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Ke y Points
1 Brain death is declared when the clinical picture is consistent
with irreversible cessation of all brain functions.
2 The mainstay of donor management is maintenance of
euvolemia, oxygenation, perfusion, and normothermia, as well
as communication with multiple surgical teams.
3 Donation after cardiac death organs now account for over 10%
of organ transplants in the United States.
4 Living kidney and liver donors must be healthy and without
significant cardiopulmonary, neurologic, or psychiatric disease,
diabetes, obesity, or hypertension.
5 Immune suppression is associated with severe infections,
increased risk of malignancy, and progressive vascular disease.
6 Renal transplant recipients are often anemic, with hyperdynamic cardiac indices.
7 For renal transplantation, the major anesthetic consideration is
maintenance of renal blood flow. Typical hemodynamic goals
during transplant are systolic pressure >90 mm Hg, mean systemic
pressure >60 mm Hg, and central venous pressure >10 mm Hg.

8 Patients with end-stage liver disease (ESLD) have multiorgan
dysfunction with secondary cardiac, pulmonary, and renal
complications of ESLD.
9 Liver transplantation is traditionally described in three phases:
dissection, anhepatic, and neohepatic, with reperfusion marking
the neohepatic phase.
10 Intraoperative management of lung transplant patients should
focus on fluid and ventilatory strategies designed to minimize
acute lung injury and primary graft dysfunction.
11 Left ventricular assist devices are increasingly common in
patients presenting for heart transplantation.
12 Nonischemic cardiomyopathy has replaced ischemic cardiomyopathy as the most common indication for heart transplantation.
13 For all transplant recipients, antibiotic, antiviral, antifungal,
immunosuppression, and disease-specific drug regimens
should be disrupted minimally in the perioperative period.
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Transplantation is the standard of care for many end-stage diseases. About 113,000 patients are on solid-organ transplant waiting lists in the United States. Organ donation has not kept pace
with demand, resulting in many practice changes to increase the
donor pool, including more use of living-related organ donation,
donor organs once considered marginal (extended criteria donors
[ECDs]), grafts from “donation after cardiac death” (DCD)
donors, as well as paired kidney donations (kidney swaps). All of
these changes impact anesthetic management of organ recipients.
The United Network of Organ Sharing (UNOS; www.unos.org)
was created by the 1984 National Organ Transplant Act to manage
the organ procurement and transplant network for efficient and
equitable distribution of donated organs. The system for organ
placement received a technology upgrade in 2006 with the launch
of DonorNet, an electronic resource for matching and distribution
of organs around the United States. Speed of placement is important, as brain-dead donors are unstable, and ECD grafts are particularly important to transplant with minimal cold ischemic times.
In general, maximum cold ischemic times are 4 to 6 hours for heart
or lung grafts, 12 to 24 hours for livers, and up to 72 hours for kidneys. The UNOS website data contain center- and region-specific
transplant databases, regularly updated.
The Scientific Registry of Transplant Recipients (www.
ustransplant.org) is a source of transplant data important to clinicians, patients, and researchers. US centers performed 27,527
transplants in 2009, and almost 200,000 Americans are living
with transplanted organs. Data on death rates while on transplant
waiting lists are sobering, pointing to the complexity of illness in
these patients and the need for more organ donation. In 2008, the
rate of death on the waiting list for hearts was 17%, for kidneys
6.3%, and for livers 11.4%. In 2010, in the United States (including Washington, D.C., and Puerto Rico), 28,663 transplants were
performed: 16,899 kidneys, 350 pancreata, 828 kidneys/pancreata, 6,291 livers, 2,333 hearts, 1,770 lungs, 41 hearts/lungs, and
151 intestinal transplants. In major transplant centers, specialist
anesthesiology teams participate in the preoperative assessment
and optimization of patients for major organ transplant procedures. Directors of liver transplant anesthesiology teams are now
required to complete transplant continuing medical education.
Solid-organ transplantation is also a critical component of many
anesthesia training programs.

ANESTHETIC MANAgEMENT
OF ORgAN DONORS
Brain-dead donors
Brain-dead, heart-beating donors present many challenging
management issues because collected experience in a single center is usually small, and research in brain-dead human subjects is
1 sparse. Brain death is declared when the clinical picture is consistent with irreversible cessation of all brain function.1 Legal
and medical brain death criteria differ from state to state, but all
require cessation of both cerebral and brainstem functions. Braindead donors are unresponsive to sensory stimuli and have no
brainstem reflexes, including ventilatory drive with apnea testing.
Physicians involved in the transplant recipient process should not
be involved in declaration of brain death of a donor. Potentially
reversible causes of coma must be ruled out (hypothermia, hypotension, drugs, toxins) before declaration of brain death. Flat electroencephalogram is consistent with brain death. Transcranial
Doppler and traditional or isotope angiography are used to con-

firm the clinical examination and lack of circulation to the brain.2
Brain-dead patients may have intact spinal reflexes, so they may
require neuromuscular blockade during organ procurement.
Brain death is associated with hemodynamic instability, wide
swings in hormone levels, systemic inflammation, and oxidant
stress, all of which negatively impact donor organ function.3
Just after brain death, adrenergic surges can cause ischemia and
ischemia–reperfusion injuries. Studies of head trauma patients
suggest that the onset of brain death is associated with a transient
period of hypotension with increased cardiac index and tissue
perfusion. During this period, vasoactive drugs administered to
increase blood pressure can cause rapid circulatory deterioration.4 This period precedes the autonomic storm associated with
herniation of the brain and emphasizes the wide dynamic swings
in blood chemistries and hemodynamics after brain death. The
timing of therapies to support hemodynamics is difficult as catecholamine storm is often followed quickly by pituitary failure.
Once pituitary failure ensues, hormone therapy may help stabilize
donors hemodynamically and thereby extend the donor pool.5–8
However, with the inherent difficulty of controlling studies in
brain-dead patients, proof that routine donor hormone therapy
is beneficial is difficult to obtain. A standard hormone therapy
regimen is triiodothyronine (4-µg intravenous [IV] bolus, then
3 µg/hr); methylprednisolone, 15 mg/kg intravenously every 24
hours; desmopressin, 1 U then 0.5 to 4 U/hr to maintain systemic
vascular resistance (SVR) at 800 to 1,200 dyne/s/cm5 (and reduce
the polyuria of diabetes insipidus). Insulin infusion to maintain
blood glucose 120 to 180 mg/dL is also recommended, and recent
studies support glucose control for maintaining donor kidney
graft quality.9 Evidence that desmopressin is better than norepinephrine for maintaining donor heart quality is solid, evidence
for triiodothyronine is not strong.10 Other medications that
should be available for the donor operation are broad-spectrum
antibiotics, mannitol and loop diuretics, and heparin.
Because donor yield for hearts is only 42%, consensus conferences have been used to improve evaluation and utilization of
cardiac donor organs.11 Donor heart history is very important,
and electrocardiography and echocardiography are mandatory.
The ideal heart donor is <50 years old and is hemodynamically
stable. Presence of major chest trauma, cardiac disease, active
infection, prolonged cardiac arrest, malignancy, human immunodeficiency virus or hepatitis, or intracardiac injections moves
the donor from ideal to marginal status. Overall health status of
the donor prior to determination of brain death can facilitate a
directed laboratory evaluation. Cardiac catheterization is often
requested for male donors >45 years old, for females >50 years
old, or for young donors with significant personal or family history of coronary artery disease. For recipients with pulmonary
hypertension, younger donors, short ischemic time, low donor
inotrope requirement, and oversized organs are preferred.
Human leukocyte antigen (HLA) typing and ABO blood group
compatibility are performed. The donor heart size should be
within 20% to 30% of the recipient’s heart size.
Anesthetic management during organ harvest is guided by the
needs of the procurement teams, who may come from several
centers and have discrepant requests, depending on the organs
procured. UNOS has created a resource for managing organ
donors in an effort to improve donor care and, therefore, the
function of donated organs.a Transport of ventilated donors to
the operating room (OR) often requires positive end-expiratory
pressure (PEEP) valves attached to the Ambu bag to maintain
a

See the Critical Pathway for the Adult or Pediatric Organ Donor at http://
store.unos.org/category.php?category=CAT1013.
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oxygenation. Recently, in a rare prospective trial, a lung-sparing
ventilation strategy was shown to increase the lung donor pool.
TAbLE 51-1. ideal deCeased lung donor
Patients ventilated with tidal volumes of 6 to 8 mL/kg body weight
and 8 to 10 cm water (H2O) PEEP were more likely to be lung
Age <55 years
donors than patients managed with tidal volumes 10 to 15 mL/kg
ABO compatibility
and 3 to 5 cm PEEP.12
Clear chest radiograph
The mainstay of donor management is maintenance of
2
euvolemia; therefore, central venous pressure (CVP) monitoring
PaO2 >300 on FiO2 1, PEEP 5 cm H2O
is standard. CVP is maintained at 6 to 12 mm Hg, and when pulTobacco history <20 pack-years
monary artery (PA) catheters are used to assess cardiac function,
Absence of chest trauma
pulmonary capillary wedge pressure is maintained at <12 mm Hg.
No evidence of aspiration or sepsis
The type of fluid used for resuscitation can make a difference. In
Negative sputum Gram stain
a study of 64 brain-dead donors, high molecular weight hydroxyAbsence of purulent secretions at bronchoscopy
ethyl starch (HES, 200/0.6) had a negative impact on long-term
renal function in recipients of these donor grafts compared with
PEEP, positive end-expiratory pressure.
low molecular weight (130/0.4) HES.13 The goals of volume and
hormonal therapies are to minimize the use of vasopressors as the
decreased survival.20 One study suggested that evidence of aspiuse of high-dose dopamine is associated with renal graft failure.7
ration seen on bronchoscopy, bilateral pulmonary infiltrates, or
Efforts should be made to maintain serum sodium levels below
persistent purulent secretions is a criterion for donor exclusion.21
155 mmol/L; higher levels are associated with poor liver graft
Advanced donor age (>55 years) together with long ischemic time
function.14 A large European trial showed that brain-dead donors
(>6 hours) are associated with poor transplant outcomes. In additreated with 4 µg/kg/min dopamine generated better functioning
tion to the usual hematologic criteria, donor–recipient compatkidney grafts than untreated controls.15
ibility is based on height and/or total lung capacity.
Generally, packed cells are used to maintain hematocrit of
For heart retrieval, the surgeons perform a pericardiotomy,
30%, and fresh-frozen plasma (FFP) is used to maintain the interand the aortic root is cannulated for infusion of cardioplegia
national normalized ratio (INR) <1.5, although these practices
solutions. Following ligation of the great veins, the heart is comare not evidence based. Surgeons procuring the lungs will want
pressed and exsanguinated, cardioplegia is given to induce carto keep the CVP low, and diuretics may be requested just prior to
diac arrest, and the aorta is cross-clamped. After cardiectomy the
collection of the lungs. Surgeons procuring kidneys usually want
donor heart is preserved in cold ice slush. For donors who prohigh filling pressures. Donor oxygenation, perfusion, and normovide both lungs and the heart to a single recipient, a combined
thermia are all important anesthetic goals, and the precise end
cardiopulmonary surgical extraction is performed.
points of therapy require coordination and communication with
A shortage of available donors has led to increased use of
the various surgical teams. Generally, arterial PCO2 is maintained
marginal donors and separate alternate transplant lists of recipiat 30 to 35 mm Hg.
ents who consent to accept marginal donors. Increased risk of
Prior to lung removal, surgeons will perform bronchoscopy. An
primary graft dysfunction is the main reason to avoid marginal
adapter, such as the Portex fiberoptic bronchoscopic swivel adapter
donors. Marginal donors are typically used for patients who do
(SIMS Portex, Inc., Keene, New Hampshire), facilitates ventilanot meet the standard recipient criteria, with advanced age a comtion during the procedure. Glucocorticoids may be requested,
mon reason for alternative listing. Common donor factors that
and on occasion, prostaglandin E1 is requested to improve cirlead to marginal status are abnormal hepatitis screening tests, left
culation of the lung preservation solution. Surgical techniques
ventricular dysfunction or coronary artery disease, advanced age,
have been developed to allow three recipients from one thoracic
and DCD.
donor: two single-lung transplants and a heart transplant.16 The
heart is removed first, leaving a small cuff of left atrium attached
to the lungs. The harvesting team will ask for systemic heparindonation after cardiac death
ization just prior to exsanguination and excision. Cardioplegia is
In 2007 hospitals were mandated by the Joint Commission, in
administered, the heart stops ejecting, and the heart is removed.
collaboration with local Organ Procurement Organizations, to
The trachea is transected and the lungs are removed en bloc for
develop DCD policies and protocols in response to organ donor
later separation.
in the United
Donor lungs are more susceptible to injury in brain-dead 3 shortages. Since that time, DCD grafts have increased 22
States, accounting for 10.6% of all organ transplants, while a few
patients before procurement than are other organs, likely from
European countries have not adopted the practice at all. The critecontusion, aspiration, or edema with fluid resuscitation. Conseria for death of DCD donors (previously called non–heart-beating
quently, many multiorgan donors do not meet the current strict
donors) are distinct from those of brain-dead donors. DCD donors
criteria for lung donors. These criteria are listed in Table 51-1.
typically have severe whole-brain dysfunction but have electrical
The Pulmonary Council of the International Society for Heart and
activity in the brain. Death is defined by cessation of circulation
Lung Transplantation reviews evidence (or lack thereof) for these
(arterial monitoring showing pulse pressure is zero, or Doppler
criteria.17 Lungs once considered marginal are being used increasmonitoring showing no flow) and respiration. Life support meaingly because of this severe shortage of donor lungs. Exclusion of
sures are used to control the timing of death and organ procuredonors based on arterial blood gas or chest roentgenogram (CXR)
ment and to maximize the function of organs from these donors.
(Table 51-1) is based on relatively small trials.18 With experience,
Based in part on a study by the Institute of Medicine,23 the Amerilung transplantation using donors outside these boundaries does
can Society of Anesthesiologists (ASA) developed a reference docunot negatively impact the recipient, and most centers rely on bronment for management of DCD patients,b but every hospital must
choscopy to determine lung suitability for transplantation.19 Sputum Gram stains and cultures are routinely obtained on all lung
donors. A positive Gram stain does not seem to impact outcome;
b
http://www.asahq.org/clinical/OrganDonationsamplepolicy.pdf.
however, organisms on bronchoalveolar lavage are associated with
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develop its own protocols reflecting local constraints. Optimally,
end-of-life care, including analgesia, is provided by the same
medical team responsible for the care of the patient in the intensive care unit (ICU). Anesthesiologists do not necessarily have to
be involved in DCD donor management, even when withdrawal
of care occurs in the OR.24 The main principles for institutional
guidelines are outlined in the ASA report and include the following: The decision to withdraw care must be made prior to and
independent of any discussion about organ donation. Suitable
DCD donors are those in whom death is anticipated within 1
to 2 hours of withdrawal of life support. With experience, DCD
donors with longer time to cardiorespiratory arrest can be used
successfully for kidney transplantation.25
Detailed protocols for interactions with family members
of the donor, transplant teams, organ procurement organizations (OPOs), and OR personnel must be established as part of
DCD planning. Informed consent is required for organ donation and for any preorgan recovery procedures, such as drug
administration or vascular cannulation. A plan for the donor’s
care should be in place if the patient does not die within the
anticipated time frame, and ideally care should be transferred
back to the team that knows the patient and family. Once the
family decision to consent to DCD is made, the OPO can help
guide management of the patient while the allocation of organs
is being arranged. Uncontrolled, unanticipated crises that force
the conversation about consent under extreme circumstances
are obviously more difficult and may mean that the OPO cannot be involved in donor management because of time constraints. Nonetheless, uncontrolled DCD donors can be used
for transplantation.26,27
Circulation and respiration must be absent for a minimum of 2
minutes before the start of organ recovery. Organ recovery started
>5 minutes after respiratory and circulatory arrest may compromise donor organ quality, but this limit has now been extended
with reasonable transplant outcomes. Predicting which patients
will expire in 1 to 2 hours cannot be done with certainty. The most
experienced program with DCD, University of Wisconsin, developed an evaluation tool to help predict which patients would die
within 1 to 2 hours of withdrawal of support (Table 51-2).28
DCD donors provided 1,306 transplanted kidneys in 2008 (an
increase of 12% over 2007), but 20.9% of DCD kidneys were discarded. DCD donors provided 276 livers (down from 2007), but
32.3% of the livers had to be discarded. Over half the pancreata of
DCD donors had to be discarded, and 32 pancreata transplants
from DCD donors were performed. These numbers point to the
need to optimize DCD protocols, including matching to appropriate recipients. DCD lungs are used efficiently, and only 5.6%
were discarded. Pediatric DCD donors also provide quality organs
for transplantation.29 Although DCD donors extend the donor
pool, they are associated with increased recipient complications,
decreased graft survival, and increased cost of transplantation.30
DCD livers, for example, have consistently poorer outcomes than
brain-dead donors’ livers, but careful selection of both donors and
recipients for these marginal grafts can still help expand the donor
pool.31

living Kidney donors
Safety and comfort are the primary considerations in the care of
4 living donors. Living donors must be healthy and without significant cardiopulmonary, neurologic, or psychiatric disease, diabetes, obesity, or hypertension. Renal function must be normal,
with no history of renal stones or proteinuria. Open nephrectomy has been largely replaced by laparoscopic donor nephrec-

TAbLE 51-2. university of wisConsin
sCoring tool to PrediCt
breathing after withdrawal
of Care in Potential donor
after CardiaC death
Criteria

Points

spontaneous respiration (after 10 min)
RR >12/min
RR <12/min
TV >200 cc
TV <200 cc
NIF >20 cm H2O
NIF <20 cm H2O
No spontaneous respiration

1
3
1
3
1
3
9

bmi
<25
25–29
>30

1
2
3

vasopressors
None
One
Multiple

1
2
3

age (yr)
<30
31–50
≥51

1
2
3

intubation
Endotracheal tube
Tracheostomy

3
1

oxygenation (after 10 min)
O2 Sat >90%
O2 Sat 80%–89%
O2 Sat <79%

1
2
3

scoring
<12 High risk for continuing to breathe after extubation
13–18 Moderate risk for continuing to breathe after
extubation
19–24 Low risk for continued breathing after extubation
RR, TV, NIF, BMI, body mass index; Sat, saturation.
Adapted from: the University of Wisconsin website; Lewis J, Peltier J, Nelson H,
et al. Development of the University of Wisconsin donation after cardiac death
evaluation tool. Prog Transplant. 2003;13:265.

tomy, which is associated with significantly less pain than the
open procedure and shorter hospital length of stay and time to
full recovery, but otherwise similar complication rates to the open
procedure.32 With experience, laparoscopic donor nephrectomies
have been performed in more complex patients, with a low incidence of conversion to open nephrectomy and transfusion only
rarely required.33 Both anesthetics and insufflation of the peritoneum with carbon dioxide (CO2) necessary for the laparoscopic
procedure decrease renal blood flow. Nonetheless, as laparoscopic nephrectomies have become shorter (limiting the period
of reduced renal perfusion), early graft function is similar to that
of grafts obtained with the open procedure.34 Patients undergoing
the laparoscopic procedure often receive more fluids than open

nephrectomy donors, probably reflecting attempts to maintain
renal perfusion during the period of compromise. Fluid loading
overnight before surgery (vs. fluid administration starting with
surgery) is associated with better creatinine clearance during the
procedure, but this advantage is lost by postoperative day 2,35
likely because donors have good renal function at baseline and
the period of renal perfusion compromise is generally short. A
reasonable fluid protocol is to administer crystalloid at 10 mL/kg/
hr above calculated losses and to maintain urine output at about
100 mL/hr36 or to titrate fluids to a CVP end point, although CVP
may not accurately reflect volume status with the patient in lateral decubitus and with pneumoperitoneum.37 Nitrous oxide is
contraindicated for laparoscopic donor nephrectomy because
distended bowel can get in the way of the surgeons.38 For patient
comfort, central venous lines (if used) are generally placed after
induction of anesthesia.
Donor nephrectomy should be an uncomplicated procedure
and donor tracheas can be extubated in the OR. Deep venous
thrombosis prophylaxis is warranted.39 For open nephrectomy,
the patient is positioned in the lateral decubitus position with
the bed flexed to expose and arch the flank. Donors are generally
managed with general anesthesia, but epidural and combined
epidural–spinal techniques (supplemented with intravenous
propofol)40 as well as general–epidural combined techniques
are used. Postoperative pain following donor nephrectomy can
be severe, and patient-controlled analgesia is often used. But
the pain can still be severe enough to limit respiratory effort
and mobilization of the patient. Furthermore, a survey of 123
donors showed that one-third of them had chronic pain after the
open procedure,41 suggesting postoperative pain management
is often not optimal. Early complications include pulmonary
(atelectasis, pneumothorax, pneumonia), urinary tract infections, and wound problems; long-term complications include
reduced renal function, hypertension, albuminuria, and psychiatric issues (anxiety, depression).39 Some centers admit donors
to a step-down or medical ICU for a day after surgery, but the
total hospital stay is usually only 2 to 4 days. Bladder catheters are
removed on postoperative day 1. Patients should be advised that
full recovery (i.e., feeling normal) takes 4 to 6 weeks, especially
after the open procedure. Fortunately, perioperative mortality is
rare but cannot be denied as a possible outcome during preoperative patient discussions.

living liver donors
1 Left lobe liver donation (segments II and III) is usually done in
the context of parent-to-child donation with recipients <15 kg.
Although left lateral segmentectomy is a big operation, it is generally well tolerated (Fig. 51-1). Nonetheless, living left lobe donors
must be healthy and without a history or risk for thromboembolic disease. By comparison, donor right hepatectomy needed
for adult-to-adult liver transplantation is a major procedure
(Fig. 51-2) and carries significant risk. The residual liver volume
of the donor must be >35% of original volume to prevent “small
for size” syndrome in the donor. Because risk for this syndrome is
increased in older donors or in patients with cholestatic or hepatocellular disease, including steatosis,42 adult-to-adult living donors
should have no liver disease. Mortality of right liver resection for
donation is estimated at 0.2% to 0.5%.42 Complication rates are
high for right liver donors (up to 30% of donors), including air
embolism, atelectasis, pneumonia,43 and biliary tract damage.
An estimated 3.2% of donors in experienced centers suffer major
complications.44 Most centers do not perform adult-to-adult liver
transplants in very ill recipients.
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Large liver resections may require virtually complete hepatic
venous exclusion (cross-clamping of the hepatic pedicle usually
without cava clamping). Not unexpectedly, venous return falls
significantly. Without the collaterals developed by patients with
chronic liver disease, normal donors may experience significant
hypotension when the hepatic pedicle is cross-clamped. Blood
pressure is maintained largely through reflex increases in endogenous vasopressin and norepinephrine levels.45 For these reasons,
volume loading is reasonable prior to clamping, but some centers try to reduce blood loss by maintaining low CVP, while CVP
monitoring is not routine in other centers. Sufficiently powered
studies to prove that the benefits of low CVP (reduced transfusion
requirements) outweigh the risks (renal compromise, air embolism) are unlikely to be performed, and institutional practices
vary widely. If vasopressors are needed, vasopressin and norepinephrine are reasonable choices to enhance normal endogenous
reflexes. Isovolemic hemodilution has been reported to reduce
allogeneic red cell requirements in major hepatic resections.46 At
experienced centers, blood loss is usually <1 L, and 20% to 40% of
patients require transfusion.47–49 Blood salvage is useful, and some
centers offer autologous donation programs for donors. Both can
reduce the need for allogeneic blood transfusions.50 Transesophageal echocardiography (TEE), if expertise is available, is ideal and
may obviate central line placement. Most donor tracheas can be
extubated safely in the OR. Hypothermia is a preventable reason
for not extubating in the OR. A wide variety of general anesthetics are used for liver donors, although one small single-center
trial suggested that desflurane resulted in better hepatic and renal
functions after right liver donation than propofol–remifentanil
anesthesia.51
Postoperative pain management in these patients is a matter of controversy because of perioperative coagulopathy (see
Chapter 57). Some institutions use epidural catheters, providing excellent analgesia without complications. However, with
large liver resection, INR rises significantly after surgery, peaking at 1 day52 or within a few days after surgery, at a time when
the catheter is usually removed. (Platelet counts also fall after
large liver resections but usually remain in normal ranges.) For
this reason, many centers will not place epidural catheters in
right liver donors and rely on IV patient-controlled analgesia to
manage postoperative pain. Laparoscopic resection of left lobe
liver (segments II and III)53 and right lobe54 is available in some
centers.
Hypophosphatemia (with excessive loss of phosphate in the
urine) is common after hepatectomy,55 and should be treated
with sodium phosphate infusions to maintain phosphate levels
3.5 to 5.4 mg/dL, unless patients have significant renal compromise (creatinine clearance <50 mL/hr). Liver function tests other
than INR are also abnormal in the postoperative period after liver
resection and usually return to baseline levels within 3 months,
although small changes in liver function tests can persist for up to
a year after hepatectomy. Some living liver donors can experience
chronic low platelet counts after hepatectomy.56

living lung donors
Living lung donation is not a common procedure. Selection criteria for living lung donors are listed in Table 51-3.57 Reported
morbidity is low,58 but follow-up of these donors is not well
reported. If two donors are used for one recipient, scheduling difficulties are considerable. The surgical procedure is performed in
three ORs simultaneously, one for each donor and the recipient.
Donors are generally managed with combined general anesthesia
and epidural analgesia.
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FIgURE 51-1. Left lateral segment
(segments II and III) living donor transplantation. a: Donor operation. B: Recipient operation complete.
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TAbLE 51-3. living lung donor Criteria
Member of recipient’s extended family
Age 18–55 years
No prior thoracic surgery on donor side
Good general health
Taller than recipient preferred
AbO compatible
FVC and FEV1 >85% predicted
PO2 >80 mm Hg on room air
No chronic viral diseases
Normal electrocardiogram and echocardiogram
Normal stress test in donors older than 40 years old
FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second.
Adapted from: www.unos.org.

IMMUNOSUppRESSIVE AgENTS
Pharmacologic suppression of the immune response to allografts
is associated with major side effects. Considerable variability in
intestinal absorption, genetic and induced differences in metabolism of these drugs, changing dosage requirements with aging,
and idiosyncratic complications all mandate individualization of
immunosuppressive regimens. Immunosuppressed patients who
are undertreated risk rejection; overimmunosuppression can be
5 toxic, especially to the kidneys. All immunosuppression regimens
carry major risks, such as infection, malignancy, and progressive
vascular disease. Immunosuppression regimens differ considerably from center to center, and anesthesiologists must communicate with the transplant team to obtain the schedule and dose
of immunosuppressive agents for each patient. It is particularly
important to review drug regimens with transplant coordinators
when posttransplant patients are scheduled for surgery because
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TAbLE 51-4. ComPliCations of ChroniC
immune suPPression

Right
hepatic
vein
Right
portal vein
Right
hepatic
artery

System

Complication

Central nervous system
Cardiovascular

Lowered seizure threshold
Diabetes
Hypertension
Hyperlipidemia
Atherosclerosis
Decreased glomerular filtration
rate
Hyperkalemia
Hypomagnesemia
Increased risk of infections
Increased risk of malignancy
Pancytopenia
Osteoporosis
Poor wound healing

Renal/electrolyte

A
Hematologic/immune

Endocrine/other
Donor liver

Right hepatic
artery

Right
portal vein

Right
bile duct

Portal vein
Roux-en-Y loop

B
FIgURE 51-2. Right lobe (segments V to VIII) living donor transplantation. a: Donor operation. B: Recipient operation completed.

the transplant team needs information about peak and trough
drug levels that may not be accessible on the hospital record.
Immunosuppressed patients coming to the OR deserve special
attention to sterile technique and maintenance of antibiotic, antifungal, and antiviral regimens during the perioperative period.
Complications of chronic immunosuppression are summarized
in Table 51-4.

calcineurin inhibitors
The modern transplant era began with the introduction of the calcineurin inhibitor (CNI) cyclosporine into clinical practice. CNIs
are still a mainstay of immunosuppression for solid-organ transplant recipients. Tacrolimus (FK-506) is also widely used. Inhibition of calcineurin, among other effects, modifies NFAT (nuclear
factor of activated T cells) and frees nuclear factor-κB to translocate
to the nucleus, where it enhances transcription of T-cell interleukin-2 (IL-2). Via these signal transduction pathways, CNI inhibits
T-lymphocyte activation, differentiation, and cytokine production.59 Calcineurin is involved in diverse cellular processes, so its
inhibition can cause many significant side effects. These include
hypertension (often requiring therapy), hyperlipidemia, ischemic
vascular disease (including in heart recipients), diabetes, and nephrotoxicity. Cyclosporine causes acute nephropathy, which is usu-

ally reversible with drug cessation. But chronic renal damage from
cyclosporine is a more refractory problem. A variety of other drugs
are used with CNI to reduce the amount of CNI required. Ischemic
cardiac disease is the leading cause of death of kidney transplant
recipients, in part because of underlying disease that preceded
transplantation. But CNI can exacerbate risk factors for coronary
artery disease. It is important to note that end-stage liver disease
(ESLD) does not confer protection from coronary artery disease,
and liver transplant patients are also at risk for progression of ischemic cardiac disease after transplantation. Neurologic side effects
also complicate CNI therapy, including tacrolimus-induced polyneuropathy60 and encephalopathy.61 When immunosuppression
is interrupted by surgery or when multiple potentially interacting
drugs are used, tacrolimus trough levels should be reassessed.
Tacrolimus is metabolized by cytochrome P450 3A4 and
causes its up-regulation. Cyclosporine may rarely prolong the
action of pancuronium.62,63 To switch from oral to intravenous
dosing of cyclosporine, usually about one-third the oral dose is
used. Usual doses of tacrolimus are 0.15 to 0.3 mg/kg/day given in
two doses. To switch from oral to intravenous tacrolimus, a starting dose of about one-tenth the oral dose can be used.

corticosteroids
Corticosteroids disrupt expression of many cytokines in T cells,
antigen-presenting cells, and macrophages. These drugs are used
both for maintenance immunosuppression and in pulse dosing
for acute rejection. Especially for growing children, corticosteroidsparing regimens are increasingly popular. The well-known side
effects are hypertension, diabetes, hyperlipidemia, weight gain
(including Cushingoid features), and gastrointestinal ulceration
(see Chapter 49). Communication with the transplant service is
important in determining timing and dose of steroid administration perioperatively in patients who are taking the drug chronically. Corticosteroids are generally withheld during liver transplantation in recipients with hepatitis C because of concern that
they contribute to hepatitis C recurrence.64 Nonetheless, a recent
multicenter study showed little advantage to a steroid-free immunosuppression regimen in patients with hepatitis C followed for
2 years after their transplants.65
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polyclonal and monoclonal antibodies
Antithymocyte globulin (ATG) is purified rabbit immunoglobulin-G (IgG) taken from animals immunized with human thymocytes, so that previous exposure to rabbits is a risk factor for
serum sickness with ATG exposure. Polyclonal ATG suppresses
the immune system by depleting immune cells, mostly T cells, but
it interacts with a wide variety of cell surface molecules involved
in adhesion and cell trafficking and ischemia–reperfusion injury.
It has a long history of use in treating acute rejection and induction of immunosuppression, particularly in sensitized transplant
recipients and in steroid- and calcineurin-sparing regimens.66
Anesthesiologists should be aware that acute and severe serum
sickness is a rare side effect of ATG administration,67 presenting
as jaw pain, and is treated by stopping the drug, plasmapheresis,
and corticosteroids.68
OKT3 antibody is directed against a component of the T-cell
receptor complex and affects immunosuppression by blocking
T-cell function. Acute administration of OKT3 in awake patients
(especially first administration) may result in generalized weakness, fever, chills, and some hypotension. More severe hypotension, bronchospasm, and pulmonary edema have been reported.
Formulations of OKT3 may require syringe filtering before
administration.
“Humanized” antibodies are antibodies engineered to contain
human constant regions in the immunoglobulin protein, so that
patients do not develop an antimouse immunologic response.
Muromonab-CD3 is a humanized form of OKT3, usually used
for acute rejection.69
IL-2 receptor (CD25) antagonists, such as basiliximab and daclizumab, are newer humanized antibodies directed against a portion
of the IL-2 receptor expressed on activated T cells. About half of
the heart transplant centers now use IL-2 receptor antagonists in
their initial immunosuppression regimen to reduce the dose and
cardiovascular side effects of calcineurin inhibitors. Gastrointestinal upset is the most commonly cited side effect of these drugs.
However, basiliximab has been implicated in causing pulmonary
edema in young renal transplant patients.70
Belatacept is directed against the CD80/CD86 ligands on
antigen-presenting cells that activate T cells through the CD28
(costimulatory) pathway. It is approved for maintenance immunosuppression for kidney transplant recipients. Infusion reactions
can include hypotension, but acute reactions are usually mild.71
New targets for immunosuppressive drugs include complement
and B cells as well as drugs directed at molecules that exacerbate
ischemia–reperfusion.72 Coagulopathy has been reported as a side
effect of alemtuzumab (Campath),73 which recognizes CD52 on B
cells. Rituximab is another anti–B-cell antibody that acts at CD20
and is used for humoral rejection.
Tolerance of organ grafts without pharmacologic immunosuppression is possible using combined bone marrow and solidorgan transplants, with marrow and the solid organ derived from
the same donor.74

other immunosuppressive drugs
Mammalian target of rapamycin (mTOR) inhibitors are often
used in combination with CNI to decrease the complications of
dose-related side effects (calcineurin-sparing regimens) such as
nephrotoxicity. TOR is involved in complex signaling processes
that promote synthesis of proteins, including several that regulate
cellular proliferation. Thus, mTOR inhibitors such as sirolimus
(Rapamycin) are antiproliferative, used both in immunosuppres-

sion and increasingly in cancer therapies. Similar to cyclosporine
and tacrolimus, sirolimus is metabolized in liver via P450 CYP3A
isoenzymes, but coadministration of sirolimus and a calcineurin
inhibitor does not increase calcineurin inhibitor drug requirements. In fact, the combination may be synergistic.75 Diltiazem
raises the plasma concentration of sirolimus.76
Azathioprine is hydrolyzed in blood to 6-mercaptopurine, a
purine analog and metabolite with the ability to incorporate into
DNA during the S phase of the cell cycle. Because DNA synthesis is a necessary prerequisite to mitosis, azathioprine exerts an
antiproliferative effect. Antiproliferative drugs rely on the fact
that immune activation implies explosive proliferation of lymphocytes. Side effects occur because other proliferating cells (gastrointestinal tract, bone marrow) are also affected. Repression of
bone marrow cell cycling can cause pancytopenia. Cardiac arrest
and severe upper airway edema are rare complications.77 The
intravenous dose is about half the oral dose.
Mycophenolate mofetil is metabolized into a molecule that
inhibits purine synthesis. It too can cause leukopenia and thrombocytopenia as side effects, as well as red cell aplasia78; additionally it is teratogenic.79 The usual oral dose is 1 to 1.5 g twice a day.
Mycophenolate has largely replaced azathioprine in combination
regimens.80
Mesenchymal stem cells (MSCs) are anti-inflammatory stem
cells, currently in multiple clinical trials for solid-organ transplantation. MSCs are multipotent cells that are easily derived from
marrow, fat, or other organs and expanded ex vivo. Their first
use in the context of organ transplantation was for the treatment
of grade IV graft versus host disease in marrow transplant recipients.81 MSCs have pleiotropic effects on the immune response,
including antiproliferative T-cell function. The goal of MSC trials for solid-organ transplantation is to reduce the amount of
pharmacologic immunosuppression needed. Although these are
allogeneic cells, they do not elicit a classical immune response, so
third-party MSCs can be used in any patient without the need for
donor-specific MSC. No adverse acute reactions to MSC infusion
or injection have been reported after thousands of treatments.

CORNEAL TRANSpLANTATION
Corneas are the most common organs transplanted in the United
States, with >40,000 transplants per year. Corneal transplants can
be performed under local anesthesia (often with IV sedation) or
general anesthesia. Recipients of cornea grafts are often elderly. A
major anesthetic goal is maintaining low intraocular pressure (see
Chapter 48 – EYE). For particularly complex procedures, diuretics and intravenous fluid restriction may be warranted to prevent
edema.82 Patient positioning (head-up angle of the bed) on transfer from the OR should be directed by the surgeon. Rejection of
corneal allografts is the most common cause of graft loss in the
first year after transplantation.

RENAL TRANSpLANTATION
preoperative considerations
The prevalence of end-stage renal disease (ESRD) is about 0.17%
in the United States, where 16,899 kidney transplants were performed in 2010, representing no change in transplant volume in
5 years despite growing need. The most common recipient age
group was 50 to 64 years (6,684 patients), and 2,813 recipients
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Diagnosis
Type 2 diabetes
Hypertensive nephrosclerosis
Glomerular disease
Polycystic kidney disease
Tubular/interstitial disease
Renovascular/other vascular
Congenital or metabolic disease
Neoplasm
Other
Adapted from: unos.org.

Patients on List (%)
30.0
21.5
19.7
6.6
5.0
3.6
3.1
0.3
0.5

ECDs are often used for kidney transplantation. Factors used
in designation of ECD kidneys are age, creatinine, stroke as cause
of death, and hypertension. Healthy older living donor kidneys
have outcomes similar to standard criteria donor kidneys.86 For
example, donors over 50 years old are considered ECD if they
have a history of hypertension, creatinine >1.5 mg/dL, or cause
of death was cerebrovascular accident.87 DCD donors are also an
ECD category. ECDs affect the scheduling of transplantation as
minimization of cold ischemia times is essential and delayed graft
function may complicate the intraoperative course of DCD graft
recipients.88 Some centers report increased rates of primary nonfunction in DCD kidney grafts, contributing to early graft loss.89
Kidney allocation is a bit more complex than liver allocation. Blood type O kidneys are allocated to type O recipients, and
blood type B kidneys are transplanted only in B recipients, except
in the case of zero antigen mismatched candidates. Zero mismatched kidneys have the same HLA A, B, and DR antigens, and
there is mandatory sharing of these kidneys through UNet with
a complicated set of rules governing priority for these donors
(see http://optn.transplant.hrsa.gov/PoliciesandBylaws2/policies/
pdfs/policy_7.pdf).

were over 65 years. Thirty-seven percent overall received living
donor grafts. Mortality on the waiting list in 2009 was 6.3%.c
Diseases treated with renal transplants are shown in Table
intraoperative protocols
51-5, calculated from the 2008 waiting list data. Many of these
underlying diagnoses are also risk factors for coronary artery
Renal transplantation is generally done under general anesthedisease, so preoperative evaluation is focused on cardiovascular
sia. Small studies have suggested good outcomes with epidural
function, but a comprehensive medical workup is essential.
anesthesia90 or combined epidural–spinal anesthesia. But conAbout half the mortality of patients on dialysis is due to heart
cerns over uremic platelet dysfunction and residual heparin from
failure. Cardiovascular complication is a leading cause of death after
preoperative dialysis have limited the use of regional anesthesia
renal transplantation. Therefore, cardiovascular risk factor modifor kidney transplantation. Rapid-sequence induction is indi83
fication is imperative before and after transplantation, includcated in diabetic patients with gastroparesis (preceded by oral
6 ing hypertension and hyperlipidemia. Renal transplant recipients
sodium bicitrate). Anemic, hyperdynamic patients may have
are often anemic, with hyperdynamic cardiac indices. Patients
higher dose requirements for induction agents such as propofol.91
>50 years (with or without risk factors for coronary disease) are
Rocuronium is useful for patients in whom rapid-sequence inducgenerally screened with dobutamine stress tests or myocardial
tion is indicated, but the duration of block is variable in patients
scintigraphy. The interval at which these studies are repeated in
with ESRD.92 Similarly, plasma clearance of rapacuronium is
patients listed for transplantation varies from center to center.
reduced with renal failure, but titration of dose to neuromuscuPeripheral vascular disease should also be assessed. Pulmonary
lar blockade monitoring end points prevents delayed recovery.93
function tests (PFTs) should be reviewed by anesthesiologists
Generally, the long-acting nondepolarizing muscle relaxants are
prior to transplantation (see Chapter 11). PFTs are particularly
avoided and shorter-acting agents such as cisatracurium are used.
important in type 1 diabetics who often present with reduced
Before incision, antibiotics are given. A central venous catheter
lung volumes and diffusing capacity. The precise cause of abnor(usually triple lumen) is placed for CVP monitoring and drug
mal PFTs in these patients is not known, but clinical studies
administration in most centers, and a bladder catheter is placed.
suggest that long-term normoglycemia after kidney or pancreas
Incision is usually in the lower right abdomen to facilitate
transplantation is associated with improved pulmonary funcplacement of the graft in the iliac fossa. The recipient iliac artery
84
tion. Hypercoagulable states are common in patients with renal
and vein are used for graft vascularization, followed by connecdisease and deserve detailed evaluation so that they can be mantion of the ureter to the recipient bladder. If the kidney is too
85
aged perioperatively.
large for the iliac fossa, it can be positioned in the retroperitoneal
All solid-organ transplant patients are screened for tumors
space. Iliac vessels may be used for anastomoses, or the aorta and
(mammography, Papanicolaou [Pap] test, colonoscopy, prostateinferior vena cava may be required.
specific antigen) and infection (dental evaluation, viral serolo- 7
The major anesthetic consideration is maintenance of renal
gies). Patients should have good control of their diabetes before
blood flow. No data are available to determine whether inhaled
transplantation and have an evaluation for psychiatric stabilversus balanced intravenous techniques are better at preserving
ity and social support. Severe heart, lung, or liver disease, most
(graft) renal flow. Similarly, the choice of inhaled gas has not been
malignancies, and active or untreatable infections such as tubershown to significantly impact posttransplant renal function. Isoculosis are exclusion criteria for renal transplantation.
flurane, sevoflurane, and desflurane are all used to manage renal
Dialysis-dependent patients should be dialyzed before surtransplant patients. Morphine effect is prolonged in the setting of
gery. Cadaveric grafts can be safely transplanted after 24 hours
ESRD, and high doses of meperidine can cause accumulation of
of cold ischemia time, and potentially after 36 hours, allowing
its metabolite, normeperidine, in these patients. Similarly remischeduling of preoperative dialysis. With preoperative dialysis,
fentanil metabolite accumulation occurs in ESRD, whereas fensevere hyperkalemia during surgery is unusual.
tanyl, alfentanil, and sufentanil pharmacokinetics are clinically
normal.94
Hypertensive renal transplant patients often require antihyc
pertensive drugs perioperatively. Calcium channel blockers have
ustransplant.org.
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been best studied for renal protection of cyclosporine-treated
and increased pressures should be reported to the surgical team.
hypertensive transplant patients. But after surgery, angiotensinPediatric renal transplantation is associated with somewhat lower
converting enzyme inhibitors and α-blockers may be as effective
rates of success than adult transplantation, with vascular thromboses of the grafts more common in younger children.
as calcium channel blockers.95 Typical hemodynamic goals during transplant are systolic pressure >90 mm Hg, mean systemic
pressure >60 mm Hg, and CVP >10 mm Hg. These goals are usually achievable without vasopressors, using isotonic fluids and
LIVER TRANSpLANTATION
adjustment of anesthetic doses. Hemodynamic management varies widely from center to center, so close communication between
surgeon and anesthesiologist is imperative. Plasma-Lyte is the
preoperative considerations
crystalloid of choice for kidney transplantation, and it preserves
acid–base balance and electrolytes when compared with Ringer’s
Liver transplant programs vary considerably in the numbers of
lactate or normal saline.96
transplants performed, with only 20 centers reporting transplant
Once the first anastomosis is started, diuresis is initiated
volumes >100 patients in either 2009 or 2010. However, the num(both mannitol and furosemide are often given). Heparin and
ber of transplants performed in a given center is only a small
verapamil should also be available in the OR. In some centers,
percentage of patients evaluated for liver transplantation. The
anesthesiologists are asked to administer the first doses of immuanesthesiologist’s input into the workup of liver transplant recipinosuppression. A kidney graft is defective in concentrating urine
ents is essential for decisions regarding candidacy and optimal
and reabsorbing sodium, so attention to electrolytes is important. 8 preparation of patients for transplantation. Patients with ESLD
Glucose control is also important for patients undergoing
have multiorgan dysfunction with cardiac, pulmonary, and renal
transplantation. A small, single-center prospective study of living
compromise because of their liver disease (Table 51-6). Furtherkidney donor recipients identified glucose >160 mg/dL as a risk
more, 58% of patients transplanted in 2010 were age 50 to 64 years,
factor for acute perioperative renal dysfunction, likely associated
and 11.3% were >65 years old. Common liver diagnoses leading to
97
with more severe ischemia–reperfusion injury. Tight glucose
liver transplantation are shown in Table 51-7.
control after kidney transplant is associated with less rejection,
Adult liver transplant recipients are prioritized for transplantaand diabetics with poorly controlled glucose levels after transtion
by severity of illness, using the MELD (model for ESLD) score,
plantation have increased mortality.98 For these reasons, tight
which was originally developed to predict survival of patients with
blood glucose control (80 to 110 mg/dL) is a reasonable anesliver disease independent of liver transplantation107:
thetic management goal during renal transplantation. Dopamine
does not reliably improve renal function in this setting. The selecMELD Score = 0.957 × Log e (creatinine in mg/dL)
tive DA1 agonist fenoldopam is used to preserve renal function
+ 0.378 × Log e (total bilirubin in mg/dL)
during kidney transplantation in some centers and is a superior
+ 1.12 × Log e (INR)
renal protectant,99 although not extensively studied.
Transfusion is rarely required in the OR, although renal trans+ 0.643
plant patients are often anemic coming to surgery (and may be
Pediatric patients are prioritized for transplant using the pediatric
receiving erythropoietin). Because of immunosuppression, if
ESLD score (PELD):
cytomegalovirus (CMV)-negative patients receiving a CMVnegative organ are transfused, CMV-negative blood is preferred.
PELD Score = (0.463 [aged]) − 0.687
Leukocyte filters are also effective in preventing CMV transmis× Loge (albumin g/dL)
sion but are probably inferior to CMV-negative blood.100 The
+ 0.480 × Loge (total bilirubin mg/dL)
entire surgery should take about 3 hours.
+ 1.857 × Loge (INR)
Most surgical complications of renal transplantation are not
+ 0.667 (growth failuree) × 10
recognized in the OR. The common postoperative complications
are ureteral obstruction and fistulae, vascular thromboses, lymPatients with acute liver failure are given priority for donor livers,
phoceles, wound complications,101 and bleeding.
then the patients with the highest MELD score and compatible
Patient-controlled analgesia is a good choice for postoperablood group are next.
tive pain management, and despite prolonged action, morphine
All liver transplant patients are screened for infectious diseases
can be used safely if patients are monitored intensively. Nonsteincluding human immunodeficiency virus (HIV), CMV, and
roidal anti-inflammatory agents and cyclooxygenase-2 inhibitors
Epstein-Barr virus. As for other solid-organ transplants, major
are contraindicated. Pain can be severe, prompting some ceninfection and malignancy may exclude patients from considerters to explore combination blocks (ilioinguinal–iliohypogastric
ation for transplantation. Several centers have had good experience
and intercostal nerve blocks)102 or transversus abdominis plane
transplanting patients who have HIV, and HIV-infected patients
blocks103 for posttransplant patients. Chronic pain after kidney
who require liver transplants should be referred to these centers.108
transplantation is common,104 suggesting that more attention
Renal dysfunction is common in patients undergoing liver
should be given to early postoperative pain management. Kidney
transplantation. Serum creatinine levels are not extremely useful in
transplant recipients are generally discharged from the hospital
capturing renal function in patients with liver disease. Even a small
within a week of surgery.
increase in serum creatinine in these patients suggests significant
In children, the most common causes of ESRD requiring
renal dysfunction; hence, the reason that creatinine is emphasized
transplantation are congenital (largely anatomic developmental)
in MELD scoring. Ongoing evaluation of MELD/PELD scores of
anomalies. Only 15% of pediatric transplants are performed for
children <2 years of age.105 Kidney size mismatch can complicate
the surgery in small children. Adult donor kidneys may have to be
d
placed in the retroperitoneum of small children. Although chronic
<1 year old = 1; >1 year old = 0.
e
peritoneal dialysis may help expand the abdominal volume,106
>2 standard deviations (SD) below mean for age = 1; ≤2 SD below median
attention to peak inspiratory pressures at closure is important,
for age = 0.
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TAbLE 51-6. multisystem ComPliCations of end-stage liver disease
System

Consequence

Central nervous system
Encephalopathy (confusion to coma)

Fatigue
Blood–brain barrier disruption and intracranial
hypertension (acute liver failure)

Pulmonary
Respiratory alkalosis
Pulmonary hypertension
Cardiovascular
Reduced systemic vascular resistance
Diastolic dysfunction
Prolonged QT interval
Blunted responses to inotropes
Blunted responses to vasopressors
Diabetes

Hypoxemia/hepatopulmonary syndrome
Reduced right heart function
Hyperdynamic circulation

gastrointestinal
Gastrointestinal bleeding from varices
Ascites
Delayed gastric emptying

renal
Hepatorenal syndrome
Hyponatremia
endocrine
Glucose intolerance
Osteoporosis
Nutritional/metabolic
other
Poor skin integrity; pruritus
Increased volume of distribution for drugs
Decreased citrate metabolism

wait-listed patients is mandated, with the sickest patients requiring the most frequent laboratory studies to update scores.
Difficult decisions about patient candidacy are common in
evaluating liver transplant candidates. Several are discussed here
to highlight the need for regular involvement of a transplant
anesthesiologist in the candidacy evaluation process. Patients
with ESLD generally have very low SVR, high cardiac index,
and increased mixed venous oxygen saturation. Liver disease is
not protective against coronary artery disease. Most patients are
screened for cardiac disease using dobutamine stress echocardiography or myocardial stress scintigraphy, although the effectiveness of diagnosing coronary artery disease in these patients
is not well established.109 Patients with evidence of significant
coronary lesions usually require cardiac catheterization to identify stenoses amenable to angioplasty preoperatively. These
studies can be done safely even in patients with significant renal
dysfunction.110 Patients with severe coronary artery disease are
generally not candidates for liver transplantation. Functional
assessment of patients in addition to laboratory and imaging studies is important, and one study found that a distance

Risk of massive surgical bleeding

Impaired renal excretion of drugs

Fracture susceptibility
Muscle wasting and weakness

Calcium requirement with rapid fresh-frozen
plasma infusion

of <250 m on a 6-minute walk test is an independent predictor
of death on the transplant waiting list.111 A recent, small retrospective studies suggests that troponin I levels >0.07 ng/mL
may predict liver transplant patients at risk for cardiovascular
complications.112
Significant aortic stenosis also presents a difficult dilemma pretransplant. Because cardiac surgery is considered risky in a patient
with ESLD, patients with aortic stenosis can be treated with valvuloplasty before liver transplantation. Then, after the liver graft
is stable, aortic valve replacement can be considered. Similarly,
patients with hypertrophic obstructive cardiomyopathy (HOCM)
and left ventricular outflow tract obstruction can be treated with
alcohol ablation of the septum before surgery to improve cardiac
function during transplantation.113 These HOCM patients can
benefit particularly from TEE monitoring because PA capillary
wedge pressure does not accurately reflect left ventricular (LV)
volume in this population. Patients with patent foramen ovales
may be at risk for intraoperative stroke, and some centers work
with cardiologists to close larger shunts noninvasively before
surgery.
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hematologic
Decreased synthesis of clotting factors
Hypersplenism (pancytopenia)
Impaired fibrinolytic mechanisms
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TAbLE 51-7. diagnoses leading to liver
transPlantation in adults
Pathology

Diagnoses

Hepatocellular disease

Hepatitis C
Laennec cirrhosis (alcoholic)
Combined HCV/Laennec
cirrhosis
Autoimmune hepatitis
Cryptogenic (idiopathic)
cirrhosis
Hepatitis B
Small hepatocellular carcinoma
(usually with other
hepatocellular diseases)
Nonalcoholic steatohepatitis
Primary biliary cirrhosis
Primary sclerosing cholangitis
Viral (unknown)
Acute hepatitis viruses (A, B, C)
Drug-induced liver failure
Wilson disease

Cholestatic disease
Acute liver failure

HCV, hepatitis C virus.

PFTs are often abnormal in ESLD, with most patients showing reduced diffusion capacity for carbon monoxide. Hepatopulmonary syndrome (HPS, a widened alveolar–arterial gradient in
room air due to liver disease), can lead to severe hypoxemia. Contrast echocardiography is used to diagnose intrapulmonary vasodilation using agitated saline. The microbubbles act as a contrast,
and if intracardiac shunts are present, they appear within three
heart beats after injection in the left ventricle. The later appearance of bubbles suggests intrapulmonary shunting. Once a contraindication to transplantation, HPS is now an indication for
transplantation as it is the only therapy that can reverse the underlying physiology.121 If HPS is severe and completely unresponsive
to oxygen, transplantation is risky because the immediate perioperative period may be complicated by frank graft hypoxia and
failure. Fortunately, most patients with HPS have some element of
physiologic ventilation–perfusion mismatch, are oxygen responsive, and, with this “room to move,” can be safely transplanted.
Some patients with refractory ascites and normal renal function can have relief from ascites with terlipressin treatment,122 but
this is unfortunately not available in the United States.
Recently, a large number of new drugs for the treatment of
hepatitis C have entered clinical trials and the market,123 including protease inhibitors, viral polymerase inhibitors, viral replication complex inhibitors, new interferon formulations, and new
ribavirin formulations. Because clinical experience with these
agents is small, the anesthetic implications and potential for drug
interactions with anesthetics are not known.

Portopulmonary hypertension (PPH) patients coming to
intraoperative procedures
transplant are particularly challenging. Diagnosis of PPH is made
in the (a) setting of liver disease (b) mean positive airway pressure
Uncomplicated liver transplants can take as few as 3 hours, and tra≥25 mm Hg, pulmonary vascular resistance (PVR) >240 dyne/
cheas can be extubated at the end of the case, but predicting which
s/cm5, and PA occlusion pressure ≤12 mm Hg.114 Echocardiogpatients will be straightforward is not always easy. Consequently,
intensive preparation for surgery is important. Rapid-sequence
raphy is also used to screen patients for portopulmonary hyperinduction of general anesthesia is indicated because patients with
tension and intracardiac shunts. Systolic PA pressure estimates
ESLD often have gastroparesis124 in addition to increased intraare made by capturing the maximum velocity of regurgitant flow
across the tricuspid valve, and this velocity is used in the Bernoulli
abdominal pressure from ascites. The authors place invasive lines
equation for the pressure gradient between the right ventricle and
and monitors after induction of general anesthesia: Two arterial
the right atrium (∆P = 4V4). If moderate to severe pulmonary hypercatheters, one in the left radial and one in the right femoral artery
(left femoral if a kidney transplant is planned). PA catheters and
tension (estimated systolic PA pressure >50 mm Hg) is suggested,
continuous echocardiography are used for monitoring volume
right heart catheterization is needed for direct pressure meastatus, and TEE is particularly useful for patients with cardiac
surements. Multiple case reports and small retrospective reviews
lesions undergoing transplantation125 (see Chapter 28). At least
demonstrate that patients with portopulmonary hypertension
are at substantial risk of perioperative death. There is general
two large-bore (9 Fr) catheters are placed for rapid intravenous
agreement that a mean PA pressure >50 mm Hg is an absolute
infusions. In many centers, anesthesiologists also place percutacontraindication to liver transplantation. Patients with PA presneous lines specifically for use in venovenous bypass (VVB) if
sures between 35 and 50 mm Hg and pulmonary vascular resisnecessary, but many centers only rarely use VVB. Bladder cathtance >250 dyne/s/cm−5 are also likely at increased risk. Efforts
eters and nasogastric tubes are placed in all patients. A rapid
infusion system with the ability to deliver at least 500 mL/min
to lower PA pressure before transplantation pay off and considof warmed blood is primed and is in the room. Before surgical
erably reduce the risk of transplantation.115 Epoprostenol is the
incision, blood product availability is confirmed, and some blood
usual first-line therapy for portopulmonary hypertension and is
products are in the room and checked (routinely 10 U red cells
effective in lowering PA pressures significantly in many patients,
and 10 U FFP). Normothermia, essential for optimal hemostasis,
but it requires home IV delivery. Inhaled iloprost has been used
is maintained with fluid warmers and convective air blankets over
in Europe for PPH patients with good results.116 Sildenafil is also
the legs and over the upper body.
useful for treatment of portopulmonary hypertension117 and can
Liver transplantation is traditionally described in three phases:
be given via nasogastric tube during surgery. Controlling PA pres- 9
Dissection, anhepatic, and neohepatic, with reperfusion of the
sures is critical in patients with the most severe PPH, and a few
graft marking the start of the neohepatic phase. During the dispatients have been successfully managed with the mixed endosection phase of surgery, blood loss may be high. The major anesthelin antagonist bosentan118 or the selective endothelin-A recepthetic goals of this phase are correction of coagulopathies and
tor antagonist ambrisentan (Cartin-Ceba) or imatinib.119 Right
maintenance of intravascular volume for renal protection. Some
heart dysfunction that does not reverse after treatment of primary
centers advocate low CVP management of liver transplant patients
pulmonary hypertension is considered a contraindication to liver
to reduce blood loss,126 but this technique may be harmful in
transplantation.120 Inhaled nitric oxide is extremely useful for
managing PA pressures during liver transplantation.
patients with higher MELD scores127 and marginal renal function.

coagulation management
Although standard laboratory coagulation studies do not predict
bleeding well, they are still the best tests available in real time
in the OR. For this reason, FFP is used to maintain INR ≤1.5 in
patients with anticipated or ongoing bleeding. Point of care INR
is extremely useful in patients with massive blood loss, providing
information in seconds. In the authors’ experience, point of care
INR and clinical laboratory INR values may be different, but once
the offset is known, the two INR values track well. Rapid infusion of FFP can quickly lead to ionized hypocalcemia because of
the citrate load that is not metabolized by a diseased liver. Infusion of calcium chloride (CaCl2), adjusted to ionized Ca2+ levels,
is better at maintaining constant calcium (Ca2+) levels than are
intermittent boluses. Platelet transfusion has traditionally been
used to maintain platelet counts >50,000/mm3; however, recent
data suggest that platelet transfusion is detrimental to graft and
patient survival.128 Importantly, we find that maintaining fibrinogen
>150 mg/dL with cryoprecipitate is critical for hemostasis. Cell-saver
blood may also be used to limit allogeneic transfusions, although it is
generally not used in patients with hepatocellular carcinoma.
Many other factors contribute to poor hemostasis in liver
transplant patients besides poor clotting factor synthesis, including renal failure, infection, endothelial dysfunction, and high
portal pressures.129 This complexity in the etiology of underlying bleeding problems is likely a factor in the unpredictability of
bleeding during liver transplant patients.
In addition to complex coagulopathies of ESLD, many
patients with liver disease have a superimposed hypercoagulable state (see Chapter 16). For example, patients with autoimmune liver diseases may have antiphospholipid antibodies. In
general, prohemostatic factors are also elevated in patients with
liver disease, including von Willebrand factor and factor VIII,
and low values of ADAMTS-13, antithrombin, protein C, and
plasminogen disrupt the normal balance of hemostatic agents.129
So, in addition to monitoring discrete parts of the coagulation
profile to guide transfusion therapies, it is important to look at a
measure of whole-blood clotting to assess thrombotic potential.
Most centers use thromboelastography (TEG) to help sort out
complex coagulation disturbances and their evolution during
liver transplantation, to help with interpretation of standard laboratory tests of coagulation, and to get a picture of overall clotting and fibrinolysis status. Using TEG, normal or hypernormal
whole clotting in the presence of high INR and low fibrinogen
and platelets (and usually elevated D-dimers) should be taken
as a caution that the patient may have a clinically significant
hypercoagulable state. Under these circumstances, the authors’
approach is to maintain transfusion therapies, as noted previously, and to avoid pharmacologic procoagulant drugs. For the
majority of patients with synthetic dysfunction, thrombocytopenia, and hypofibrinogenemia, whole-blood clotting is delayed.
In these patients, many centers supplement transfusion therapy
with antifibrinolytic agents. Considerable center-dependent
variation in use and dosing of antifibrinolytics makes generalizations difficult. In the authors’ experience, ε-aminocaproic
acid (EACA; 5 g load and 1 g/hr infusion) to support hemostasis
during surgery is useful in most coagulopathic patients during
liver transplantation, provided there is no evidence or history of
hypercoagulability. Other centers use considerably less drug, less
often. Fibrinolysis acutely worsens immediately after reperfusion
to varying degrees, depending largely on the amount of tissue
plasminogen activator released from the graft.130 A (re)bolus of
EACA (again, doses are highly variable) is helpful to maintain
hemostasis once this postreperfusion exacerbation of fibrinoly-
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sis is documented. Some centers use transexamic acid instead of
EACA, which is also a plasminogen inhibitor but has a longer
half-life than EACA.
Activated factor VII can be used safely during liver transplantation,131 but is usually reserved for rescue of refractory critical
bleeding unresponsive to more standard management because
of its expense and because the risk of thrombosis in liver disease
patients is not known. When this drug is given, INR rapidly normalizes,132 although the amount of circulating clotting factors
does not change, complicating laboratory coagulation studies.
NovoSeven administration is also useful for surgical hemostasis
for placement of intracranial pressure (ICP) monitors in patients
with acute liver failure and for selected patients undergoing liver
transplantation with difficult red cell crossmatches or in patients
who refuse transfusion on religious grounds.
Pulmonary embolism is an unusual complication of liver
transplantation, reflecting the complex coagulation imbalance of
ESLD and liver transplantation. If diagnosed promptly, low-dose
tissue plasminogen activator (0.5 to 4 mg) into the CVP port of
a pulmonary artery catheter (PAC) can lyse the clot quickly.133
Perioperative renal dysfunction is a major challenge that
is common in liver transplantation and can be exacerbated by
hypovolemia and anesthetic-induced impairment of renal blood
flow. Creatinine levels can significantly underestimate the degree
of renal dysfunction, especially in ESLD patients with significant
muscle wasting.134 Hepatorenal syndrome (HRS) is a functional
renal disorder associated with liver disease, categorized as type
1 (acute severe decompensation, creatinine >2.5 mg/dL), which
is usually fatal, and type 2 (chronic, moderate renal failure with
creatinine >1.5 and glomerular filtration rate <40 mL/min). HRS
in general is the diagnosis of renal failure if the patient has ascites, is not in shock, has not been exposed to nephrotoxic drugs,
has no parenchymal renal disease, has a creatinine level >1.5 mg/
dL, and does not improve after 2 days of diuretic withdrawal and
albumin therapy (1 g/kg/day up to 100 g/day).135 Albumin may
play a role in preventing and treating HRS in the setting of spontaneous bacterial peritonitis.136 In addition, large-volume (>5 L)
drainage of ascites with incision is a paracentesis and should be
accompanied by albumin therapy to prevent renal decompensation, with recommended albumin doses of 6 to 8 g/L of ascites
drained. Terlipressin (in Europe) and norepinephrine137 may be
useful for HRS because they relieve splanchnic vasodilatation.
The α1-agonist midodrine is useful for improving renal function
in some patients.138 No prospective trials have been done to support use of one vasopressor over another during transplantation,
and intraoperative pharmacologic renal support is largely guided
by the hepatology literature. Dopamine is not useful for preserving renal function during liver transplantation. The most important consideration for patients with HRS is to ensure adequate
volume replacement before instituting diuresis in the OR.
The anhepatic phase begins when the liver is functionally
excluded from the circulation. Historically, the vena cava is clamped
above (suprahepatic anastomosis) and below (infrahepatic anastomosis) the liver, and the portal vein and hepatic artery are clamped.
With complete cava cross-clamp, venous return falls by 50% to
60%, often resulting in hypotension. VVB may be used to increase
venous return and, therefore, blood pressure, to increase renal
and gut perfusion pressures, and to decompress portal pressures
for a better surgical field. VVB is rarely used in the authors’ center
because surgeons use cava-sparing techniques, and hemodynamics
during the anhepatic period can be managed with volume loading
and vasopressors as needed. VVB carries potential complications,
including arm lymphedema, air embolism, and vascular injury,
and its benefit is limited when anhepatic times are short. Surgical
techniques that preserve caval flow (piggyback technique)139 are
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standard in most US centers and make intraoperative management
significantly easier.
Reperfusion of the graft is the most treacherous time of the
liver transplant. Communication between the surgical and anesthesia teams is essential in precise preparation for reperfusion.
Caval clamps are removed first, and the integrity of the caval
anastomoses are ensured. Caval reperfusion is usually hemodynamically well tolerated. However, portal vein reperfusion often
results in hemodynamic instability. The original descriptions of
reperfusion syndrome emphasized (often severe) hypotension
and bradycardia with portal reperfusion.140 Now, with flushing
techniques that precede reperfusion and changes in preservation
solution, bradycardia is less common. Typically, reperfusion is
associated with hypotension (further drop of already low SVR
and increase in carbon monoxide [CO]), which may or may not
require treatment.
The authors’ preparation for reperfusion is to give sodium
bicarbonate just before unclamping (25 to 50 mEq) to meet the
acid load from the graft. For particularly prolonged acidosis
tris(hydroxymethyl)aminomethane (THAM) infusion is useful.141
Importantly, the authors administer 500 to 1,000 mg of CaCl2 precisely at the time of portal reperfusion to counteract the effects of
potassium on the heart. If, despite these preparations, T waves on
electrocardiogram (ECG) become elevated, the same treatment is
repeated. Some anesthesiologists prefer to treat ECG changes only
after they are diagnosed. Lidocaine, atropine, and norepinephrine
are available at the time of reperfusion in case of ventricular dysrhythmias, bradyarrhythmias, and severe hypotension. Hepatic
artery unclamping is usually hemodynamically uncomplicated.
One small study suggested that methylene blue (1 to 1.5 mg/kg
bolus) reduces hemodynamic instability after reperfusion,142
but was not supported in a follow-up retrospective review from
another center.143 Methylene blue is thought to mediate its effects
by scavenging reactive oxygen species and nitric oxide. On the
other hand, a study in which inhaled nitric oxide (iNO) was given
during the entire transplant suggested significant acute benefits (decreased hepatocyte apoptosis) and earlier graft recovery,
including faster coagulation factor synthesis.144

neohepatic period
Calcium is not required after reperfusion so that one early
indication of graft metabolic function is the lack of a calcium
requirement, even when FFP is infused rapidly. Usually within
30 minutes, the base deficit improves with graft metabolism of
citrate and lactate. Within the first hour, the CO decreases (after
an acute increase after portal reperfusion) as SVR increases with
graft metabolism of vasoactive substances unleashed at reperfusion. In addition, the graft appearance should be noted. It should
have a smooth edge and no evidence of engorgement. Bile is made
in the first half-hour after reperfusion in a good-functioning
graft. Often, renal function improves after reperfusion, probably
because of graft metabolism of renal vasoconstrictors. Similar
to kidney transplantation, ECD grafts are increasingly used to
reduce wait-list mortality. The major classes of ECD liver donors
are advanced age, steatosis, DCD, and split grafts,145 as well as
donors with extended hospital stays.146 These grafts are often slow
to function metabolically in the OR. For these and other classes
of ECD livers, cold ischemia times should be limited, which can
significantly impact the OR schedule.
During the neohepatic period, biliary anastomoses are completed and sources of surgical bleeding are corrected. Drains are
placed and the abdomen is closed. Fast-tracking protocols for
liver transplant patients are common in experienced centers.147

pediatric liver transplantation
Indications for pediatric liver transplantation differ considerably
from that of adults, with biliary atresia the most common indication (43%). Inherited metabolic diseases are the indication for 13%
of pediatric liver transplants.148 Portopulmonary hypertension is
rare in children, but biliary atresia is associated with atrial septal
defects and situs inversus.149 Children <1 year of age with inherited liver disease are often very small for age. In small children, a
radial artery catheter and at least one large (18-g) peripheral intravenous line are placed after induction of anesthesia. Surgeons may
place tunneled central lines before incision, useful for intraoperative transfusions, postoperative administration of drugs, as well as
CVP monitoring. Children with previous Kasai operations for biliary atresia may have massive bleeding during dissection because of
adhesions. Small children receiving large grafts may have respiratory compromise with abdominal closure. Because hepatic artery
thrombosis (HAT) is a more common complication in children
than adults, some centers choose to have the INR at the end of
surgery in the 1.8 to 2 range; postoperative aspirin and alprostadil are often used to prevent HAT. If flow is inadequate (by poor
Doppler signals) in the artery after anastomosis, intraoperative
reanastomosis or a new anastomosis may be required acutely. Aortic cross-clamping may be required for these anastomoses. Biliary
complications are also common in pediatric transplant recipients,
especially those receiving adult left lateral segment grafts, with
hepatic artery thrombosis a significant contributor to biliary complications. Some centers report longer surgical procedures and
higher transfusion requirements in pediatric patients who receive
a living donor graft versus a deceased donor graft.150 Use of split
livers (one liver for two patients) puts a strain on transplant teams,
but is an effective way to extend the donor pool.

acute liver failure
Anesthetic considerations for both adults and children with
acute liver failure (ALF) are focused on protection of the brain
and treating cerebral edema151 (see Chapter 39). Patients with a
diagnosis of ALF should be managed in the ICU, because they
can have a rapidly progressive course of elevated ICP, leading
to herniation and death. In the authors’ center, because these
patients are relatively rare, the care of ALF patients follows a protocol developed by a multidisciplinary team, including anesthesiology. ICP monitoring is useful in managing these patients but
risks intracranial bleeding; nonetheless its use is advocated by the
US Acute Liver Failure Study Group.152 Some centers have gained
expertise in transcranial Doppler monitoring in place of invasive
ICP monitoring153,154 thereby avoiding the risk of ICP monitoring
in coagulopathic patients. In the authors’ experience, bispectral
index monitoring, especially in patients without ICP monitors,
can help detect acute changes in cerebral blood flow, such as with
vascular clamping in the OR. Anesthetic management of these
patients starts in the ICU, with intubation as needed for airway
protection in the setting of encephalopathy or for initiation of
therapeutic hypothermia. Mild hypothermia (core temperature
34° to 35°C)155 is used in most centers for ALF, rather than colder
hypothermic treatments used for head trauma. The head is positioned midline and the head of the bed raised. Hyperventilation
is also commonly used to manage ICP but is best used as a rescue therapy. Mannitol is used for osmotherapy to an end point of
310 mOsm/L. Hypertonic saline is also useful for lowering ICP
in some patients, although there are limited data to support its
use.156 Liver-assist devices can help bridge patients with ALF to
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pANCREAS AND ISLET
TRANSpLANTATION
The majority of pancreas transplants (about 75%) are done
as simultaneous pancreas and kidney transplants from a single
deceased donor. Pancreata grafted in these procedures have historically had better long-term survival than grafts done after kidney transplantation or independent pancreas grafts. Independent
pancreas grafts are usually performed for patients with type 1
diabetes who have frequent metabolic complications (hypoglycemia) but preserved renal function. With proper donor selection
and aggressive attention to targeted antibiotic coverage, better
graft survival rates after isolated pancreas transplant outcomes
have recently been reported.159
The preoperative assessment of pancreas transplant recipients focuses on the end-organ complications of type 1 diabetes
(reviewed in Chapter 44). Monitoring will depend on cardiac
status, but generally patients do not require PA catheters and
have been evaluated for cardiac disease as part of the transplant
workup. Nonetheless, cardiovascular disease is present in many
patients undergoing pancreas transplantation, although they tend
to be younger than liver transplant recipients.
The major difference between pancreas transplantation and
other procedures is that strict attention to control of blood glucose is indicated to protect newly transplanted β cells from hyperglycemic damage. No formula for controlling blood glucose has
emerged as a standard of intraoperative management. In general,
if adult patients arrive with glucose >250 mg/dL, 10 U of insulin
can be given intravenously, followed by an infusion of insulin. The
infusion starting rate varies, depending on the initial blood glucose level. Once blood glucose levels are controlled (<150 mg/dL),
intravenous 5% dextrose (about 100 mL/hr) should also be infused
as the insulin infusion is continued. The most important issue is
to check the response to insulin frequently and adjust infusions
as necessary. No literature exists for a patient with an implanted
insulin pump, but it seems reasonable to continue to use the pump
at basal rates in these patients as long as its operation is reviewed160
and blood glucoses are monitored regularly during surgery.
Islet transplants were revived by the Edmonton protocol,
published in 2000.161 The major changes introduced included a
glucocorticoid-free immunosuppression regimen and immediate
transplantation of islets after isolation. Since that time, islets have
been cultured after isolation in many centers, which makes surgical scheduling easier. Islets are generally infused into the portal circulation; acute portal hypertension may result from the infusion.
This surgery should not be complicated by significant blood loss.

SMALL bOWEL AND MULTIVISCERAL
TRANSpLANTATION
In 2003, the American Gastroenterological Association published a medical position statement on indications for intestinal transplantation.f Indications for intestinal transplantation
include impending liver failure in patients with intestinal failure
(or short-gut syndromes requiring total parenteral nutrition
[TPN]), frequent severe dehydration in patients with intestinal
failure, and severe complications of central lines for TPN (sepsis, thrombosis of central veins). Patients who develop liver failure from TPN for intestinal failure are candidates for combined
liver-intestine transplantation. In these cases, liver failure should
be irreversible, and biopsy findings are often required for this
conclusion in patients without overt ESLD.162 In general, intestinal transplantation is usually performed only in patients with
life-threatening complications of the intestinal failure, mostly in
children, but increasingly in adult recipients.
For anesthesiologists, a major hurdle for these transplants is
line placement adequate for transfusion of blood products and
fluids, which may be substantial during these long cases. Anesthesiologists should review angiographic studies to determine
venous patency before attempting central line placement. Ultrasound devices are helpful in identifying the known patent vessels
for cannulation, but surgical cut-downs for venous access may
be necessary, including transhepatic or intraoperative renal vein
catheterization163 (see Chapter 41). Superior vena cava or inferior vena cava obstruction may require preoperative intervention
(surgical and/or lytic) for adequate vascular access for surgery.164
Antibiotic regimens should be continued during the surgery.
Nitrous oxide, as in liver transplantation, is avoided.
Common complications of intestinal failure include dehydration and electrolyte abnormalities, gastric acid hypersecretion,
pancreatic insufficiency, bone disease, and TPN-induced liver
failure.165 Because electrolyte abnormalities are common, they
should be monitored continuously during surgery and appropriate replacement instituted. Because enteral feeding will not be
possible until weeks after surgery, TPN should be continued in
the perioperative period.
Like reperfusion of liver grafts, intestinal graft reperfusion
is associated with an acute release of acid and potassium from
the graft. Anticipatory bicarbonate and CaCl2 administration are
used to counteract the effects of acid and potassium on the heart.
After reperfusion, coagulopathy may worsen, and is usually managed by reassessment of INR, fibrinogen and platelet counts, and
correction with blood products.

LUNg TRANSpLANTATION
Lung transplantation is accepted therapy for end-stage pulmonary
and pulmonary vascular disease, based on documented improvement in longevity and quality of life.166,167 The Department of
Health and Human Services Organ Procurement and Transplantation Network reports >22,000 lung transplant procedures in the
United States since 1988, and the 2011 Registry of the International Society for Heart and Lung Transplantation reports over
38,000 lung transplants worldwide since 1989.166 With median

f

http://www.guideline.gov/summary/summary.aspx?ss=15&_id=3795&
nbr=3021#s23.
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transplantation. In the United States, the molecular adsorbent
recirculating system has been in use for more than a decade.
These devices may also contribute to a rapid enough recovery that
some ALF patients can be spared from transplantation.157
Vasodilating anesthetics, including all inhaled agents, should
be avoided, especially without ICP monitoring. In the authors’
experience, pentothal infusion is a good maintenance anesthetic,
and acute rises in ICP can be managed with etomidate. Patients
may come to the OR on N-acetylcysteine, a glutathione donor.
When antihypertensive therapy is required, labetalol does not
cause significant cerebral vasodilation in these patients.158 Acute
cerebral vasodilatation often accompanies reperfusion. Management of intracranial hypertension and cerebral edema is based on
very small studies of patients with acute liver failure and on adaptations of studies directed at control of intracranial hypertension
in other settings (see Chapter 39).
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waiting time ranging between 500 and 1,000 days, however, many
patients die awaiting transplant because of the shortage of suitable
organs. The past 16 years have seen a slow but steady improvement in overall outcomes in lung transplantation. Data compiled
during that period reveal a median posttransplant survival of
5.5 years and a 53% survival rate at 5 years. The most common
indications for lung transplantation are chronic obstructive
pulmonary disease (35%), idiopathic pulmonary fibrosis (23%),
cystic fibrosis (CF, 17%), and α1-antitrypsin deficiency (6%).166
Surgical options for lung transplantation are single-lung
transplant, en bloc double, sequential double, and heart–lung
transplantation. The International Society for Heart and Lung
Transplantation registry for 2011 indicates a continued increase
in double-lung transplants over the past 14 years, with a relatively stable number of single-lung transplants,166 a trend likely
related to reports of improved 1-year survival after double-lung
transplantation. There has been a recent trend toward avoiding
the use of cardiopulmonary bypass (CPB) in single and sequential double-lung transplantation, although CPB is always made
available as a backup and often used for patients with pulmonary hypertension. Double-lung transplantation is most commonly used in patients with pulmonary vascular disease and CF,
although its use is increasing in chronic obstructive pulmonary
disease and idiopathic pulmonary fibrosis. Single-lung transplantation for emphysema has favor because of good short-term outcomes, with the added advantage of availing another donor lung

to another recipient. Lung transplant centers vary in applying
single- or double-lung transplant to different diagnoses as well
as the application of CPB, and the procedure indications are still
debated.167 Double-lung transplantation, however, is indicated if
a single-lung transplantation would allow a continuing pathologic process to place either the native or transplanted lung in
jeopardy. For example, in CF patients, infection in the native lung
can easily spread to the transplanted lung. In pulmonary hypertension, remaining pulmonary vascular disease in the native lung
would result in progressive pulmonary hypertension and thus
hypertensive vasculopathy in the transplanted lung. Finally, a
severely emphysematous lung, with its high compliance, would
be at risk for air trapping and barotrauma when coexisting with a
transplanted lung with normal compliance.168

Recipient Selection
The International Guidelines for the Selection of Lung Transplant Candidates were updated in 2006 by consensus agreement
of several thoracic societies (summarized in Table 51-8).166 In
general, patients should be considered for lung transplantation
if they exhibit poor pulmonary function despite maximal medical therapy. Contraindications to lung transplantation are based
on their impact on long-term survival (see Table 51-8). Patients
with significant cardiac disease can be considered for heart–lung

TAbLE 51-8. lung reCiPient seleCtion guidelines
general indications
End-stage lung disease
Failed maximal medical treatment of lung disease
Age within limits for planned transplant
Life expectancy <2–3 yrs
Ability to walk and undergo rehabilitation
Sound nutritional status (70%–130% of ideal body weight)
Stable psychosocial profile
No significant comorbid disease
disease-speciic indications
COPD

Cystic fibrosis

Idiopathic pulmonary fibrosis

Pulmonary hypertension

Eisenmenger syndrome
Pediatric

FEV1 <25% of predicted value after bronchodilators and/
or PaCO2 = 55 mm Hg and/or pulmonary hypertension
(especially with cor pulmonale)
Chronic O2 therapy
FEV1 <30% predicted
Hypoxemia, hypercapnia, or rapidly declining lung function
Weight loss and hemoptysis
Frequent exacerbations, especially young females
Absence of antibiotic-resistant organisms
Vital capacity <60%–65% of predicted
Resting hypoxemia
Progression of disease despite therapy (steroids)
NYHA functional status class III or IV, despite prostacyclin therapy
Mean right atrial pressure <15 mm Hg
Mean pulmonary artery pressure <55 mm Hg
Cardiac index <2 L/min/m2
NYHA class III or IV, despite optimal therapy
NYHA class III or IV
Disease unresponsive to maximal therapy
Cor pulmonale, cyanosis, low cardiac output

COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second; NYHA, New York Heart Association.
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The epidural can be placed using light sedation during weaning
from mechanical ventilation, allowing better neurologic monitoring and pain control prior to tracheal extubation.

intraoperative management
Single-lung transplantation

Lung transplant recipients are often chronically intravascularly
volume depleted and also tend to suffer chronic pulmonary
hypertension. These factors predispose these patients to hypotension and decreased cardiac output upon anesthetic induction.
Restriction of anesthetic doses because of this concern increases
the risk of awareness in this patient population. Monitoring with
processed electroencephalogram may thus be useful. Anesthetic
management guided by bispectral index monitoring has been
associated with a reduction of the incidence of intraoperative
awareness in this population.171 Because fluid restriction is beneficial for postoperative management, small fluid boluses, particularly with colloid, and judicious induction with etomidate,
benzodiazepine, and narcotics are prudent. These patients often
preanesthetic considerations
remain intubated for hours to days postoperatively, so a fasttrack anesthetic technique is usually unnecessary. CommunicaMedical evaluation prior to listing a patient for transplantation
tion with the surgical team about this issue is advised, however,
requires the expertise of many medical specialties. If the patient
because some patients, particularly those with chronic obstruchas been on the waiting list for an extended period, it is importive pulmonary disease undergoing single-lung transplant, may
tant to review recent laboratory and functional data because disbe extubated early. A balanced technique combining narcotic and
ease progression may have resulted in a change in status since the
inhalation anesthetics or benzodiazepines is usually an effective
original workup. It is critical to confirm ABO compatibility of
approach to maintenance of the anesthetic state. Muscle relaxdonor and recipient prior to surgery. Lung transplant candidates
ation is maintained with nondepolarizers, such as rocuronium or
have poor pulmonary status and are frequently receiving multiple
vecuronium, without impacting hemodynamics. Nitrous oxide
therapies, including oxygen, inhaled bronchodilators, steroids,
is rarely used because it may exacerbate bullous emphysematous
and pulmonary vasodilators. These medications should be condisease, pulmonary hypertension, or intraoperative hypoxemia.
tinued in the perioperative period. Because short ischemic times
Lung isolation, preferably with a double-lumen endobronchial
are necessary for optimal organ function, the procedure must be
tube, is necessary for single-lung and bilateral sequential lung
done as soon as a lung becomes available. Because these procetransplantation. The double-lumen tube, compared with brondures are done on an urgent or emergent basis, the patient often
chial blockade techniques, allows better suctioning of secretions,
presents with a full stomach.
improved deflation of the operative lung during dissection, and
Although lung transplant patients are understandably anxapplication of continuous positive airway pressure to the operaious, they also have minimal pulmonary reserve, and sedation
tive lung if indicated. A bronchial blocker is more easily dislodged
must be given carefully under monitored conditions. After deterwith surgical manipulation, may not provide isolation of the right
mining oxygen saturation, slow, incremental dosing of a shortupper lobe, and requires repositioning midsurgery in the case of a
acting benzodiazepine (0.25 to 1 mg midazolam) may be used for
bilateral sequential procedure. A left-sided endobronchial tube is
anxiolysis. Premedication with narcotics such as fentanyl must be
preferred, because a right-sided tube may be difficult to position
administered with extreme caution, if at all, because of the venrelative to the right upper lobe bronchus.
tilatory depressant effect. Use of metoclopramide, histamine-2 10
Fluid restriction and lung ventilation strategies designed to
antagonists, and a nonparticulate antacid are usually warranted
protect the lung allograft are indicated as these patients are at risk
because of full-stomach considerations. Many patients are unable
for acute lung injury and pulmonary edema. This implies use of
to rest supine or in Trendelenburg position for central venous
small tidal volumes (6 mL/kg) and oxygenation techniques, using
catheterization. Placement of large-bore peripheral IV and artePEEP and the lowest acceptable fraction of inspired oxygen (FiO2)
rial access is usually adequate for initiation of the anesthetic, with
settings.172 Fluid restriction recommendations are based on data
central access achieved after induction. Placement of a PAC is
showing that elevated CVP is associated with increased mortality
usually warranted for monitoring cardiac output and pulmonary
after lung transplantation.173 Intermittent fluid boluses to mainvascular resistance, with a catheter capable of continuous cardiac
tain CVP <7 cm H2O and use of vasoactive drugs to maintain
output and mixed venous oxygenation (MvO2) saturation prefhemodynamic parameters are recommended. Cardiac output
erable. Thoracic epidural catheters are placed preoperatively at
monitoring using PAC, or minimally invasive techniques such as
some centers, especially in patients who are believed unlikely to
esophageal Doppler or pulse contour analysis are useful for guidrequire CPB with its associated anticoagulation. The American
ing fluid restriction while ensuring adequate cardiac output. Lung
Society for Regional Anesthesia consensus statement on regional
recipients are susceptible to pulmonary hypertension and right
anesthesia in the anticoagulated patient170 states that there is curventricular (RV) dysfunction or failure during single-lung ventirently insufficient evidence to determine the risk of neuraxial
lation. Optimizing oxygenation and ventilation does not always
hematoma in patients receiving neuraxial anesthesia and full sysimprove RV function, and vasodilator or inotropic support may
temic anticoagulation. Another option is to place the epidural in
be required. Inhaled nitric oxide is an option for improving respithe early postoperative period, after coagulopathies are corrected.
ratory and RV status.
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transplantation but are not candidates for isolated lung transplant. A new lung allocation system has been in use since May
2005.166 Candidates are now given a lung allocation score to
determine their wait-list status, instead of the historical scoring
system, which relied heavily on time on the transplant waiting
list. The new system weighs net benefit of transplant and clinical
urgency.
As for other transplant recipients, patients are screened for
malignancy (mammography, Pap test, and colonoscopy). PFT,
left and right heart catheterization, and transthoracic echocardiography are used to evaluate candidate recipients. Lung transplantation is not advocated for acute disease processes, such as
acute respiratory distress syndrome. Specific age limits were recommended in the past; however, current guidelines list age >65
years as only a relative contraindication to transplantation. CF is
associated with complex pulmonary infections and colonization
with microbial flora that can negatively impact transplant outcomes.167,168 However, with the exception of patients colonized
with Burkholderia cepacia, most CF patients can be successfully
transplanted despite chronic bacterial infections.169
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During single-lung ventilation, hypoxemia is common. Strategies to improve oxygenation and ventilation are discussed in
Chapter 56. Newer anesthesia machines with pressure-controlled
ventilation and other advanced options have diminished the need
for ICU ventilators during the operative procedure. CPB is indicated during lung transplantation if adequate oxygenation cannot
be maintained despite ventilatory and pharmacologic maneuvers
and PA clamping by the surgeon. Inability to ventilate, oxygenate,
or maintain adequate RV function is an indication for CPB.
Single-lung transplantation can be performed via lateral thoracotomy. If the surgeon is concerned about a need for CPB, then
the patient must be positioned to allow rapid access to either the
aorta and right atrium or to the femoral artery and vein. Access
can be accomplished via either anterior thoracotomy with partial sternotomy or lateral thoracotomy with decreased angulation
of the hips to allow access to the femoral vessels. Determination
of operative side is based on preoperative ventilation–perfusion
studies and prior thoracic surgeries. The lung with poorer function is typically the one replaced.
After pneumonectomy, the surgeon will size the donor vascular tissue to the recipient vessels and sequentially anastomose the
atrial/pulmonary vein patch, bronchus, and pulmonary artery.
The lung is kept cold with ice in the surgical field until reperfusion. Circulation is restored to the donor lung, suture lines are
checked for hemostasis, and then ventilation is begun. Systemic
hypotension can occur during reperfusion but is usually not as
significant as that with liver graft reperfusion. The anesthesiologist is often asked to assess the bronchial anastomosis using fiberoptic bronchoscopy and to perform bronchopulmonary toilet on
the transplanted lung if necessary (removal of blood, secretions).
TEE is useful to assess pulmonary venous drainage of the transplanted lung (vide infra). Perfadex (Vitralife, Goteborg, Sweden),
a low-molecular-weight dextran solution, improves early graft
function and is now used widely for preservation during procurement.174 There can, nonetheless, be reperfusion injury to the lung
presenting as pulmonary edema. PEEP and lung protective strategies are particularly useful in this scenario.
Intraoperative TEE is a valuable tool in the assessment of lung
transplant patients. A comprehensive TEE examination should be
performed after induction of anesthesia with attention focused on
biventricular function, presence of valvular regurgitation, patent
foramen ovale or atrial septal defect, and pulse wave Doppler flow
patterns in the pulmonary veins. Significant RV dysfunction, valvular regurgitation, or intra-atrial shunt may lead the surgeon to
utilize CPB. TEE can be helpful in monitoring RV function during initial clamping of the PA. Acute deterioration of RV function is an indication for the institution of CPB. After reperfusion,
another TEE examination should be performed. Pulmonary vein
anastomotic obstruction can be diagnosed with careful Doppler
examination of the pulmonary venous inflow (see Chapter 28).
Because this condition leads to acute graft failure, rapid diagnosis
and treatment in the OR are important.
At the completion of the procedure, the patient should be evaluated for exchange of the double-lumen tube to a large (8-mm
internal diameter or larger) single-lumen endotracheal tube. Significant oropharyngeal edema, high PEEP requirement, or need
for differential lung ventilation justify leaving the double-lumen
tube in place postoperatively to allow improvement in clinical status prior to endotracheal tube exchange.

double-lung transplantation
Bilateral lung transplant is performed in the supine position via
the clamshell incision (Fig. 51-3). The arms can be suspended on
a padded bar above the patient or tucked at the sides. If the arms

FIgURE 51-3. Clamshell–Manecke responsible.

are suspended, care must be taken to avoid stretching the brachial
plexi. These cases can also be performed via midline sternotomy.
En bloc double-lung transplant requires CPB, and a single-lumen
endotracheal tube is sufficient. Bilateral sequential transplantation requires lung isolation, preferably via a double-lumen endotracheal tube. Bilateral sequential transplant is now the preferred
procedure because a tracheal anastomosis is unnecessary and
there is less surgical bleeding. Most centers electively institute
CPB for this procedure in the presence of preoperative pulmonary hypertension and urgent CPB for indications previously
discussed. Serial implantation implies longer ischemic time for
the second lung, but this has not been shown to adversely affect
outcome. In some institutions, sequential bilateral transplantation with CPB is performed using a double-lumen endobronchial
tube, allowing immediate ventilation and oxygenation of the first
transplanted lung while the second is being transplanted. In most
institutions the bronchial circulation is not re-established, so a
transplanted lung on CPB does not receive oxygenated bronchial
blood flow. Thus, ventilation of a newly transplanted lung with
50% oxygen, even during CPB, may be advisable. The clamshell
incision is extensive and can cause significant postoperative pain.
Thoracic epidurals are often used to provide pain relief.

pediatric lung transplantation
The Registry of the International Society for Heart and Lung
Transplantation Pediatric Report was last published in 2011.175
Pediatric lung transplantation has increased over the past decade,
with adolescents accounting for the majority of the procedures:
127 pediatric lung transplants were reported worldwide in 2009,
compared with only 73 in 1999. The most common diagnoses are
CF, congenital heart disease, and primary pulmonary hypertension. Congenital heart disease is the most common indication in
infants. Overall survival is similar for pediatric and adult populations. Infants have better survival than adolescents after lung
transplantation, but overall, survival of pediatric recipients is still
improving. An evaluation of patients with CF listed and receiving
lung transplantation showed that only 1% of the patients showed
a survival benefit from surgery, a remarkably poor result.176 However, quality of life still appears improved by lung transplantation
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primary Graft dysfunction
The most common causes of acute graft lung failure are acute
rejection, inadequate pulmonary venous drainage, and an entity
called primary graft dysfunction (PGD). The etiology of PGD, a
major cause of posttransplant morbidity and mortality, is multifactorial.177,178 PGD, defined as allograft dysfunction occurring
within 72 hours of transplantation, is graded on a scale of 0 to
3. Grade 3 is defined as PaO2/FiO2 <200 with radiographic infiltrates consistent with pulmonary edema. Grade 3 PGD is associated with statistically increased 30-day mortality.177 Grades
1 and 2 are also associated with infiltrates, although less severe,
with PaO2/FiO2 ratios >300 and between 200 and 300, respectively. Grade 0 means no PGD, the PaO2/FiO2 ratio is >300,
and no pulmonary infiltrates are present. Possible factors contributing to PGD include prolonged organ ischemia time with
ischemia–reperfusion injury, advanced donor age, pulmonary
hypertension in the recipient, and the use of CPB. Anesthetic
management has not emerged as a risk factor for PGD. To date
there are no specific data to support a link between transfusion
and PGD, although an association is suspected.177 However,
data are limited on transfusion during lung transplantation,
in contradistinction to the large amounts of data on transfusion requirements during kidney or liver transplantation. Wang
et al.179 and Oto et al.180 found that patients undergoing doublelung transplants, procedures with CPB, or those with Eisenmenger syndrome or CF had increased transfusion requirements
during lung transplantation. Further study is needed to determine
whether and how transfusion negatively impacts lung transplant
outcomes. The transplant literature does not show a correlation
between fluid management in the OR and outcome, although
management of pulmonary transplant patients as if they have
acute lung injury with a protective strategy, as described above,
is recommended. Severe, life-threatening PGD has been successfully managed with extracorporeal membrane oxygenation
(ECMO).180

inhaled nitric oxide
Inhaled nitric oxide (iNO) therapy may be used to decrease
pulmonary vascular resistance and improve oxygenation (see
Chapter 56). NO has an extremely short duration of action in
vivo, rapidly inactivated by reacting with heme to produce methemoglobin. Because iNO is preferentially delivered to ventilated
areas, vascular relaxation in these areas leads to improved blood
flow and hence, improvements in ventilation–perfusion matching and oxygenation. Rapid inactivation of iNO in the pulmonary
vasculature prevents its systemic distribution and systemic vasodilatation and hypotension.
Some anesthesiologists use iNO routinely for lung transplantation,181 while others believe its potential adverse side effects
should lead to restriction of its use.182 Proponents argue that use
of iNO in the recipient, and possibly even the donor, takes advantage of immunomodulatory and antimicrobial activities of NO
that reduce recipient lung injury.183 Opponents argue that iNO use
should be limited to the population at risk for needing CPB during lung transplantation and to patients with reperfusion injury.

They cite risks of methemoglobinemia, NO-metabolite–related
lung injury, and decreased sensitivity of exhaled NO monitoring as a diagnostic tool for acute lung rejection. Although small
studies have suggested benefit of prophylactic iNO, a randomized
clinical trial of 30 patients undergoing double-lung transplant at
an institution with high usage of CPB showed no benefit of prophylactic iNO in prevention of pulmonary edema.184
NO may mediate other clinically beneficial effects. NO activates guanylate cyclase in platelets to attenuate platelet aggregation
and adhesion.185 iNO can decrease pulmonary vascular resistance,
improve oxygenation, decrease inflammatory response to surgery
or trauma, impede microbial growth, and have a vasodilatory
effect limited only to the pulmonary system. Its use in successful
management of lung transplant patients is well documented.186,187

heart–lung Transplant (Adult and Pediatric)
Heart–lung transplantation is the least common intrathoracic
transplant procedure, with only 72 reported for 2005 to 2006.188
Bilateral sequential lung transplant has largely replaced heart–
lung transplantation and improved pharmacologic management
of pulmonary hypertension. RV failure obviates the need for the
heart–lung procedure. As indications for lung transplantation
have evolved to replace heart–lung transplant for diagnoses such as
primary pulmonary hypertension and CF, congenital heart disease
and acquired heart disease are increasingly common indications
for heart–lung transplantation.189 Most pediatric heart–lung transplants are currently performed for children aged 11 to 17 years. The
use of this procedure for CF is rapidly diminishing, leaving pulmonary vascular disease and congenital heart disease as the main
indications for pediatric heart–lung transplantation.189 Anesthetic
management of these patients is similar to that of isolated heart
or lung transplant patients. Because a tracheal anastomosis is performed, a single-lumen endotracheal tube is sufficient. The endotracheal tube is either removed or withdrawn above the suture line
during CPB to facilitate the tracheal anastomosis. Inotropes may
be needed for RV dysfunction immediately after bypass. Pulmonary reperfusion injury can also occur, requiring management of
acute lung injury as described for lung transplantation.

HEART TRANSpLANTATION
The South African pioneer of heart transplant (HT) surgery,
Christiaan Barnard, performed the first human HT on December 3, 1967,190 marking a momentous breakthrough in modern
medicine and technology. Subsequently, Norman Shumway, the
father of HT in the United States, was the first to successfully
carry out the procedure in 1968.191 This accomplishment was the
result of many years of early groundbreaking experimental work
by Alexis Carrel, who invented the first perfusion pump, opening
the way to organ transplantation, as well as Frank Mann, Richard Lower, and many more. Recent HT history has been marked
by tremendous insights and advances in all aspects, including donor allocation and selection criteria, surgical technique,
as well as immunosuppression, which have improved survival
significantly.80
As of June 30, 2010, the total number of heart transplants
reported to the International Society for Heart and Lung Transplantation Registry was 100,210.192 Currently, the number of
patients on the wait list reported by UNOS is 3,171. With improving techniques and addition of immunosuppression for HT, 1-year
survival is approaching 90% and 7-year survival 75%.193 In the past
5 years, the disease processes for which cardiac transplantation is
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in patients with CF. Efforts to quantify quality of life are ongoing.
The role of lung transplantation for treatment of CF deserves further study to determine optimal age, pretransplant diagnosis, status, and firm indicators. Most pediatric patients receive doublelung transplantation with CPB, with a single-lumen endotracheal
tube. The clamshell incision is used. Central and arterial access is
necessary for perioperative monitoring.
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TAbLE 51-9. stages in the develoPment of heart failure with
reCommended theraPy by stage
Stage

Risk Classification

Therapeutic Intervention

A

High risk for developing HF
(hypertension, DM or lipid disorders)

B

Asymptomatic patients with structural
heart disease (Previous MI, LV
dysfunction, valvular heart disease)
Symptomatic patients with structural
heart disease (dyspnea and fatigue,
impaired exercise tolerance)

Lifestyle modification and appropriate drug
therapy such as angiotensin blockers and
statins.
Lifestyle modification, disease-modifying
drug therapy, and possibly an implantable
defibrillator.
Routine drug therapy (diuretics), selective
drug therapy (aldosterone antagonists,
hydralazine, and nitrates) and biventricular
pacemakers and implantable defibrillators.
Therapeutic options in this high-risk
cohort include end-of-life care, chronic
intravenous inotropic support, permanent
mechanical support, SVR, and HT.

C

D

Refractory HF despite maximal medical
or resynchronization therapy.

HF, heart failure; LV, left ventricle; MI, myocardial infarction; DM, diabetes mellitus; SVR, surgical ventricular restoration; HT,
heart transplantation.
Adapted from: Jessup M, Abraham WT, Casey DE, et al. 2009 focused update: ACCF/AHA Guidelines for the Diagnosis and
Management of Heart Failure in Adults: A report of the American College of Cardiology Foundation/American Heart Association
Task Force on Practice Guidelines: Developed in collaboration with the International Society for Heart and Lung Transplantation.
Circulation. 2009;119:1977.

indicated have changed significantly and can currently be divided
into the following categories: nonischemic cardiomyopathy 53.3%,
ischemic cardiomyopathy 37.7%, congenital heart disease 2.9%,
valvular cardiomyopathy 2.7%, retransplantation 2.6%, miscellaneous 0.8%.194

nontransplant therapies for heart failure
Changes in clinical management of heart failure (HF) in the past
decade, along with insights into outcomes after HT after decades
of the procedure, have resulted in a new management strategy
for patients with HF. The American College of Cardiology (ACC)
and American Heart Association (AHA) collaborated to develop
a staging system for HF and therapy, and therapies are based on
this stage of disease severity (Table 51-9).195
Nonsurgical treatment options to improve ventricular function in patients with HF include neurohormonal inhibition with
angiotensin-converting enzyme inhibitors, β-blockers, as well as
cardiac resynchronization therapy. New drugs in the commercialization process target other molecular pathways, including relaxin
and tumor necrosis factor–like weak (TWEAK) inducer of apoptosis, a multifunctional cytokine. Relaxin, an endogenous peptide,
mediates systemic vasodilatation and improved renal function
in the setting of HF through production of nitric oxide, inhibition of endothelin, and inhibition of angiotensin II.196 An early
clinical trial of relaxin in HF patients demonstrated decreases in
pulmonary wedge pressure and improvements in cardiac index.197
TWEAK, a member of the TNF superfamily of cytokines,198 acts
at the receptor fibroblast growth factor–inducible molecule 14
(Fn14). Fn14, a highly inducible cell-surface receptor, normally
regulates various physiologic processes. In particular, it seems to
play an important beneficial role in tissue repair following acute
injury.199,200 Another regimen that has proven helpful for increasing cardiac function in HF patients is the combination of phos-

phodiesterase-3 inhibitor, enoximone, and β-blockade, which
retained myocardial inotropy.201,202
Cardiac resynchronization therapy (CRT) has developed a
larger role in the most recent ACC/AHA guidelines for medical treatment of patients with late stages of HF. In support of
the guidelines, the Comparison of Medical Therapy, Pacing and
Defibrillation in Heart Failure trial demonstrated a significantly
reduced hospitalization and death rate in advanced, chronic HF
patients treated with CRT.203,204 Although CRT and new pharmacologic agents have improved the quality of life in HF patients,
surgical procedures or ventricular-assist devices are still required
for a subset of HF patients.
Surgical ventricular restoration is a procedure designed to
remodel LV function through restoration of ventricular geometry
in patients with a dilated LV. It has emerged as an alternative to
HT for selected patients. The procedure requires identification of
areas of left ventricular scarring, the boundary between damaged
and healthy myocardium, and knowledge of the volume and size of
the left ventricle.205 A purse-string suture is placed to encircle the
scar, and the healthy portions of the ventricular wall are approximated and joined together with or without a patch. Finally, the
scarred ventricular wall is sutured over the patch for mechanical
reinforcement. With this technique the mechanical consequences
of a scarred myocardium are reduced, LV volume is reduced, and
the LV is reshaped for a more functional geometry.205

Ventricular assist devices
The American Heart Association Statistics Committee and Stroke
Statistics Subcommittee reported that there are >100,000 patients
in the United States with end-stage HF, with an associated 5-year
mortality as high as 50%.206 Ventricular assist device (VAD)
implantation, used as a bridge to transplantation, for clinical recovery or as a destination therapy (DT) has revolutionized treatment
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TAbLE 51-10. intermaCs Patient Profiles and timing of intervention
Patient Profile

Intervention

I. Critical cardiogenic shock despite
maximal medical support
II. Progressive clinical decline despite
inotropic support
III. HF requiring mild to moderate
inotropic dependence
IV. Recurrent HF that can be stabilized
with medical intervention
V. Comfortable at rest and able to
perform daily activities but exertion
intolerant
VI. Exertion limited; able to perform
mild activity, but fatigue results
within a few minutes
VII. Advanced NYHA functional class III

VAD intervention within hours
VAD intervention within days
Elective VAD implantation within weeks
Elective VAD intervention within months
Variable; depends on nutrition, organ function, and
activity
Variable; depends on nutrition, organ function, and
activity
Mechanical circulatory support is not indicated at this
time

for patients who cannot be weaned from inotropic therapy or
restored to New York Heart Association class III despite medical
therapy optimization or for those who are not transplant candi11 dates.207 The utilization of these devices has seen rapid growth in
recent years, with DT especially becoming more frequent.
In 2005 a VAD registry, the Interagency Registry for Mechanical Assisted Circulatory Support (INTERMACS), was established
to manage, track, and refine VAD placements nationwide and
has since been updated.208 INTERMACS recently provided seven
clinical profiles to identify severity of HF and provide a platform
for the assessment of VAD implantation risk (Table 51-10).209–211
VADs have three main clinical applications: bridge to transplant (BTT), bridge to recovery (BTR), and DT.207 Because of the
shortage of organ donors for heart transplants, BTT application
is not common. BTR is also limited and depends on the extent
of myocardial injury and the etiology of disease. However, with
improved technology, the greatest potential for VAD therapy is
DT for the refractory HF population who are ineligible for cardiac
transplant and can benefit from long-term support.
The landmark Randomized Evaluation of Mechanical
Assistance for the Treatment of Congestive Heart Failure
(REMATCH) clinical trial reported an 81% improvement in survival and improved quality of life of terminally ill HF patients with
implanted heart pumps versus optimal medical management.212
A DT study following the REMATCH trial demonstrated an additional 17% improvement in 1-year survival of patients receiving
the HeartMate XVE (Thoratec Corp., Pleasanton California).213
The HeartMate II Left Ventricular Assist System has been extensively studied as BTT and DT for advanced heart failure. Results
of the DT trial214 showed 1-year survival of 68% and 2-year survival of 58% for treated patients, with significant improvements
in quality of life and functional status.
Based on these findings, it is likely that anesthesiologists will
see more patients for initial device placement, perioperative management of left ventricular assist devices (LVADs) and patients
with VAD DT undergoing general surgical procedures. Criteria
for VAD implantation are essentially the same as the definition of
cardiogenic shock: Cardiac index <2 L/min, SVR >2,100 dyne/s/cm5,

pulmonary capillary wedge >20 mm Hg, systemic hypotension
<80 mm Hg, or urine output <20 mL/hr with metabolic acidosis.
The usual contraindications for device implantation include irreversible end-organ failure, advanced pulmonary disease unrelated
to cardiac function, sepsis, and metastatic cancer.
Three generation of VADs are available. Some are Food and
Drug Administration–approved for therapy, but others can only
be used in the context of a regulated clinical trial. The first generation generally consists of pumps such as the Thoratec VAD
(Thoratec, Pleasanton, California) or HeartMate (Thoratec, Pleasanton, California), which provide pulsatile flow. Second-generation VADs are smaller devices making use of electromechanical
impellers to drive blood forward (e.g., HeartMate II, Jarvik 2000
[Jarvik Heart, New York]). The newest, third-generation devices
are an upgrade of the previous instruments and utilize new technologies, including bearingless, magnetically, and/or hydrodynamically suspended impellers that minimize heat generation and
improve durability. VADs vary in significant ways according to
location of device (intra-, extra- or paracorporeal), the source of
driving power (pneumatic or electric), the level of anticoagulation
required (none, aspirin, warfarin), flow range, filling pattern (fillto-empty or various other modes), and power source (battery or
alternating current). A number of reviews are available for further
information on the different devices and management issues.215,216
A brief summary of key considerations for VADs is included
here. VADs are usually positioned in parallel with the circulation.
LVADs are positioned with the inflow cannula in either the left
atrium or left ventricle and drains to the pump (Fig. 51-4). The
outflow cannula returns blood to the patient via an anastomosis with the ascending aorta. Right VADs (RVADs) are similar,
however, the inflow cannula is placed in the right atrium or right
ventricle with drainage to the pump. The outflow cannula returns
blood to the patient via an anastomosis with the main PA. In nonpulsatile axial flow pumps (e.g., HeartMate II), the operation is
based on a rotating impeller pump, which drives blood to the systemic circulation at a fixed rate depending on pump speed and
the inflow–outflow pressure gradient. The advantages of these
systems are that they are smaller, more durable, and they typically
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HF, heart failure; VAD, ventricular assist device; NYHA, New York Heart Association.
Adapted from: Stevenson et al.
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FIgURE 51-4. Echo 1: Midesophageal long axis view showing the left
ventricular assist device inflow cannula in the left ventricle apex.

FIgURE 51-5. Echo 2: Massive right ventricle dilation, paradoxical
septum motion with or without an empty left ventricle.

The Tandem Heart (Cardiac Assist Inc., Pittsburgh, Pennsylvania) is a percutaneous ventricular assist device usually placed in a
generate higher flows at lower pressures. The systems require
cardiac catheterization laboratory or in the OR. The indications are
low-dose anticoagulation and are suitable for patients with a body
short-term hemodynamic support (from a few hours up to 14 days),
surface area of <1.2 m2.217–219
giving the heart time to recover and potentially regain native funcLVAD pump flow is directly affected by intravascular voltion. The left-sided inflow cannula is advanced from the femoral
ume and afterload. Failure to correct hypovolemia and increased
vein into the left atrium by puncturing the interatrial septum. The
afterload will result in decreased LVAD flow and hypotension
outflow cannula is placed in the femoral artery. With this device, the
because of low functional cardiac output. Often a perfusionist or
activated clotting time is usually maintained at 200 sec.224
a dedicated VAD nurse is available for device management and
The Total Artificial Heart (SynCardia Systems, Inc., Tucson,
troubleshooting in the OR. Patients presenting for VAD implantaArizona)
is used as a bridge to transplantation in patients with
tion have myriad medical problems in various stages of decomirreversible biventricular failure225 in a few specialized centers
pensated HF. There is frequently an associated elevation in PVR
across the United States (Fig. 51-6).
and impaired RV function as well as impaired hepatic function
or coagulopathy, renal insufficiency, and reduced response to
catecholamines.
heart transplant Recipient Selection
Intraoperative management of LVAD patients requires a protocol including availability of blood products (packed red blood cells,
Medical therapy of CHF, together with the evolving field
FFP, and platelets). Invasive monitoring is required, often incluof mechanical circulatory support, has yielded dramatically
sive of an arterial line, large-bore introducer with PAC, or a second
improved nontransplant options for patients and consequently
central venous catheter in the setting of difficult venous access.
12 changed the selection criteria and considerations for HT. AccordTEE plays a central role in VAD implantation both pre-CPB and
ing to guidelines released in 2011 by the Registry of the Internapost-CPB. The pre-CPB examination includes an evaluation for any
tional Society for Heart and Lung Transplantation, nonischemic
intracardiac shunts. An unrecognized, untreated intracardiac shunt
can lead to significant hypoxemia in the post-CPB period. Evaluation of aortic valve competency is important, as aortic insufficiency
will cause recirculation through an LVAD and poor systemic perfusion. Therefore, an incompetent aortic valve should be oversewn
or replaced. Lastly, right ventricular function should be assessed as
well as evaluation for cardiac thrombus and aortic atheroma.
Post-CPB TEE examination should focus on adequate deairing, evaluation of inflow cannula position, and a recheck for
patent foramen ovale. Confirmation of proper LVAD function
includes evaluating LV decompression, aortic valve closure during LVAD systole, and outlet cannula presence in the aorta with
appropriate flow. Epinephrine, norepinephrine, and other resuscitation drugs should be available. NO should be available in the
event of right heart failure (Fig. 51-5).216,220 Anesthesiologists and
intensivists should be aware of recent studies showing that, with
the increasing use of an axial flow LVAD as a DT, patients can
develop an acquired von Willebrand factor deficiency.221,222 Cerebral hyperperfusion and consequent neurologic dysfunction are
FIgURE 51-6. Echo 3: Total artificial heart.
also risks after LVAD implantation.223
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cardiomyopathy was the most common indication for HT from
January 2005 to June 2010, a shift from the previous registry
report that documented ischemic cardiomyopathy as the most
common diagnosis.194 Although the median age for transplant
recipients has not changed significantly, the past decade has seen
a considerable increase in the number of patients in their 60s and
70s undergoing HT. Between January 2002 and June 2010, 19%
of the recipients received an LVAD preoperatively; this number
increased dramatically to 30% in 2009.194 With the advances made
in cardiac surgery, an increasing number of congenital heart disease patient survive into adulthood. As a result, a higher percentage of these patients are receiving an HT. Donor demographics
have changed in other ways. In 2009, 14% of donors were aged 50
to 60 years, compared with 4% of donors in this age group in 1990.
In summary, the profile of the typical recent heart allograft recipient has changed dramatically so that anesthesiologists are likely to
see patients on LVADs, more patients with congenital lesions, as
well as a large subset of elderly transplant patients.
Donor heart placement is not done at the national level. Currently, the limited ischemic time of approximately 4 to 5 hours
excludes a national sharing of donor hearts or matching donor
hearts according to HLA compatibility.226 The first step in donor
placement is to rule out any contraindication to heart donation,
including malignancies. The second step is to match a specific
donor to a suitable transplant candidate.226
Size matching is especially important for recipients with pulmonary hypertension. Pulmonary hypertension is associated with
increased perioperative mortality, so that severe, irreversible pulmonary hypertension (PVR >6 Wood units/m2 and high transpul-
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monary gradient >15 mm Hg) is a contraindication to HT. Right
heart catheterization is often utilized during recipient evaluation to determine the transpulmonary gradient. Severe recipient
hepatic, renal, or pulmonary disease or any other major debilitating comorbid condition is a contraindication because of the effects
of immunosuppressive agents on these organs. UNOS indications
for cardiac transplant are patients requiring continuous mechanical or inotropic support, peak O2 uptake <14 mL/kg/min, LVEF
<20%, inoperable congenital heart disease, intractable malignant arrhythmias, and pulmonary vascular resistance <2 Wood
units.

Surgical technique in heart transplantation
The four main anastomosis of the HT procedure are the right
and left atrial anastomoses and the end-to-end aortic and pulmonary anastomoses. There are two accepted surgical techniques for
HT, the original biatrial technique first described by Lower and
Shumway.191,227 in 1960, which preserves portions of recipient’s
native atria to create two atrial anastomoses (Fig. 51-7). Sievers et
al.228 introduced the bicaval technique in 1991 in which the donor
right atrium is attached directly to the inferior and superior vena
cava and the left atrial anastomosis is done as a cuff (Fig. 51-8).80
This technique better preserves atrial geometry, tricuspid annulus shape, and right ventricular function, with less tricuspid and
mitral regurgitation and less conduction disturbances. Supported
by several studies,229,230 the latter technique has quickly gained
popularity.

Left subclavian
artery

Left common
carotid artery

Brachiocephalic
trunk
Arch of aorta
Superior vena cava
Pulmonary artery trunk
Right atrium
Left atrium

Arch of aorta

Inferior vena cava
Completed transplantation

Superior vena cava

Left atrium

Right atrium
Inferior vena cava

FIgURE 51-7. Biatrial technique. Reprinted with permission from N Engl J Med. 2006;355:3.
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B Orthotopic Cardiac Transplantation with Bicaval Technique
Left subclavian
artery

Left common
carotid artery

Brachiocephalic
trunk
Arch of aorta
Superior vena cava
Pulmonary artey trunk

Superior vena cava
Right atrium
Left atrium

Arch of aorta

Inferior vena cava
Completed transplantation

Right superior pulmonary vein

Right inferior pulmonary vein

Left atrium

Inferior vena cava

FIgURE 51-8. Bicaval technique. Reprinted with permission from N Engl J Med. 2006;355:3.

There are two approaches for HT. The most common is the
orthotopic approach, in which the donor heart is placed in the normal anatomic location. The heterotopic approach is an infrequently
utilized technique, indicated in patients with significant pulmonary hypertension to preserve the donor RV and in significant
size mismatch, which can complicate pediatric transplantation.80
The donor heart is implanted in the lower right thorax, resulting
in two parallel circulations. Native RV supports right circulation,
and donor RV supports left (systemic) circulation (Fig. 51-9).231,232

FIgURE 51-9. Heterotopic heart transplant. The transplanted heart is the
one in the right chest, under the retractor. It sits in the right pleural cavity,
the original native heart is the one in the normal anatomical position.

anesthetic management for heart
transplantation
Because donor cold ischemia times of more than 4 to 5 hours
negatively affect donor heart function, heart transplantation is
essentially an emergency procedure requiring expeditious preoperative evaluation and preparation of the recipient. Close communication between the donor and recipient teams is important
to minimize graft ischemia times. Ideally, the recipient heart is
excised as soon as the donor heart arrives at the recipient hospital.
Induction of recipient anesthesia and surgical incision are made
when the donor team communicates the final determination
that the donor organ is acceptable. Timing decisions are based
on distance and time necessary to transport the donor organ, as
well as the time it takes to prepare the recipient. History of prior
sternotomy or difficult airway can increase recipient preparation
time. When evaluating the recipient, a few issues need special
attention: Nothing by mouth status, level of cardiovascular support (inotropic infusions, chronic medications for heart failure,
presence of LVAD), and presence of hemodynamic monitoring
lines or antiarrhythmic devices, such as pacemaker, CRT device,
or defibrillator. Antiarrhythmic devices need to be interrogated
and reprogrammed to a mode that will not be affected by electrocautery interference. Because of the emergency nature of these
cases, patients frequently have recently eaten, and rapid-sequence
induction may be necessary. Patients are frequently taking
angiotensin-converting enzyme inhibitors, which could increase
the risk of intraoperative hypotension, or anticoagulants, which

can increase the risk of bleeding. Vasopressin or methylene blue
infusions can be beneficial for treatment of angiotensin-converting enzyme inhibitor–induced vasoplegia, and FFP should be
ordered if the INR is elevated.
Many anesthetic management issues related to the heart
transplant patient are similar to those for open-heart surgeries
(see Chapter 38). The notable differences are strictest attention to
sterility and immunosuppression during HT and issues related to
early donor heart function and denervation. The right or the left
internal jugular venous (IJV) approach for a central line placement is appropriate; however, some surgeons prefer to leave the
right IJV for future endomyocardial biopsies. PACs capable of
monitoring continuous cardiac out and mixed venous oxygen
saturation are preferable for intraoperative use as well as postoperative monitoring.
Antibiotics and immunosuppressive medications are usually
given prior to incision. Large-bore intravenous access is necessary for administration of resuscitation medications if no central
line is present for induction. Inotropes should be readily available prior to induction. Dobutamine, epinephrine, milrinone,
norepinephrine, dopamine, vasopressin, and phenylephrine have
all been used effectively in the perioperative management of HT
patients. Presence of an LVAD or prior sternotomy increases the
length and the risks associated with the procedure. Aminocaproic
acid or tranexamic acid is used for antifibrinolytic effects to minimize bleeding and transfusions, especially in LVAD patients.

intraoperative management
The induction sequence is of critical importance, as patients presenting for HT are dependent on their endogenous sympathetic
drive, so extreme caution with induction should be exercised.233
High-dose narcotic techniques have been used for induction and
management of cardiac transplant patients for many years with
good results.234 Balanced anesthetic techniques, using lower doses
of narcotics, with etomidate and inhalation anesthetics, can be
used as well.235 Hypotension may not respond to standard vasopressors, and inotrope use should be rapidly instituted or increased
if response to phenylephrine, for example, is inadequate.

A comprehensive TEE examination should be performed after
induction of anesthesia and after weaning from CPB. The native
heart can be monitored prior to CPB for changes in ventricular
function or an increase in valvular regurgitation. Early diagnosis
of deterioration can facilitate rapid therapy and hemodynamic
stability. Manipulation of the heart is minimized prior to aortic
cross-clamping if thrombus is noted.
Heparin dosing is similar to that for other CPB procedures.
Cannulation of the aorta is performed high along the ascending
aorta, near the aortic arch. The superior and inferior vena cavae
are cannulated individually. By encircling the cavae with tourniquets, all blood flow is directed through the cannula into the
bypass circuit, and the surgical field is bloodless. Prior to resection
of the native heart, the PA catheter should be withdrawn from
the surgical field. The catheter can be readvanced after removal
of the superior caval cannula. Maintenance of CPB and weaning
from CPB are associated with the same issues as for other cardiac
surgical procedures. Ischemic time for the donor heart starts with
aortic cross-clamp during the harvest and ends with removal of
the cross-clamp from the recipient aorta. TEE is very useful for
deairing and evaluation of ventricular, valvular, and intracardiac
shunts prior to weaning from CPB. Because the donor heart is
denervated, normal physiologic feedback loops controlling inotropy and chronotropy are lost. Isoproterenol is used frequently
for its direct effects on cardiac β-receptors to increase graft heart
rate. Temporary epicardial pacing is sometimes useful until isoproterenol has had adequate time to reach maximal effect. (Vasoactive drug effects in denervated hearts are reviewed in Table
51-11.) Residual native atrial tissue may continue to have electrical activity, seen clinically as two P waves on ECG. The native
P wave has no physiologic effects on the donor heart. Inotrope
selection for weaning from CPB is similar to other cardiac surgical procedures (see Chapter 38). Right ventricular failure is the
most common complication encountered during weaning of
CPB, indicated by high mean PA pressures exceeding 30 mm Hg.
The risk of donor right heart failure is increased in these cases, as
the donor right heart is not accustomed to high pulmonary resistance and may fail acutely. Therapy of right heart failure should be
prompt and aggressive, and measures should be taken to reduce
pulmonary vascular resistance and improve RV contractility.236

TAbLE 51-11. effeCt of denervation on CardiaC PharmaCology
Effect On
Substance

Recipient

Mechanism

Digitalis

Normal increase of contractility, minimal effect
on atrioventricular node
None
Increased contractility
Increased chronotropy
Increased contractility
Increased chronotropy
Normal increase in contractility, normal increase
in chronotropy
No vagolytic effect
Atrioventricular block
No reflex tachycardia
No reflex tachycardia
Increased antagonist effect

Direct myocardial effect,
denervation
Denervation
Denervation hypersensitivity

Atropine
Adrenaline
Noradrenaline
Isoproterenol
Quinidine
Verapamil
Nifedipine
Hydralazine
b-blocker
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Denervation
No neuronal uptake

Denervation
Direct effect
Denervation
Denervation
Denervation

Reprinted with permission from: Deng MC. Cardiac transplantation. Heart. 2002;287:177.
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Adequate oxygenation and ventilation, avoidance of hypercarbia
and acidosis, and maintenance of adequate perfusion pressure to
the right ventricle are all fundamental.
If IV agents do not facilitate weaning from CPB, iNO and
inhaled prostacyclin (iloprost) have been shown to be beneficial
in this setting.237–239 Failure to respond to these measures may
indicate the need for mechanical right heart support.240,241

pediatric heart transplantation
Heart transplant is now an accepted procedure in infants and
children with a 5-year survival rate of ∼70%. The latest International Registry for Heart and Lung Transplantation revealed
350 to 400 pediatric HT procedures are performed worldwide
each year, representing about 10% of the total number of heart
transplants.189 The pretransplant diagnosis was congenital heart
disease or idiopathic/viral cardiomyopathy in 75% of these
patients. In the United States, retransplantation is an increasing indication. ECMO is used as a bridge to transplant at some
centers, although it is acknowledged to be only a short-term
option.189 Although ECMO is the therapeutic choice for circulatory support in most pediatric cardiac patients, some pediatric patients (mostly adolescents) benefit from placement of a
ventricular assist device.242 Preoperative evaluation focuses on
cardiopulmonary status and the particulars of the cardiac physiology in congenital heart disease patients (see Chapter 41) Palliative procedures may have been performed prior to transplant,
and reoperation increases surgical risk. Central venous catheters
and intra-arterial catheters are placed routinely, although frequently after induction. After an inhalation induction, anesthetic management frequently involves high-dose narcotics and
intermittent benzodiazepines. Marginal donors are, not surprisingly, also being used for pediatric heart grafts, including size
mismatches of over 3 times recipient body weight, high donor
inotrope requirement, prolonged ischemic time, and ABO mismatch.243–246 Hyperacute rejection does not occur because of the
immaturity of the immune system and absence of preformed
antibodies to various antigens, including blood group antigens.
For ABO mismatched grafts, recipient isohemagglutinin titers
are obtained pretransplantation, then plasma exchange is performed during CPB. Four-year follow-up data show similar
morbidity and mortality compared with ABO-compatible recipients. Furthermore, waiting-list survival is improved because of
expansion of the donor pool.

COMpOSITE TISSUE
TRANSpLANTATION
Upper extremity or face transplantations are exceedingly complex
procedures performed only in a few centers. To date, 26 upper
extremity transplants have been performed. Anesthesiologists
should be involved in perioperative protocol development for these
new procedures from the initial planning stages of a program, especially because well-planned regional nerve blocks can be very useful
for upper extremity transplants and other anesthesia-specific concerns can be addressed in advance.247 Limb transplants recipients
may be heparinized.247 Bilateral limb allografts expose the recipient to two reperfusion events. The common feature of these grafts
is that they contain multiple organs (blood vessels, nerves, muscle,
skin). Multiple anastomoses imply a very long surgical procedure.
Composite tissue recipients require intense immunosuppression,
in part because the skin is highly antigenic, and some immunosup-

pressants that are unfamiliar to anesthesiologists may be administered intraoperatively. In addition to complex triple-drug immunosuppression, at least one center uses donor marrow infusions
in an effort to induce tolerance to the allograft. Another common
feature of composite tissue transplants generally is the potential
for massive blood loss.
For face donors, surgeons prefer to procure the face first,
before other organs are procured. The graft recovery is complex,
with isolation of motor and sensory nerves, as well as venous
and arterial vessels. Multiple surgeons are involved in both graft
recovery and implantation. Recipient nose and mouth deformities will certainly require individualized airway care. Protocols for
these patients are just being developed, but the choice of anesthetic and fluid management is directed at preventing microvasculature constriction and postoperative edema. A recent report
of three successful face transplants highlights the immunologic
complexity of this procedure. In addition to usual ABO matching, T- and B-cell matching was performed and an induction regimen of mycophenolate mofetil, ATG, and methylprednisolone
was used.249

management of the transplant patient
for nontransplant Surgery
As the population of transplant recipients increases, the incidence
of elective or emergent nontransplant surgery in this group will
also increase. These patients cannot always return to the transplant center for surgery, so anesthesiologists outside transplant
centers will encounter these patients.
For solid-organ recipients, evaluation of patients is centered
on the function of the grafted organ. In renal and liver transplant
patients, the level of renal dysfunction will often determine the
choice of drugs, particularly neuromuscular blockers, and dose
modification of drugs is dependent on renal excretion, such as antibiotics. Table 51-12 lists medications that can cause renal dysfunction when administered to a patient receiving immunosuppressive
agents. A major consideration for renal transplant recipients is
maintenance of renal perfusion with adequate volume replacement.
Thus, CVP monitoring is useful for preventing prerenal damage to
transplanted kidneys, but CVP lines must be placed using strict
aseptic technique. It is important to note that signs of infection
may be masked in transplant patients. Failing, rejecting, or reinfected liver grafts are often accompanied by deterioration of renal
function. Protection of the kidneys is a central part of anesthesia

TAbLE 51-12. drugs that may Cause
renal dysfunCtion when
Coadministered with
CalCineurin inhibitors
Amphotericin
Cimetidine
Ranitidine
Melphalan
Nonsteroidal antiinflammatory drugs

Cotrimoxazole
Vancomycin
Tobramycin
Gentamicin

Adapted with permission from: Kostopanagiotou G, Smyrniotis V, Arkadopoulos
N, et al. Anesthetic and perioperative management of adult transplant recipients
in non-transplant surgery. Anesth Analg. 1999;89:613.

TAbLE 51-13. drugs affeCting
CyClosPorine or taCrolimus
blood levels
Increase Blood Levels

Decrease Blood Levels

Bromocriptine
Chloroquinea
Cimetidineb
Clarithromycin
Cotrimoxazole
Danazol
Erythromycin
Fluconazole
Itraconazole
Ketoconazole
Metoclopramide
Nicardipine
Verapamil

Carbamazepine
Octreotidea
Phenobarbital
Phenytoin
Rifampin
Ticlopidine

a

Reported with cyclosporine; may not interact with tacrolimus.
May not interact with cyclosporine.

b

plans, and CVP or TEE is useful to guide fluid replacement, especially in cases where large fluid shifts are anticipated.
13
For all transplant recipients, antibiotic, antiviral, antifungal,
and immune suppression regimens should be disrupted as little
as possible in the perioperative period. The types of infection to
which transplant recipients are susceptible change over time, with
donor-derived and hospital-acquired infections predominating
in the first posttransplant month.249 Infections acquired by transplant patients in months 2 to 6 versus later after transplantation
are also distinct, and these patterns should guide surgical prophylaxis and perioperative diagnostic procedures. Infectious disease specialists are important consults in preoperative transplant
patients. A study of solid-organ transplant patients who developed appendicitis highlights the risks of infection in this population: Transplant recipients are likely to have more complications
and longer hospital stays.250 Complications of immune suppression are reviewed in Table 51-4, and important drug interactions
with calcineurin inhibitors in Table 51-13. Significant intraoperative fluid shifts can cause an acute decrease in cyclosporine or
tacrolimus blood levels. In these cases, consideration should be
given to repeat testing of drug levels during the day of surgery.
Nonsteroidal anti-inflammatory medications should be avoided
for a number of reasons. First, many patients have underlying
renal dysfunction related to immunosuppressive agents. Second,
the risk of gastrointestinal hemorrhage is increased in patients
already at risk for gastritis from chronic steroids.
Patients who present for surgery with signs of acute rejection
or infection may benefit from delay of surgery to optimize their
status. Both rejection and infection in the face of surgery are associated with increased risk of morbidity and mortality. Regional
and general anesthetic techniques have been used successfully in
posttransplant patients. In addition to the standard ASA monitors, invasive monitors should be used if warranted based on surgical procedure and general health status of the patient. Invasive
monitoring is not indicated solely on the basis of prior transplantation. Nasal intubation should be avoided because of the potential risk for infection presented by nasal flora.
Virtually all liver diseases can recur in grafted livers, including
autoimmune diseases, fatty liver, and especially hepatitis C. The
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degree of liver dysfunction from recurrent disease should be evaluated with hepatologists and by using standard laboratory tests.
For lung transplant recipients with a tracheal anastomosis,
denervation has occurred below the level of the suture line, and
the cough reflex is diminished or absent. These patients are at
increased risk of retained secretions and pneumonia and have
an increased airway hyperreactivity and bronchospasm. Because
most lung transplants are now being done with bronchial instead
of tracheal anastomoses, the risk of tracheal suture line stenosis
or disruption with manipulation is markedly diminished. Advantages of regional anesthetic techniques in lung transplant patients
include minimization of airway manipulation and decreased
infectious risk.
Comparison of preoperative PFT, arterial blood gas, and CXR
results with prior studies can help diagnose acute infection or rejection. Significant decreases in forced expiratory volume in 1 second,
vital capacity and total lung capacity, and an obstructive pattern
may indicate acute rejection. Arterial blood gas in the presence of
rejection will show an increased A–a (Alveolar–arterial) gradient
from stable baseline gases, along with perihilar infiltration on CXR.
However, rejection and infection can be difficult to distinguish
clinically. If the patient is suspected of having an active pulmonary
process, consultation with pulmonary medicine for a possible diagnostic bronchoscopy should be considered prior to surgery.
Transplanted hearts are denervated, impacting perioperative
management significantly. The transplanted heart cannot respond
to indirect acting agents, such as ephedrine and even dopamine,
or to peripheral attempts to induce hemodynamic changes,
such as carotid massage, Valsalva maneuver, or laryngoscopy.
β-effects of epinephrine and norepinephrine are exaggerated in
heart transplant recipients (vs. α-effects). Isoproterenol is the
mainstay of chronotropic therapy in these patients. ECG analysis may show two P waves, one from the native atrium and one
from the implanted atrium. The native P wave will not conduct to
the implanted heart, and these nonconducted P waves should not
be confused with complete heart block. Isoproterenol should be
available as an inotrope and chronotrope. Dobutamine can also be
helpful; norepinephrine and epinephrine should be reserved for
refractory cardiogenic shock. Because the denervated heart does
not reflexively compensate for hemodynamic changes induced by
regional anesthetics, general anesthesia is usually preferred.
Preoperative evaluation of heart transplant recipients should
focus on cardiac functional status. Significant rejection will present with symptoms of heart failure. All heart transplant patients
should be evaluated with ECG and transthoracic echocardiography prior to surgery. New findings should be discussed with the
cardiology consultant to determine the need for stress testing or
myocardial biopsy. Invasive monitors should be placed only when
warranted by the clinical status and surgical procedure. CVP or,
increasingly, TEE monitoring is helpful in managing fluid resuscitation and inotropic support.
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