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Nerve transfers have been well deseribed for the treat-
ment of congenital and traumatic injuries in the brachial
plexus and extremities. This series is the lirst to describe
nerve translers to reanimate the diaphragm in patients
conlined to long-term positive pressure ventilation be-
cause of high cervical spine injury. Patients who have
sustained injury o the spinal cord at the C3 1o G5 level
suffer axonal loss in the phrenic nerve. They can neither
propagate a nerve stimulus nor respond to implanted
diaphragmatic pacing devices (electrophrenic respira-
tion). Ten nerve translers were perlormed in six patients
who met these conditions. The procedures used end-to-
end anasiomoses from  the fourth intercostal 10 the
phrenic nerve approximaiely b em above the diaphragm.
A phrenic nerve pacemaker was implanted as part ol the
procedure and was placed distal to the anastomosis. Ilach
week, the pacemaker was activated to test [or diaphrag-
malic responsc. (T)l'l('.('. ('li'd.p]'l'l’iigﬂ‘] movement was (1()(fll—
mented, diaphragmatic pacing was instituted.

Eight of the 10 transfers have had more than 3 months
to allow [or axonal regeneration. O these, all eight
achieved successlul diaphragmatic pacing (100 percent).
The average interval [rom surgery to diaphragm response
o clectrical siimulation was 9 months, All patienis were
able (o wlerate diaphragmalic pacing as an alternative (o
positive pressure ventilation, as judged by end idal CO,
values, tidal volumes, and patient comlort. Intercostal to
phrenic nerve transler with diaphragmatic pacing is a
viable means ol liberating patients with high cervical spine
injury from long-term mechanical ventilation.  (Plast. Re-

constr. Surg. 106: 1255, 2000.)

Nerve transfers or neurotization procedures
have been used successfully to treat brachial
plexus injuries, to preserve muscle mass after
free Maps, and to achieve facial reanimation.’=®

These procedures have returned both sensibil-
ity and movement in selected patients. In the
laboratory, nerve transfers between intercostal
and distal cauda equina nerves have led (o leg
movement in paralyzed rats.” One area in
which nerve transfers hold promise but rarely
have been used is in the treatment of patients
conflined to long-term mechanical ventilation
after suffering cervical spine injuries.®
Patients who sustain damage at high spinal
cord levels manifest respiratory insufficiency,
requiring long-term mechanical ventilation.
Associated morbidity is high, primarily because
of respiratory complications.”!'’ Ventilator
management also requires a continuous inten-
sive level of care and limits mobility of these
already restricted patients. An established alter-
native to mechanical ventilation is diaphrag-
matic pacing (clectrophrenic respiration)
wherein an electrical stimulus applied to the
phrenic nerve is propagated to the diaphragm
and results in muscle contraction.!1> How-
ever, patients whose injuries involve the C3 to
Cb levels are not candidates for this procedure.
Because its spinal cord anterior horn cell bod-
ies are not viable, the axons of the phrenic
nerve are unable to transmit electrical stimuli.
The nerve also is not able to conduct stimuli
when its trunk has been directly damaged.
Several methods have been used to try to
solve these problems. In cases in which the
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phrenic nerve was transected during operative
procedures, successful return of diaphragmatic
function has been reported both after direct
reanastomosis ol the nerve and with the use of
an interposition sural nerve graft.!®!” Pacing of
the intercostal muscles in addition to the
phrenic nerve in patients with phrenic nerve
injury has been attempted.'® Although this led
to some improvement in tidal volumes, the
authors concluded that it did not lead to in-
spired volumes sulTicient to support ventilation
for long periods. Combined alternating pacing
of both the inspiratory and expiratory chest
wall muscles in dogs has shown some promise
in the laboratory.!

Nerve transfers also have been used success-
fully in the laboratory to achieve diaphrag-
matic pacing after C3 to Cb spinal cord injury.
The use of brachial to phrenic nerve transfers
in cats has been reported, with the subsequent
institution of diaphragmatic pacing and main-
tenance of acceptable tidal volumes.?’ In this
article we present the results of a similar pro-
cedure in humans, using intercostal to phrenic
nerve transfers and diaphragmatic pacing to
achieve reanimation of the diaphragm.

MATERIALS AND METHODS

Patient Selecltion

Suitable candidates for intercostal to
phrenic nerve transfer have phrenic nerves
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that are incapable of transmitting electrical im-
pulses. This may be the result of direct phrenic
nerve injury or of damage to the axonal cell
bodies in the C3 to C5 spinal cord levels. These
sorts of injuries are sometimes obvious during
preoperative evaluation from the nature of the
injury and from radiographic studies. Some-
times it is clear because the patient has lailed to
achicve diaphragmatic pacing after the surgi-
cal placement ol a pacemaker. External elec-
trical stimulation of the neck along the path of
the phrenic nerve is executed to sce il there is
diaphragmatic response.?! Often, however, it is
not clear which patients will benefit from nerve
transfer until the phrenic nerve is directly stim-
ulated intraoperatively. Il the diaphragm re-
sponds to intraoperative stimulation, a pace-
maker is placed; il it does not, a nerve transfer
is performed and then a pacemaker is placed.

Surgical Procedure

Figure 1 shows the relevant surgical anatomy
of the procedure. Access Lo the thoracic cavity
is achieved with a conventional posterolateral
thoracotomy through the T5 interspace. Sub-
periosteal dissection is used to remove the fifth
rib. Obviously, care is taken not to injure the
neurovascular bundle. The lung is mobilized
and retracted. This maneuver is best accom-
plished by folding a 10-cm-wide malleable re-
tractor into a 60-degree angle and placing it on

Intercostal
nerve (cut)

“6th rib

> Phrenic
" nerve (cut)

Sl

Malleable retractor folded and

placed within thoracic cavity
to retract lung and diaphragm.

Fic. 1. Surgical anatomy ol the intercostal to phrenic nerve transfer.
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its side on the (loor of the thoracic cavity.
When positioned in this fashion, the retractor
safely holds the lung at the cavity’s apex and
allows room for visualization and dissection
without the distraction ot a hand-held retrac-
tor. The phrenic nerve is located and is sub-
jected to direct electrical stimulation to con-
firm diaphragmatic paralysis. A muscle pedicle
is dissected overlying the neurovascular bun-
dle. These patients are generally found to have
multiple adhesions over the nerve; an external
neurolysis is thus performed. Once the phrenic
nerve is dissected satistactorily, it is transected
5 c¢cm proximal to its insertion into the dia-
phragm.

Next, the fourth intercostal nerve is isolated.
It is dissected proximally to distally, from the
spinal column to its bifurcation laterally into its
two branches. The nerve thus is dissected and
mobilized essentially for its entire usable
length. A b-mm cull of surrounding tissue is
left in place circumlerentially around the
nerve to help preserve its vascular supply. The
intercostal nerve also generally has adhesions
and requires external neurolysis. The nerve is
transected near its distal end.

The free ends of the nerves are held in op-
position, and their trunks are loosely placed
along the inner wall of the thorax. It is con-
firmed that the anastomosis will be without any
tension whatsoever, given the location of the
nerves’ transected ends and trunks. The inter-
costal nerve is then anastomosed Lo the
phrenic nerve in an end-to-end manner by us-
ing four or five interrupted 7-0 Prolene sutures
through the epineurium of the two nerves. A
tongue blade is used as a stabilizer to minimize
movement during the anastomosis. The actual
anastomosis is done deep within the thoracic
cavity and is accompanied by the constant mo-
tion of the nearby heart. For these reasons, the
procedure has proved much ecasier to accom-
plish under 4.5-power loupe magnilication
rather than with the operating microscope.

At present, phrenic nerve pacemakers man-
ulactured by one company are FDA-approved
for use in humans (Avery Laboratories, N.Y.).
The system relies on an clectrode placed
around the phrenic nerve and a receiver that is
implanted in a nearby subcutancous pocket.
The pacemaker’s monopolar clectrode is ap-
plied to the phrenic nerve | cm distal to the
anastomosis and is secured to the solt tissue of
the thoracic wall by using 3-0 Prolene suture.
The soft tissue surrounding the intercostal

nerve is secured to the soft tissue of the tho-
racic wall by using two or three superficial 5-0
Prolene sutures. A 4 by 4 ¢m subcutancous
pocket is created in the anterior chest wall over
the ribs in the infraclavicular region, and the
pacemaker’s receiver is placed within it. All
wounds are closed, and chest tubes are placed
through the anterior chest wall to avoid possi-
ble interaction with the nerves.

Postoperative Management

After the procedure, the patient is brought
to the intensive care unit [or routine postoper-
ative care. The patient usually can be dis-
charged [rom the hospital about 1 week post-
operatively (with a portable mechanical
ventilator). Three months after surgery, the
pacemaker is activated and the diaphragm is
cvaluated for responsiveness.

Diaphragmatic activity is evaluated by two
methods: clinical and clectrical. The patient is
preoxygenated for 30 minutes. The patient is
then taken off ventilatory support and pacing is
instituted. Respiratory activity is monitored by
measuring tidal volume and end tidal CO..
Electrical activity is evaluated by assessing dia-
phragmatic muscle potentials in response to
pacing. The pacemaker includes a feature that
can send the results of this evaluation to distant
locales through telephone lines.?? If the dia-
phragm docs not respond, the patient is re-
turned to mechanical ventilation and the dia-
phragm is reassessed at weekly intervals. This
evaluation is repeated until the patient is noted
to have sustained diaphragmatic activity. At
that time a pacing schedule (without ventilator
support) is instituted. The daily duration of
pacing is determined by measurement of tidal
volume, end tidal CO,, and patient comfort. It
is gradually increased as tolerated.

RESULTS

Table T lists the patients who underwent the
nerve transfer procedure. A total of six patients
were treated. Patients ranged in age [rom 19 to
54, with an average age of 30.3. Causes ol cer-
vical spine damage included vascular and both
blunt and sharp traumatic injuries. The inter-
val from injury to nerve transfer ranged [rom 6
months to 3 years, with an average of 1.7 years.
Two patients underwent unilateral nerve trans-
fer; four underwent bilateral procedures. A to-
tal of 10 nerve transfers were thus performed.

Of the six patients on whom nerve transfer
was performed, five have had longer than 3
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TABIL T
Summary ol Nerve Transler Patients and Results
Interval trom Surgery o
Cause of Cervical Interval from Injury to Diaphragmatic Responsc to
Paticnt Patient Age Spine Tnjury Nerve Transfer Procedure Flectrical Stimulation Current Stams
1 20 Anterior spinal 3 years Unilateral lelt N'T 10t months Capable ol pacing;
artery syndrome currently not
because of
depression
2 32 Spinal cord 1 year Unilateral lelt N'T 4 months Pacing 24 howurs
arleriovenous per day
malformation
) 54 Motor vehicle 1 year Bilateral N'T 6 months Died ol
accident nonrespiratory
causes; had been
capable of
pacing
4 19 Trampoline 3 years Bilateral N'T 7 months Pacing 24 howrs
accident per day
3 23 Motor vehicle 6 months Bilatcral NT 13 months On progressive
accident pacing schedule
6 54 Gunshot wound 18 months Bilateral N'T NA One month postop;

awailing axonal
regeneration

NT. nerve transfer.

months to allow [or axonal regencration. Be-
cause some of the procedures were bilateral,
this is a total of cight nerve transfers. All of
these nerve transfers regained diaphragmatic
motion with pacing. The interval from surgery
to diaphragmatic response to clectrical stimu-
lation ranged from 6 to 13 months, with an
average ol 9 months. Figure 2 shows a tracing
of diaphragmatic muscle activity in response to

pacing of the transferred intercostal/phrenic
nerve. It demonstrates biphasic muscle poten-
tials.

The current status of these five eligible pa-
tients includes two who are completely [ree of
ventilatory support and are pacing 24 hours
per day. One patient recently developed dia-
phragmatic response to pacing and has begun
a progressive daily pacing schedule. Another

Left Side

Right Side

Ie. 2. Tracing showing biphasic diaphragmaltic response Lo electrical stimulation. This pa-
tient underwent bilateral nerve transfers 17 months previously and, at the time of this study, was
using his diaphragmatic pacemaker rather than mechanical ventilation for 24 hours per day. He

generated tidal volumes of 600 to 800 ce.
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patient is able to use the pacemaker, but a
recent depression has lelt him [rustrated with
his overall condition and he currently chooses
to remain on the ventilator. The last patient
died of nonrespiratory causes approximately 8
months postoperatively but had regained bilat-
cral diaphragm movement with pacing before
that time.

DISCUSSION

The phrenic nerve is formed from the ven-
tral rami of C3 to Cb with the primary contri-
bution coming [rom C4. These roots unite and
descend almost vertically to the diaphragm,
where the nerve then divides into three
phrenico-abdominal branches, supplying the
diaphragm from its inferior surface.?*?* Physi-
ologically, the loss of these fibers is devastating
inasmuch as the paired phrenic nerves are the
only nerves that provide motor stimuli to the
diaphragm. Il an individual sustains an injury
above the C3 spinal cord level, the diaphragm
will be paralyzed. In this case, the phrenic
nerves themselves will remain viable because
the anterior horn cells are intact. Such patients
are candidates for conventional diaphragmatic
pacing. However, il the injury involves the an-
terior horn cells of C3 to €5, the cell bodies are
destroyed and Wallerian degeneration leads to
axonal loss in the phrenic nerves. The nerves
cannot propagate clectrical impulses, and pa-
tients with these injuries are not candidates for
diaphragmatic pacing. These patients are gen-
crally confined to long-term mechanical venti-
lation. Patients who suffer iatrogenic injury to
the phrenic nerve often face a similar fate. If
the nerve is transected and not repaired soon
after injury, its ends can become adhered to
the surrounding tissue; this can make direct
repair and, someltimes, interposition grafting
impossible. Permanent phrenic nerve dystunc-
ton can also result from cold cardioplegia so-
lution during cardiac surgery.”-%’

Surgical remedies have been used in some
cases of phrenic nerve injury.’®=" The senior
author performed brachial to phrenic nerve
transfers in cats and used diaphragmatic pac-
ing to achieve successful diaphragmatic pacing
in cats.?’ This investigative work indicated that
nerve transfers seemed to offer a means of
achieving diaphragmatic reanimation in hu-
mans.

The intercostal nerve was chosen as the do-
nor [or this procedure on both anatomic and
physiologic grounds. The proximity of the in-

tercostal nerves to the phrenic nerve and its
insertion into the diaphragm allow convenient
surgical exposure and a short course of axonal
regeneration. The intercostal and phrenic
nerves have similar functions in that their mo-
tor neurons are involved in respiration. Both
innervate skeletal muscle and release acetyl-
choline as their neurotransmitter; also, the
nerves are of similar size. The fourth intercos-
tal nerve is used because it reaches the phrenic
nerve most easily. Attempts with the seventh
intercostal nerve have proved less facile be-
cause it is located below the horn of the dia-
phragm; its cut end reached that ol the
phrenic nerve only with some degree of ten-
sion at the anastomosis.

Cervical nerves below the site of injury also
scem appealing as donors for the nerve trans-
fer. In cases of high cervical spine injury, the
anterior horn cells remain viable at cord levels
below the site of injury. These cells can prop-
agate a nerve stimulus, but they do not do so in
an orderly lashion because they are discon-
nected from the higher nervous system. (This
is why paraplegic patients often suffer lower
extremity spasticity: their nerves function, but
they do so in a disorganized way.) A nerve
transter of one of these nerves to the phrenic
nerve with pacing might solve these problems
while sparing patients the added morbidity of a
thoracotomy. However, a high anastomosis
means that growing nerve stumps must traverse
a larger distance to reach the diaphragm.
Moreover, external stimulation is not foolproof
in assessing the viability of phrenic nerves.®
Three of the patients in this series initially were
thought to need bilateral nerve transfer proce-
dures because external stimulation yielded no
diaphragmatic response. At the time ol sur-
gery, however, the phrenic nerve on one side
responded to direct stimulation. These pa-
tients simply received a pacemaker to those
responsive sides and were spared unnecessary
transection of viable phrenic nerves. On the
basis of these experiences, direct visualization
of diaphragmatic activity scems prudent before
cutting the phenic nerve.

This series shows positive results from inter-
costal to phrenic nerve transfers in human
quadriplegic patients with CG3 to C5 spinal cord
lesions. A total of 10 nerve transfers were per-
formed, ol which eight have had sulTicient time
for axonal regeneration at the time of this
report. All eight of these nerve transfers led to
diaphragmatic motion when the combined in-
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tercostal/phrenic nerve was stimulated by a
diaphragmatic pacemaker. A total of six pa-
tients underwent the procedure; at the time of
this report, five have had sufficient time for
axonal regencration. Two of the five patients
arc completely liberated from mechanical ven-
tilation. One patient recently began a progres-
sive pacing schedule. Another patient is physi-
ologically capable of diaphragmatic pacing but
chooses not to do so because ol psychiatric
issues. The final patient died but had demon-
strated successful diaphragmatic pacing before
his demise.

The timing of reconstructive surgery alter
injury is an important issue in all muscle rean-
imation procedures. Classic work focusing on
facial muscle reanimation has led many to con-
clude that in cases of complete muscle dener-
vaton, surgical interventions should be per-
formed within 2 years of injury.?* One of the
patients presented here had sustained his in-
jury 3 years before the nerve transfer proce-
dure. He regained diaphragmatic motion after
the nerve transfer, and, perhaps coincidentally,
did so in the shortest amount of time after the
procedure. It is possible that the large muscles
of the diaphragm may undergo a somewhat
different pattern and timing ol degeneration
after denervation than the small muscles in the
face. Another explanation for the ability to
achieve axonal growth in the distal phrenic
nerve so long alter injury may involve incom-
plete injury at the C3 to Cb levels. This would
preserve some anterior horn cells and their
axons. These cells would not be sufficient to
create observable diaphragmatic response on
their own or with intraoperaltive electrical stim-
ulation. However, the intact anterior horn cells
might provide viable axons, which, after the
nerve transfer and pacing, allow for clectro-
phrenic respiration.

The accepted growth rate ol regencrating
axons is 1 mm per day.”’ Because our anasto-
moses were b cm from the diaphragm, we
would expect regencration to occur within 50
days, perhaps with a 1- to 2-month latency pe-
riod. Tn no case did diaphragmatic reanima-
ton follow this schedule. The most rapid re-
turn ol diaphragmatic response to clectrical
stimulation was 6 months and the longest was
13 months, with an average of 9 months. Per-
haps the large diaphragm muscles require a
longer latency period than the smaller muscles
in the upper extremity and face. Or, perhaps
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the large-caliber phrenic nerve requires longer
than the accepted upper extremily nerve ax-
onal growth rate of 1 mm per day.

Lastly, peripheral nerve surgery within a
body cavity poses unique challenges. Several
technical points are worthy of comment. All
manipulations of peripheral nerves and nerve
transter procedures involve a balance between
adequate dissection and mobilization of the
nerve trunk and maintenance of the nerve’s
blood supply.”* " Extensive mobilization helps
o creale anastomoses with minimal tension
but may harm the blood supply of the nerve.
Minimal mobilization maximally preserves vas-
cularity but may lead to tension at the anasto-
mosis. In the intercostal to phrenic nerve trans-
fer, we believe that adequate mobilization is of
paramount importance. We dissect and mobi-
lize the intercostal nerve [or essentially its en-
tire length. This allows an anastomosis without
any tension whatsoever. More limited mobili-
zation procedures have not proved satisfactory
in this regard. Attempts are made to maintain
nerve vascularity by including a generous cuff
of ussue around both nerves and then, follow-
ing the anastomosis, securing the nerves to the
vascular tissue of the inner thoracic wall.

Both the dissection of the nerves and anas-
tomosis itself have proved troublesome under
the operating microscope. The dissections are
along angles difficult to keep in focus. Even
with the nerves well mobilized, the anastomosis
must be performed deep in the thoracic cavity.
Also, the constantly beating heart agitates the
small opcrative field as viewed under high-
power magniflication. The use ol 4.5-power
loupes allows for excellent visualization of the
relatively large nerves as well as better orienta-
tion as one attempts to place sutures through
the epineurium of deep and constantly moving
targets.

CONCLUSIONS

Recent advances in microsurgical technique
and understanding of axonal physiology have
allowed new procedures for achieving muscle
reanimation. The intercostal to phrenic nerve
transler is an example of these new proce-
dures. When combined with diaphragmatic
pacing, it has proved useful in the reanimation
of the diaphragm for patients sutfering C3 to
C5 spinal cord injuries.
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The external transmitter and antennas transmit
energy to the bilaterally implanted receivers,
which convert the radio signals into stimulating
pulses delivered to both phrenic nerves by the
electrodes.

The hemidiaphragms then contract, producing
inhalation. The train of impulses then stops,
allowing the diaphragm to relax, and exhalation
to occur. Cyclic repetition of pulse trains, followed
by no pulses, produces a normal breathing
pattern. Some of the earliest patients have been
pacing for more than 30 years, and many for
more than two decades.

Refer to the instruction manual, which is provided
with each device, for detailed instructions for use,
warnings, precautions, and adverse side effects.
Federal law (USA) restricts this device to sale by or
on the order of a physician,

Avery Biomedical Devices, Inc.

61 Mall Drive

Commack, NY 11725-5703

Phone: 631-864-1600, Fax: 631-864-1610
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