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Research Article

Prospective analysis of a surgical algorithm to
achieve ventilator weaning in cervical
tetraplegia
Matthew R. Kaufman 1,2,3, Thomas Bauer2,4, Stuart Campbell5, Kristie Rossi 1,
Andrew Elkwood 1,2, Reza Jarrahy3

1The Institute for Advanced Reconstruction, Shrewsbury, New Jersey, USA, 2Center for Paralysis and
Reconstructive Nerve Surgery, Hackensack Meridian Health Jersey Shore University Medical Center, Neptune, New
Jersey, USA, 3Division of Plastic and Reconstructive Surgery, David Geffen UCLA Medical Center, Los Angeles,
California, USA, 4Department of Thoracic and Cardiac Surgery, Hackensack Meridian Health Jersey Shore
University Medical Center, Neptune, New Jersey, USA, 5Department of Surgery, Hackensack Meridian Health
Jersey Shore University Medical Center, Neptune, New Jersey, USA

Objectives: Chronic ventilator dependency in cervical tetraplegia is associated with substantial morbidity. When
non-invasive weaning methods have failed the primary surgical treatment is diaphragm pacing. Phrenic nerve
integrity and diaphragm motor units are requirements for effective pacing but may need to be restored for
successful weaning. A surgical algorithm that includes: 1. Diaphragm pacing, 2. Phrenic nerve
reconstruction, and 3. Diaphragm muscle replacement, may provide the capability of reducing or reversing
ventilator dependency in virtually all cervical tetraplegics.
Design: Prospective case series.
Setting: A university-based hospital from 2015 to 2019.
Participants: Ten patients with ventilator-dependent cervical tetraplegia.
Interventions: I. Pacemaker alone, II. Pacemaker + phrenic nerve reconstruction, or III. Pacemaker + diaphragm
muscle replacement.
Outcome measures: Time from surgery to observed reduction in ventilator requirements (↓VR), ventilatory needs
as of most recent follow-up [no change (NC), partial weaning (PW, 1–12 h/day), or complete weaning (CW,
>12 h/day)], and complications.
Results: Both patients in Group I achieved CW at 6-month follow-up. Two patients in Group II achieved CW, and
in another two patients PW was achieved, at 1.5–2-year follow-up. The remaining two patients are NC at 6 and 8-
month follow-up, respectively. In group III, both patients achieved PW at 2-year follow-up. Complications
included mucous plugging (n = 1) and pacemaker malfunction requiring revision (n = 3).
Conclusion: Although more investigation is necessary, phrenic nerve reconstruction or diaphragm muscle
replacement performed (when indicated) with pacemaker implantation may allow virtually all ventilator-
dependent cervical tetraplegics to partially or completely wean.

Keywords: Diaphragmatic paralysis, Diaphragm pacemaker, Phrenic nerve reconstruction, Quadriplegia, Ventilator weaning

Introduction
Ventilator dependency associated with high spinal cord
lesions and cervical tetraplegia is directly associated
with increased morbidity and early mortality, as well as

substantially greater health care costs compared to non-
ventilator-dependent para- and tetraplegics.1,2 Despite
advances in non-invasive weaning protocols a large
subset of patients will require surgical intervention for
the potential to reduce or reverse ventilator requirements.
In properly selected patients diaphragm pacemakers

have demonstrable efficacy at promoting ventilator
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weaning, implanted either around the phrenic nerves or
at the nerve–muscle interface.3 However, as many as
20% of patients with ventilator dependency due to
high spinal cord injury will fail pacing attempts.4 This
is most often due to insufficiency in meeting the require-
ments for successful diaphragm pacing which include,
most importantly, phrenic nerve integrity and preserved
contractile function in the diaphragm. In multi-level cer-
vical tetraplegia there will often be combined upper and
lower motor neuron injuries rendering the phrenic
nerves and diaphragm partially or completely dysfunc-
tional. Furthermore, with longstanding, untreated
spinal cord injury there is progressive neuromuscular
degeneration leading to axonal loss in the phrenic
nerves and irreversible denervation atrophy in the
diaphragm.
Prior studies have retrospectively evaluated the appli-

cation of phrenic nerve reconstruction simultaneous
with pacemaker implantation for patients with com-
bined upper and lower motor neuron dysfunction, and
have demonstrated the feasibility of this approach for
appropriately selected patients.5–7

The aim of the current study is to prospectively evalu-
ate a surgical treatment algorithm that integrates pace-
maker implantation with varying degrees of
neuromuscular reconstruction, to provide the opportu-
nity for virtually all ventilator-dependent cervical tetra-
plegics to reduce or reverse ventilator dependency.

Methods
Between 2015 and 2019 we prospectively evaluated ten
patients with multi-level cervical tetraplegia and
chronic, complete ventilator dependency. All ten
patients had failed all prior attempts at non-invasive
ventilation and weaning attempts. These patients have
not been previously reported. Study approval was
obtained by the institutional review board at
Hackensack Meridian Jersey Shore University Medical
Center, Neptune, NJ, and informed consent was
obtained in accordance with study approval.
Treatment selection was based upon the extent of neu-

romuscular dysfunction [based on pre- and/or intra-
operative electromyography (EMG)], prior failed
attempts at pacemaker implantation, and duration of
paralysis. The treatment protocol included:
I. Pacemaker alone (n = 2), II. Pacemaker + phrenic
nerve reconstruction (n = 6), or III. Pacemaker + dia-
phragm muscle replacement (n = 2).
Group I patients had no prior pacemaker implan-

tation attempts and demonstrated the presence of bilat-
eral phrenic nerve conduction on EMG assessment.
Group II patients had prior unsuccessful pacemaker

implantation attempts due to failure to stimulate, and/
or exhibited uni- or bilateral loss of phrenic nerve con-
duction. Group III patients included those who failed
to stimulate from prior pacemaker attempts, loss of
bilateral phrenic nerve conduction, and/or greater
than three years post-injury.
Pacemaker implantation was performed using one of

three standard approaches: cervical, intra-thoracic, or
laparoscopic, using one of the FDA approved devices
(Synapse Biomedical, Oberlin, Ohio; Avery
Biomedical, Commack, NY). The cervical approach
was performed through bilateral supraclavicular
incisions and exposure of the phrenic nerves along the
anterior scalene muscles. The electrodes were secured
around each phrenic nerve and connected to receivers
that were implanted into subcutaneous pockets in the
upper chest wall. Intra-thoracic implantation was per-
formed through VATS or rib-sparing, limited bilateral
antero-lateral thoracotomies. The phrenic nerve or
nerve–muscle interface was exposed, permitting implan-
tation of pacemaker electrodes and receivers as necess-
ary. Laparoscopic pacemaker implantation was
performed using standard technique for port access.
Nerve mapping was performed in an attempt to identify
areas of maximal contraction or through visual identifi-
cation of the nerve–muscle interface. Electrodes were
placed into each hemi-diaphragm and the wires were
tunneled to a central location on the abdominal wall.
Phrenic nerve reconstruction was performed in the

cervical or intra-thoracic regions using an available
nerve donor, including: spinal accessory, intercostal, or
thoraco-abdominal nerves. The phrenic nerve was
exposed and dissected for several centimeters. An adja-
cent functional (or stimulatable) nerve donor was ident-
ified and confirmed using EMG assessment. The nerve
donor was transected at its muscular insertion and trans-
posed to the phrenic nerve. A microanastomosis was
performed using standard methods. Sural nerve brid-
ging grafts were harvested and coapted between the
donor and phrenic nerves as needed when primary
nerve transfer was not possible.
Diaphragm muscle replacement was performed using

innervated, vascularized rectus muscles, and was based
upon prior reports of abdominal muscle flaps to repair
large congenital diaphragmatic hernias.8,9 The rectus
muscles were dissected while preserving the superior vas-
cular pedicles. The segmental innervation to each
muscle was identified and the integrity of the inner-
vation was evaluated with EMG assessment. Intra-thor-
acic phrenic nerve and diaphragm exposure was
performed and the rectus muscle was transposed onto
the diaphragm and inset to approximate the geometric
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domain of the diaphragm. The proximal segmental
innervation to the rectus muscle was preserved while
distal nerve branches were divided to facilitate transfer
and coapted to intercostal nerves adjacent to the dia-
phragm. The pacemakers were implanted around the
proximal intact nerves to the rectus muscle (the
neodiaphragm).
Parameters for assessment included: time from

surgery to observed reduction in ventilator requirements
(↓VR) (i.e. ability to tolerate > 1 h of CPAP), specific
ventilatory needs as of most recent follow-up [no
change (NC) (i.e. unable to disconnect from the venti-
lator), partial weaning (PW = 1–12 h/day without
mechanical ventilation), or complete weaning (CW ≥
12 h/day without mechanical ventilation)], and peri-
operative complications.

Results
There were three females and seven males with an
average age of 28 years (range = 16–47 yrs.) (Table 1).
All patients had multi-level cervical tetraplegia classified
as ASIA A. The average time from injury to treatment
was 17 months (range = 1–48 months). In 7/10 (70%)
patients there had been a prior aborted attempt at
implantation of a diaphragm pacemaker due to failure
to stimulate (5/6 in Group II and 2/2 in Group III).
A cervical approach was used for pacemaker implan-

tation in both Group I patients and 1/6 Group II
patients (simultaneous with a spinal accessory nerve
transfer). In 5/6 patients in Group II, bilateral intra-
thoracic access was performed for pacemaker implan-
tation and thoraco-abdominal nerve transfers. Both
patients in Group III required an intra-thoracic
approach for rectus muscle flaps, pacemaker implan-
tation, and intercostal nerve transfers (Table 2).

Both patients in Group I (2/2) and one patient in
Group II (1/6) demonstrated ↓VR at 1 month and
achieved CW at 6-month follow-up. One Group II (1/
6) patient exhibited ↓VR at 3 months post-operatively
and achieved CW at 2 years. In two Group II (2/6)
patients ↓VR was observed at 6 months and PW was
achieved at 1.5–2 years. The remaining two patients in
Group II (2/6) have demonstrated ↓VR but are desig-
nated NC at 6 and 8-month follow-up, respectively. In
group III, one patient exhibited ↓VR at 3 months
post-operatively, whereas ↓VR began at one year in
the other patient. At 2-year follow-up both patients in
Group III had achieved PW (Table 2).
PW (4/10) or CW (4/10) was achieved in 8/10

patients (80%) whereas the remaining two patients
(Group II) have demonstrated ↓VR without weaning
(NC) as of the most recent follow-up (<1 year). The
mean duration from surgery to observed ↓VR was 4
months, and the overall mean follow-up was 23
months (range = 6–58 months).
Complications consisted of one patient who devel-

oped post-operative mucous plugging managed conser-
vatively, and three patients who required pacemaker
lead or receiver replacement due to malposition or
malfunction.

Discussion
High spinal cord injuries are associated with dysfunc-
tion in numerous bodily systems, and despite advances
in rehabilitation and biotechnology the potential for
functional recovery is extremely limited. Achieving
partial or complete restoration of respiratory activity is
especially important given the poor outcomes associated

Table 1 Demographic data of patients undergoing surgical
treatment for ventilator dependency.

Patient Age Sex Level ASIA I-S (month) Prior PA

1 22 F C1-C5 A 12 Y
2 30 M C2-C4 A 8 Y
3 47 M C3-C4 A 8 Y
4 27 M C4-C5 A 1 N
5 19 M C3-C4 A 16 Y
6 42 F C2-C4 A 10 N
7 25 M C3-C4 A 17 Y
8 16 M C2-C3 A 21 Y
9 28 F C1-C2 A 28 N
10 33 M C1-C4 A 48 Y
Mean 28 3F,7M 17

Abbreviations: I-S, time (month) from onset of injury to surgical
treatment; Prior PA, prior pacemaker placement attempted (failed
or aborted).

Table 2 Treatment details and patient results.

Patient
Treatment
group

Surgical
approach

↓VR
(month)

Weaning
status

1 III Intra-thoracic 3 PW
2 II Intra-thoracic 3 CW
3 II Intra-thoracic 6 PW
4 II Cervical 1 CW
5 II Intra-thoracic 6 PW
6 I Cervical 1 CW
7 II Intra-thoracic 8 NC
8 II Intra-thoracic 6 NC
9 I Cervical 1 CW
10 III Intra-thoracic 12 PW
Mean 4

↓VR = time (month) from surgery to reduction in ventilator
requirements.
NC = no change (unable to disconnect from the ventilator).
PW = partial weaning, 1–12 h/day without mechanical ventilation.
CW = complete weaning, >12 h/day without mechanical
ventilation.
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with long term ventilator dependency.1,2 Fortunately
there are surgical treatment options for respiratory
recovery, contrasting with the absence of restorative sur-
gical procedures for other systems, such as bowel
control, sexual function, or locomotion.
Diaphragm pacemakers have been used effectively

since the 1970s in ventilator dependency associated
with high spinal cord injury, achieving 80% or
greater rates of weaning.10,11 A recent report supports
diaphragm pacing in the acute setting after spinal cord
injury to promote weaning in patients with a poor
prognosis, as well as to shorten the time to weaning
even in those that would otherwise achieve this over
a longer time period.12 Requirements for successful
application of a diaphragm pacemaker include:
phrenic nerve integrity, diaphragm contractility, motiv-
ated patient and caregiver, preserved patient cognition,
and absence of active respiratory infection.13 The
benefits of successful weaning to a diaphragm pace-
maker have been clearly elucidated in prior
reports.3,5–7,14,15 Patients exhibit reductions in respirat-
ory morbidity, improved quality of life, ease of speak-
ing and eating, and are able to reduce their health care
costs.
Before surgical treatment is considered for chronic

ventilator dependency all attempts at non-invasive ven-
tilation and weaning methods should be exhausted
during the acute and sub-acute phases after injury.
Unfortunately, there are a large subset of patients who
fail to wean using conservative measures, and also fail
attempts at diaphragm pacing. Two major reasons for
pacing failures are the isolated or combined impact of
level(s) of spinal cord injury and delay of intervention.
Cervical spinal cord injuries involving C3–5 often
result in Wallerian degeneration along the cervical
roots and phrenic nerves leading to loss of phrenic
nerve integrity. Without intervention, this progressive
neural degeneration results in loss of the motor units
in the diaphragm and irreversible denervation atrophy.
In an earlier report analyzing the parameters associated
with successful pacing after phrenic nerve reconstruc-
tion, we identified a higher rate of weaning failure
(despite reinnervation) when surgical treatment was per-
formed more than three years post-injury.5 The ability
for nerve regeneration persists as demonstrated on
follow-up EMG testing, however the diaphragm loses
contractile ability due to severe atrophy that eventually
becomes irreversible.
Utilizing advanced peripheral nerve microsurgery

methods and vascularized muscle flaps it is possible to
replace components (or all) of the respiratory system’s
neuromuscular apparatus in order to facilitate successful

pacing and achieve ventilator weaning. Nerve transfers
for diaphragmatic reinnervation in high spinal cord
injury were first reported in a series by Krieger and
Krieger.7 Additional reports have supported the safety
and feasibility of this surgical technique, however
success is likely limited by the time from injury to inter-
vention.16–18 Nerve regeneration may occur without the
ability for functional muscle activity in longstanding
injuries. In the current series, there were six patients
who underwent phrenic nerve reconstruction (nerve
transfers) simultaneous with pacemaker implantation.
The two patients in this group who achieved CW were
treated at 1 and 8 months post-injury, respectively, and
surgery was performed 8 and 16 months post-injury in
the two patients who achieved PW, respectively. All
four of these patients began weaning within the first
year post-operatively. The two patients designated as
NC have begun converting from assist control to spon-
taneous ventilation (CPAP) for several hours per day,
however they have not yet tolerated being completely
disconnected from mechanical ventilation. There was a
longer interval from injury to treatment in these
patients, each undergoing surgery at 17 and 21 months
post-injury, respectively.
For the most severe cases of neuromuscular degener-

ation, muscle replacement may be considered for the
potential to wean to a pacemaker. Diaphragm replace-
ment using vascularized muscle flaps is based on the
work of Barnhart et al.19 and others, who reported the
successful use of abdominal muscle flaps to repair large
congenital diaphragmatic hernias.8,9 In the current
study both of the patients receiving this treatment had
failed prior pacemaker attempts. One of these patients
had a pre-operative EMG with evidence of severe neuro-
muscular degeneration, and the second patient was 48
months post-injury. Both have achieved PW at 2-year
follow-up. The application of diaphragm muscle replace-
ment in this patient population is novel and further inves-
tigation is necessary to validate these early results.
The ultimate goal in chronic ventilator-dependent

spinal cord injury is to achieve both ventilator
weaning and decannulation. Non-invasive ventilation
with decannulation is under-utilized yet has demon-
strated significant efficacy with the ability to support
respiratory function, maintain clearance of secretions,
and allow for decannulation.20 Patients implanted with
pacemakers may also benefit from these methods
especially if they exhibit nocturnal apneas. In our
patient population, most of whom required neuromus-
cular reconstruction simultaneous with pacemaker
implantation, there may be a benefit of post-operative
non-invasive respiratory management to enhance
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results. Future studies may explore multi-modality
therapy in these complex patients.
In this prospective analysis we have demonstrated that

the application of a comprehensive surgical treatment
algorithm provides ventilator-dependent cervical tetra-
plegics the opportunity for reduction or reversal of mech-
anical ventilation requirements, regardless of the severity
of neuromuscular degeneration. In eight of ten (80%)
patients PW or CW was achieved, and the remaining
two patients have reduced ventilator requirements, but
have yet to be fully evaluated. Of the seven patients
who had initially failed pacemaker implantation and
were told they would never be able to wean, five have
achieved the ability to pace the diaphragm without mech-
anical ventilation following phrenic nerve reconstruction
or diaphragm muscle replacement (four PW, one CW).
The limitations of this study are the small number of
patients and the specialty nature of the surgery making
the widespread application more difficult.

Conclusion
Although more investigation is necessary, phrenic nerve
reconstruction or diaphragm muscle replacement per-
formed (when indicated) with pacemaker implantation
may allow virtually all ventilator-dependent cervical tet-
raplegics to wean partially or completely.
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