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injected drugs or fluids. Sensitivity occurs infrequently,
and a sensitivity test just prior to use has been advised.’
Hyaluronidase has been studied as an adjuvant for epi-
dural analgesia.'® The use of 125 units of hyaluronidase
in 25 ml 2% lidocaine with epinephrine 1,/200,000 was
associated with a decrease in both intensity and dura-
tion of neural blockade. In fact, the quality of analgesia
with hyaluronidase was inadequate for surgery. This
study demonstrated that hyaluronidase, rather than en-
hancing neural uptake of drugs from the epidural
space, effected a dramatic reduction of concentration of
local anesthetic at its spinal site of action. The effect of
hyaluronidase on increasing the overall vascular uptake
of a drug has been amply demonstrated by Mushin.'!
He showed that intramuscular gallamine with hyaluron-
idase had a five-fold faster onset time with double the
intensity of neuromuscular block than the equivalentim
dose of gallamine without hyaluronidase.

In conclusion, accidental drug administration into the
epidural space is a rare problem which has caused se-
vere neurological damage. We describe a case in which
no neurologic sequelae followed a mistaken epidural
administration of 1% methohexital. Treatment con-
sisted of dilution in combination with steroid and hyal-
uronidase administration, the effectiveness of which is
impossible to evaluate.
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Air Embolism Associated with Veno-venous Bypass during Orthotopic Liver Transplantation
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Prior to 1982, the anhepatic phase of orthotopic liver
transplantation (OLT) was performed by cross-clamp-
ing the inferior vena cava (IVC) and portal vein. This
resulted in significantly decreased venous return with
subsequent decreases in cardiac output. Concomitantly,
the venous pressure in the portal circulation was in-
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creased, leading to visceral engorgement and the possi-
bility of bowel ischemia, as well as increased bleeding
from the adhesions of previous surgeries. The intro-
duction of non-heparinized veno-venous bypass de-
creased the morbidity and mortality of OLT by par-
tially restoring the cardiac output and decreasing vis-
ceral bleeding.! The portal vein and IVCare drained by
cannulae which are connected to a centrifugal force
pump, and venous flow is returned to the superior vena
cava via the left axillary vein (fig. 1).

Liver transplantation is a technically difficult proce-
dure for both surgeons and anesthesiologists; many op-
portunities for complications present themselves. An
incident possibly due to venous air embolism (VAE) re-
sulting in severe hemodynamic deterioration during
OLT has previously been described, although not re-
lated to veno-venous bypass.2 We wish to report a case
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of air embolism resulting in cardiovascular deteriora-
tion using veno-venous bypass.

REPORT OF A CASE

A 57-yr-old woman with a diagnosis of chronic active non-A non-B
viral hepatitis was scheduled for OLT. Anesthesia was induced with
thiamylal and succinylcholine iv, and was maintained by inhalation of
isoflurane, nitrous oxide, O, and iv fentanyl. Monitors included ra-
dial artery and flow-directed pulmonary artery catheters, ECG, esoph-
ageal stethescope, and analysis of inspired and expired gases using a
mass spectrometer. Use of a precordial doppler to monitor VAE is not
possible in OLT due to the extensive surgical preparation of chest and
abdomen. Despite the typical blood loss encountered during the dis-
section phase of the operation (2300 ml over a 3-h period), the patient
was hemodynamically stable prior to venous bypass (systemic blood
pressure 120/70 mmHg, pulmonary artery [PA] pressure 28/15
mmHg, central venous pressure 10 mmHg). Afier approximately 2
min of partial veno-venous bypass (fig. 1), arterial systolic and pulse
pressures dropped rapidly (i.e., 70/65 mmHg) and pulmonary artery
pressures increased (i.e, 70/55 mmHg) (fig. 2). Inspection of the
veno-venous bypass by the perfusionist revealed no obvious abnormal-
ity with flow mintained at 2 I/min. The bypass pump was stopped
cmpirically, and large amounts of air were noted to be present in the
pump head, as well as both inlet and outlet cannulae. Nitrous oxide
was discontinued, and the patient placed in Trendelenburg position
with left lateral tilt. End-tidal CO, was noted to be decreased signifi-
cantly (fig. 3). Vasopressors were administered with gradual improve-
ment of the patient’s hemodynamic status, which returned to within
normal limits within 5 min, No apparent source of embolism was dis-
covered. After evacuation of air from the pump system, the patient
was cautiously placed on total veno-venous bypass (IVC and portal vein
to left axillary vein). After completion of suprahepatic and infrahe-
patic vena caval anastomoses, the portal vein was clamped and its
cannuld was removed to allow for the portal vein anastomosis, Hemo-
dynamic changes similar to the previous embolism were noted, and the
pump was stopped. Air was once again noted in the pump, and the
patient was treated with Trendelenburg position and left lateral tilt,
resulting in hemodynamic values returning to normal within 8 min;
vasopressors were not required. In both instances of embolism, at-
tempts were made at air recovery by aspirating both central venous
and PA ports of the pulmonary artery catheter. All attempts at aspir-
ating air were unsuccessful, except for the recovery of 2 ml of air from
the central venous port during the second occurrence of embolism. As
the venous bypass apparatus was removed, the clamp holding the por-
tal vein cannula was noted to be defective, allowing air entrainment.
The procedure continued without bypass and without further inci-
dent. The trachea was extubated the following day, and the patient
was discharged from the hospital 6 weeks later with no apparent neu-
rological, cardiac or pulmonary sequelac.
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FIG. 1. Veno-venous bypass. Cannulae placed in the IVC and portal
veins join and their drainage is directed to a centrifugal force pump,
Blood is returned to the systemic venous circulation via the left axillary
vein. Partial bypass is IVC to axillary vein drainage. Total bypass is
IVC plus portal vein to axillary vein drainage.

DiscussION

Cross-clamping of the portal vein and IVC during
OLT results in decreased venous return and cardiac
output, hypertension of portal and systemic venous
beds, and release of acidic metabolites from the lower
extremities and viscera when the cross-clamps are re-
moved." In the absence of venous bypass, surgery dur-
ing the anhepatic period is rushed to minimize hemody-
namic instability and venous congestion of structures
drained by the portal circulation.® In an effort to allevi-

F16. 2. Trend recordings of arterial systolic
pressure (asp), pulmonary artery systolic
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F1G. 3. Trend recording of end-tidal CO, measurements illustrating
the marked decreases during the episodes of venous air embolism,

ate these problems, bypass of the portal vein and IVC to
the external jugular veins via passive shunts (i.e., with-
out pump) has been attempted, resulting in an unaccep-
tably high incidence of thrombotic pulmonary embo-
lism.* Femoral artery to femoral vein partial cardiopul-
monary bypass was introduced in 1975;® however,
systemic heparinization is required, and this technique
does not decompress the portal circulation. Venous by-
pass using a cardiotomy reservoir and roller head pump
also requires systemic heparinization in these patients
with pre-existing coagulopathies, and intraoperative
deaths from uncontrolled hemorrhage have occurred.?
These experiences have led to the current technique of
veno-venous bypass routinely used during adult OLT in
most centers. Developed and refined by Shaw ez al.,' it
consists of portal venous and IVC drainage to a centrif-
ugal blood pump at flows of 1.5-6 1/min and return to
an axillary vein. Heparin bonded shunt tubing success-
fully retards thrombus formation, and systemic heparin-
ization is not necessary. Shaw ef al. have reported a
series of 57 liver transplant patients using this technique
with consequent stable intraoperative hemodynamics,
decreased intraoperative blood loss, improved postop-
erative renal function, and increased 30-day patient sur-
vival.! No major complications resulting from the by-
pass procedure were reported.

The blood pump used (Bio-Console® 520C, Bio-Me-
dicus, Inc., Minnetonka, MN) functions on a centrifugal
force-vortex pumping principle. Blood is rotated in a
cone creating an area of relative reduced pressure in the
center into which the venous drainage is directed; rela-
tive increased pressure occurs at the periphery of the
base of the cone, and blood flows from here to the
axillary vein. Although the manufacturer cautions
against introduction of air into the system, it is claimed
that small volumes of air may be trapped within the
center of the vortex, while large volumes of air will
produce a vapor lock in the tubing with cessation of
flow (Bio-Console model 520 series operator’s manual,
Biomedicus, Inc.). We have found that the pump is ca-
pable of introducing enough air into the venous system
to cause cardiovascular compromise in less than 2 min,
Presumably air entrained in the venous drainage was
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disrupted into micro-bubbles at the pump head, where
the pump rotates up to 4000 RPM, and returned to the
patient in an air-blood slurry.

A disturbing aspect of this cause of air embolism is
that the entrained air is not visible to operating room
personnel due to the opaque heparin bonded tubing
and the rapid rotation of the blood within the pump
head. Only after our patient’s hemodynamic deteriora-
tion led us to empirically discontinue bypass did it be-
come evident that air was present in the system. While it
is possible to add a cardiotomy reservoir to trap air, this
is not compatable with a non-heparinized system, which
must be as streamlined as possible to avoid thrombus
formation. Rather than change the bypass structure, we
feel it is sufficient to realize that this potential complica-
tion exists. Surgeons must take special care to ensure
that the cannulae connections are air-tight, and anesthe-
sia personnel must continually monitor for signs of air
embolism.

Although nitrous oxide was used to augment anesthe-
sia in this case report, we have come to believe that the
hazards of N;O administration during veno-venous by-
pass are significant. Embolic air is in intimate contact
with blood containing NoO; therefore, intravascular gas
volume increases at a much greater rate than in any
other gas cavity. In addition, air bubbles embolized in
the pulmonary prearteriolar capillaries are believed to
be enlarged by alveolar N;O.® We do not know how
much effect embolus expansion had on our patient’s
hemodynamic status, but it is conceivable that it wa
significant. :

Another concern is the possibility of paradoxical sys-
temic embolization through a probe patent foramen
ovale or through the pulmonary circulation. A recent
canine study has shown that 0.40 ml- kg™ - min™" of air
introduced into the venous system results in the trans-
pulmonary passage of air in 71% of cases;’ given our
patient’s hemodynamic response, we assume that the
rate of VAE exceeded 0.40 ml- kg™ - min~'. Addition-
ally, patients with chronic liver disease are at an in-
creased risk of paradoxical embolization due to the
greater incidence of arteriovenous anastomoses- in the
lung.® It is of interest that no evidence of postoperative
morbidity from systemic embolization was noted in our
patient. This is consistent with a recent report of 255
neurosurgical procedures in which VAE was not found
to be a significant factor in perioperative morbidity and
mortality, despite the fact that VAE was detected in 77
of these procedures.’

The final aspect of this case concerns the efficacy of
the pulmonary artery catheter in removing venous em-
bolic air. Previous reports have indicated that only small
amounts of air can be recovered from either the central
venous or PA ports of a pulmonary artery catheter.!%-!2
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In a prospective study of neurosurgical procedures,
Marshall and Bedford'' have speculated that early de-
tection of VAE prompted attempts at air removal be-
fore large volumes were embolized, and, hence, only
small amounts were recoverable. They suggested thata
pulmonary artery catheter is useful for both the diag-
nosis and treatment of VAE. In our case of VAE, we
were also unable to remove significant amounts of air
from either the central venous or PA ports of the pul-
monary artery catheter, and must conclude that this is
not an effective therapeutic modality.

In summary, we have found that significant air em-
bolism is possible in the system of veno-venous bypass
most frequently used in OLT; surgeons, anesthesiolo-
gists, and perfusionists should be aware of this possibil-
ity for adequate prevention, monitoring, and therapy.
The risks of NoO use during veno-venous bypass appear
to outweigh its benefits, and, while a pulmonary artery
catheter is effective in detecting VAE, it should not be
relied on as an effective method of removing embolized
venous air.
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Sensitivity of the Adductor Pollicis and Diaphragm Muscles to Atracurium
in a Hemiplegic Patient

J. R. D. LAycock, B.A,, M.Sc, F.F.AR.CS.,* C. E SMITH, B.SC., M.D.,}
F. DoNATI, PH.D., M.D,, F.R.C.P. (C),# D. R. BEVAN, M.B.,, M.R.C.P., F.F.A.R.C.5.§

Resistance to the action of non-depolarizing muscle
relaxants (NDMRs) occurs in patients with upper motor
neuron lesions,"? and may extend to the normal, as well
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as the paretic, limbs.® Disuse atrophy is also associated
with resistance to NDMRs. In dogs, decreased sensitiv-
ity to pancuronium has been found in an immobilized
leg compared with the contralateral limb.* The dia-
phragm is normally resistant to the action of NDMRs,>€
and, in guinea pigs’ diaphragm, sensitivity to d-tubocu-
rarine does not change with limb immobilization.”
Thus, it might be predicted that the sensitivity of the
diaphragm may be normal in patients who are hemiple-
gic because of a cerebrovascular accident.

We report a case where neuromuscular function was
monitored at the diaphragm and at both adductor pol-
licis muscles in a patient with hemiplegia. Dose-response
curves of atracurium were determined at these three
sites. '
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