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Abstract
BACKGROUND: There is a paucity of literature concerning general anesthesia and surgery in

patients with amyotrophic lateral sclerosis (ALS or Lou Gehrig’s disease). This report summarizes the
largest series of surgical cases in ALS during multicenter prospective trials of the laparoscopic
diaphragm pacing system (DPS) to delay respiratory failure.

METHOD: The overall strategy outlined includes the use of rapidly reversible short-acting analgesic
and amnestic agents with no neuromuscular relaxants.

RESULTS: Fifty-one patients were implanted from March 2005 to March 2008 at 2 sites. Age at
implantation ranged from 42 to 73 years and the percent predicted forced vital capacity (FVC) ranged from
20% to 87%. On preoperative blood gases, PCO2 was as high as 60. Using this protocol, there were no
failures to extubate or 30-day mortalities. The DPS system increases the respiratory system compliance by
decreasing posterior lobe atelectasis and can stimulate respirations at the end of each case.

CONCLUSIONS: Laparoscopic surgery with general anesthesia can be safely performed in patients
with ALS undergoing DPS.
© 2009 Published by Elsevier Inc.
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Amyotrophic lateral sclerosis (ALS or Lou Gehrig’s dis-
ase) is a relentlessly progressive and fatal disease, charac-
erized by motor neuron degeneration of the cerebral cortex,
rainstem, and spinal cord of unknown etiology. The tar-
eted neurons include the upper motor neurons (UMNs) in
he brain and lower motor neurons (LMNs) in the brainstem
nd spinal cord. The average lifespan of ALS patients from
ime of symptom onset is only 3 to 5 years. Although ALS
as no direct affect on the lungs, it has devastating effects

n the mechanical function of the respiratory system. ALS
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387R.P. Onders et al. Diaphragm pacing in ALS
ffects all of the major respiratory muscle groups: upper
irway muscles, expiratory muscles, and inspiratory mus-
les. Therefore, all patients with ALS are at significant risk
or respiratory complications. Progressive inspiratory mus-
le weakness in ALS inevitably leads to inability to clear
ecretions, carbon dioxide retention, and hypercarbic respi-
atory failure, the major cause of death in ALS. Pulmonary
omplications and respiratory failure are reported to be
esponsible for at least 84% of deaths in ALS.1

Even though there are slightly more than 5,000 new
ases of ALS diagnosed each year in the United States, there
s a paucity of literature concerning general anesthesia and
urgery in patients with the disease. Historically, surgery
as been considered high risk because of the significant and
rogressive respiratory insufficiency in ALS patients. Only
everal case reports are available in the literature, all of
hich recommend local-regional anesthetic techniques in
LS patients due to the heightened risk of general anesthe-

ia.2–4 Even during percutaneous endoscopic gastrostomy
ube placement, 30-day mortality rates are reported to be as
igh as 25%.5

The diaphragm pacing system (DPS) involves laparo-
copic mapping of the motor point of each hemi-diaphragm
o identify the optimal point where stimulation provides
aximal contraction of the diaphragm.6,7 At this location

lectrodes are implanted that are then routed percutaneously
o a control unit that provides the stimulus to provide res-
iration. DPS was developed initially to provide natural
egative pressure ventilation in spinal cord–injured (SCI)
atients on positive pressure mechanical ventilators. In mul-
icenter trials of SCI patients, 98% of patients were liberated
rom their ventilators with the DPS system, which led to US
ood and Drug Administration (FDA) approval of the DPS
or this indication in 2008.8–10 The results in SCI patients
ed to the formulation of research plans to implant the DPS
n ALS patients to delay the need for mechanical ventilators.
racheostomy and mechanical ventilators would be the
sual end result of respiratory failure, but most ALS patients
n the United States choose death over this option. The goal
f DPS implantation in ALS before tracheostomy is to
aintain diaphragm strength, convert diaphragm muscle

rom the fast-twitch type IIb to slow-twitch type I and
erhaps have a trophic effect that allows the phrenic motor
eurons to live longer. This improvement may be identified
y a decreasing rate of decline in the forced vital capacity
FVC) after implantation of DPS. Prior to the first surgical
mplantation of patients with DPS, a perioperative manage-
ent plan was developed to decrease the presumptive risks

f general anesthesia and laparoscopic surgery and has been
he basis of management since the onset of the trial.

The initial pilot study results were positive in showing
hat the DPS system has significantly decreased the decline
f FVC from 2.4% preimplant to .9% per month postimplant
xtrapolating to a 24-month improvement in survival.11 This

ed to a multicenter worldwide trial at 11 sites that is still r
ngoing. This report summarizes the perioperative manage-
ent used at the 2 Midwestern implantation sites to dispel

he belief that surgery in patients with ALS cannot be
erformed safely. This is the largest series of general anes-
hesia and surgery to be reported in ALS patients.

atients and Methods

This is a prospective evaluation of all ALS patients
mplanted with the DPS system from March 2005 until

arch 2008 at University Hospitals Case Medical Center
UHCMC), Cleveland, OH, and Henry Ford Health System
HFHS), Detroit, MI. This was undertaken under FDA In-
estigational Device Exemption (IDE) G040142 and both
ites institutional review boards (IRBs) approved the investi-
ations. The study was registered at http://www.clinicaltrials.
ov with the specific identifier NCT00420719. The patients
eing reported were involved in 3 separate IRB trials under
he same IDE with some overlap of the trials. One of the
rimary inclusion criteria was a FVC above 50% predicted
t enrollment and 45% at implantation because of the con-
ern for taking a patient with severe respiratory dysfunction
o surgery. The first group was a safety and feasibility trial
o confirm that implantation and stimulation would not have
ny adverse effects. The second group involved the com-
assionate use of DPS in patients who had a predicted FVC
elow the inclusion criteria of the other trials. The third
roup of patients was involved in the initial aspect of a
ulticenter pivotal trial that will eventually consist of 100

atients. Since ALS patients are such a heterogeneous
roup, the trial was designed so that each patient would be
heir own control. Therefore, in the first and third groups of
atients, subjects were evaluated 3 times with a battery of
ests constituting the lead-in before surgical implantation.
fter surgical implantation and diaphragm conditioning, the
atients underwent the same tests every 4 to 12 weeks for 1
ear from enrollment. The tests over the course of the trial
or these 2 groups of patients included the SF-36, amyotro-
hic lateral sclerosis functional rating scale-revised
ALSFR)-r scoring, phrenic nerve studies, diaphragm ultra-
ound thickness, fluoroscopic sniff tests, pulmonary func-
ion tests, arterial blood gases, laboratory tests, and elec-
rode characterizations including electromyographic
ssessments. The primary end point of the pivotal trial is to
ssess the rate of decline of FVC before and after implan-
ation of DPS and to assess the effect of DPS on survival.

The results of the long-term multicenter trial are incom-
lete as the trial is still on going. The goal of this study is
o outline the perioperative results of 2 of the centers using

standard perioperative management plan. The plan is
eparated into 3 parts: preoperative planning, intraoperative
anagement, and immediate postoperative management.
he patient characteristics and perioperative results will be
eported using this management plan.

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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reoperative planning

Because of the nature of their progressive disease, ALS
atients should undergo thorough evaluation before surgery.
LS patients are limited in physical activity, so assessment
f underlying coronary disease may need more formal car-
iac testing based on the patient’s risk assessment. All
atients undergo complete pulmonary function testing to
ssess FVC. Except in several compassionate use cases of
PS, patients were excluded from surgery if their FVC was
elow 45% predicted because of the possible increased risk
f failure to extubate at the end of the case. Arterial blood
ases are obtained to assess for underlying hypercarbia from
ypoventilation.

The practice Parameter of the American Academy of
eurology suggests that all patients with ALS and respira-

ory symptoms or a FVC of less than 50% should be offered
oninvasive positive pressure ventilation (NPPV).12 It is
mportant if patients meet these criteria that they are started
n this therapy before surgery so that they can develop
olerance to the mask before needing it in the immediate
ostoperative time period.

ntraoperative management

Patients receive routine deep venous thrombosis prophy-
axis with sequential leg compression devices and have
ppropriate warming apparatuses placed. Since electrodes
re being implanted and some patients will have a contam-
nated case with simultaneous placement of gastrostomy
ubes, preincision antibiotics are given to all patients.

Because muscle stimulation has to be performed to iden-
ify optimal implantation site of electrodes, no neuromus-
ular relaxants (paralyzing agents) are used. Succinylcho-
ine is strictly contraindicated in patients with ALS because
f the UMN involvement leading to denervated muscles
ith increased acetylcholine receptors contributing to this

ucccinylcholine-triggered hyperkalemia.13 Preemptive lo-
al anesthetic is placed in all planned incisions to decrease
eed for intraoperative narcotics and decrease muscle
pasms in patients with more UMN involvement. The over-
ll strategy is to use rapid reversible short-acting analgesic
nd amnestic agents. Premedication is provided with mida-
olam, which is an anxiolytic that also decreases intraoper-
tive muscle spasms. Induction is done with propofol and
emifentanil infusion. Propofol is an intravenous amnestic
gent. Remifentanil is an intravenous ultra-short-acting nar-
otic used for both induction and maintenance of anesthesia.
his agent is a potent narcotic that depresses the respiratory
rive, which facilitates diaphragm mapping because the
atient will not try to augment respiration. Because of the
ltrashort action of remifentanil, patients resume their nor-
al respirations minutes after discontinuation of the drug.
emifentanil infusion is made with 1 mg in 40 mL of fluid
nd an intial bolus of .5 to 1.0 �g /kg and maintenance rate

f .1 to .2 �g /kg/minute. Anesthesia is deepened with an 2
nhalational agent such as sevoflorane, which has low lipid
olubility allowing rapid on and off capabilities. Mainte-
ance of anesthesia during the case is done with the inha-
ational agent and remifentanil. Small doses of morphine or
ydromorphone, nonsteroidal anti-inflammatory agents, and
enerous local anesthetic injection help with postoperative
ain. At the end of each procedure, the DPS system is also
sed to increase the respiratory system compliance by de-
reasing posterior lobe atelectasis by maximally stimulating
he diaphragm. Since ALS patients have little respiratory
eserve, increasing respiratory compliance decreases their
ork of breathing, which helps in the immediate postoper-

tive period. Extubation is routinely planned in the operat-
ng room and diaphragm function is improved by having the
atient sitting up during this time.

ostoperative management

Patients who were on NPPV preoperatively are placed on
t in the recovery room. It is important that the perioperative
ursing staff is familiar with the patient’s own NPPV sys-
em and mask. Many times this process is facilitated by
aving the patient’s primary caregiver come to the postan-
sthesia care unit to help with the patient’s machine. This
lso helps in communicating with the patient, especially if
he patient has significant bulbar symptoms that make com-
unication difficult. Some patients can only communicate
ith eye blinks and the caregiver/family member is invalu-

ble in facilitating communication with the patient. Patients
re routinely monitored overnight because of their weakness
nd proneness to apneas.14 Routine postoperative use of
xygen should be limited because ALS patients have an
nstability of respiratory control and their drive for respira-
ions when sleeping is based on oxygen saturation. If a
atient becomes confused, an arterial blood gas reading
hould be obtained to ensure the patient is not becoming
ypercarbic. To decrease this risk, NPPV is used with a
ack-up respiratory rate. Excessive sedation is also avoided
n the postoperative period. Patients routinely using cough
ssist devices/airway clearance devices are encouraged to
ring their own machine and resume their usual routine.

esults

For the initial pilot trial, 16 patients were implanted at
HCMC from March 2005 to March 2007 with an average

ge of 50 years (range 32 to 70 years); 13 of the patients
ere males. The average predicted FVC at surgery was 56%

range 45% to 89%) with 5 patients having values below
0%. Two patients had hypercarbia before implantation. Six
atients underwent simultaneous gastrostomy tube place-
ents. The average time for the operation was 98 minutes

range 60 to 134 minutes).
In September 2007, 2 patients at UHCMC with FVC of
6% and 28% predicted were implanted under compassion-
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389R.P. Onders et al. Diaphragm pacing in ALS
te use. Both patients had a simultaneous gastrostomy
laced. One patient was dependent on NPPV for over 12
ours per day.

From March 2007 to March 2008, 33 patients at UHCMC
nd HFHS were implanted. The average age was 55 years
range 41 to 72 years) with 67% males. The average predicted
VC at implantation was 60 (range 45 to 87) with 7 patients
elow 50% predicted. Six patients had evidence of hypercarbia
efore implantation with 1 patient having a carbon dioxide
evel of 60 mmHg.

It was identified early in the study that ALS patients were
eing extubated more easily than expected. During the
ourse of this study, 4 of these ALS patients were analyzed
nd previously reported by measuring the respiratory sys-
em compliance at the end of the procedure.15 DPS was
ynchronized with the anesthesiology ventilator and the
hange of respiratory compliance was measured before and
fter the use of DPS. There was a 19% increase of respira-
ory compliance when DPS was used. DPS was done rou-
inely at the end of the procedure to help with extubation
nd improve respiratory compliance.

Using this management strategy there were no failures to
xtubate or 30-day mortalities. There were no perioperative
espiratory infections. There were no prolonged hospitaliza-
ions, with most patients being discharged in less than 1 day.
hree patients returned for second operations: 2 gastrosto-
ies and 1 colon resection for colon cancer with no mor-

idity. The DPS system was used during the second oper-
tion not only to monitor diaphragm respirations but also to
timulate respirations in the now identified central sleep
pnea these patients develop. In several cases DPS was used
o stimulate respirations immediately postoperatively and in
he 1 patient with significantly elevated PCO2 continuous use
f DPS postoperatively was able to drive down the PCO2.

omments

This is the largest reported series of ALS patients undergo-
ng general anesthesia safely for a laparoscopic procedure.
eneral anesthesia consisting of remifentanil, sevoflurane, and
ropofol was effective in facilitating neuromuscular evalua-
ion and laparoscopic surgery in ALS patients without ad-
erse perioperative effects. This strategy may be useful and
acilitate other surgery on patients with ALS. The limiting
actor in concluding that all surgery in ALS patients can be
one safely is that the DPS system was implanted in all of
he patients. Stimulating the diaphragm at the end of each
ase causes increased respiratory compliance, most likely
y expanding the posterior lobes. This may be the reason
hat there were no perioperative pneumonias or any other
espiratory problems. Use of the DPS system to start con-
itioning the diaphragm in 1 week may also be the reason
hat the 30-day mortality rate is much lower than the rate
eported with gastrostomy placement alone. Patients with

LS may require surgical procedures during the course of O
heir disease (eg, appendicitis, cholecystitis) and an under-
tanding that general anesthesia can be safely given to
atients will increase their quality of life. Consideration
hould be given for implantation of the DPS system at the
ime of any surgery for patients with ALS for perioperative
anagement and increasing perioperative respiratory com-

liance.
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iscussion

Dr. Donald W. Moorman (Boston, MA): This work
epresents a further extension of the ongoing work of Dr.

nders and his group and the use of diaphragmatic pacing



t
T
u
s

d
u
d
n
e

a
t
s

s
m
d
i
a

t
i
m
t

t
h
i
m
B
p
s
i
d
1
a

m
5
o

a
t
r
i
p
j

n
d
a
l
s

h
p
s
o

p
t
d
t
n
s
o
u
m
a
t
w
m
s

390 The American Journal of Surgery, Vol 197, No 3, March 2009
echnology in neurotrauma and neurodegenerative diseases.
he report focuses on the general anesthesia techniques
tilized for the patients and the current ALS trial. I have
everal questions.

First, you describe in the manuscript the concept of
iaphragmatic conditioning. I would like you to help me
nderstand the value in patients with neurodegenerative
iseases. How much improvement will you see in pulmo-
ary function with conditioning, or is this is even a consid-
ration?

Second, the anesthesia technique described in the paper
ppears logical, but I could find no control data. Is this is a
echnique validated elsewhere, or is this a practice by con-
ensus?

And third, while all of us are called upon to provide
urgical care to patients with neurodegenerative or neuro-
uscular diseases, can this mapping and implantation be

one in the acute setting? So, could we utilize the technique
n a patient we would have to operate on acutely for an
bdominal catastrophe?

Dr. Raymond P. Onders (Cleveland, OH): My thanks
o Dr. Moorman, who was one of my mentors. I was going
nto family practice before he took me aside as a senior
edical student and convinced me to go into surgery. I

hank him for that.
Regarding your first question on diaphragmatic condi-

ioning, we had an unexpected finding. Many ALS patients
ad conversion of their type 1 muscle fibers to type 2B, that
s slow twitch to fast twitch. The diaphragm should nor-
ally have about 70% of the muscle as slow twitch fibers.
ecause of their upper motor neuron involvement, ALS
atients have predominantly type 2B fibers. So, they benefit
ignificantly from conditioning, just like a spinal cord–
njured patient. So during that 30-day time period that we
id this, we were converting them to a much stronger type
muscle fiber. That was an unexpected and key finding. In
n elegant New England Journal of Medicine article from 3 p
onths ago, it was shown that within 1 night on a ventilator,
0% of the diaphragm muscle is converted to the type 2B,
r fast-twitch muscle fibers.

As for your third question, could this be utilized in an
cute setting? We have done it in 2 patients with acute
ransverse myelitis, putting them on a ventilator to allow
econversion of diaphragm muscle fibers. We are presently
n conversations with the FDA for a trial where we can
erioperatively pace the diaphragm for another operation,
ust as you described.

As to your second question regarding anesthetic tech-
ique, this is truly a practice by consensus, as there are no
ata about general anesthesia in ALS patients. There was no
lternative technique or control group. We have been uti-
izing this technique at 11 worldwide sites, and it has been
uccessful and reproducible.

Dr. Douglas F. Naylor, Jr (Cleveland, OH): Do you
ave any information comparing your technique of dia-
hragmatic pacing versus rapidly evolving techniques,
pecifically noninvasive ventilation with varying levels
f bilevel positive airway pressure (BIPAP)?

Dr. Onders: It’s very interesting. One of the other as-
ects that we presented last year is that we implanted elec-
rodes into the diaphragm to create EMG capability. We
iscovered, confirmed in that New England Journal article,
he following: when we put patients on a ventilator or use
oninvasive positive pressure ventilation techniques, most
top utilizing their own diaphragm, as we have identified in
ur ALS patients. The data demonstrate that if you do not
se your diaphragm in 12 hours, you will convert to type 2B
uscle fibers, which is very detrimental. The weaning from
ventilator in the intensive care unit is essentially an at-

empt to reconvert to type 1 slow twitch muscle fibers. And
e have shown that pacing just 30 minutes a day will
aintain the diaphragm as primarily type 1 fibers. We

hould consider earlier utilization of pacing for normal

atients on a ventilator.
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