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Abstract
Background: Patients with high spinal cord injury (SCI) are 
unable to breathe on their own and require mechanical ven-
tilation (MV). The long-term use of MV is associated with in-
creased morbidity and mortality. In patients with intact 
phrenic nerve function, patients can be partially or com-
pletely removed from MV by directly stimulating the dia-
phragm motor points with a diaphragm pacing system 
(DPS). Objectives: We describe our multicenter European ex-
perience using DPS in SCI patients who required MV. Meth-
ods: We conducted a retrospective study of patients who 
were evaluated for the implantation of DPS. Patients evalu-
ated for DPS who met the prospectively defined criteria of 

being at least 1 year of age, and having cervical injury result-
ing in a complete or partial dependency on MV were includ-
ed. Patients who received DPS implants were followed for up 
to 1 year for device usage and safety. Results: Across 3 cen-
ters, 47 patients with high SCI were evaluated for DPS, and 
34 were implanted. Twenty-one patients had 12 months of 
follow-up data with a median DPS use of 15 h/day (interquar-
tile range 4, 24). Eight patients (38.1%) achieved complete 
MV weaning using DPS 24 h/day. Two DPS-related complica-
tions were surgical device revision and a wire eruption. No 
other major complications were associated with DPS use. 
Conclusions: Diaphragm pacing represents an attractive al-
ternative stand-alone treatment or adjunctive therapy com-
pared to MV in patients with high SCI. After a period of ac-
climation, the patients were able to reduce the daily use of 
MV, and many could be completely removed from MV.

© 2021 The Author(s).
Published by S. Karger AG, Basel
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Introduction

Spinal cord injury (SCI), which is usually of the trau-
matic origin, has an annual incidence rate of approxi-
mately 1.6 per 100,000 inhabitants in western Europe. 
Approximately half of these cases occur at cervical levels 
resulting in tetraplegia, and depending on the lesion lev-
el, the complete or partial loss of respiration [1]. The lev-
el of cervical injury affects the ability of the patient to 
maintain adequate ventilation. The phrenic nerves (PNs) 
which originate from the C3, C4, and C5 levels of the spi-
nal cord serve as the conduit for brain stem-generated 
respiratory impulses to stimulate the primary muscle of 
respiration, the diaphragm [2]. Lesions occurring at or 
above C3 cause a complete interruption of communica-
tion between the respiratory centers and phrenic motor 
neurons, and therefore causing complete diaphragmatic 
paralysis. Lower cervical lesions at the C4/C5 spinal lev-
els usually result in partial reduction of diaphragm activ-
ity. Mechanical ventilation (MV) via a tracheostomy is 
standard therapy for patients with tetraplegia after com-
plete cervical SCI at or above the C3, and it is common 
among those with complete cervical injuries distal to C3 
[3].

The chronic use of MV is associated with significant 
complications that effect quality of life including diffi-
culty in speech, loss of smell, increased secretions re-
quiring regular suctioning, and noise associated with 
the ventilator. Ventilated patients also experience high 
rates of complications, including posterior lobe atelec-
tasis, pneumonia, barotrauma, tracheomalacia, and a 
significant reduction in life expectancy [3]. To address 
these negative effects of MV, technologies to stimulate 
the diaphragm through direct electrical stimulation of 
the PN motor points or indirectly through stimulation 
of the PNs have been developed. Pacing of the dia-
phragm allows patients to breath in a more natural 
manner and has been shown to be effective for reducing 
or completely eliminating the dependence on MV in 
many patients [4].

Herein, we report our European multicenter experi-
ence with the NeuRx DPSTM (Synapse Biomedical, Ober-
lin, OH, USA) in patients with cervical SCI through 
1-year of post-implant follow-up. Specifically, we report 
on screening patients for diaphragmatic motor activity, 
the use of the diaphragm pacing system (DPS), and suc-
cess at weaning patients from MV.

Materials and Methods

This study was conducted as a multicenter, retrospective, ob-
servational registry in tetraplegic patients who were evaluated for 
DPS implants with continued data evaluation of patients who re-
ceived the DPS device. Ethics Committee approvals were not re-
quired as it was determined that the DPS placement was an imple-
mentation of a new, approved treatment, and did not constitute 
scientific/medical research. Patients or their legal representatives 
provided written informed consent for the use of their medical in-
formation. Patients were included in the evaluation if they met the 
following prospectively defined criteria: at least 1 year of age, and 
having a cervical SCI that resulted in a complete or partial depen-
dency on MV. Exclusion criteria were an abolished response of the 
diaphragm to stimulation, and any significant comorbidity, psy-
chiatric disorders, or complete social isolation.

The pre-inclusion assessment data for all patients evaluated for 
DPS implant were collected retrospectively after pacemaker im-
plantation, and all evaluations were carried out as a part of the 
usual follow-up of the patient. Information collected included pa-
tient demographics, lesion characteristics, MV weaning/DPS us-
age data, and safety information including intraoperative compli-
cations and adverse events related to device use.

Patients were screened for DPS by evaluating the stimulability 
of the diaphragm. Each center had used its own protocol for iden-
tifying patients with diaphragms which could be stimulated with 
DPS. Some utilized PN conduction studies using previously de-
scribed protocols [5]. Other centers evaluated diaphragm stimula-
bility as a part of motor point mapping at the outset of laparoscop-
ic implant procedure as described below. Patients with nonstimu-
lable diaphragms did not receive implants.

DPS was implanted laparoscopically using previously de-
scribed procedures [6]. Briefly, electrodes are placed near the PN 
motor points, and electrical stimulation was applied to identify the 
optimal electrode placement for chronic use. Electrodes were ex-
ited from the body and connected to a 4-channel external stimula-
tor; so that the multistrand stainless steel electrode leads are the 
only portions of the device that dwell internally. Stimulus param-
eters and respiratory timing were set for each patient and pro-
grammed into the stimulator [7].

In the first few days of post-implant, each patient began a con-
ditioning period to prepare for weaning off the ventilator by re-
versing the disuse atrophy of the diaphragm, thereby providing 
fatigue resistance and muscle strengthening. The stimulus param-
eters vary widely from patient to patient and depend on a number 
of factors. The breaths per minute and inspiration time are pro-
grammed to match the MV settings for this patient. Other adjust-
able settings include pulse width and pulse amplitude. These set-
tings are titrated based on stimulating the diaphragm to best sup-
port basal tidal volume requirements. Conditioning was an 
incremental process, where patients could only tolerate short pe-
riods of DPS due to rapid muscle fatigue and low diaphragm 
strength, resulting in low tidal volumes. Over a period of days to 
weeks, as individualized for each patient, the diaphragm built up 
endurance and strength allowing patients to tolerate longer dura-
tions on DPS.

Data were collected at baseline and through 1-year of follow-
up. Collected data included patient demographic and disease char-
acteristics, MV and DPS use data, and adverse events. Continuous 
data are presented as mean ± standard deviation, the median and 
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interquartile range, and minimum/maximum values. Categorical 
data are presented as number and percentage of patients. Adverse 
events collected included any event deemed to be related to the 
device or the procedure to implant the device, respiratory-related 
events, and any events that resulted in hospitalization.

Results

Figure 1 summarizes patient flow through the study. 
Forty-six patients (20 in Spain, 16 in Italy, and 10 in The 
Netherlands) were evaluated for DPS. The first patient 
received a DPS implant on December 14, 2007 and the 
last collection of 12-month follow-up data occurred on 
October 21, 2019. Thirteen patients did not receive im-
plants. The reasons for not receiving a DPS implant were 
nonstimulable diaphragms during motor point mapping 
(53.8%), failed PN conduction tests (30.8%), and 2 (15.4%) 
patients were not appropriate candidates for DPS. The 
patients were not appropriate candidates due to (1) a 
transdiaphragmatic pressure of 30% which was consid-
ered too good for DPS therapy; and (2) the determination 
that patient’s obstructive sleep apnea would become 
worse with DPS. Of the 33 patients who received DPS im-
plants, 26 and 22 had follow-up data at 6 and 12 months, 
respectively. Five patients died during the follow-up pe-
riod and 3 discontinued device use. Causes of death are 
summarized below. Other patients were lost to follow-up 

as continued patient care was performed outside the cen-
ters participating in this study.

Patient baseline demographics and clinical character-
istics by implant status and overall are presented in Ta-
ble  1. The patients were primarily male (72.7%), and 
most of the injuries were caused by trauma (80.0%). In-
juries at C3 or above predominated (77.8%). As would be 
expected for patients with these characteristics, most re-
quired MV for ≥20 h/day (81.8%), and all patients used 
MV for at least 6 h/day. The median time from injury to 
DPS surgery or the PN test (nonimplanted patients) was 
581 days.

Table 2 describes DPS use following the acclimation 
period. Usage of DPS increased with increasing time of 
device use. The median hours of DPS use were 11 and 
14 h/day at 6 and 12 months post-implant, respectively. 
At 6 months, 19 (73.1%) and 11 (42.3%) patients were 
using DPS for ≥4 and ≥15 h a day, respectively. Six 
(23.1%) patients used DPS for 24 h a day, and were 
completely liberated from MV. After further use and 
acclimation, the number of patients using DPS for ≥4 
and ≥15 per day were 17 (77.3%) and 11 (50.0%), re-
spectively, and 8 (36.4%) patients were completely lib-
erated from MV use.

Adverse events are summarized in Table 3. Nine pa-
tients experienced 11 cases of pneumonia. Of note, pneu-
monia was most commonly seen (7/11; 63.6%) in pa-
tients during the first 3 months post-implant, during a 
period when they were using MV for time periods rang-
ing from 16 to 24 h/day. Most pneumonia cases respond-
ed to antibiotic therapy, but 3 required hospitalization 
and 2 patients died. The 2 pneumonia deaths occurred at 
134 and 369 days post-implant, and no patient was suc-
cessfully weaned with both using MV 24 h a day. Other 
causes of death were euthanasia (2 patients) and from a 
fever of unknown origin. Other respiratory events that 
occurred in more than one patient included pneumotho-
rax (3 patients) and atelectasis (2 patients). These are not 
unexpected in patients under MV. Device-related events 
included a DPS revision procedure hospitalization, a 
wire eruption that was remedied by reattachment of the 
wire, and stimulation of the abdominal muscles, which 
required changing the stimulation parameters. Proce-
dure-related events included capnothorax (2 events), 
which occurs commonly in laparoscopic procedures, an 
access site hemorrhage treated with a transfusion, and a 
pneumothorax at 1-day post-surgery requiring thoraco-
centesis.

DPS implanted patients
(n = 33)

6 month follow-up
(n = 26)

12 month follow-up
(n = 22)

N = 7
Death (n=3)
Discontinued device use (n = 2)
Lost to follow-up (n = 2)

N = 4
Death (n=2)
Discontinued device use (n = 1)
Lost to follow-up (n = 1)

Patients evaluated for
DPS

(n = 46) N = 13
Did not Receive DPS Implant
Failed phrenic nerve test (n = 4)
Non-stimulable diaphragm (n = 7)
Not Indicated for DPS (n = 2)

Fig. 1. Patient flow consort diagram. DPS, diaphragm pacing sys-
tem.
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Discussion/Conclusion

This is the first multicenter evaluation in Europe to 
demonstrate that DPS is a successful strategy for manag-
ing respiration in patients with high SCI. Patients with 
diaphragm motor points who were able to be stimulated 
with electrical impulses could be partially or completely 
removed from MV. Further, there were minimal adverse 
events associated with the implant or the use of the device.

This device initially obtained marketing approval in 
the US based on the ability to achieve at least 4 h of inde-
pendent DPS use. The 4-h time frame was selected based 
on the user being able to participate in community-based 

activities such as attending church services, going to a 
movie, and dining out without the onerous burdens as-
sociated with MV. We showed that 73 and 77% of patients 
achieved this threshold at 6 and 12 months of follow-up, 
which is similar to the experience reported by others that 
88 and 86% of patients used the device for at least this 
length of time [4, 8]. Further, we demonstrated complete 
liberation from MV in 36% of patients, which is within 
the range of 25–73% reported in other studies [4, 8–11].

A key feature for the use of DPS is that it requires a 
period of acclimation to achieve full effectiveness of the 
therapy. As use and follow-up increased from 6 to 12 
months, greater percentages of patients were able to use 

Table 1. Demographic and clinical characteristics

Characteristic Patient status

implanted 
(N = 33)

not implanted 
(N = 13)

all patients 
(N = 46)

Gender, n (%)
Male 24 (72.7) 10 (76.9) 34 (73.9)
Female 9 (27.3) 3 (23.1) 12 (26.1)

Age at injury, years
Mean ± SD 33.0±19.9 24.6±20.2 30.6±20.2
Median (IQR) 35.3 (17.1, 45.9) 17.9 (11.6, 33.0) 29.0 (17.0, 45.6)
Min/Max 2.4/65.1 1.2/65.8 1.2/65.8

Injury caused by trauma, n (%)* N = 32 N = 13 N = 45
Yes 26 (81.3) 10 (76.9) 36 (80.0)
No 6 (18.7) 3 (23.1) 9 (20.0)

Level of injury, n (%) N = 32 N = 13 N = 45
C0 0 (0) 1 (7.7) 1 (2.2)
C1 8 (25.0) 2 (15.4) 10 (22.2)
C1/C2 4 (12.5) 0 (0) 4 (8.9)
C2 8 (25.0) 6 (46.2) 14 (31.1)
C3 3 (9.4) 2 (15.4) 5 (11.1)
C3/C4 1 (3.1) 0 (0) 1 (2.2)
C4 7 (21.9) 2 (15.4) 9 (20.0)
C4/C5 1 (3.1) 0 (0) 1 (2.2)

Injury type, n (%) N = 32 N = 13 N = 45
Complete 22 (68.8) 11 (84.6) 33 (73.3)
Incomplete 10 (31.2) 2 (15.4) 12 (26.7)

Mechanical ventilation per day, hours N = 32 N = 12* N = 44
Mean ± SD 21.9±4.7 20.2±7.1 21.5±5.4
Median (IQR) 24 (23, 24) 24 (21, 24) 24 (23, 24)
Min/Max 8/24 6/24 6/24
n ≥20 h/day, n (%) 27 (84.4) 9 (75.0) 36 (81.8)
n <20 h/day, n (%) 5 (15.6) 3 (25.0) 8 (18.2)

Time from injury to DPS surgery or PN test, days N = 33 N = 12 N = 45
Mean ± SD 1,407±2,091 1,310±1,474 1,381±1,930
Median 581 (257, 1,498) 854 (146, 1,719) 581 (243, 1,612)
Min/Max 103/10,346 107/4,315 103/10,346

* One patient used bilevel positive airway pressure. DPS, diaphragm pacing system; PN, phrenic nerve.
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DPS for both longer periods of time and completely wean 
from MV use altogether. This finding is not surprising 
that it is well-documented, and even short periods of MV 
use unloads the diaphragm resulting in reduced function-
al capacity and disuse atrophy, with longer periods of use 
leading to increased levels of atrophy and greater depen-
dence on MV [3, 12, 13]. Interesting in this respect is the 
study by Masmoudi et al. [14] showing that mechanically 
ventilated sheep DPS could protect against ventilator-in-
duced diaphragm dysfunction. They hypothesized that 
DPS might have an anti-inflammatory effect or that it 
may prevent strain injuries induced by the MV through 
stretching of the diaphragm [14]. Further benefit of DPS 
was shown by Posluszny et al. [10], who indicated that 
early implant with DPS facilitates improved weaning 
from MV. Kerwin et al. [15] showed improved inhospital 
outcomes, reduced incidences of ventilator-associated 
pneumonia, and shorter time on MV by implanting pa-
tients with acute cervical CSI with DPS. Our study cohort 
consisted primarily of patients who had been on longer 
term MV with a median of 581 days and a minimum of 
103 days to a maximum of 28 years. Even with this longer 
term use, over 1/3 of the patients achieved complete lib-
eration from MV and half used DPS for at least 15 h/day.

Removal from MV confers multiple benefits to pa-
tients in the form of improved quality of life, reduced in-
cidences of respiratory disease, and increased longevity. 
Due to high SCI injuries, tetraplegic patients have sub-
stantially greater annual health care and living expenses 
than those with other SCIs [16]. Patients on a ventilator 
have an impaired ability to cough, which increases the 
risk of respiratory tract infections. Because of this, pneu-
monia is the most common cause of morbidity and mor-

tality in ventilator-dependent SCI patients [17]. Regular 
suction of secretions can reduce complications, but suc-
tioning is intrusive and increases patient dependence on 
a health care provider. In our study group, pneumonia 
primarily occurred during the first 3 months post-im-
plant in a time period during which MV was used for 16 
or more hours per day. Further, only 2 patients died from 
pneumonia during the 1-year follow-up period. Longer 
term follow-up would be required to ascertain if this out-
come is maintained over time.

Other published studies have shown evidence for long-
term benefits of DPS therapy when compared to MV. 
Watt et al. [18] conducted a 25-year retrospective single-
center evaluation of survival in patients requiring ventila-
tion following SCI. In this study, a subset of 55 patients 
required ventilatory support, of which 19 used DPS. They 
reported that the patients who used DPS part-time or full-
time had “significantly improved” survival when com-
pared to those who used MV. However, they further not-
ed that patients who used DPS were younger than the MV 
group [18]. More recently, Onders et al. [4] reported a 

Table 2. DPS use

Parameter Month 6 
(n = 26)

Month 12 
(n = 22)

Length of ventilatory autonomy,  
h/day

Mean ± SD 11.3±9.1 13.6±9.7
Median (IQR) 11 (2, 18) 14 (4, 24)
Min/Max 0/24 1/24
≥4 h/day, n (%) 19 (73.1) 17 (77.3)
≥15 h/day, n (%) 11 (42.3) 11 (50.0)

24 h/day, n (%) 6 (23.1) 8 (36.4)
Nighttime stimulation, n (%, yes) 12 (46.2) 12 (57.1)*

* n = 21. DPS, diaphragm pacing system.

Table 3. Patient adverse events

Number of 
patients with 
event, n (%)

Death, n (%)
Euthanasia 2 (6.1)
Pneumonia 2 (6.1)
Fever of unknown origin 1 (3.0)

Hospitalization, n (%)
Pneumonia 3 (9.1)
Pleural drainage due to infection 1 (3.0)
Deep vein thrombosis 1 (3.0)

Respiratory events (not related to procedure/
device), n (%)

Pneumonia 9 (27.3)*
Pneumothorax 2 (6.1)
Atelectasis 2 (6.1)
Bronchial congestion 1 (3.0)
Respiratory arrest 1 (3.0)

Device and/or procedure-related events, n (%)
Capnothorax 2 (6.1)
Pneumothorax 1 (3.0)
Revision of DPS requiring hospitalization 1 (3.0)
DPS wire eruption 1 (3.0)
Hemorrhage (access site) 1 (3.0)
Co-contraction of abdominal muscle 1 (3.0)

* Two patients had 2 separate occurrences of pneumonia. DPS, 
diaphragm pacing system.
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single-center experience of DPS with long-term follow-
up of 92 patients. Thirty-one patients died during the fol-
low-up period, of which 17 had a known cause of death. 
Pneumonia was reported as the cause of death in only one 
case. Further, at the time of this analysis, the median sur-
vival time was 22.2 years (95% confidence interval; 14.0, 
not reached) [4]. The survival time reported by Onders et 
al. [4, 7] is much greater than would be predicted had 
these patients been maintained on MV. One study showed 
that the median survival time for patients requiring ven-
tilatory support was approximately 6 and 16 years for pa-
tients aged ≥40 and <40 years, respectively [17]. Another 
evaluation has shown an age-dependent survival in MV-
dependent patients ranging from 16.9 to 7.9 years for 
those injured at ages 20 and 60, respectively [16].

An important limitation of this study is that although 
the data collection parameters were prospectively identi-
fied, it is a retrospective evaluation. Only patients who 
received an implant of the DPS system were followed, and 
there was no contemporary comparator group of patients 
on MV for direct comparison of outcomes. Further, out-
come measures are limited to the ability to wean or reduce 
the use of MV and adverse medical events.

In conclusion, diaphragm pacing is a viable and an at-
tractive alternative stand-alone treatment or adjunctive 
therapy to MV for patients with high CSI. Patients who 
were previously on long-term chronic ventilation can be 
safely and successfully transitioned to a partial or com-
plete use of DPS to support respiration.
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