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As surgical and graft preservation techniques have improved and immunosuppressive drugs have advanced, liver trans-
plantation (LT) is now considered the gold standard for treating patients with end-stage liver disease worldwide. How-
ever, despite the improved survival following LT, severe hemodynamic disturbances during LT remain a serious issue for
the anesthesiologist. The greatest hemodynamic disturbance is postreperfusion syndrome (PRS), which occurs at reper-
fusion of the donated liver after unclamping of the portal vein. PRS is characterized by marked decreases in mean arte-
rial pressure and systemic vascular resistance, and moderate increases in pulmonary arterial pressure and central venous

pressure. The underlying pathophysiological mechanisms of PRS are complex. Moreover, risk factors associated with PRS
are not fully understood. Rapid and appropriate treatment with vasopressors, volume replacement, or venesection must
be provided depending on the cause of the hemodynamic disturbance when hemodynamic instability becomes profound
after reperfusion. The negative effects of PRS on postoperative early morbidity and mortality are clear, but the effect of
PRS on postoperative long-term mortality remains a matter of debate.
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Introduction

The first liver transplantation (LT) was attempted in 1963 [1],
and the first successful LT was performed in 1967 by Dr. Starzl
at the University of Pittsburgh [2,3]. However, 1-year survival
following LT remained below 20% during the 1970s, until im-
munosuppression with cyclosporine was introduced in the early
1980s [3,4]. Improved surgical and graft preservation techniques
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and advances in immunosuppression have significantly in-
creased survival following LT and have led to the gradual adop-
tion of LT worldwide [5]. LT is now the gold standard treat-
ment for patients with end-stage liver disease worldwide [6].
Although contemporary survival following LT exceeds 85%
at 1 year and 70% at 5 years, severe hemodynamic disturbances
during LT remain a serious issue for the anesthesiologist and
seem to be related to poor outcomes [5]. The greatest hemo-
dynamic event during LT occurs at the graft reperfusion of
the donated liver. This hemodynamic change has been called
postreperfusion syndrome (PRS). This paper focuses on recent
advances in the management of PRS during LT.

Definition and Incidence

PRS was first explained by Aggarwal et al. [7] in 1987 as
transient, profound cardiovascular collapse that occur follow-
ing reperfusion of the grafted liver during LT. They reported
that this severe cardiovascular disturbance was associated with
progressive bradycardia and dysarrhythmia, decreased mean
arterial pressure (MAP) and systemic vascular resistance (SVR)
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and increased pulmonary arterial pressure (PAP), pulmonary
artery wedge pressure (PAWP), and central venous pressure
(CVP). Although the etiology was unknown, it was attributed to
acute acidosis, hyperkalemia, and hypothermia. PRS occurred
1-5 min after reperfusion of the grafted liver, and incidence was
about 30% [7]. Therefore, PRS is considered to have occurred
when profound hemodynamic instability, such as persistent
hypotension, asystole, or severe dysarrhythmia, happen after re-
perfusion of the grafted liver during LT. In general, PRS during
LT is defined when MAP decreases by more than 30% relative to
the value at the end of the anhepatic phase and lasts for at least
1 min within the first 5 min after reperfusion of the grafted liver
[8-10].

The incidence of PRS has not decreased despite improve-
ments in operative techniques and anesthetic management.
Results of early studies showed that the incidence of PRS during
LT was 8-30% [11-14]. Studies published later showed a wide
ranging incidence of PRS (12-50%) [9,10,15-19]. Among recent
studies, some have reported PRS incidence of as high as 50%
[10,19]. This diversity in PRS prevalence among studies is be-
lieved to be caused by differences in the definition of PRS, treat-
ment strategy, or surgical technique. For example, the definition
of PRS differs across some studies: absolute MAP < 60 mmHg
together with classical hemodynamic disturbance within 5 min
after reperfusion [14] or a relative decrease in MAP > 30% be-
low the baseline and a tendency to continue decreasing [19].
Although the severity of PRS tends to be much greater during
cadaveric donor LT than during living donor LT, the incidence
of PRS between these two groups does not differ [19]. In a Ko-
rean LT center study, the incidence of PRS during living donor
LT was about 35% [20], which is not much different than the
aforementioned incidence of PRS.

Pathophysiology

The underlying pathophysiological mechanisms of PRS are
complex and not fully understood, but arise from a variety of
factors, such as metabolic acidosis, hyperkalemia, hypocalce-
mia, hypothermia, air embolism, and vasoactive substances
released at the time of reperfusion [1,13,21-25]. Although the
exact mechanisms are unknown, the severe hemodynamic
disturbance that occurs during PRS has been attributed to the
response of the cardiovascular system to the release of vasoac-
tive substances from the grafted liver and the immune system of
the patient after reperfusion [8,26]. Thus, common contributors
to PRS are bradycardia, reduced cardiac contractility, and de-
creased SVR [8].

When the portal vein is unclamped to reperfuse the graft
during LT, many proinflammatory cytokines, including tumor
necrosis factor-alpha (TNF-a), interleukin-1 (IL)-1, IL-2, and
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IL-8 are released from the grafted liver into systemic circulation
[27]. Other proinflammatory cytokines, such as kallkrein and
bradykinin, chemokines, and activated complement are also
produced by the LT recipient in response to reperfusion of the
grafted liver [8]. Release of TNF-a from the donor graft is pre-
dictive of PRS as well as postoperative complications [28]. How-
ever, many other proinflammatory cytokines, including IL-1b,
IL-2, and IL-8, which increase in the flush blood from the donor
graft, are not correlated with the quantity of catecholamines
used to treat the hemodynamic instability after reperfusion [27].
In addition, a variety of other mediators, including activated
circulating monocytes, arginase, endotoxin, monocyte chemoat-
tractant protein-1, and thromboxane are present during PRS but
there is a lack of evidence for a causal relationship between these
mediators and PRS during LT [24,29-32].

The role of ischemia-reperfusion injury in PRS remains
controversial. Ischemia-reperfusion injury has been reported
to be an important factor in graft loss and organ dysfunction
after transplantation [33,34], but it is unclear whether ischemia-
reperfusion injury is the cause of the immediate hemodynamic
deterioration seen in a patient with PRS [26]. The mechanisms
of ischemia-reperfusion injury involve the cellular responses to
the ischemic injury caused by interrupting the oxygen supply,
which results in cell death unless the oxygen supply resumes and
the following reperfusion injury, which leads to further tissue
injury [33]. Reperfusion injury involves biochemical and cellu-
lar changes that produce proinflammatory cytokines and oxygen
free radicals, as well as activate the complement system, which
lead to an inflammatory response, mediated by neutrophil and
platelet interactions associated with swelling of the endothelium,
vasoconstriction, leukocyte sedimentation, and hemoconcentra-
tion [33,35]. The production of inflammatory mediators may con-
tribute to PRS and cause a profound local inflammatory response,
which eventually leads to a systemic inflammatory response syn-
drome [8]. However, the severity of ischemia-reperfusion injury,
which occurs during all LT procedures, is not correlated with that
of the immediate hemodynamic disturbances found in patients
with PRS [26]. Therefore, further studies are needed to more pre-
cisely determine the correlation between ischemia-reperfusion
injury and PRS during LT.

Risk Factors

Understanding the risk factors that are significantly associ-
ated with PRS is particularly useful because effective treatment
strategies can be determined for patients in imminent danger of
profound cardiovascular collapse. However, the variety of risk
factors presented in several studies suggests that PRS occurs in
an unpredictable manner [9,10,13,14,17-19,36]. Many clinical
risk factors associated with PRS have been reported, such as hy-
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perkalemia and hypothermia immediately after reperfusion [14],
advanced age of donors [13], increased calcium requirement
during surgery [19], volume of transfused blood components
[10], prolonged cold ischemic time and surgery without a tem-
porary portocaval shunt [9], severity of liver disease and renal
failure [36], surgery using a classical technique and longer sur-
gery duration [18], and left ventricular diastolic dysfunction, as
determined by echocardiography [17]. In addition, some intra-
operative hemodynamic variables may explain the occurrence
of PRS, such as the integrity of the vasoconstrictive response
immediately after clamping the inferior vena cava [12].

Among the various risk factors, the impact of prolonged cold
ischemia time on the occurrence of PRS has been identified in
several studies [9,14,17,18]. Several mechanisms of cold isch-
emia-induced liver injury have been suggested in animal studies
using the rat liver [37-39]. Cold ischemia-induced liver injury
begins with early necrosis of sinusoidal endothelial cells followed
by delayed apoptosis of hepatocytes [37]. Prolonged cold isch-
emia time enhances nuclear factor-kappa B activation, which
is harmful to the inflammatory response, and could contribute
to infiltration of neutrophils into the grafted liver after reperfu-
sion [38]. Furthermore, prolonged cold ischemia time impairs
the regenerative ability of the grafted liver [39]. Prolonged cold
ischemia time is reportedly related to poor outcomes for the pa-
tient and the grafted liver after LT [40-42]. Therefore, the use of
criteria for extended donor graft, which have become common
to reduce mortality while waiting for LT, should be considered
more carefully, including older donor age, a high percentage of
macrosteatotic graft liver on biopsy, a graft with a small donor
liver, prolonged donor hospital stay, and prolonged cold/warm
ischemia time [10,40,41].

Surgical Techniques

Many surgical interventions have been attempted to mini-
mize severity of the cardiovascular disturbance after reperfusion
of the grafted liver [43-48]. The portal vein flushing reperfu-
sion technique without venting the vena cava results in a lower
incidence of PRS and earlier graft functional recovery than the
use of vena cava venting without portal vein flushing [43,46].
Adjusting the reperfusion sequence shows that initial portal
revascularization offers a more favorable hemodynamic and
metabolic profile after reperfusion, although initial hepatic arte-
rial revascularization of a grafted liver increases PAP less mark-
edly [44]. The piggy-back technique with retrograde reperfusion
via the caval vein diminishes the incidence of PRS compared
to that of anterograde reperfusion via the portal vein [45]. Use
of venovenous bypass in hemodynamically unstable patients
whose MAP decreases by > 30% and/or cardiac output (CO)
decreases by > 50% in a vena cava clamping trial does not affect

Online access in http://ekja.org

Sung-Moon Jeong

the occurrence of PRS compared with hemodynamically stable
LT recipients who does not receive venovenous bypass [47]. In
a comparison with the piggy-back technique, which maintains
hemodynamic stability without the need for venovenous bypass,
the classic operation using venovenous bypass is associated with
the occurrence of PRS [18,48].

It is essential to understand that the surgical technique can
influence the hemodynamic status of the patient during LT. Ve-
novenous bypass is performed during total vena cava clamping
in the majority of LT procedures using cadaveric donation, dual
living donors, and donation after cardiac death [49]. As venove-
nous bypass has several advantages in stabilizing CO by main-
taining venous inflow to the heart, maintained renal perfusion
pressure, decreased bowel congestion and bleeding, and greater
operative comfort [50,51], this technique has been generally ad-
opted as the practical standard for LT [49,52]. Outflow cannulas
from the lower body are placed in the iliofemoral and portal
veins for venovenous bypass, and inflow to the heart is provided
through a cannula placed in the axillary or jugular vein [52].
When the portal vein is unclamped after anastomoses of the
vena cava and portal vein, the first 500-1,000 ml of portal blood
that goes through the grafted liver is drained through the vena
cava vent just before reperfusion to remove the preservation
solution and vasoactive substances within the grafted liver. It is
important to remember that this procedure may cause transient
severe hypovolemia after reperfusion, if a proper supplement is
not provided. As venovenous bypass can cause additional com-
plications, including hypothermia, air and thrombotic pulmo-
nary embolisms, increased warm-ischemia time, and vascular
access-related complications [49,51], many LT centers have been
moving to more selective use of venovenous bypass, with less
than 50% of cases using it routinely [49]. In addition, exposure
to extracorporeal circulation can activate proinflammatory cy-
tokines and other vasoactive substances leading to vasodilation
and hypotension [53,54]. Thus, it is not surprising that use of
venovenous bypass has been associated with a higher incidence
of PRS [18].

In contrast, the piggy-back technique, in which hepatic ve-
nous outflow is reconstructed without total vena cava clamping
[55,56], is used for living donor, split, and pediatric LT [57,58].
This is an alternative technique that leaves the recipient’s vena
cava in place and avoids the need for venovenous bypass during
the anhepatic phase [55]. Thus, venous return from the lower
body is maintained to a certain extent without bypass flow.
However, the piggy-back technique may cause congestion of the
intestines during portal vein clamping and abrupt central hy-
pervolemia after portal revascularization. In addition, complex
surgical procedures related to reconstruction of hepatic venous
outflow can cause sudden massive bleeding at any time [57].

Venovenous bypass is now considered when a vena cava
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clamping trial leads to persistent profound hypotension refrac-
tory to vasopressors and volume loading [49,59]. Use of veno-
venous bypass may not be permitted in thrombotic patients,
such as those with Budd-Chiari syndrome, as the venovenous
bypass extracorporeal circulation is associated with a high risk
of pulmonary thromboembolism [49]. Therefore, total clamp-
ing of the inferior vena cava without venovenous bypass may be
used in some cases involving hemodynamically stable or throm-
botic LT recipients, particularly when conducted by experienced
transplant surgeons and anesthesiologists [51]. However, this
procedure demands special care because it involves the follow-
ing risks: reduction of CO due to unstable venous return to the
heart, renal hypoperfusion, congestion of the intestines and
inferior vena cava, massive bleeding during the anhepatic phase,
and severe hemodynamic changes after reperfusion [49].

Anesthetic Preparation

The anesthetic preparations for PRS begin with the preop-
erative assessment of the LT recipient. Co-morbid liver disease
should be evaluated, including the presence of hepatic encepha-
lopathy, hepatorenal syndrome, hepatopulmonary syndrome,
portopulmonary hypertension, ascites and esophageal varices,
and hepatic synthetic function of coagulation profiles [59]. The
preoperative cardiac evaluation is very important because severe
coronary artery disease, heart failure, and severe pulmonary
hypertension are contraindications to LT. In addition, cardiovas-
cular disease is responsible for the majority of nongraft-related
deaths in patients who initially survive LT [60]. Thus, a preop-
erative evaluation for coronary artery disease using dobutamine
stress echocardiography and/or cardiac catheterization is rec-
ommended for LT recipients, particularly for chronic smokers,
patients > 50 years of age, and those with a clinical or family
history of heart disease or diabetes [61].

Standard resuscitation drugs, including epinephrine, atro-
pine, phenylephrine, amiodarone, calcium, sodium bicarbonate
(NaHCO,), and insulin, as well as infusions of vasopressors,
such as norepinephrine, dopamine, dobutamine, and vasopres-
sin, should be prepared before the operation [8]. Irradiated,
filtered, and cross-matched blood components should be imme-
diately available if needed. Additionally, it is occasionally neces-
sary to equip a rapid infusion system for rapid administration of
warmed blood components, such as the Fluid Management Sys-
tem (FMS 2000, Belmont Instrument Corp., Billerica, MA, USA)
or the Level 1 Rapid Infusion system (SIMS Level 1, Inc., Rock-
land, MA, USA). Transfusions of packed red blood cells (RBCs),
fresh frozen plasma (FFP), platelets, and cryoprecipitate during
LT are based on clinical decisions, guided by standard labora-
tory tests, or by a transfusion algorithm using thromboelastog-
raphy (TEG®) or rotational thromboelastometry (ROTEM®)
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point-of-care devices [62,63]. For example, blood components
are transfused to maintain prothrombin time < 2.0 INR, fibrino-
gen concentration > 100 mg/dl, and platelet count > 30 x 10° /pl.
According to the ROTEM guidelines, the indications for substi-
tuting fibrinogen and transfusing platelets are dependent on the
EXTEM amplitude of maximum clot firmness (MCF) < 45 mm,
MCEF of EXTEM < 35 mm, and MCF of FIBTEM < 8 mm with
or without diffuse clinical bleeding [63]. In a recent ROTEM®
study, the earliest 5 min (A5) clot amplitude parameter was an
effective and reliable indicator for early detection of a critically
low platelet count and/or a low fibrinogen concentration during
LT [64].

As a contributing factor developing PRS [10], however,
transfusion guidelines during LT should be more restricted.
Although restricted clinical RBC transfusion practice guidelines
(hemoglobin level < 7 g/dl) cannot be applied to patients under-
going LT due to possible massive bleeding and hemodynamic
instability [65], strong evidence indicates that intraoperative
RBC transfusions are associated with survival and postopera-
tive complications after LT [66-68]. Similar adverse effects on
survival after LT, which were thought to be related to acute lung
injury [69], have also been found after intraoperative FFP and
platelet transfusions [69,70]. Therefore, intraoperative transfu-
sions of blood components need to be reduced to a minimum.

Intraoperative monitoring differs among LT centers accord-
ing to institutional practice. In general, five-lead electrocardiog-
raphy (ECG) and arterial catheterization using the radial and/or
femoral artery are essential to monitor cardiac rhythm and arte-
rial blood pressure. Large-bore peripheral and/or central access
is necessary to administer medications and fluids to maintain
hemodynamic stability. Although use of a pulmonary artery
catheter and/or transesophageal echocardiography (TEE) var-
ies depending on the patient’s condition and institution, MAP,
CVP, PAP, TEE, and continuous CO devices are usually used for
hemodynamic monitoring [71]. Intraoperative TEE is recom-
mended, particularly in a patient with an abnormal preoperative
cardiac evaluation, such as significant coronary artery disease,
hypertrophic cardiomyopathy with a left ventricular outflow
obstruction, valvular heart disease, or the inability to perform a
preoperative cardiac stress test [8].

Hemodynamic Monitoring

The major goal of hemodynamic monitoring during revas-
cularization of a grafted liver is to maintain the proper plasma
volume. Severe hypovolemia, which may decrease CO and tis-
sue perfusion, should be avoided before reperfusion but severe
hypervolemia, which may cause right heart failure, pulmonary
edema, and liver congestion, should be avoided immediately
after revascularization. Therefore, circulatory status of the
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LT recipient should be monitored carefully using MAP, CVP,
PAP, mixed venous oxygen saturation (SvO,), near-infrared
spectroscopy-based cerebral oximetry, and end-tidal carbon
dioxide simultaneously. Central volume status after reperfusion
should be determined carefully because sudden increases in
venous return lead to a transient increases in CVP and PAP. The
rapid temperature changes that occur after reperfusion make
continuous CO monitoring using the thermodilution method
unsatisfactory [72]; therefore, SvO, monitoring should be used
as a good indicator of overall tissue perfusion. Pulmonary artery
catheter-derived SvO, is an important hemodynamic parameter
for intraoperative monitoring, as it integrates information about
oxygen consumption, CO, and hemoglobin concentration [73].
Continuous SvO, monitoring is particularly useful in hemody-
namically unstable patients after reperfusion when devices for
continuous monitoring of CO are unavailable. Thus, a reduction
in SvO, should be treated as an indication of low CO and/or a
mismatch between oxygen demand and delivery [74]. Finally,
TEE can be used to search for the cause of the hemodynamic
disturbance after reperfusion. TEE helps with the immediate di-
agnosis, such as right heart failure, in a patient with pulmonary
hypertension, pulmonary thromboembolism, and anastomotic
stricture of the suprahepatic vena cava during emergent hemo-
dynamic instability after reperfusion because it provides a quick
assessment of cardiac and vena cava structure and function [75].
Measuring hemodynamic parameters to understand volume
status, cardiac contractility, and systemic and pulmonary vascu-
lar resistances of the LT recipient is important for the differential
diagnosis of refractory hypotension after reperfusion. As static
preload measurements using CVP and PAWP are reportedly
poor predictors of ventricular filling volume and fluid respon-
siveness during various conditions [76,77], assessing volume
status and fluid responsiveness in a vasodilated patient with cir-
rhosis remains challenging during LT [73]. Thus, CO monitor-
ing using a pulmonary artery catheter is the standard in many
LT centers [71]. However, the risks of ventricular arrhythmia
and perforation during the procedure and the delayed response
of continuous CO using the thermodilution method limit its
clinical application during an acute hemodynamically unstable
situation [72,78]. In addition, other self-calibrating arterial
waveform analyzing continuous CO monitoring systems, such
as the Flowtrac/Vigileo system (Edwards Lifesciences, Irvine,
CA, USA), and those that use intermittent CO bolus calibration
pulse contour waveform analysis, such as the PiCCO system
(Pulsion Medical System, Munich, Germany) and the LiDCO
system (LiDCO Cardiac Sensor System, London, UK) show
considerable variability during hemodynamic instability in LT
recipients [79-81]. Therefore, these hemodynamic monitoring
devices have not been universally validated for LT surgery [73].
Although measuring CO using arterial waveform analysis
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has failed to prove reliability during LT, continuous measurements
of stroke volume variation (SVV) and pulse pressure variation
(PPV) by arterial waveform analysis are utilized as dynamic fluid
responsiveness indices [81]. As SVV and PPV magnitudes are
proportional to preload [82], an analysis of these variations pre-
dicts fluid responsiveness during positive pressure ventilation [83].
A systemic review of the literature showed that dynamic changes
in SVV < 12% and of PPV < 13% predict fluid responsiveness
with higher accuracy than do static fluid responsiveness indi-
ces in critically ill patients [84]. Several LT studies have shown
that SVV is a good indicator of preload and that a SVV value of
9-10% can discriminate fluid responsiveness [85-87]. However,
the accuracy of SVV and PPV as dynamic indices for fluid re-
sponsiveness varies depending on the situation. Although vaso-
pressor therapy does not affect SVV or PPV, volume challenge
and vasodilator therapy alter these variables [88]. PPV is less
reliable for predicting fluid responsiveness during spontaneous
breathing and at tidal volumes < 8 ml/kg [89,90], whereas SVV
is linearly related to tidal volume depth, indicating that higher
tidal volume leads to higher SVV [91]. PPV is less accurate at
predicting fluid responsiveness regardless of tidal volume when
respiratory system compliance is < 30 ml cmH,O [92]. In the
presence of cardiac arrhythmia, SVV is more closely related to
the irregularity of diastole than to heart-lung interactions [93].
Therefore, SVV and PPV as determined by waveform analysis
can be used as minimally invasive dynamic indices to monitor
preload and fluid responsiveness after consideration of some of
the clinical limitations mentioned above.

Although continuous CO measurements using the thermodi-
lution method are not very accurate or precise during the early
anhepatic phase and after reperfusion [94], the use of a pulmo-
nary artery catheter during LT can be very helpful in a patient
with portopulmonary hypertension [81]. Patients with high PAP
are contraindicated for LT because of a very high mortality rate
[95,96]. However, mild to moderate pulmonary hypertension is
not a strict contraindication for LT [97]. Although a patient with
mild to moderate pulmonary hypertension has an increased
mortality rate [95,96], the risk of perioperative mortality can be
decreased if PAP is responsive to treatment [98-100]. Treatments
for elevated PAP during LT include prostanoids, endothelin
receptor antagonists, phosphodiesterase-5 inhibitors, or a com-
bination of therapies [100,101]. As a pulmonary artery catheter
is the only method for directly measuring PAP, it remains one of
the most accurate devices for measuring CO and is an essential
monitoring tool in patients with elevated PAP.

Use of intraoperative TEE has increased recently in high-
volume LT centers worldwide because esophagogastric varices
are not absolute contraindications to TEE if it has more expected
benefits than potential risks [102]. As intraoperative TEE is
relatively safe with a low incidence of variceal hemorrhage in
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patients with coagulopathy and documented esophagogastric
varices undergoing LT in retrospective studies [103,104], the use
of TEE during LT is routine in 40% of programs, with the pre-
ponderance seen at large-volume centers [105], and is common-
ly used by 86% of anesthesiologists at large-volume LT centers in
the USA [106]. However, proficient TEE management requires
skilled training and expertise [81]. Therefore, applying TEE dur-
ing LT should be decided after considering the expected benefits
of real-time hemodynamic monitoring and the potential risks of
an esophageal perforation and variceal bleeding.

Prevention

Most patients with liver cirrhosis who are scheduled for LT
demonstrate high CO, low SVR, and impaired systolic and dia-
stolic response to stress due to volume overload, known as cir-
rhotic cardiomyopathy [107-109]. Thus, a patient with cirrhotic
cardiomyopathy has impaired ability to compensate for decreas-
es in contractility and SVR and often develops bradyarrhythmia
after reperfusion. The hemodynamic and metabolic status of the
LT recipient during the revascularization of the grafted liver must
be optimized to alleviate the severe PRS cardiovascular distur-
bance. Successive arterial blood gas analyses are performed for
early detection and treatment of serum electrolyte and acid-base
balance as well as oxygenation and ventilation during the anhe-
patic phase. For example, serum potassium < 3.5 mEq/L, ionized
calcium > 1.0 mmol/L, hemoglobin > 9 g/dl, blood glucose
< 150 mg/dl, and normal acid-base status should be maintained
before reperfusion because these parameters are correlated with
the occurrence of PRS [11,14].

Of note, hyperkalemia remains a common and potentially
life-threatening complication during LT. Intraoperative hyper-
kalemia is associated with postoperative mortality following
LT [110]. A study of predictors associated with hyperkalemia
showed that independent hyperkalemic predictors before re-
perfusion include higher baseline serum potassium and RBC
transfusion, whereas independent hyperkalemic predictors after
reperfusion are higher baseline serum potassium, prolonged
warm ischemia time, lower intraoperative urine output, and
venovenous bypass technique [111]. Thus, treating higher base-
line serum potassium is important to prevent hyperkalemia
during LT. Insulin therapy with regularly divided insulin doses,
compared to the conventional large bolus regimen, significantly
lowers serum potassium and glucose levels during LT [112]. In
addition, severe intraoperative hyperglycemia (>200 mg/dl) is
related to graft rejection, surgical site infection, and increased
1-year mortality following LT [113-115]. However, tight glucose
control with a target blood glucose level of 80-120 mg/dl is
not routinely recommended because intensive glucose control
increases mortality in criticality ill patients [116]. Therefore,
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controlling glucose < 150 mg/dl is recommended for patients
undergoing LT [71].

Treating hyponatremia, which is a common preoperative
electrolyte abnormality, is a serious issue during LT because hy-
ponatremia is associated with adverse outcomes even if resolved
during the preoperative period [117]. Central pontine myelin-
olysis can occur in a patient with severe hyponatremia when the
serum sodium level increases rapidly due to a rapid correction
of hyponatremia or a large amount of NaHCO; is administered
to correct metabolic acidosis, [118]. Therefore, large changes in
sodium imbalance should be avoided during LT, particularly in
a patient with severe hyponatremia [119].

As bradycardia is common and occurs rapidly after reperfu-
sion, early treatment with atropine or epinephrine is recom-
mended. Early treatment of bradycardia produces a faster and
better outcome than delaying the treatment [8]. Vasopressors,
such as epinephrine and phenylephrine, are useful for severe
hypotension after reperfusion. If CVP increases > 15 mmHg
after reperfusion, active venesection of 200-300 ml should
be considered. NaHCO,; is used to correct metabolic acidosis
because acidic blood goes through the grafted liver, but admin-
istering other pH adjusting agents, such as tris-hydroxymethyl
aminomethane, rather than NaHCO, may be preferable in a
patient with severe hyponatremia [120]. Isosorbide dinitrate
and prostaglandin E1 (PGE1) should be prepared for patients
with pulmonary hypertension because PAP and PAWP increase
initially after reperfusion. If PAP > 30 mmHg and CVP > 15
mmHg are persistent, isosorbide dinitrate and PGE1 should
be administered immediately along with active venesection. If
ischemic changes in the ST segment are detected on ECG, the
causes of the decreased coronary blood perfusion should be
identified and treated; active venesection for volume overload,
vasopressors for decreased SVR-induced circulatory hypovole-
mia, or fluid challenge for hypovolemic shock. Coronary spasms
can occasionally be the cause of ST segment elevation, because
the cold blood flowing into the heart after reperfusion and/or
the placement of a cold grafted liver beneath the diaphragm can
cause vasospasms in the right coronary artery [121]. In such
situations, intraoperative TEE is very useful for making a dif-
ferential diagnosis among hypovolemia, decreased contractility,
and decreased SVR.

Treatment

There is no fixed rule for treating PRS. The hemodynamic
disturbance during PRS is usually weak and temporary but can
be serious enough to precipitate intraoperative cardiac arrest
[122]. As PRS is often accompanied by decreased contractility,
bradycardia, and decreased SVR, the administration of epineph-
rine is preferred. In general, a bolus of 10-20 pg epinephrine
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is sufficient but a repeated bolus of a higher dose (50-100 pg)
is sometimes necessary. Use of phenylephrine alone, which in-
creases SVR without acceleration of cardiac function, requires
careful consideration. If other vasopressors are needed to treat
persistent PRS hypotension, a continuous norepinephrine infu-
sion may be a good choice. However, high doses of vasopressors
may cause serious ischemic complications, such as graft dys-
function, postoperative renal failure, and death [123]. Therefore,
alternative medications are of interest for treating of refractory
PRS hypotension that does not respond to the usual vasopres-
SOrS.

Decreased SVR in a patient with end-stage liver disease may
be associated with a relative vasopressin deficiency, similar to
a case of septic shock [124]. A prospective study demonstrated
that administering vasopressin (3 U vasopressin bolus and con-
tinuous infusion of vasopressin 3 U/h for 20 min) increases SVR
and MAP, as patients with liver disease have lower vasopressin
levels than those of controls, [125]. Thus, vasopressin is an op-
tion for treating catecholamine-refractory vasoplegia during LT,
particularly if it is associated with severe refractory PRS [126].
Anesthesiologists and transplant surgeons have taken special
interest in perioperative therapy with the vasopressin analogue
terlipressin [127,128] because perioperative use of terlipressin
during LT improves early postoperative renal function without
any detrimental effects on hepatosplanchnic function [129].

Methylene blue is recommended for patients with vasoplegia
refractory to vasopressin and catecholamine therapy [130]; thus,
it has been used for refractory PRS hypotension [131-134]. Al-
though methylene blue is a heterocyclic aromatic chemical com-
pound that was originally used to treat methemoglobinemia and
as a marking dye, methylene blue is useful for treating refractory
PRS hypotension during LT [131,132,135]. A 1.5 mg/kg bolus of
methylene blue administered prophylactically prior to reperfu-
sion of the grafted liver attenuates the hemodynamic changes af-
ter reperfusion, suggesting positive effects on cardiac contractil-
ity (unchanged SVR and increased MAP and CO) [135]. These
positive effects of methylene blue on myocardial function have
been demonstrated in patients with septic shock [136]. A 2 mg/kg
loading dose of methylene blue over 30 min and a 0.5 mg/kg/h
infusion of methylene blue over 6 h after reperfusion increases
MAP in patients with vasopressor-resistant vasoplegic shock,
which is correlated with an increase in SVR [131]. In addition,
severe hypotension after reperfusion in LT recipients responds
to a 100 mg or 2 mg/kg bolus of methylene blue, even if the pa-
tient does not meet the criteria for vasoplegia [132]. In contrast,
prophylactic exposure to a 1-1.5 mg/kg bolus of methylene blue
has no significant effects on the occurrence of PRS, vasopressor
or transfusion requirements after reperfusion, or postoperative
graft function [134]. Thus, further studies are needed to evaluate
the outcomes from administering methylene blue in LT recipients.
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Methylene blue directly inhibits nitric oxide (NO) synthase,
which decreases NO production during inflammatory process
[137]. As NO may play an important role in the development of
vasoplegia during LT, use of methylene blue can restore systemic
vascular tone by inhibiting inducible NO synthase [131,133].
Furthermore, methylene blue may support blood pressure even
if NO production is not augmented because methylene blue also
directly inhibits guanylate cyclase, which transforms guanosine
triphosphate into cyclic guanosine monophosphate and thereby
contributes to decreasing vascular tone [25,138]. As produc-
tion of NO and the activity of the guanylate cyclase system are
augmented in patients with decompensated liver cirrhosis and
fulminant liver failure [25,139,140], methylene blue may be a
clinically useful rescue agent for refractory PRS that does not
respond to catecholamine or vasopressin therapy. This hemo-
dynamic rescue is clinically important because intraoperative
hemodynamic aberrations of PRS are associated with postopera-
tive graft dysfunction [5,10,13].

Outcomes

The clinical consequences of PRS have not been fully ex-
plained. Intraoperative hemodynamic aberrations of PRS are
associated with adverse outcomes of early graft dysfunction,
primary graft nonfunction, and death attributable to hemody-
namic causes [5]. Patients with cirrhosis who exhibit PRS suffer
more severe acute renal failure postoperatively and a higher first
15-day mortality rate after LT [9]. In a study at an Australian LT
center, PRS did not severely affect postoperative complications
or patient survival, whereas PRS was associated with higher
graft dysfunction and renal dysfunction [13]. PRS is associated
with higher rates of in-hospital mortality and postoperative re-
nal dysfunction in patients with fulminant hepatic failure [36].
Developing PRS intraoperatively results in longer intensive care
unit and hospital stays and higher graft loss and retransplanta-
tion rates [10]. PRS is related to more frequent renal dysfunc-
tion and more hospital deaths after LT in Chinese patients [17];
however, long-term mortality does not increase significantly. In
contrast, a Polish LT center study showed that PRS is associated
with a higher 1-year mortality rate and more early postoperative
complications [18]. The limited number of samples examined
and confounding factors associated with PRS and/or postopera-
tive management may have led to the discrepancy between early
and long-term mortality rates.

There are several possible reasons why PRS has a negative
impact on early postoperative outcomes. First, persistent se-
vere PRS hypotension causes postoperative renal dysfunction
[9,13,17,36]. Postoperative acute renal failure, which is a com-
mon complication of LT, greatly decreases 30-day and 1-year
patient survival following LT [141,142]. Second, the adverse
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outcomes from developing PRS appear to be related to effects of
intraoperative blood component transfusions, which represent
an independent risk factor for PRS [10]. Intraoperative transfu-
sions of RBCs, FFP, and platelets are independent risk factors for
mortality after LT [66,67,69,70]. In addition to lower survival
after LT, patients receiving massive intraoperative blood transfu-
sions are expected to have a higher incidence of other postop-
erative complications, such as graft dysfunction, infections, and
gastrointestinal and intra-abdominal complications [68]. Third,
additional hypotheses may apply, depending on the severity of
PRS. Poor perfusion of the grafted liver due to refractory PRS
hypotension is related to postoperative graft dysfunction, renal
impairment, and death [123]. In addition, ischemia-reperfusion
injury as a possible cause of PRS should be considered [26] be-
cause it can lead to a systemic inflammatory response, which
may culminate in multiple organ failure and death [33].
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Conclusion

The underlying mechanisms and clinical factors of PRS are
complex and not fully understood, but severe hemodynamic
disturbance during LT remains a serious issue for the anesthe-
siologist. The hemodynamic and metabolic status of the LT
recipient during revascularization of the grafted liver should
be optimized to alleviate the severe cardiovascular disturbance
of PRS. Importantly, rapid and appropriate treatments using
vasopressor, volume replacement, or active venesection depend-
ing on the cause of the hemodynamic disturbance should be
provided if hemodynamic instability becomes profound after
reperfusion. Therefore, it is essential to carefully monitor the
status of LT recipients with proper anesthetic preparation. In ad-
dition, it is important to understand the surgical techniques and
to communicate closely with the transplant surgeons. Finally,
the adverse effects of PRS on postoperative early morbidity and
mortality are clear but the effects of PRS on postoperative long-
term mortality remain controversial.

1. Starzl TE, Marchioro TL, Vonkaulla KN, Hermann G, Brittain RS, Waddell WR. Homotransplantation of the liver in humans. Surg Gynecol

Obstet 1963; 117: 659-76.

2. Starzl TE, Fung JJ. Themes of liver transplantation. Hepatology 2010; 51: 1869-84.
3. Dienstag JL, Cosimi AB. Liver transplantation--a vision realized. N Engl ] Med 2012; 367: 1483-5.

4. Calne RY, Rolles K, White DJ, Thiru S, Evans DB, McMaster P, et al. Cyclosporin A initially as the only immunosuppressant in 34 recipients

10.

11.

12.

13.

14.

15.

16.

534

of cadaveric organs: 32 kidneys, 2 pancreases, and 2 livers. Lancet 1979; 2: 1033-6.

. Reich DL, Wood RK Jr, Emre S, Bodian CA, Hossain S, Krol M, et al. Association of intraoperative hypotension and pulmonary

hypertension with adverse outcomes after orthotopic liver transplantation. ] Cardiothorac Vasc Anesth 2003; 17: 699-702.

. Valentine E, Gregorits M, Gutsche JT, Al-Ghofaily L, Augoustides JG. Clinical update in liver transplantation. ] Cardiothorac Vasc Anesth

20135 27: 809-15.

. Aggarwal S, Kang Y, Freeman JA, Fortunato FL, Pinsky MR. Postreperfusion syndrome: cardiovascular collapse following hepatic

reperfusion during liver transplantation. Transplant Proc 1987; 19(4 Suppl 3): 54-5.

. Fiegel M, Cheng S, Zimmerman M, Seres T, Weitzel NS. Postreperfusion syndrome during liver transplantation. Semin Cardiothorac Vasc

Anesth 2012; 16: 106-13.

. Paugam-Burtz C, Kavafyan ], Merckx P, Dahmani S, Sommacale D, Ramsay M, et al. Postreperfusion syndrome during liver transplantation

for cirrhosis: outcome and predictors. Liver Transpl 2009; 15: 522-9.

Hilmi I, Horton CN, Planinsic RM, Sakai T, Nicolau-Raducu R, Damian D, et al. The impact of postreperfusion syndrome on short-term
patient and liver allograft outcome in patients undergoing orthotopic liver transplantation. Liver Transpl 2008; 14: 504-8.

Aggarwal S, Kang Y, Freeman JA, Fortunato FL Jr, Pinsky MR. Postreperfusion syndrome: hypotension after reperfusion of the transplanted
liver. ] Crit Care 1993; 8: 154-60.

Garutti Martinez I, Olmedilla L, Perez-Pena JM, Zaballos M, Sanz J, Vigil MD, et al. Response to clamping of the inferior vena cava as a
factor for predicting postreperfusion syndrome during liver transplantation. Anesth Analg 1997; 84: 254-9.

Nanashima A, Pillay P, Crawford M, Nakasuji M, Verran D], Painter D. Analysis of postrevascularization syndrome after orthotopic liver
transplantation: the experience of an Australian liver transplantation center. ] Hepatobiliary Pancreat Surg 2001; 8: 557-63.

Chui AK, Shi L, Tanaka K, Rao AR, Wang LS, Bookallil M, et al. Postreperfusion syndrome in orthotopic liver transplantation. Transplant
Proc 2000; 32: 2116-7.

Fukazawa K, Yamada Y, Gologorsky E, Arheart KL, Pretto EA Jr. Hemodynamic recovery following postreperfusion syndrome in liver
transplantation. ] Cardiothorac Vasc Anesth 2014; 28: 994-1002.

Pan X, Apinyachon W, Xia W, Hong JC, Busuttil RW, Steadman RH, et al. Perioperative complications in liver transplantation using
donation after cardiac death grafts: a propensity-matched study. Liver Transpl 2014; 20: 823-30.

Online access in http://ekja.org



KOREAN J ANESTHESIOL Sung-Moon Jeong

17. Xu ZD, Xu HT, Yuan HB, Zhang H, Ji RH, Zou Z, et al. Postreperfusion syndrome during orthotopic liver transplantation: a single-center
experience. Hepatobiliary Pancreat Dis Int 2012; 11: 34-9.

18. Bukowicka B, Akar RA, Olszewska A, Smoter P, Krawczyk M. The occurrence of postreperfusion syndrome in orthotopic liver
transplantation and its significance in terms of complications and short-term survival. Ann Transplant 2011; 16: 26-30.

19. Ayanoglu HO, Ulukaya S, Tokat Y. Causes of postreperfusion syndrome in living or cadaveric donor liver transplantations. Transplant Proc
2003; 35: 1442-4.

20. Chung IS, Kim HY, Shin YH, Ko JS, Gwak MS, Sim WS, et al. Incidence and predictors of post-reperfusion syndrome in living donor liver
transplantation. Clin Transplant 2012; 26: 539-43.

21. Abouna GM, Skillen A, Hull CJ, Hodson A, Kirkley JR. A comparison of the effects of warm ischemia and hypothermia on liver glycogen,
electrolytes, pH, and subsequent function during perfusion. Br J Surg 1969; 56: 382-3.

22. Chapin JW, Wood RP, Hurlbert BJ, Shaw BW Jr, Kennedy EM, Cuka D], et al. Sources of increased serum potassium following reperfusion
of liver allografts. Transplant Proc 1987; 19(4 Suppl 3): 51-3.

23. Marino IR, De Luca G. Orthotopic liver transplantation in pigs. An evaluation of different methods of avoiding the revascularization
syndrome. Transplantation 1985; 40: 494-8.

24. Blanot S, Gillon MC, Lopez I, Ecoftey C. Circulating endotoxins and postreperfusion syndrome during orthotopic liver transplantation.
Transplantation 1995; 60: 103-6.

25. Bezinover D, Kadry Z, Uemura T, Sharghi M, Mastro AM, Sosnoski DM, et al. Association between plasma cyclic guanosine
monophosphate levels and hemodynamic instability during liver transplantation. Liver Transpl 2013; 19: 191-8.

26. Ramsay M. The reperfusion syndrome: have we made any progress? Liver Transpl 2008; 14: 412-4.

27. Bezinover D, Kadry Z, McCullough P, McQuillan PM, Uemura T, Welker K, et al. Release of cytokines and hemodynamic instability during
the reperfusion of a liver graft. Liver Transpl 2011; 17: 324-30.

28. Maring JK, Klompmaker IJ, Zwaveling JH, van Der Meer ], Limburg PC, Slooft MJ. Endotoxins and cytokines during liver transplantation:
changes in plasma levels and effects on clinical outcome. Liver Transpl 2000; 6: 480-8.

29. Ishine N, Yagi T, Ishikawa T, Sasaki H, Nakagawa K, Tanaka N. Hemodynamic analysis of post-reperfusion syndrome and the effect of
preventing this syndrome using thromboxane A2 synthetase inhibitor (OKY-046) in swine liver transplantation. Transplant Proc 1997; 29:
378-81.

30. Langle E, Roth E, Steininger R, Winkler S, Miihlbacher E Arginase release following liver reperfusion. Evidence of hemodynamic action of
arginase infusions. Transplantation 1995; 59: 1542-9.

31. Moench C, Uhrig A, Lohse AW, Otto G. The role of monocyte chemoattractant protein-1 in orthotopic liver transplantation. Transplant
Proc 2003; 35: 1452-5.

32. Enright SM, Srinivasa R, Bellamy MC. Effect of graft reperfusion on intracellular calcium levels in mononuclear leucocytes during human
orthotopic liver transplantation. Br J Surg 1998; 85: 673-6.

33. Girn HR, Ahilathirunayagam S, Mavor Al, Homer-Vanniasinkam S. Reperfusion syndrome: cellular mechanisms of microvascular
dysfunction and potential therapeutic strategies. Vasc Endovascular Surg 2007; 41: 277-93.

34. Conti A, Scala S, D'Agostino P, Alimenti E, Morelli D, Andria B, et al. Wide gene expression profiling of ischemia-reperfusion injury in
human liver transplantation. Liver Transpl 2007; 13: 99-113.

35. Cines DB, Pollak ES, Buck CA, Loscalzo ], Zimmerman GA, McEver RP, et al. Endothelial cells in physiology and in the pathophysiology of
vascular disorders. Blood 1998; 91: 3527-61.

36. Siniscalchi A, Dante A, Spedicato S, Riganello L, Zanoni A, Cimatti M, et al. Hyperdynamic circulation in acute liver failure: reperfusion
syndrome and outcome following liver transplantation. Transplant Proc 2010; 42: 1197-9.

37. Huet PM, Nagaoka MR, Desbiens G, Tarrab E, Brault A, Bralet MP, et al. Sinusoidal endothelial cell and hepatocyte death following cold
ischemia-warm reperfusion of the rat liver. Hepatology 2004; 39: 1110-9.

38. Gu XP, Jiang Y, Xu FT, Qiu YD, Ding YT. Effect of cold-ischemia time on nuclear factor-kappaB activation and inflammatory response in
graft after orthotopic liver transplantation in rats. World J Gastroenterol 2004; 10: 1000-4.

39. Selzner N, Selzner M, Tian Y, Kadry Z, Clavien PA. Cold ischemia decreases liver regeneration after partial liver transplantation in the rat: A
TNF-alpha/IL-6-dependent mechanism. Hepatology 2002; 36: 812-8.

40. Cameron AM, Ghobrial RM, Yersiz H, Farmer DG, Lipshutz GS, Gordon SA, et al. Optimal utilization of donor grafts with extended
criteria: a single-center experience in over 1000 liver transplants. Ann Surg 2006; 243: 748-53.

41. Clavien PA, Petrowsky H, DeOliveira ML, Graf R. Strategies for safer liver surgery and partial liver transplantation. N Engl ] Med 2007; 356:
1545-59.

42. Totsuka E, Fung JJ, Hakamada K, Ohashi M, Takahashi K, Nakai M, et al. Synergistic effect of cold and warm ischemia time on
postoperative graft function and outcome in human liver transplantation. Transplant Proc 2004; 36: 1955-8.

43. Gruttadauria S, Cintorino D, Musumeci A, Arcadipane A, Burgio G, Clarizia S, et al. Comparison of two different techniques of reperfusion
in adult orthotopic liver transplantation. Clin Transplant 2006; 20: 159-62.

44. Moreno C, Sabate A, Figueras J, Camprubi I, Dalmau A, Fabregat J, et al. Hemodynamic profile and tissular oxygenation in orthotopic liver
transplantation: Influence of hepatic artery or portal vein revascularization of the graft. Liver Transpl 2006; 12: 1607-14.

Online access in http://ekja.org 535



Postreperfusion syndrome VOL. 68, NO. 6, DECEMBER 2015

45. Daniela K, Michael Z, Florian I, Silvia S, Estrella J, Doris D, et al. Influence of retrograde flushing via the caval vein on the post-reperfusion
syndrome in liver transplantation. Clin Transplant 2004; 18: 638-41.

46. Millis JM, Melinek J, Csete M, Imagawa DK, Olthoff KM, Neelankanta G, et al. Randomized controlled trial to evaluate flush and
reperfusion techniques in liver transplantation. Transplantation 1997; 63: 397-403.

47. Jugan E, Albaladejo P, Jayais P, Ecoffey C. The failure of venovenous bypass to prevent graft liver postreperfusion syndrome. Transplantation
1992; 54: 81-4.

48. Acosta F, Rodriguez MA, Sansano T, Contreras RE, Reche M, Roques V, et al. Influence of surgical technique on postreperfusion syndrome
during liver transplantation. Transplant Proc 1999; 31: 2380-1.

49. Reddy K, Mallett S, Peachey T. Venovenous bypass in orthotopic liver transplantation: time for a rethink? Liver Transpl 2005; 11: 741-9.

50. Neuhaus P, Platz KP. Liver transplantation: newer surgical approaches. Baillieres Clin Gastroenterol 1994; 8: 481-93.

51. Witkowski K, Piecuch J. Liver transplant without a venovenous bypass. Ann Transplant 2001; 6: 16-7.

52. Shaw BW Jr, Martin DJ, Marquez JM, Kang YG, Bugbee AC Jr, Iwatsuki S, et al. Venous bypass in clinical liver transplantation. Ann Surg
1984; 200: 524-34.

53. Riegel W, Spillner G, Schlosser V, Horl WH. Plasma levels of main granulocyte components during cardiopulmonary bypass. ] Thorac
Cardiovasc Surg 1988; 95: 1014-9.

54. Solberg R, Scholz T, Videm V, Okkenhaug C, Aasen AO. Heparin coating reduces cell activation and mediator release in an in vitro
venovenous bypass model for liver transplantation. Transpl Int 1998; 11: 252-8.

55. Tzakis A, Todo S, Starzl TE. Orthotopic liver transplantation with preservation of the inferior vena cava. Ann Surg 1989; 210: 649-52.

56. Polak WG, Nemes BA, Miyamoto S, Peeters PM, de Jong KP, Porte R], et al. End-to-side caval anastomosis in adult piggyback liver
transplantation. Clin Transplant 2006; 20: 609-16.

57. Gong N, Chen X. Partial liver transplantation. Front Med 2011; 5: 1-7.

58. Haberal M, Dalgic A. New concepts in organ transplantation. Transplant Proc 2004; 36: 1219-24.

59. Hall TH, Dhir A. Anesthesia for liver transplantation. Semin Cardiothorac Vasc Anesth 2013; 17: 180-94.

60. Vogt DP, Henderson JM, Carey WD, Barnes D. The long-term survival and causes of death in patients who survive at least 1 year after liver
transplantation. Surgery 2002; 132: 775-80.

61. Murray KE, Carithers RL Jr. AASLD practice guidelines: Evaluation of the patient for liver transplantation. Hepatology 2005; 41: 1407-32.

62. Da Luz LT, Nascimento B, Shankarakutty AK, Rizoli S, Adhikari NK. Effect of thromboelastography (TEG(R)) and rotational
thromboelastometry (ROTEM(R)) on diagnosis of coagulopathy, transfusion guidance and mortality in trauma: descriptive systematic
review. Crit Care 2014; 18: 518.

63. Gorlinger K. Coagulation management during liver transplantation. Hamostaseologie 2006; 26(3 Suppl 1): S64-76.

64. Song JG, Jeong SM, Jun IG, Lee HM, Hwang GS. Five-minute parameter of thromboelastometry is sufficient to detect thrombocytopenia
and hypofibrinogenaemia in patients undergoing liver transplantation. Br ] Anaesth 2014; 112: 290-7.

65. Napolitano LM, Kurek S, Luchette FA, Corwin HL, Barie PS, Tisherman SA, et al. Clinical practice guideline: red blood cell transfusion in
adult trauma and critical care. Crit Care Med 2009; 37: 3124-57.

66. de Boer MT, Christensen MC, Asmussen M, van der Hilst CS, Hendriks HG, Slooff MJ, et al. The impact of intraoperative transfusion of
platelets and red blood cells on survival after liver transplantation. Anesth Analg 2008; 106: 32-44.

67. Boin IE, Leonardi MI, Luzo AC, Cardoso AR, Caruy CA, Leonardi LS. Intraoperative massive transfusion decreases survival after liver
transplantation. Transplant Proc 2008; 40: 789-91.

68. Palomo Sanchez JC, Jimenez C, Moreno Gonzalez E, Garcia I, Palma F, Loinaz C, et al. Effects of intraoperative blood transfusion on
postoperative complications and survival after orthotopic liver transplantation. Hepatogastroenterology 1998; 45: 1026-33.

69. Pereboom IT, de Boer MT, Haagsma EB, Hendriks HG, Lisman T, Porte R]. Platelet transfusion during liver transplantation is associated
with increased postoperative mortality due to acute lung injury. Anesth Analg 2009; 108: 1083-91.

70. Massicotte L, Sassine MP, Lenis S, Seal RE Roy A. Survival rate changes with transfusion of blood products during liver transplantation. Can
J Anaesth 2005; 52: 148-55.

71. Liu LL, Niemann CU. Intraoperative management of liver transplant patients. Transplant Rev (Orlando) 2011; 25: 124-9.

72. Bao FP, Wu J. Continuous versus bolus cardiac output monitoring during orthotopic liver transplantation. Hepatobiliary Pancreat Dis Int
2008; 7: 138-44.

73. Feltracco P, Biancofiore G, Ori C, Saner FH, Della Rocca G. Limits and pitfalls of haemodynamic monitoring systems in liver transplantation
surgery. Minerva Anestesiol 2012; 78: 1372-84.

74. Krenn CG, De Wolf AM. Current approach to intraoperative monitoring in liver transplantation. Curr Opin Organ Transplant 2008; 13:
285-90.

75. Burtenshaw AJ, Isaac JL. The role of trans-oesophageal echocardiography for perioperative cardiovascular monitoring during orthotopic
liver transplantation. Liver Transpl 2006; 12: 1577-83.

76. Bendjelid K, Romand JA. Fluid responsiveness in mechanically ventilated patients: a review of indices used in intensive care. Intensive Care
Med 2003; 29: 352-60.

77. Kumar A, Anel R, Bunnell E, Habet K, Zanotti S, Marshall S, et al. Pulmonary artery occlusion pressure and central venous pressure fail

536 Online access in http://ekja.org



KOREAN J ANESTHESIOL Sung-Moon Jeong

to predict ventricular filling volume, cardiac performance, or the response to volume infusion in normal subjects. Crit Care Med 2004; 32:
691-9.

78. Gwak MS, Kim JA, Kim GS, Choi SJ, Ahn H, Lee J], et al. Incidence of severe ventricular arrhythmias during pulmonary artery
catheterization in liver allograft recipients. Liver Transpl 2007; 13: 1451-4.

79. Biancofiore G, Critchley LA, Lee A, Bindi L, Bisa M, Esposito M, et al. Evaluation of an uncalibrated arterial pulse contour cardiac output
monitoring system in cirrhotic patients undergoing liver surgery. Br ] Anaesth 2009; 102: 47-54.

80. Biais M, Nouette-Gaulain K, Cottenceau V, Vallet A, Cochard JE, Revel P, et al. Cardiac output measurement in patients undergoing liver
transplantation: pulmonary artery catheter versus uncalibrated arterial pressure waveform analysis. Anesth Analg 2008; 106: 1480-6.

81. Rudnick MR, Marchi LD, Plotkin JS. Hemodynamic monitoring during liver transplantation: A state of the art review. World ] Hepatol
2015; 7: 1302-11.

82. Michard F, Boussat S, Chemla D, Anguel N, Mercat A, Lecarpentier Y, et al. Relation between respiratory changes in arterial pulse pressure
and fluid responsiveness in septic patients with acute circulatory failure. Am J Respir Crit Care Med 2000; 162: 134-8.

83. Cannesson M, Musard H, Desebbe O, Boucau C, Simon R, Henaine R, et al. The ability of stroke volume variations obtained with Vigileo/
FloTrac system to monitor fluid responsiveness in mechanically ventilated patients. Anesth Analg 2009; 108: 513-7.

84. Marik PE, Cavallazzi R, Vasu T, Hirani A. Dynamic changes in arterial waveform derived variables and fluid responsiveness in mechanically
ventilated patients: a systematic review of the literature. Crit Care Med 2009; 37: 2642-7.

85. Su BC, Tsai YF, Cheng CW, Yu HP, Yang MW, Lee WC, et al. Stroke volume variation derived by arterial pulse contour analysis is a good
indicator for preload estimation during liver transplantation. Transplant Proc 2012; 44: 429-32.

86. Kim SH, Hwang GS, Kim SO, Kim YK. Is stroke volume variation a useful preload index in liver transplant recipients? A retrospective
analysis. Int ] Med Sci 2013; 10: 751-7.

87. Biais M, Nouette-Gaulain K, Roullet S, Quinart A, Revel P, Sztark F. A comparison of stroke volume variation measured by Vigileo/FloTrac
system and aortic Doppler echocardiography. Anesth Analg 2009; 109: 466-9.

88. Hadian M, Severyn DA, Pinsky MR. The effects of vasoactive drugs on pulse pressure and stroke volume variation in postoperative
ventilated patients. ] Crit Care 2011; 26: 328. e1-8.

89. Soubrier S, Saulnier E Hubert H, Delour P, Lenci H, Onimus T, et al. Can dynamic indicators help the prediction of fluid responsiveness in
spontaneously breathing critically ill patients? Intensive Care Med 2007; 33: 1117-24.

90. De Backer D, Heenen S, Piagnerelli M, Koch M, Vincent JL. Pulse pressure variations to predict fluid responsiveness: influence of tidal
volume. Intensive Care Med 2005; 31: 517-23.

91. Reuter DA, Bayerlein ], Goepfert MS, Weis FC, Kilger E, Lamm P, et al. Influence of tidal volume on left ventricular stroke volume variation
measured by pulse contour analysis in mechanically ventilated patients. Intensive Care Med 2003; 29: 476-80.

92. Monnet X, Bleibtreu A, Ferre A, Dres M, Gharbi R, Richard C, et al. Passive leg-raising and end-expiratory occlusion tests perform better
than pulse pressure variation in patients with low respiratory system compliance. Crit Care Med 2012; 40: 152-7.

93. Guerin L, Monnet X, Teboul JL. Monitoring volume and fluid responsiveness: from static to dynamic indicators. Best Pract Res Clin
Anaesthesiol 2013; 27: 177-85.

94. Bottiger BW, Sinner B, Motsch J, Bach A, Bauer H, Martin E. Continuous versus intermittent thermodilution cardiac output measurement
during orthotopic liver transplantation. Anaesthesia 1997; 52: 207-14.

95. Krowka M]J, Mandell MS, Ramsay MA, Kawut SM, Fallon MB, Manzarbeitia C, et al. Hepatopulmonary syndrome and portopulmonary
hypertension: a report of the multicenter liver transplant database. Liver Transpl 2004; 10: 174-82.

96. Ramsay MA, Simpson BR, Nguyen AT, Ramsay KJ, East C, Klintmalm GB. Severe pulmonary hypertension in liver transplant candidates.
Liver Transpl Surg 1997; 3: 494-500.

97. Kuo PC, Plotkin JS, Gaine S, Schroeder RA, Rustgi VK, Rubin LJ, et al. Portopulmonary hypertension and the liver transplant candidate.
Transplantation 1999; 67: 1087-93.

98. Sussman N, Kaza V, Barshes N, Stribling R, Goss J, O'Mahony C, et al. Successful liver transplantation following medical management of
portopulmonary hypertension: a single-center series. Am J Transplant 2006; 6: 2177-82.

99. Krowka M]J, Plevak DJ, Findlay JY, Rosen CB, Wiesner RH, Krom RA. Pulmonary hemodynamics and perioperative cardiopulmonary-
related mortality in patients with portopulmonary hypertension undergoing liver transplantation. Liver Transpl 2000; 6: 443-50.

100. Ramsay M. Portopulmonary hypertension and right heart failure in patients with cirrhosis. Curr Opin Anaesthesiol 2010; 23: 145-50.

101. Safdar Z, Bartolome S, Sussman N. Portopulmonary hypertension: an update. Liver Transpl 2012; 18: 881-91.

102. American Society of A, Society of Cardiovascular Anesthesiologists Task Force on Transesophageal E. Practice guidelines for perioperative
transesophageal echocardiography. An updated report by the American Society of Anesthesiologists and the Society of Cardiovascular
Anesthesiologists Task Force on Transesophageal Echocardiography. Anesthesiology 2010; 112: 1084-96.

103. Markin NW, Sharma A, Grant W, Shillcutt SK. The safety of transesophageal echocardiography in patients undergoing orthotopic liver
transplantation. ] Cardiothorac Vasc Anesth 2015; 29: 588-93.

104. Burger-Klepp U, Karatosic R, Thum M, Schwarzer R, Fuhrmann V, Hetz H, et al. Transesophageal echocardiography during orthotopic liver
transplantation in patients with esophagoastric varices. Transplantation 2012; 94: 192-6.

105. Schumann R, Mandell MS, Mercaldo N, Michaels D, Robertson A, Banerjee A, et al. Anesthesia for liver transplantation in United States

Online access in http://ekja.org 537



Postreperfusion syndrome VOL. 68, NO. 6, DECEMBER 2015

academic centers: intraoperative practice. J Clin Anesth 2013; 25: 542-50.

106. Wax DB, Torres A, Scher C, Leibowitz AB. Transesophageal echocardiography utilization in high-volume liver transplantation centers in the
United States. ] Cardiothorac Vasc Anesth 2008; 22: 811-3.

107. Iwakiri Y, Groszmann R]. The hyperdynamic circulation of chronic liver diseases: from the patient to the molecule. Hepatology 2006;
43(2 Suppl 1): S121-31.

108. Ripoll C, Yotti R, Bermejo J, Banares R. The heart in liver transplantation. ] Hepatol 2011; 54: 810-22.

109. Liu H, Song D, Lee SS. Cirrhotic cardiomyopathy. Gastroenterol Clin Biol 2002; 26: 842-7.

110. Dawwas ME, Lewsey JD, Watson CJ, Gimson AE. The impact of serum potassium concentration on mortality after liver transplantation: a
cohort multicenter study. Transplantation 2009; 88: 402-10.

111. Xia VW, Ghobrial RM, Du B, Chen T, Hu KQ, Hiatt JR, et al. Predictors of hyperkalemia in the prereperfusion, early postreperfusion, and
late postreperfusion periods during adult liver transplantation. Anesth Analg 2007; 105: 780-5.

112. Xia VW, Obaidi R, Park C, Braunfeld M, Neelakanta G, Nourmand H, et al. Insulin therapy in divided doses coupled with blood transfusion
versus large bolus doses in patients at high risk for hyperkalemia during liver transplantation. ] Cardiothorac Vasc Anesth 2010; 24: 80-3.

113. Park C, Hsu C, Neelakanta G, Nourmand H, Braunfeld M, Wray C, et al. Severe intraoperative hyperglycemia is independently associated
with surgical site infection after liver transplantation. Transplantation 2009; 87: 1031-6.

114. Ammori JB, Sigakis M, Englesbe MJ, O'Reilly M, Pelletier SJ. Effect of intraoperative hyperglycemia during liver transplantation. J Surg Res
2007; 140: 227-33.

115. Wallia A, Parikh ND, Molitch ME, Mahler E, Tian L, Huang JJ, et al. Posttransplant hyperglycemia is associated with increased risk of liver
allograft rejection. Transplantation 2010; 89: 222-6.

116. Finfer S, Chittock DR, Su SY, Blair D, Foster D, Dhingra V, et al. Intensive versus conventional glucose control in critically ill patients. N
Engl ] Med 2009; 360: 1283-97.

117. Hackworth WA, Heuman DM, Sanyal AJ, Fisher RA, Sterling RK, Luketic VA, et al. Effect of hyponatraemia on outcomes following
orthotopic liver transplantation. Liver Int 2009; 29: 1071-7.

118. Yun BC, Kim WR, Benson JT, Biggins SW, Therneau TM, Kremers WK, et al. Impact of pretransplant hyponatremia on outcome following
liver transplantation. Hepatology 2009; 49: 1610-5.

119. Lee EM, Kang JK, Yun SC, Kim KH, Kim S], Hwang KS, et al. Risk factors for central pontine and extrapontine myelinolysis following
orthotopic liver transplantation. Eur Neurol 2009; 62: 362-8.

120. Hudcova J, Ruthazer R, Bonney I, Schumann R. Sodium homeostasis during liver transplantation and correlation with outcomes. Anesth
Analg 2014; 119: 1420-8.

121. Ramsay MA, Takaoka E Brown MR, Rosenlof P. Coronary artery vasospasm following placement of a cold liver graft during orthotopic liver
transplantation. Anesth Analg 1989; 69: 854-5.

122. Authauser DD Jr, Rose T, Levine M, Barnett R, Ochroch EA, Aukburg S, et al. Cardiac arrest associated with reperfusion of the liver during
transplantation: incidence and proposal for a management algorithm. Clin Transplant 2013; 27: 185-92.

123. Williams JW, Vera S, Peters TG, Van Voorst S, Britt LG, Dean PJ, et al. Cholestatic jaundice after hepatic transplantation. A
nonimmunologically mediated event. Am J Surg 1986; 151: 65-70.

124. Sharshar T, Blanchard A, Paillard M, Raphael JC, Gajdos P, Annane D. Circulating vasopressin levels in septic shock. Crit Care Med 2003;
31:1752-8.

125. Wagener G, Kovalevskaya G, Minhaz M, Mattis F, Emond JC, Landry DW. Vasopressin deficiency and vasodilatory state in end-stage liver
disease. ] Cardiothorac Vasc Anesth 2011; 25: 665-70.

126. Roth JV. The use of vasopressin bolus to treat refractory hypotension secondary to reperfusion during orthotopic liver transplantation.
Anesth Analg 2006; 103: 261.

127. Oltean M, Herlenius G. Renal protection during liver transplantation: an ounce of prevention is worth a pound of cure. Crit Care Med 2011;
39: 1564-5.

128. Hong SH, Lee JM, Choi JH, Chung HS, Park JH, Park CS. Perioperative assessment of terlipressin infusion during living donor liver
transplantation. ] Int Med Res 2012; 40: 225-36.

129. Mukhtar A, Salah M, Aboulfetouh E Obayah G, Samy M, Hassanien A, et al. The use of terlipressin during living donor liver transplantation:
Effects on systemic and splanchnic hemodynamics and renal function. Crit Care Med 2011; 39: 1329-34.

130. Riha H, Augoustides JG. Pro: methylene blue as a rescue therapy for vasoplegia after cardiac surgery. ] Cardiothorac Vasc Anesth 2011; 25:
736-8.

131. Fischer GW, Bengtsson Y, Scarola S, Cohen E. Methylene blue for vasopressor-resistant vasoplegia syndrome during liver transplantation. J
Cardiothorac Vasc Anesth 2010; 24: 463-6.

132. Cheng SS, Berman GW, Merritt GR, Hendrickse A, Fiegel MJ, Teitelbaum I, et al. The response to methylene blue in patients with severe
hypotension during liver transplantation. J Clin Anesth 2012; 24: 324-8.

133. Rosique RG, Rosique MJ, Rosique IA, Tirapelli LE, Castro e Silva O Jr, dos Santos JS, et al. Effect of methylene blue on the hemodynamic
instability resulting from liver ischemia and reperfusion in rabbits. Transplant Proc 2011; 43: 3643-51.

134. Fukazawa K, Pretto EA. The effect of methylene blue during orthotopic liver transplantation on post reperfusion syndrome and

538 Online access in http://ekja.org



KOREAN J ANESTHESIOL Sung-Moon Jeong

postoperative graft function. ] Hepatobiliary Pancreat Sci 2011; 18: 406-13.

135. Koelzow H, Gedney JA, Baumann J, Snook NJ, Bellamy MC. The effect of methylene blue on the hemodynamic changes during ischemia
reperfusion injury in orthotopic liver transplantation. Anesth Analg 2002; 94: 824-9.

136. Daemen-Gubbels CR, Groeneveld PH, Groeneveld AB, van Kamp GJ, Bronsveld W, Thijs LG. Methylene blue increases myocardial function
in septic shock. Crit Care Med 1995; 23: 1363-70.

137. Mayer B, Brunner E, Schmidt K. Inhibition of nitric oxide synthesis by methylene blue. Biochem Pharmacol 1993; 45: 367-74.

138. Mayer B, Brunner F, Schmidt K. Novel actions of methylene blue. Eur Heart J 1993; 14 Suppl I: 22-6.

139. Hori N, Okanoue T, Mori T, Kashima K, Nishimura M, Nanbu A, et al. Endogenous nitric oxide production is augmented as the severity
advances in patients with liver cirrhosis. Clin Exp Pharmacol Physiol 1996; 23: 30-5.

140. Schneider F, Lutun P, Boudjema K, Wolf P, Tempe JD. In vivo evidence of enhanced guanylyl cyclase activation during the hyperdynamic
circulation of acute liver failure. Hepatology 1994; 19: 38-44.

141. O'Riordan A, Wong V, McQuillan R, McCormick PA, Hegarty JE, Watson AJ. Acute renal disease, as defined by the RIFLE criteria, post-
liver transplantation. Am J Transplant 2007; 7: 168-76.

142. Wei Y, Zhang L, Lin H, Li ], Li B, Yan L, et al. Factors related to post-liver transplantation acute renal failure. Transplant Proc 2006; 38: 2982-4.

Online access in http://ekja.org 539



