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Abstract 
Rationale: Traumatic cervical spinal cord injury (SCI) is a devastating condition leading to respiratory failure that requires 
permanent mechanical ventilation, which is the main driver of increased medical costs. There is a great demand for establishing 
therapeutic interventions to treat respiratory dysfunction following severe cervical SCI. 

Patient concerns and diagnosis: We present a 24-year-old man who sustained a cervical displaced C2–C3 fracture with 
SCI due to a traffic accident. As the patient presented with tetraplegia and difficulty in spontaneous breathing following injury, he 
was immediately intubated and placed on a ventilator with cervical external fixation by halo orthosis. The patient then underwent 
open reduction and posterior fusion of the cervical spine 3 weeks after injury. Although the patient showed significant motor 
recovery of the upper and lower limbs over time, only a slight improvement in lung capacity was observed.

Interventions and outcomes: At 1.5 years after injury, a diaphragmatic pacing stimulator was surgically implanted to 
support the patient’s respiratory function. The mechanical ventilator support was successfully withdrawn from the patient 14 
weeks after implantation. We observed that both the vital capacity and tidal volume of the patient were significantly promoted 
following implantation. The patient finally returned to daily life without any mechanical support.

Lessons: The findings of this report suggest that diaphragmatic pacing implantation could be a promising treatment for 
improving respiratory function after severe cervical SCI. To our knowledge, this is the first SCI patient treated with a diaphragm 
pacing implantation covered by official medical insurance in Japan.

Abbreviations: ADL = activities of daily living, ALS = Amyotrophic lateral sclerosis, ASIA = American Spinal Injury Association, 
MRI = magnetic resonance imaging, SCI = spinal cord injury, SCI = spinal cord injury.
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1. Introduction
Traumatic spinal cord injury (SCI) is an insult to the central 
nervous system often resulting in devastating temporary or 
permanent neurological impairment and disability, such as uri-
nary dysfunction.[1] In particular, patients with severe SCI at 
the upper cervical level suffer from respiratory problems due 
to dysfunction of the diaphragm and accessory muscle con-
traction.[2] The phrenic nerves originate from the C3, C4, and 
C5 segments of the spinal cord,[3] and approximately 20% of 
cervical SCIs occur above the C4 level.[4] Neurological status, 

including motor/sensory and respiratory functions, improves 
spontaneously over time after incomplete SCI, and the degree 
of the improvement mainly depends on the initial severity of 
the injury.[5–7] However, some patients with cervical SCI require 
permanent mechanical ventilation, including mandatory venti-
lation or noninvasive positive pressure ventilation, even after 
their limbs’ function shows a certain degree of recovery.[8,9] 
Cervical SCI patients with permanent mechanical ventilation 
have a lifelong risk of respiratory complications such as pneu-
monia and atelectasis, which are the main drivers of increased 
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medical costs.[10] Since prolonged use of mechanical ventilation 
may exacerbate morbidity and mortality rates,[11] there is a great 
demand for establishing therapeutic interventions to treat respi-
ratory dysfunction following severe cervical SCI.

As one of the treatment options for neurogenic respiratory 
dysfunction, phrenic nerve stimulation by implanting a dia-
phragm pacing system has been developed over a decade in 
the United States,[12,13] and several studies have shown that dia-
phragm pacing supports respiratory function in patients with 
cervical SCI.[14,15] However, in Japan, there are no reports of 

diaphragm pacing implantation in patients with cervical SCI. 
In this case report, we present a patient with SCI at the C2–
C3 level suffering from respiratory dysfunction. The patient 
required ventilator management for more than a year; however, 
he was able to wean off the ventilator following the implanta-
tion of a diaphragm pacing stimulation system.

2. Case presentation
A 24-year-old man presented with tetraplegia, respiratory dys-
function, and severely impaired consciousness caused by a traf-
fic accident while working as a member of the Japan Ground 
Self-Defense Force. He had no history of underlying diseases. 
Immediately after the patient was transported to the emergency 
department, he was intubated and placed on a ventilator. Physical 
examination showed complete flaccid paralysis of both the upper 
and lower limbs. X-ray and computed tomography scans showed 
a C2–C3 dislocated cervical injury with fractures at both pars 
interarticularis of the axis (Hangman’s fracture type II[16]). The left 
facet joint at C2–C3 was dislocated, and the superior articular 
process of C2 was perched on the lateral mass of C3, whereas 
the facet joint at right C2–C3 was subluxated (Fig.  1A–H). A 
magnetic resonance imaging scan of the cervical spine was per-
formed, and the location of the main SCI lesion was detected at 
the C2–C3 disc level (Fig. 1I and J). Based on the neurological 
and imaging findings, cervical SCI was diagnosed with American 
Spinal Injury Association (ASIA) Impairment Scale grade A.[17] 

Key Points

 • We present a case of diaphragm pacing implantation 
for respiratory dysfunction following an upper cervi-
cal spinal cord injury.

 • Surgical implantation of a diaphragm pacing stimu-
lator allowed the patient to be weaned off the venti-
lator and return to daily life without any mechanical 
support.

 • After withdrawal from the ventilator, the patient was 
not reintubated during his long-term follow-up.

 • This case represents the first spinal cord injury patient 
treated with a diaphragm pacing implantation covered 
by official medical insurance in Japan.

Figure 1. (A) Radiographic image of the patient at the time of injury. The patient suffered from severe tetraplegia with respiratory dysfunction and was intubated 
immediately after the injury. The image shows the C2 vertebral body displaced anteriorly. Computed tomography images of the cervical spine with C2 dislocated 
fracture in the sagittal section (B–D), axial section (E), and 3D reconstruction (F–H). Arrow heads show fracture of the left and right pars interarticularis of the 
axis. The left facet joint at C2–C3 was dislocated, and the superior articular process of C2 was perched on the lateral mass of C3 (B and F), whereas the facet 
joint at right C2–C3 was subluxated (D and H). MRI T2-weighted images of the patient at the time of injury in the sagittal section (I) and axial section (J) at the 
C2–C3 level. MRI images show a long segment lesion of T2-weighted hyperintensity signals around the injured level, with T2-weighted hypointensity signals at 
the epicenter. (K and L) Radiographic images of the patient after posterior cervical fusion 3 wk after the injury. MRI = magnetic resonance imaging.
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Cervical external fixation with a halo vest was performed the 
next day after the injury. Cervical traction with a force of 2 kg 
was performed; however, the dislocation was not sufficiently 
corrected. Seven days after the injury, reduction of the disloca-
tion was successfully performed under general anesthesia using 
a fluoroscope, and subsequently, a tracheostomy was performed. 
The patient then underwent posterior cervical fusion 3 weeks 
after the injury (Fig. 1K and L). At 8 weeks postinjury, as slight 
spontaneous breathing was observed, he started to wean from the 
mechanical ventilation and was trained for oral food intake. At 
3 months postinjury, his spontaneous breathing was insufficient 
to maintain gas exchange capacity, such as CO2 release without 
mechanical support, and we estimated that eventual withdrawal 
of ventilation would be difficult. At 4 months postinjury, slight 
active movements in the upper and lower limbs were observed, 

and his muscle strength in both limbs gradually recovered over 
time after the injury. His ASIA motor score (upper limb + lower 
limb) 1 year after the injury was 34 points with ASIA Impairment 
Scale grade C (Fig. 2A). Magnetic resonance imaging images of 
the cervical spine 2 years after the injury showed a huge cavity 
in the epicenter at the C2–C3 level, with only a small amount of 
spinal cord parenchyma remaining (Fig. 2B and C). After confirm-
ing in a diaphragmatic nerve stimulation study that stimulation 
increased contraction in the diaphragm, we decided to perform 
diaphragmatic pacing implantation in the patient. Diaphragm 
pacing implantation was performed 1.5 years (80 weeks) after 
the injury, and intraoperative images of laparoscopy are shown in 
Fig. 3A and B. Four electrodes were placed on the diaphragm, two 
on each side, and we confirmed that the diaphragm contracted 
when stimulated by the electrodes. The four implanted electrodes 

Figure 2. (A) Functional recovery timeline of the patient based on the ASIA motor score (upper limb + lower limb). The motor score reached a plateau at 1-yr 
postinjury. MRI T2-weighted images of the patient 2 yr after the injury in the sagittal section (B) and axial section (C) at the C2–C3 level. MRI images show syrin-
gomyelia with T2-weighted hyperintensity signals at the center of the lesion. ASIA = American Spinal Injury Association, MRI = magnetic resonance imaging, 
SCI = spinal cord injury.

Figure 3. Laparoscopic images before (A) and after (B) diaphragm stimulation. An electrode was placed in the diaphragm at the point where maximal contrac-
tion of the diaphragm was identified after the diaphragm was mapped. Arrow heads show the contraction of the diaphragm poststimulation (B). (C) Chest and 
abdomen radiograph showing phrenic nerve stimulator electrodes connected bilaterally to a pulse generator. Postoperative appearance of the patient before 
(D) and after (E) diaphragm stimulation. The four implanted electrodes were tunneled to the external pulse generator that stimulated his diaphragm to allow 
ventilation. In addition to the diaphragm, muscle contraction of the rectus abdominis (arrow heads) can be seen on the exterior poststimulation.
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were tunneled to the external pulse generator that stimulated the 
diaphragm to allow ventilation (Fig. 3C–E). We performed a respi-
ratory function test before and after diaphragm pacing implan-
tation (Fig. 4A and B), and a significant recovery of respiratory 
function, such as vital capacity (VC), %VC, and tidal volume after 
implantation, was observed (Fig. 4C–E). He was withdrawn from 
mechanical support 14 weeks after implantation (Fig. 5A), and the 
tracheostomy was completely closed 19 weeks after implantation. 
After withdrawal from the ventilator, he was not intubated during 
the 2-year follow-up period.

3. Discussion
In this case report, we found that diaphragm pacing implanta-
tion significantly improved respiratory function after a cervical 
SCI. Diaphragmatic pacing not only promoted lung capacity and 
tidal volume assessed by flow-volume curve but also allowed the 

patient to be weaned from the ventilator including any artificial 
support. Further clinical studies investigating diaphragm pacing 
as a treatment for respiratory dysfunction caused by severe SCI 
should be conducted.

In a prospective, nonrandomized clinical trial 
(NCT00420719), the World Federation of Neurology 
Research Group on Motor Neuron Diseases assessed the 
effect of diaphragm pacing on patients with amyotrophic lat-
eral sclerosis (ALS) and demonstrated no change in noninva-
sive ventilation status or ALS functioning respiratory score. 
On the other hand, its beneficial effects on activities of daily 
living (ADL), such as sleep state and apnea-hypopneas index, 
have been reported despite the worsening of the patients’ gen-
eral condition related to the natural history of such a neuro-
degenerative disease.[18–20] In Japan, diaphragmatic pacing was 
also used in a clinical trial to treat respiratory impairment 
in patients with ALS. However, diaphragmatic pacing did not 

Figure 4. Flow-volume curves of the patient before (A) and after (B) diaphragm pacing implantation. The curves show a significant improvement in the restrictive 
disorder of the patient after diaphragm pacing implantation. (C–E) The time courses of the significant recovery of respiratory function based on VC, %VC, and 
TV in the patient are shown. TV = tidal volume, VC = vital capacity.
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contribute to prolonging the life prognosis of patients with 
ALS, and treatment with diaphragmatic pacing was conse-
quently excluded from the insurance coverage.[21–24] Although 
ALS is a progressive disease,[25] SCI generally causes the most 
neurological damage immediately after the injury, and the 
neurological status gradually improves and reaches a plateau 
during the chronic phase.[7] Given the long-lasting effects of 
treatment with diaphragmatic pacing in younger patients with 
SCI,[14] we assumed that diaphragmatic pacing may be more 
cost-effective in SCI than in ALS. Currently, diaphragmatic 
pacing is applicable to only two diseases in Japan: SCI and 
central hypoventilation syndrome.[26] Verification of the thera-
peutic effect of diaphragmatic pacing has recently started, and 
to our knowledge, this is the first patient with SCI treated with 
diaphragm pacing implantation in Japan. Diaphragm pacing 
was originally intended to be used only as a part-time support 
for spontaneous breathing; however, surgical implantation of 
diaphragm pacing consequently allowed the patient to wean 
off the ventilator in this report. We demonstrated that dia-
phragmatic pacing contributed not only to the improvement 
of respiratory function but also to the improvement of ADL, 
such as respiratory weaning, which will help to establish a 
therapeutic strategy for SCI in the future.

There were several problems with the NeuRx diaphragmatic 
pacing system (Synapse Biomedical Inc., Cincinnati, OH) used 
in this case report.[23] First, the electrodes were connected to 
the pulse generator outside the body, which could lead to 
wound infection. Although this patient showed no signs of 
wound infection during the procedure, close wound observa-
tion when placing a diaphragm pacing in a patient with immu-
nocompromised status is necessary.[27] Decubitus ulcers and 
respiratory tract infections associated with SCI can also trigger 
wound infection.[28] We believe that if a pulse generator could 
be implanted inside the body in the same way that a pump 
is implanted into the body for intrathecal baclofen infusion 
therapy to treat spasticity,[29] the possibility of infection could 
be reduced. Second, the conditioning criteria for diaphrag-
matic stimulation are not yet well established. It is difficult to 

adjust the stimulation time, intensity, and frequency per day, 
and changes in the condition settings need to be considered 
for each patient.[30] If the stimulation time is too long, the dia-
phragm may not contract sufficiently due to fatigue, and if the 
stimulation intensity is too strong, the patient may complain 
of pain in the abdomen. In this study, the stimulation time 
was started with 30 minutes/d, and the patient was able to 
receive diaphragmatic stimulation throughout the day (except 
during meal intake and bathing) 4 months after installation. 
Further studies determining the setting conditions of electrode 
stimulation in detail by accumulating cases of cervical SCI are 
required.

4. Conclusion
In this study, we performed diaphragm pacing implantation in a 
patient with respiratory dysfunction associated with severe cer-
vical SCI. After the implantation, the patient’s respiratory func-
tion significantly improved, and he was eventually successfully 
weaned from the ventilator. Hence, the findings of this study 
suggest that diaphragm pacing could be a treatment option to 
improve ADL in patients with respiratory failure following cer-
vical SCI. Further studies confirming its detailed efficacy in clin-
ical practice are warranted.
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