 
and included literature written in English and Korean. A liter-
ature search was performed from July 10, 2018 to July 30, 2018 
using the following databases: Ovid-MEDLINE, Ovid-EMBASE, 
Cochran Library, KoreaMed, Research Information Sharing 
Service, Korean studies Information Service System, Korea 
Institute of Science and Technology Information, and Korean 
Medical database. The following keywords were used: dia-
phragm pacing, phrenic pacing, DPS, intramuscular diaphrag-
matic stimulation, ALS, spinal cord injury, and quadriplegia. The 
detailed search methods and keywords used for each database 
are provided in Supplementary Table 1 (only online). 

Study selection
We selected studies in accordance with the Population, Inter-
vention, Comparison, Outcome guidelines, based on our tar-
get conditions (ALS and spinal cord injury), intervention (self-
breathing-assisted therapy with a DPS), comparator (sham 
treatment or mechanical ventilation), and outcome (mortali-

ty, ventilator weaning, duration of self-respiration after opera-
tion, quality of life, operation time, hospital days after opera-
tion, and improvement in respiration).

Studies were excluded if they 1) involved animal or preclini-
cal experiments, 2) were not original articles or were grey lit-
erature, 3) were published in languages other than English or 
Korean, 4) were systematic reviews that used a different meth-
odology from the current review, 5) involved study subjects 
different from the present study, 6) involved a system other 
than the DPS, 7) used an implantation procedure other than 
laparoscopy, 8) did not report a clinical outcome, 9) involved 
duplicated subjects, 10) were duplicated articles, or 11) were 
unavailable as original articles. 

Study quality assessment
Study quality was assessed independently by the two review-
ers using the methodology check list of the Scottish Intercol-
legiate Guidelines Networks and reported as a grade (Supple-
mentary Table 2, only online). If there was disagreement 
between the reviewers, consensus was reached through com-
mittee discussion. 

Data extraction 
Using a data extraction form (Supplementary Table 3, only 
online), two independent reviewers extracted the safety and 
efficacy profiles, the intervention used in the study, the char-
acteristics of the study population, and the study outcomes.

Database (n=300)
- MEDLINE (n=112)
- EMBASE (n=187)

- Cochrane library (n=0)
- KoreaMed (n=0)

- RISS (n=0)
- KISS (n=0)
- KISTI (n=0)

- KMBASE (n=1)

Studies after duplication removal 
(n=197)

Studies included data extraction 
(n=10)

Studies excluded after abstract and full-text review (n=187)
- Involved animal or preclinical experiments (n=4)
- Not original articles or grey literature (n=96)
- Not published in languages other than English or Korean (n=15)
- Systematic reviews that used a different methodology from the current review (n=1)
- Involved study subject different with the present study (n=10)
- Used a system other than diaphragm pacing system (n=22)
- Used a procedure other than laparoscopy (n=4)
- Reported less than one clinical outcome (n=27)
- Duplicated subjects (n=1)
- Duplicated articles (n=3)
- Unavailable as original article (n=4)

Fig. 3. Flowchart of study selection. RISS, research information sharing service; KISS, Korean studies information service system; KISTI, Korea insti-
tute of science and technology information; KMBASE, Korean medical database.
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Data analysis
The safety (occurrence of complications and adverse events) 
and efficacy (sleep quality, patient survival, ventilator wean-
ing, and quality of life) results for ALS, spinal cord injury, or 
both were analyzed by two reviewers using the quality analy-
sis method. 

RESULTS

Study selection
The overall process of literature search and selection is pre-
sented in Fig. 3. In total, 300 articles were identified. After du-
plicates were removed, the abstract and full text of 197 articles 
were reviewed. Ultimately, 10 articles were included in the re-
view. Additional details about the included articles and the 
results of quality assessment are presented in Table 1. Among 
the reviewed studies, seven studies were non-analytic case re-
ports (level of evidence with 3), one was a cohort study with 
risk of confounding (level 2-), and two were randomized con-
trolled trials (RCTs) with a high level of evidence (1+).

Safety 

Amyotrophic lateral sclerosis
Two RCTs,15,16 two case reports,17,18 and one cohort study19 re-
ported procedure-related mortality, complications, adverse 
events, and/or failure of device implantation in patients with 
ALS (Table 2, 3). No studies reported a safety outcome as a pri-
mary endpoint. Therefore, we compared safety outcomes us-
ing the reported complications. In one RCT,16 serious adverse 
events and complications were not significantly different be-
tween the intervention (diaphragm pacing with active stimu-
lation) and control (sham stimulation) groups (Table 2). The 
other RCT15 compared patients who received DPS plus non-
invasive ventilation (intervention group) with those who re-
ceived non-invasive ventilation only (control group). The total 
number of complications was higher in the intervention group 
than in the control group (78% vs. 3%). Further, adverse events 
were more common for all organ systems in the intervention 
group than in the control group (Table 2). However, although 
overall complications were more common in the intervention 
groups than in the control groups, serious adverse events, such 
as procedure-related mortality, were not reported for either 
RCT. Failure of device implantation was only reported in one 
case report. 

Spinal cord injury
Only two cohort studies19,20 described the safety outcomes of 
DPS in patients with spinal cord injury. The safety outcomes 
were defined as perioperative mortality, complications and 
adverse events, and failure of device implantation. No periop-
erative mortality occurred in the study regarding 50 cases.19 Ta
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Table 2. Complications and Adverse Events in Randomized Controlled Trials with Amyotrophic Lateral Sclerosis Patients

Author (yr)
No. of 

subjects 
Follow-up 

duration (yr)
Type of complication

Intervention group (n=37)
(%, n)

Control group (n=37)
(sham, %, n)

Gonzalez-Bermejo, 74 3.75 Organ damage during surgical procedure 0 8 (3)
et al. (2016)16 Pneumothorax or capnothorax 5 (2) 5 (2)

Acute respiratory distress syndrome 19 (7) 19 (7)
Venous thromboembolism 5 (2) 3 (1))
Percutaneous endoscopic gastrostomy 19 (7) 24 (9)
Serious adverse event 59 (22) 65 (24)

DiPALS Writing  74 1 Respiratory system 68 (25) 38 (14)
Committee Respiratory infection 35 (12) 19 (7)
(2015)15 Respiratory failure 27 (10) 14 (5)

Respiratory distress 11 (4) 5� (2)
Pneumothorax or capnothorax 14 (5) 0�
Airway obstruction, pulmonary thromboembolism, cough 3 (1) 0�

Pain 27 (10) 16 (6)
Gastrointestinal system 27 (10) 24 (9)
Motoneuron symptoms 22 (8) 8 (3)
Genitourinary system 8 (3) 8 (3)
Dermatologic system 8 (3) 11 (4)
Cardiovascular system 11 (4) 5 (2)
Psychiatric 11 (4) 0�
Central nerve system 3 (1) 3 (1)
Insertion or removal of PEG or PIG tube 14 (5) 24 (9)
Infection of PEG or PIG 8 (3) 3 (1)
Wire problems 14 (5) 0�
Mechanical ventilation 8 (3) 5 (2)
Infection of wire 8 (3) 0�
Other 5 (2) 8 (3)
Total rate of adverse events 78 (29) 3 (1)
Rate of serious adverse events 73 (27) 8 (3)

PEG, percutaneous endoscopic gastrostomy; PIG, per-oral image-guided gastrostomy.

Table 3. Procedure-Associated Mortality and Adverse Events in Cohort Studies of Amyotrophic Lateral Sclerosis Patients

Author (yr)
No. of 

subjects
Follow-up 

duration (yr)
Type of adverse event

Number of events 
(%, n)

Management 

Procedure-associated mortality
Kotan, et al. (2016)17   1 1 Procedure-related mortality 0 NA
Onders, et al. (2009)19 38 7 Perioperative mortality 0 NA

Complications and adverse events
Rezania, et al. (2014)18 10 1 Deep vein thrombosis, pulmonary 

thromboembolism
20 (2/10) Warfarin, enoxaparin

Onders, et al. (2009)19 38 7 Wound infection 2.63 (1/38) Oral antibiotics and repositioning or 
reinsertion of electrode

Capnothorax 13 (5/38) Aspiration or observation. No 
hemodynamic instability or respiratory 
problem

Injury to diaphragm, diaphragm laceration, 
solid organ damage, bleeding, 
bowel injury, conversion to open surgery, 
pneumothorax

0 NA

Kotan, et al. (2016)17   1 1 Failure of device implantation 0 (0/1) NA
NA, no data available.



1029

A-la Woo, et al.

https://doi.org/10.3349/ymj.2020.61.12.1024

However, wound infection was reported in 2% of cases, with 
one study reporting capnothorax in 42% of cases.19 Failure of 
device implantation occurred 0%20 and 2%19 of the study sub-
jects, respectively (Table 4).

Efficacy

Amyotrophic lateral sclerosis
Two RCTs15,16 reported the efficacy of diaphragm pacing in pa-

tients with ALS. Both studies reported shorter survival in the 
intervention (with DPS) and control (without diaphragm pac-
ing) groups; there was no significant differences in terms of 
quality of life (Table 5).15 A cohort study reported sleep quality 
assessment parameters at a median follow-up of 4 months after 
implantation of the device,21 and while there were improve-
ments in some parameters, the Epworth sleepiness score and 
apnea-hypopnea index were not affected (Table 6).

Table 5. Efficacy Outcomes of Diaphragm Pacing Systems in Amyotrophic Lateral Sclerosis Patients

Author (yr)
No. of 

subjects
Parameter

Follow-up 
duration (yr) 

Intervention 
group (months)

Control group 
(months)

HR 
(95% CI)

p value

Survival
Gonzalez-Bermejo, 

et al. (2016)16

74 NIV free survival since randomization 3.75 6.0 (3.6–8.7) 8.8 (4.2~ not reached) 1.96 
(1.08–3.56)

0.02

74 Overall survival since randomization 15.6 (9–27) Not reached (>33) 3.14 
(1.31–7.53)

0.007

DiPALS writing 
Committee (2015)15

74 Median survival 1 11.0 (8.3–13.6) 22.5 (13.6~ not reached) 2.27 
(1.22–4.25)

0.009

74 Tracheostomy-free survival 11.0 (8.3–13.6) 22.5 (13.6~ not reached) 2.42 
(1.28–4.59)

0.007

Quality of life
DiPALS writing 

Committee (2015)15

74 SF-36* total physical health average 
point

1 23.8 (12.2) 21.3 (12.0) 0.3 
(-2.0–2.7)

0.789

SF-36 total psychological health 
average point

42.7 (16.5) 47.7 (17.8) -3.5 
(-7.9–0.8)

0.112

SAQLI† average point 3.9 (1.6) 4.6 (1.5) -0.3 
(-0.7–0.1)

0.117

Caregiver Burden Inventory average 
point

28.0 (9.0) 29.6 (11.9) 1.2 
(-2.7–5.0)

0.558

HR, hazard ratio; NIV, non-invasive ventilation; CI, confidence interval.
*Short form-36 is a health status profile used to measure health states of patients,38 †the Calgary Sleep Apnea Quality of Life Index, is a questionnaire for re-
cording and evaluating health-related quality of life.39

Table 4. Safety Outcomes of Diaphragm Pacing Systems in Patients with Spinal Cord Injury

Author (yr)
No. of 

subjects
Follow-up 

duration (yr)
Level of spinal injury Type of event

Events % 
(n)

Management 
of adverse events

Procedure-associated mortality
Onders, et al. (2009)19 50 7 High-level, not specified Perioperative mortality 0 (0/50)

Complications and adverse events
Onders, et al. (2009)19 50 7 High-level, not specified Wound infection 2 (1/50) Oral antibiotics, repositioning or 

reinsertion of electrode

Capnothorax 42 (21/50) Aspiration or observation.  
No hemodynamic instability or 
respiratory problems

Injury of diaphragm, diaphragm 
laceration, solid organ damage, 
bleeding, bowel injury, conversion 
to open surgery, pneumothorax

0 (0/50) NA

Failure rate of device implantation
Onders, et al. (2011)20   5 1 C1 (1), C2-C3 (3), C4-C6 (1) Failure of device implantation 0 (0/5) NA
Onders, et al. (2009)19 50 7 High-level, not specified Failure of device implantation 2 (1/50) NA

C, cervical spine; NA, no data available.
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Spinal cord injury
Only one study22 compared overall survival between interven-
tion (diaphragm pacing) and control groups in patients with 
spinal cord injury. This retrospective study reviewed 25 years 
of follow-up data for 55 patients with spinal cord injury re-
quiring mechanical ventilation. Of the 55 patients, 19 patients 
received diaphragm pacing with mechanical ventilation, 
while the remaining 36 patients received mechanical ventila-
tion only. The overall survival did not differ significantly be-
tween groups when stratified by age (Table 7). Mechanical ven-
tilator weaning was successful in 33% (2/6) and 96% (48/50) 
cases in a pediatric case series and an adult prospective co-
hort, respectively (Table 8).

DISCUSSION

DPSs assist patient respiration through electrical stimulation 

of the diaphragm. Several text books23-25 have recommended it 
as a treatment option for respiratory failure in spinal cord inju-
ry, ALS, and sleep apnea. 

To date, the only known medication that prolongs survival in 
patients with ALS is riluzole,26 but its effects are limited. There-
fore, supportive treatments, such as non-invasive mechanical 
ventilation, for neurological dysfunction are important in ALS 
management27 and can improve patient survival and quality 
of life.28 However, mechanical ventilation is burdensome to 
maintain; hence, patients can become discouraged to use it 
consistently. Diaphragm pacing may, thus, be a more attractive 
option for supportive management of respiration since it is an 
implantable device that allows more physical activity and mo-
bility than non-invasive ventilation. Although the FDA has ap-
proved the use of the technology and promising results have 
been reported in patients with spinal cord injury, some stud-
ies have reported disappointing results in patients with ALS.

Diaphragm pacing has been conducted by different tech-

Table 6. Sleep and Respiration Outcomes in Amyotrophic Lateral Sclerosis

Author (yr) No. of subjects Parameters Difference-month 3 to month 7† p value
Sleep improvement

Gonzalez-Bermejo, 
  et al. (2012)21

18 Epworth sleepiness score* (0–24) -0.8±3.1 (-2.0) 0.0745

Total sleep duration (minute) -42±107 (-19) 0.0969

Total sleep time (minute) 26±104 (35) 0.6013

Sleep efficacy (%) 8±12 (9) 0.0394

Sleep incubation period (minute) 11±52 (5) 0.3829

Stage N1-N2 (% of total sleep time) 0.1±12.1 (0.9) 0.9229

Stage N3 (% of total Sleep time) 1.3±10.3 (4.6) 0.9068

REM (% of total sleep time) -1.4±6.9 (-0.5) 0.4748

Arousal after sleep (time) -59±73 (-69) 0.0032

Arousal index (per h) -6±7 (-7) 0.0005

Apnea-hypopnea index (per h) -4±10 (-1) 0.1196

REM apnea-hypopnea index (per h) -7.4±15.8 (-1.8) 0.045

Use of cervical muscle (% of total sleep period) -5.2±9.3 (-3.8) 0.0093

Time spent with SpO2 less than 90% (% of total sleep period) 1.4±4.3 (0.0) 0.2661

Improvement of respiration

Gonzalez-Bermejo, 
  et al. (2012)21

18 ALSFRS-R -4.9±6.1 (-1.0) 0.0032

FVC (% predicted) -9.4±10.8 (-8.5) 0.0024

ERV (% predicted) -14.1±21.4 (-11.5) 0.0134

RV (% predicted) -10.3±21.2 (-5.8) 0.0817

SNIP (% predicted) -9.1±8.6 (-8.0) 0.001

Pi, max (% predicted) -6.1±16.8 (0) 0.351

Pe, max (% predicted) -6.3± 7.6 (-6.5) 0.0027

Pes, twitch with BAMPS (cmH2O) -2.5±3.5 (-1.8) 0.0055

Pga, twitch with BAMPS (cmH2O) -1.4±2.0 (-0.9) 0.016

Pdi, twitch with BAMPS (cmH2O) -3.6±4.9 (-2.5) 0.0009

REM, rapid eye movement; ALSFRS-R, amyotrophic lateral sclerosis functional rating scale; FVC, forced vital capacity; ERV, expiratory reserve volume; SNIP, sniff 
nasal inspiratory pressure; Pi, max, maximal static inspiratory pressure measured at the mouth; Pe, max, maximal static expiratory pressure measured at the 
mouth; Pes, esophageal pressure; BAMPS, bilateral anterior magnetic stimulation; Pga, gastric pressure; Pdi, transdiaphragmatic pressure.
*The Epworth sleepiness scale is a subjective measurement of sleepiness; scores higher than 10 points may require medical attention,40 †Month 3 was the time 
of baseline and month 7 was the time of 4 months after device implantation and diaphragm conditioning.



1031

A-la Woo, et al.

https://doi.org/10.3349/ymj.2020.61.12.1024

niques and devices. Moreover, various definitions and mea-
surements of study outcomes have led to inconsistent study 
results in terms of safety and efficacy. In this systematic review, 
we aimed to evaluate the efficacy and safety of a technique in 
which electrodes are implanted into the diaphragm muscle (di-
aphragm pacing) and provide information to clinicians regard-
ing whether diaphragm pacing should be recommended to pa-
tients. Hence, we only included studies that used similar devices 
and implantation techniques (laparoscopic procedure), had 
limited target conditions (ALS and spinal cord injury), and as-
sessed well-defined clinical outcomes (efficacy and safety).

The RCT15 involving patients with ALS reported that compli-
cations and adverse events were higher in the intervention 
group (with diaphragm pacing) than in the control group (with-
out diaphragm pacing). This was expected in studies, such as 
the DiPALS study,15 where a surgical procedure was only con-
ducted in the intervention group. In the RespiStimALS study16 
that used a sham surgical intervention in controls, there were 
no significant differences in respiratory complications or com-
plications related to the surgical procedures (capnothorax or 
pneumothorax, acute respiratory failure). Overall complica-
tion rates were 78% in DiPALS study (intervention group) and 
59% (active stimulation) and 65% (sham stimulation) in the 
RespiStimALS study, which are much higher than that in indi-
viduals without a procedure (3% in DiPALS study). Owing to 
the already high perioperative and postoperative risks of sur-
gery in patients with ALS, the surgical process of diaphragm 
pacing implantation may increase the risk of procedure-relat-
ed mortality and complications.29-31

The two cohort studies19,20 involving patients with cervical 
spinal cord injury did not report procedure-related mortality 
or device implantation failures. Failure of device implantation 
was relatively low: this may have been related to the physicians’ 
experience and patient volume of the center. However, because 
of the limited number of studies that were eligible for this re-
view, solid recommendations cannot be made about the safe-

ty of diaphragm pacing in patients with cervical spinal cord 
injury. 

Studies involving patients with ALS showed different results 
than those involving patients with spinal cord injury. Patients 
in the intervention group (diaphragm pacing) had a shorter 
survival than those in the control group in both randomized 
controlled studies.15,16 The DiPALS study15 included patients 
with ALS who required non-invasive support due to respira-
tory insufficiency and showed disappointing overall survival 
in the intervention group. The RespiStimALS study,16 which 
included patients with moderate respiratory dysfunction who 
were not requiring non-invasive ventilation, also showed worse 
overall survival in the diaphragm pacing group. This suggested 
that the timing of the intervention and residual respiratory 
functions did not affect the clinical outcome of the studies. Ad-
ditional analyses of the RespiStimALS data showed that the lev-
el of involved neurons did not affect survival outcomes in pa-
tients who received a DPS.32 The study populations of the RCTs 
were similar to those of the studies reviewed by the FDA before 
approving the DPS; however, the efficacy outcomes were dif-
ferent.33 

Quality of life was not significantly different between patients 
receiving the DPS plus non-invasive ventilation and those re-
ceiving non-invasive ventilation alone.15 Sleep improvement 
was reported in terms of 14 sleep-related variables, five of which 
showed improvement.21 However, the apnea-hypopnea index, 
the most clinically important indicator, was not significantly 
different between the intervention and control groups. Fur-
thermore, with regard to respiratory function, forced vital ca-
pacity decreased after implantation of the DPS.21 Overall, DPS 
does not appear to have clinical efficacy in patients with ALS.

The studies involving patients with spinal cord injury22 found 
that survival duration was not significantly different between 
diaphragm pacing and no diaphragm pacing. The rate of me-
chanical ventilation weaning in patients with spinal cord injury 
was reported in one cohort study and one case series as 33%20 

Table 7. Overall Survival in Spinal Cord Injury Patients after Diaphragm Pacing System

Author (yr) No. of subjects Follow-up duration (yr) Age (years)
Mean survival duration, months (No. of patients) 

p value
Intervention group* (n=19) Control group† (n=36)

Watt, et al. (2011)22‡ 55 25 
0–30 19.2 (13) 17.4 (12) 0.142
30–45 3.2 (3) 9.9 (12) 0.129

46+ 10.3 (3) 7.9 (12) 0.860
*diaphragm pacing (full or part time), †mechanical ventilation only, ‡Retrospective study of spinal cord injury patients with mechanical ventilation. The compari-
son was between subjects with diaphragm pacing and mechanical ventilation and those with mechanical ventilation alone.

Table 8. Ventilator Weaning in Patients with Spinal Cord Injury

Author (yr) No. of subjects Follow-up duration (yr)
Level of spinal injury 

(No. of patients)
Ventilator weaning, % 

(No. of patients, person/total)
Onders, et al. (2011)20*   6 1 C1 (1), C2-C3 (3), C4-C6 (1) 33 (2/6)
Onders, et al. (2009)19 50 7 NA 96 (48/50)
C, cervical spine; NA, no data available.
*The subjects of this study were pediatric patients.
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and 96%,19 respectively. However, with regard to quality as-
sessment, given that one study was only a case series, the re-
sults remain inconclusive. Additional well-designed studies 
are required to ascertain the efficacy of DPS in patients with 
spinal cord injuries.

Garara, et al.34 published a systematic review on the safety 
and efficacy of diaphragm pacing in ventilator-dependent pa-
tients with high cervical injuries. They suggested that the treat-
ment was safe because the complications were less severe, the 
device only required simple management, and the treatment 
was efficient, allowing the patients to be weaned of the venti-
lator. Owing to the generally low quality and limited number 
of subjects in available studies, our systematic review did not 
reach a firm conclusion that diaphragm pacing in high cervi-
cal spinal cord injuries should be accepted as validated man-
agement. 

A strength of this systematic review was that we included 
studies using similar intervention techniques (laparoscopic 
procedure, DPS) to diminish the heterogeneity of results. There 
are, however, several limitations. First, most of the studies in-
cluded were not high-level studies with strong methodolo-
gies: only two randomized controlled studies were eligible for 
inclusion in the analysis. Second, because of the overall limit-
ed number of studies, some clinical outcomes (e.g., sleep-as-
sociated outcomes, overall survival of spinal cord injury) were 
extracted from a single study. Thus, it is difficult to draw a robust 
conclusion about the clinical outcomes.

DPS are frequently used as short- or long-term alternatives 
to mechanical ventilation in patients with ALS. Results from 
this systematic review, however, suggest that diaphragm pacing 
recipients experience more complications and adverse events 
and are less likely to show an improvement in clinical outcomes 
than non-recipients. Our synthesis of the literature does not 
recommend the use of DPS to manage respiratory failure in 
patients with ALS or cervical spinal cord injuries. Further com-
prehensive studies, including RCTs, are needed to adequately 
evaluate the efficacy and safety profile of this technique.
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