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Abstract

Liver transplantation (LT) is the definitive treatment for patients with end-stage liver
disease. Since its inception in the 1960s, transplant medicine has undergone substantial ad-
vances in surgical technique, immunosuppression, organ preservation, and organ allocation
policies. According to the 2023 WHO census, approximately 47,180 LT procedures occur
worldwide each year, with living donors contributing to up to 23% of cases. Additional
milestones include the expansion of transplant eligibility to patients with hilar cholan-
giocarcinoma and advanced colorectal liver metastasis, the incorporation of viscoelastic
testing into perioperative blood management algorithms, and the increasing use of mechan-
ical circulatory support for pre-transplant optimization. In parallel, medical training has
evolved to meet the complexities associated with these high-risk procedures. Structured
fellowship programs now provide focused expertise, and guide investigations to resolve
complex clinical dilemmas. Experience accumulated over decades has improved clinicians’
ability to manage the expanding spectrum of comorbidities seen in contemporary trans-
plant candidates. Key perioperative challenges include accurate assessment of fluid status,
optimization of intravascular volume, management of vasoplegia, intraoperative renal
replacement therapy, treatment of right-ventricular failure, and the mitigation of severe
lactic acidosis. As transplant recipients increasingly present at older ages and with multiple
comorbidities, perioperative management has become more demanding. One emerging
strategy for select high-risk patients involves performing concurrent surgical procedures
within a single operative session. This narrative review focuses on the intraoperative
management of five variables that proved challenging during the first case of concurrent
liver transplantation and off-pump coronary artery bypass surgery in our institution.

Keywords: liver transplantation; optimization fluid balance; vasoplegia; intraoperative
continuous renal replacement therapy; acute right ventricular dysfunction/failure; lactic
acidosis; concurrent liver transplant; off-pump coronary artery bypass surgery

1. Introduction
Liver transplant (LT) is the definitive treatment for patients with end-stage liver

disease (ESLD). Since its introduction in the 1960s, the field of transplant medicine has
evolved remarkably, driven by advancements in surgical techniques, immunosuppressive
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therapies, organ preservation strategies, and donor organ allocation systems. According to
2024 World Health Organization census, approximately 47,180 liver transplants occurred
worldwide each year, with living donors accounting for about 23% of these procedures [1].

Major milestones in the evolution of LT include the extension of transplant eligibility to
patients with conditions previously deemed unsuitable—such as hilar cholangiocarcinoma
and advanced colorectal liver metastasis [2]—the adoption of viscoelastic testing into
perioperative blood management protocols [3], and the utilization of mechanical circulatory
support for pre-transplant optimization [4]. As transplant candidates increasingly present
at older ages with multiple comorbidities, their perioperative management has grown
progressively more complex [5].

Patients with ESLD awaiting LT are frequently admitted to the intensive care unit
(ICU) for perioperative optimization. Despite achieving apparent clinical stability, these
critically ill patients often experience recurrent decompensation due to the inherently un-
stable and evolving hemodynamic milieu of ESLD. This clinical reality presents significant
intraoperative management challenges, particularly in settings where existing guidelines
offer limited or insufficient direction.

One emerging approach that conveys these challenges and adds complexity is the
performance of concurrent surgical procedures within a single operative session in carefully
selected high-risk patients [6]. Essential knowledge based on evolving research in LT has
resulted in the clinical confidence necessary to undertake such complex concurrent inter-
ventions. In such cases, multidisciplinary collaboration in enabling the integration of liver
transplantation with off-pump coronary artery bypass surgery (OPCAB) is a cornerstone.

Among the multiple factors requiring optimization in patients undergoing concurrent
LT and OPCAB, the authors have found the most critical ones to include the following: (1)
volume status, (2) continuous renal replacement therapy, (3) lactic acidosis, (4) vasoplegia,
and (5) acute right ventricular dysfunction. These variables are dynamically interrelated,
forming a continuous pathophysiological cascade. Consequently, a problem-solving ap-
proach must address all components, even when the initial clinical presentation involves
only one single factor. Failure to optimize any one element is likely to precipitate rapid
deterioration of the remaining physiological parameters.

2. Methods
In this narrative review, an in-depth literature search was undertaken to synthesize

the importance of five focal points, which were instrumental in the conduct of concurrent
liver transplant and off-pump coronary artery bypass surgery.

2.1. Optimization of Patient Volumetric Balance

Patients with cirrhosis frequently appear fluid-overloaded due to peripheral edema
and ascites yet may be intravascularly volume-depleted. This paradox places them at high
risk for acute kidney injury (AKI) and often warrants parenteral fluid administration [7].

During fluid resuscitation, patients may easily become overloaded. Even when total
body water appears optimized, fluctuations between the intravascular and extravascular
compartments persist due to altered vascular permeability, a phenomenon exacerbated by
hypoproteinemia and the profound vasoplegia associated with ESLD.

2.1.1. Tests Based on Waveform Analysis

Emerging machine learning-based models using pulse oximetry waveform analysis
have demonstrated promise in estimating intravascular volume overload and, in certain set-
tings, may outperform traditional biomarkers such as B-type natriuretic peptide (BNP) [8].
Davenport et al. demonstrated that while total body water may be comparable between
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stable and decompensated cirrhotic patients, extracellular volume is significantly expanded
in the decompensated state, likely reflecting increased vascular permeability [9].

Importantly, static hemodynamic indices such as central venous pressure and pul-
monary capillary wedge pressure are unreliable indicators of true circulatory volume status
in this population [10,11].

2.1.2. Blood Chemistry

Hypovolemia, resulting from significant fluid or blood loss, leads to a critical reduc-
tion in intravascular volume, hypotension, and impaired tissue perfusion. This cascade
promotes cellular hypoxia, anerobic metabolism, and ultimately organ failure [12]. Labora-
tory assessment—including serum lactate, arterial blood gas analysis, and urinary sodium
concentration—can assist in determining both etiology and severity.

Conversely, hypervolemia may also impair tissue perfusion by increasing interstitial
pressure, thus promoting capillary leakage, microcirculatory dysfunction, reduced organ
perfusion, and end-organ injury, particularly AKI [13].

Elevated BNP and N-terminal pro-BNP (NT-proBNP) levels are strong indicators of
increased ventricular filling pressures, diastolic dysfunction, and severe volume overload
in cirrhotics. BNP levels correlate positively with the severity of liver disease and are
typically higher in decompensated cirrhosis, particularly in the presence of significant
ascites. Elevated BNP is an independent negative prognostic marker, associated with
increased mortality and complications. In liver transplant candidates, BNP monitoring aids
in assessing cardiac reserve and identifying patients at risk for post-operative heart failure.
However, BNP interpretation in cirrhosis may be confused by cirrhotic cardiomyopathy,
renal dysfunction, and the hyperdynamic circulatory state characteristic of ESLD [14,15].

Laboratory indices are available to differentiate the etiology of oliguria. Fractional
excretion of sodium (FENa) has traditionally been employed to distinguish prerenal AKI
(<1%) from intrinsic renal injury (>2–3%). However, Alsaad et al. demonstrated that
FENa < 1% is common in cirrhotic patients with renal dysfunction and does not reliably dif-
ferentiate hepatorenal syndrome (HRS) from other causes of AKI [16]. Additionally, diuretic
therapy significantly limits FENa utility by artificially increasing urinary sodium excretion.

Patidar et al. proposed the fractional excretion of urea (FEUrea) as an alternative
marker for distinguishing prerenal AKI and HRS from intrinsic renal injury in cirrhosis [17].
Subsequent work by Sim et al. demonstrated that FEUrea correlates with inflammatory
markers and liver dysfunction and independently predicts survival beyond Model for End-
stage Liver Disease (MELD) score and AKI stage, with stratification identifying patients at
higher risk for poor 90-day outcomes [18].

2.1.3. Radiological Examination

Chest X-ray (CXR) is frequently utilized to assess volume status in ESLD by identi-
fying pulmonary edema, vascular congestion, and pleural effusions, particularly hepatic
hydrothorax. While useful for detecting thoracic fluid overload, CXR has limited sensi-
tivity for assessing intravascular volume and cannot reliably distinguish among different
etiologies of pulmonary congestion [19].

Lung ultrasound has emerged as a superior alternative, offering greater diagnostic
accuracy for pulmonary congestion and interstitial edema compared with CXR [19].

2.1.4. Ultrasound Examination

Accurate assessment of volume status in cirrhotic patients requires integration of
clinical evaluation with advanced diagnostic modalities such as point-of-care ultrasound
(POCUS). POCUS enables real-time assessment of venous congestion through evaluation of
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inferior vena cava diameter and collapsibility, as well as hepatic, portal, and renal venous
Doppler flow patterns [20].

2.1.5. Echocardiography

Transthoracic echocardiography provides valuable information regarding volume
status through assessment of cardiac chamber size and end-diastolic volumes [21], al-
though these static indices are not consistently incorporated into routine clinical decision-
making [22]. By contrast, transesophageal echocardiography (TEE) has become integral
to modern interventional cardiology practice [23]. During liver transplantation, TEE is
generally limited to upper and mid-esophageal views, as esophageal varices and portal
hypertension are considered relative contraindications [24].

Numerous studies have demonstrated associations between liver disease severity
and cardiac dysfunction [25], including left atrial enlargement, increased left ventricular
end-diastolic volume, elevated cardiac output, and augmented aortic flow [26]. Diastolic
dysfunction—often defined by a transmitral Doppler E/A ratio < 1.0—is frequently ob-
served in cirrhotic patients [27]. Accordingly, the American Association for the Study of
Liver Diseases (AASLD) recommends comprehensive echocardiographic evaluation in
all LT candidates, including assessment of chamber dimensions, myocardial hypertrophy,
systolic and diastolic function, valvular abnormalities, and left ventricular outflow tract
obstruction (Figure 1) [28].

Figure 1. Mid-esophageal 4-chamber view showing dilated atria, ventricles, and ventricular hypertro-
phy. * Dilated right ventricle, ** hypertrophied ventricular wall, *** dilated left ventricle, **** dilated
right atrium.

Right ventricular end-systolic pressure may be elevated (>30 mmHg) in patients
with acute cirrhotic decompensation despite normal pulmonary valve flow velocities [9].
Increased left ventricular end-diastolic volumes (>128 mL) may also be present with pre-
served aortic valve flow. The most consistent echocardiographic abnormalities involve
right-sided cardiac changes, including atrial enlargement, mildly elevated right ventricu-
lar end-systolic pressures, variable right atrial pressures, and prominent left ventricular
diastolic dysfunction [9].
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More recently, studies comparing TEE with right-ventricular pressure catheterization
have demonstrated that dynamic right ventricular outflow tract obstruction of varying
severity is common during liver transplantation and is readily detectable using intraopera-
tive TEE [29].

2.1.6. Intravascular Volume Expansion

Intravascular volume expansion—often required to prevent or mitigate AKI—may
exacerbate ascites, pleural effusions, or cardiac failure. Renal dysfunction is highly preva-
lent in this population, with reported AKI rates reaching up to 60% among hospitalized
patients with cirrhosis [30].

Ascites

Ascites is the pathological accumulation of fluid within the peritoneal cavity and is
most associated with liver disease (particularly cirrhosis), although it may also result from
cardiac or renal disease, or chylous disorders. In cirrhotic patients, the development of
ascites often signifies the transition from compensated to decompensated disease.

The initial event in the pathogenesis of cirrhotic ascites is portal hypertension. Once
portal hypertension exceeds a critical threshold, circulating nitric oxide levels increase,
resulting in progressive splanchnic arterial vasodilatation. This vasodilatation leads to
reduced effective arterial blood volume, increased permeability, and elevated hydrostatic
pressure within splanchnic capillaries. These changes activate sodium and water retention
through stimulation of the renin–angiotensin–aldosterone system (RAAS), arginine vaso-
pressin secretion, and the sympathetic nervous system (SNS) [31]. Increased hepatic and
splanchnic lymph production that exceeds lymphatic reabsorption further contributes to as-
citic fluid accumulation [32]. Similarly, in both high- and low-output heart failure, reduced
effective arterial blood volume triggers neurohormonal activation, renal vasoconstriction,
and sodium and water retention [33].

Management of ascites requires identification and treatment of the underlying mecha-
nism of fluid retention. The principal therapeutic goals are a reduction in ascitic volume
and peripheral edema while preserving adequate intravascular volume and end-organ
perfusion [34–36]. Therapeutic paracentesis provides rapid symptomatic relief in patients
with tense or diuretic-refractory ascites. Albumin administration following large-volume
paracentesis reduces the risk of hypotension and post-paracentesis circulatory dysfunction
(PPCD), defined as an increase in plasma renin activity exceeding 50% above baseline.
PPCD is associated with hyponatremia, renal impairment, and hepatorenal syndrome [37].

The American Association for the Study of Liver Diseases recommends albumin
replacement after removal of ≥5 L of ascitic fluid, typically at a dose of 6 to 8 g per liter
removed [38]. Evidence supporting albumin administration after removal of 3–5 L remains
limited [39]. More recent data suggest albumin dosing on total volume removed: 25 g for
5–6 L, 50 g for 7–10 L, and 75 g for volumes exceeding 10 L [39].

Large-volume paracentesis can lead to rapid reaccumulation of ascites and systemic
hypotension. Although the precise mechanism remains incompletely understood, pro-
posed contributors include intravascular fluid shifts and mechanical decompression of the
splanchnic circulation, leading to impaired systemic vascular responsiveness to increased
shear stress and perfusion [40,41].

Pleural Effusion (Hepatic Hydrothorax)

Hepatic hydrothorax is a recognized complication of decompensated cirrhosis and
portal hypertension. It is a pleural effusion—typically exceeding 500 mL—in patients
with cirrhosis in the absence of primary cardiac or pulmonary disease [42,43]. Reported
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incidence varies widely, ranging from 16% to 70% depending on diagnostic criteria and
study population [42,44].

Hepatic hydrothorax commonly occurs in conjunction with ascites. However, unlike
ascites—where large fluid volumes may be tolerated due to the expansile capacity of the
peritoneal cavity—relatively small pleural fluid volumes (1–2 L) can cause significant
cardiopulmonary compromise, including dyspnea and hypoxemia [45].

The most widely accepted mechanism involves the movement of ascitic fluid into
the pleural cavity through diaphragmatic defects, driven by positive intra-abdominal
pressure and negative intrathoracic pressure gradients [46–49]. Additional risk factors
include higher MELD scores, hypoalbuminemia, hyperbilirubinemia, diabetes mellitus,
and non-use of non-selective beta-blockers [50,51]. In some cases, pleural effusion may
develop in the absence of clinically detectable ascites when ascitic formation and pleural
reabsorption occur at the same rates [52].

In patients with symptomatic hepatic hydrothorax, thoracocentesis relives dyspnea
or coughing. However, recurrence is common, and definitive resolution typically requires
liver transplantation.

Pericardial Effusion

Pericardial effusion is common in ESLD, with reported prevalence ranging from 4%
to 10% in general cirrhotic populations to as high as 63% among patients with severe
ascites [53,54]. These effusions can be small, asymptomatic, and associated with volume
overload, sodium and water retention, and hypoalbuminemia.

Echocardiography is the primary modality for assessing effusion size and evaluating
for hemodynamic compromise [55]. Signs of tamponade physiology include chamber col-
lapse and characteristic respiratory variation in mitral and tricuspid inflow velocities [56].

A preemptive pericardial drainage relieves hemodynamic compromise in patients with
large effusions [57]. However, recurrence is common. Timely intervention is particularly
important in the perioperative LT setting, as untreated pericardial effusion may precipitate
catastrophic circulatory collapse during major vascular manipulation or graft reperfusion.

2.2. Intraoperative Continuous Renal Replacement Therapy

Renal dysfunction is common in patients with cirrhosis and is associated with sub-
stantial morbidity and mortality. The major etiologies of AKI in this population include
prerenal (hypovolemic) AKI, hepatorenal syndrome (HRS), and acute tubular necrosis
(ATN). Although HRS accounts for a minority of AKI cases (approximately 12%), both
ATN and HRS are associated with up to 50% 90-day mortality. AKI severity and lack
of response to therapy are strong predictors of short-term mortality [30]. Patients with
persistent renal dysfunction frequently require renal replacement therapy (RRT) as a bridge
to renal recovery or liver transplantation.

2.2.1. Practice Guidelines

At present, no standardized algorithms or evidence-based guidelines exist to direct
the use of continuous renal replacement therapy (CRRT) during liver transplantation. This
lack of consensus is consistent with conclusions from the Acute Disease Quality Initiative
Conference, which emphasized the need to individualize RRT modality and prescription
based on patient-specific clinical factors [58].

Often patients undergoing LT initiate dialysis preoperatively and continue RRT intra-
operatively. Paine et al. reported CRRT utilization in approximately 25% of LT procedures
at their institution, particularly among patients receiving preoperative dialysis or those
with renal dysfunction and high perioperative risk [59]. Zimmermann et al. identified
additional indications for intraoperative CRRT, including serum creatinine > 2.0 mg/dL,
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oliguria or anuria, high MELD scores, pre-transplant ICU admission, use of two or more
vasopressors, and an anticipated transfusion requirement exceeding eight units of blood
products [60].

2.2.2. Benefits of Intraoperative CRRT

Intraoperative CRRT may prevent life-threatening complications by enabling precise
fluid management, facilitating clearance of water-soluble toxins such as ammonia, correcting
electrolyte disturbances, and maintaining metabolic homeostasis during liver transplantation.
However, evidence supporting routine intraoperative CRRT remains limited.

Townsend et al., in a review of 41 liver transplant procedures utilizing intraoperative
CRRT, demonstrated that the technique was safe and enabled achievement of an even or
negative fluid balance in 92% of cases [61]. Similarly, Koscielska et al. reported a post-
reperfusion syndrome incidence of only 13.5% in patients receiving intraoperative CRRT.
Fehervari et al. observed significantly lower intraoperative cytokine concentrations in
CRRT-treated patients, suggesting improved hemodynamic stability and attenuation of the
inflammatory response [62].

Conversely, Adelman et al. reviewed 172 patients requiring preoperative RRT who did
not undergo intraoperative dialysis and found no significant differences in intraoperative
acidosis or hyperkalemia [63]. Safwan et al. similarly concluded that CRRT did not
confer a clear clinical benefit, despite significantly higher MELD scores in the CRRT cohort.
Notably, however, 10 of 57 patients in the non-CRRT group developed severe hyperkalemia
(>6 mmol/L) or significant acidosis (pH < 7.2), and one patient died intraoperatively [64].

Collectively, these findings highlight the heterogeneity of patient responses to similar
treatment strategies. While optimization of baseline functional status remains essential,
clinicians should consider initiating CRRT when clinically indicated on a case-by-case basis.

2.2.3. Renal Replacement Strategies

Intraoperative CRRT encompasses modalities such as continuous venovenous hemofil-
tration, continuous venovenous hemodialysis, and continuous venovenous hemodiafiltra-
tion [65]. Owing to its gradual solute and fluid clearance, CRRT is generally preferred in
patients with cardiovascular instability [66].

A 2007 Cochrane review concluded that rates of hemodynamic instability, hypotension,
and escalation of supportive therapies did not differ significantly between intermittent and
continuous RRT modalities; however, patients receiving CRRT demonstrated higher mean
arterial pressure [67].

The literature does not clearly define optimal rates for electrolyte correction using
CRRT under standard intraoperative conditions. Although ultrafiltration rates of 1–2 L/h
theoretically allow significant volume removal [68], excessive ultrafiltration increases the
risk of hemoconcentration, filter clotting, reduced dialyzer efficiency, and treatment inter-
ruptions. To mitigate these risks, ultrafiltration is generally limited to a filtration fraction of
16–20%, or up to 30–33% when adequate regional anticoagulation is employed [69].

2.2.4. Role of CRRT in the Management of Intraoperative Lactic Acidosis

The use of bicarbonate-based replacement solutions during continuous hemofiltration
may facilitate rapid correction of acidosis in patients with acute lactic acidosis (LA). LA
commonly develops during the pre-anhepatic phase and worsens during the anhepatic
phase of transplantation, making it an important indication for intraoperative dialysis [70].

Alkalinization through bicarbonate administration during dialysis can stimulate 6-
phosphofructokinase activity, potentially augmenting lactate production. Nonetheless,
dialysis can reduce lactic acid, improving acidemia, and both hemodialysis and hemofiltra-
tion are available as therapeutic options for LA [71,72]. Although lactate clearance achieved
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through CRRT accounts for only approximately 3% of total lactate removal [73], dialysis
contributes to correction of acidemia primarily through buffer delivery and modulation of
acid-base balance.

Despite limited randomized controlled data, the use of CRRT in patients with LA
and concomitant renal dysfunction during liver transplantation remains an attractive
therapeutic strategy. Definitive trials may be difficult to conduct given the widespread
current use of this intervention.

Acidosis

Severe metabolic acidosis is frequently encountered during liver transplantation,
particularly following reperfusion. This is especially relevant in recipients with preexisting
acidosis, with intraoperative development of acidosis during the pre-anhepatic phase, or
receiving marginal grafts. Expanded donor criteria—including advanced donor age and
hepatic steatosis—have increased susceptibility to ischemia–reperfusion injury [74]. Cold
ischemic times exceeding 6 h are also associated with increased preservation injury and
heightened risk of severe metabolic disturbances [74].

Intraoperatively, optimization of fluid resuscitation and sodium bicarbonate admin-
istration help maintain pH > 7.25. In patients with chronic kidney disease or new-onset
AKI, bicarbonate therapy alone is often insufficient to correct metabolic acidosis. Moreover,
bicarbonate administration may exacerbate hypocalcemia [75], a common issue in liver
transplantation due to citrate toxicity from massive transfusion. Intraoperative CRRT en-
ables more precise modulation of the bicarbonate buffer system and supports maintenance
of metabolic homeostasis.

2.2.5. Intraoperative CRRT and Electrolyte Management

Hyperkalemia

Hyperkalemia during liver transplantation may result from potassium release from
damaged tissues, massive transfusion of stored blood products, bleeding, and metabolic
acidosis. The reperfusion phase is particularly hazardous, as a substantial potassium
load enters the systemic circulation from the graft while acidosis simultaneously drives
intracellular-to-extracellular potassium shifts. These changes may precipitate hemody-
namic instability, hypotension, bradyarrhythmia, and malignant cardiac arrhythmias.

CRRT facilitates rapid potassium clearance through manipulation of dialysate composi-
tion [76]. However, as potassium levels normalize, transition to more physiologic solutions
is essential to avoid hypokalemia. Studies initiating dialysis early during transplantation
demonstrated safe and effective maintenance of normokalemia [77], although many patients
had normal potassium levels at baseline. In patients with acute-on-chronic kidney disease,
inadequate potassium control may significantly exacerbate post-reperfusion syndrome.

Blood transfusion significantly influences serum potassium levels, with reported
increases ranging from 0.05 to 0.4 mEq/L per unit transfused [78]. Prolonged storage leads
to red blood cell membrane degradation and potassium leakage into the supernatant. Large-
volume transfusion (>7 units of packed red blood cells) has been identified as a risk factor
for post-transfusion hyperkalemia [79], although this effect is confounded by hypotension,
acidosis, and tissue injury. Intraoperative cell salvage may mitigate the potassium load
and offers a cost-effective alternative, with processing times of approximately 5–10 min per
unit [79].

Hyponatremia

Hyponatremia is common in ESLD and is typically dilutional due to excess arginine
vasopressin secretion. Additional risk factors include malnutrition, diuretic therapy, and
alcohol use. Severe hyponatremia is associated with a poor prognosis [80,81]. Rapid
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correction during reperfusion may cause abrupt osmotic shifts, increasing the risk of
osmotic demyelination syndrome [82]. CRRT allows controlled, gradual correction of
serum sodium, minimizing fluctuations in intracranial pressure [83].

2.3. Lactic Acidosis

Lactic acidosis (LA) in patients with ESLD is among the most complex metabolic
disturbances encountered in advanced cirrhosis and is associated with increased morbidity
and mortality. Multiple-organ failure accompanying advanced liver disease disrupts
important components of lactate metabolism, resulting in increased lactate production and
impaired clearance, leading to severe LA-induced acidemia. These derangements become
particularly pronounced in ESLD patients undergoing liver transplantation. Consequently,
perioperative management of LA and associated acid-base disturbances represents a critical
component of anesthetic, postoperative, and intensive care management in this population.

2.3.1. Lactic Acidosis: Definition and Types

Historically, lactic acidosis has been defined by the presence of metabolic acidosis
(pH < 7.35) in conjunction with serum lactate levels > 5 mmol/L [84]. However, more
recent literature suggests that overt hyperlactatemia and acidosis do not always coexist [85].
A universally accepted definition remains elusive due to variability in laboratory cut-off
values and clinical context [85]. Nonetheless, hyperlactatemia—or a significant increase in
serum lactate from baseline, even within the normal range—remains an essential diagnostic
criterion. Acidemia may be absent due to respiratory compensation or concurrent metabolic
alkalosis [85].

LA is traditionally classified into two categories based on underlying pathophysiology:
Type A and Type B [85]. Type A LA results from hypoperfusion and hypoxia, as seen in
shock, hypovolemia, or severe hypoxemia. In contrast, Type B LA arises from derangements
in normal metabolic processes independent of hypoxia, including underlying disease
states, drug or toxin exposure, and inborn errors of metabolism [85]. At the cellular level,
mechanisms differ between types, ranging from anerobic glycolysis to aerobic glycolysis
(Warburg effect) under normoxic conditions. Although the coexistence of Type A and
Type B LA is physiologically plausible, it has been infrequently reported in the clinical
literature [86].

2.3.2. Lactic Acidosis in End-Stage Liver Disease

Lactate production and metabolism are well described elsewhere [85]. The liver
accounts for approximately 70% of whole-body lactate clearance; therefore, decompensated
cirrhosis or acute hepatic failure is associated with elevated lactate levels and poor clinical
outcomes [87]. Hyperlactatemia and LA thus serve as important prognostic indicators in
ESLD [88]. Persistent LA further impairs lactate clearance, establishing a self-perpetuating
vicious cycle. Acidemia reduces hepatic lactate uptake, and in the setting of severe hypoxia
and acidemia, the liver may effectively become a net lactate-producing organ.

Bleeding is a common contributor to hyperlactatemia in cirrhotic patients. Increased
lactate production results from both overt tissue hypoperfusion (e.g., hemorrhagic shock)
and impaired cellular oxygen utilization.

2.3.3. Lactic Acidosis: Intraoperative Fluctuations

Hepatic lactate clearance is directly dependent on adequate liver perfusion (Table 1).
Liver transplantation induces profound alterations in hepatic blood flow and systemic
physiology. In a clinical study involving 488 patients undergoing liver resection, 72%
developed elevated lactate levels, which correlated with peak postoperative bilirubin,
coagulopathy, renal dysfunction, diabetes, extent of resection, blood loss, and transfusion
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requirements. The authors concluded that early postoperative lactate concentration is a
useful predictor of outcomes following hepatic surgery [89].

Table 1. Potential causes of lactic acidosis during orthotopic liver transplantation (OLT).

Phase of OLT Cause

Pre-anhepatic

Liver damage lactate clearance

Hemodynamic instability inadequate tissue perfusion lactate production

Hepatic blood flow lactate clearance

Kidney failure renal clearance

Use of vasopressors tissue perfusion lactate production

Vasoconstriction of portal and renal vessels liver and renal clearance

Anhepatic Rapid lactate underutilization

Reperfusion Sudden lactate release from the graft > utilization of lactate by the graft

Intraoperative liver tissue hypoxia promotes increased conversion of pyruvate to
lactate. This process is exacerbated by surgical stressors, including blood loss, endogenous
catecholamine release, and administration of vasoactive agents [90]. Serum lactate may
also rise following transfusion of stored blood products, which contains an increasing
concentration of lactate proportional to storage duration [91].

During the anhepatic phase of transplantation, lactate clearance becomes entirely
dependent on extrahepatic pathways, primarily the kidneys. Renal dysfunction—such
as hepatorenal syndrome or AKI—further impairs lactate clearance [92]. While acidemia
markedly suppresses hepatic lactate uptake, it enhances renal lactate metabolism. Conse-
quently, the renal contribution to lactate removal increases from approximately 16% at pH
7.45 to 44% at pH 6.75, partially compensating for hepatic loss and accounting for half of
total lactate clearance under severe academic conditions.

Immediately following graft reperfusion, acidemia often worsens and typically reaches
its nadir. Paradoxically, pre-reperfusion acidosis may confer cytoprotective effects. Experi-
mental data suggest that naturally occurring acidosis protects against cell death in multiple
organs, including hepatocytes. This phenomenon—known as the “pH paradox”—is in-
dependent of oxygen availability. Reperfusion at low pH (<6.5) inhibits mitochondrial
permeability transition pore opening, allowing mitochondrial repolarization and prevent-
ing cell death [93].

The capacity of a newly reperfused graft to resume lactate metabolism depends in
part on the graft-to-recipient weight ratio. This ratio is an important predictor of post-
reperfusion lactate clearance in living-donor liver transplantation. Larger grafts demon-
strate a greater lactate elimination capacity, whereas relatively small grafts may be over-
whelmed by the lactate load, resulting in persistent hyperlactatemia after reperfusion [94].

2.3.4. Effects of Catecholamines and Vasoactive Agents on Lactate Production
and Elimination

During liver transplantation, lactate production and clearance change to a substantial
degree following changes in endogenous and exogenous catecholamine concentrations.
The use of vasoactive agents—particularly exogenous catecholamines—modulates lactate
dynamics through multiple, and sometimes opposing, mechanisms.

Norepinephrine can induce significant peripheral vasoconstriction, which impair mi-
crocirculatory flow and tissue oxygen delivery, thereby promoting anerobic metabolism
and metabolic (lactic) acidosis [95]. In contrast, epinephrine increases serum lactate con-
centrations while often maintaining a stable lactate-to-pyruvate ratio. This effect reflects
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enhanced aerobic glycolysis rather than tissue hypoxia. Epinephrine stimulates glycogenol-
ysis, increases pyruvate production, and augments adenosine triphosphate consumption
via activation of the Na+/K+—ATPase, collectively accelerating glycolytic flux and lactate
generation [96].

Thus, catecholamine-induced hyperlactatemia during liver transplantation does not
uniformly reflect impaired tissue perfusion and should be interpreted within the broader
hemodynamic and metabolic context.

2.3.5. Lactic Acidosis: Management Options

Hemodynamic optimization aimed at improving tissue perfusion and enhancing
lactate clearance by metabolically active organs—principally the liver and kidneys—is
the cornerstone of lactic acidosis management. However, in advance ESLD and during
LT, excessive lactate production combined with impaired elimination may overwhelm the
corrective capacity of hemodynamic optimization alone.

In such circumstances, adjunctive therapeutic strategies—including modulation of
vasoactive support, correction of acid-base disturbances, and selective use of RRT—can
mitigate severe acidemia and its systemic consequences (Table 2)

Table 2. Available treatment options of lactic and metabolic acidosis.

Medication Rx of LA Rx of Metabolic Acidosis Disadvantages

Sodium bicarbonate No Yes Severe

Dichloroacetate Yes Yes Minimal

Thromethamine
(THAM) Yes Yes Minimal

CRRT Yes Yes Minimal

2.4. Vasoplegia

Vasoplegia is an increasingly recognized perioperative challenge, particularly in pa-
tients with ESLD undergoing LT. In adults, vasoplegia has multiple operational definitions
but is most commonly characterized by a normal or elevated cardiac output state (cardiac
index ≥ 2.2 L/min/m2) with persistent hypotension—typically an inability to maintain
mean arterial pressure (MAP) ≥ 60 mmHg—due to markedly reduced systemic vascu-
lar resistance (<800 dynes*s*cm−5), despite high-dose vasopressor therapy (commonly
≥0.5 µg/kg/min norepinephrine equivalents) [97,98].

Although no universally accepted treatment algorithm exists, recent advances in
pharmacologic therapy allow effective treatment in most cases. Selection of therapy must
account for the distinct mechanisms of action and potential adverse effects of each agent.

2.4.1. Pathophysiology

The pathophysiology of vasoplegia is multifactorial. Proposed mechanisms include
increased inducible nitric oxide synthase activity, activation of cyclic guanylate cyclase,
cytokine-mediated vasodilation, hydrogen sulfide signaling, adrenal axis dysregulation,
and relative vasopressin deficiency. Together, these processes result in inappropriate
vascular smooth muscle relaxation and impaired organ perfusion [99].

Experimental and clinical data demonstrate reduced vascular responsiveness to vaso-
constrictors as a key contributor to splanchnic and systemic vasodilation [100]. Defects in
smooth muscle intracellular signaling pathways further exacerbate hyporesponsiveness to
endogenous and exogenous vasoconstrictors [100].

Additional risk factors include prolonged allograft ischemia time, preexisting infection,
or systemic inflammation, and exposure to medications such as angiotensin-converting
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enzyme inhibitors and angiotensin receptor blockers. Mechanical circulatory support
techniques, including cardiopulmonary bypass, also predispose patients to profound
vasodilation [99].

2.4.2. Vasoplegic Shock

Vasoplegic shock, often considered a subtype of distributive shock, represents a
more severe circulatory disturbance characterized by vasoplegia accompanied by evidence
of tissue hypoperfusion. This state is frequently associated with hyperlactatemia and
metabolic acidosis [101].

2.4.3. Clinical Assessment

Clinical evaluation includes assessment of skin temperature and color, jugular venous
distention, capillary refill, and peripheral edema. Point-of-care echocardiography plays a
central role in refining the diagnosis and should include evaluation for pericardial effusion,
assessment of left and right ventricular size and systolic function, respiratory variation in
vena cava dimensions, and measurement of the aortic velocity-time integral as a surrogate
of stroke volume [102,103].

2.4.4. Treatment Options

Initial management of vasoplegia typically involves catecholamines and vasopressin
analogs. Norepinephrine is the first-line therapy. Current Surviving Sepsis Campaign
guidelines suggest that early combination therapy—most commonly norepinephrine and
vasopressin—may improve vascular responsiveness while limiting excessive adrenergic
stimulation and receptor desensitization [104]. This approach may also mitigate deleterious
effects of sympathetic overactivation on inflammation and myocardial function.

Based on emerging pathophysiological insights, novel agents such as selepressin
and angiotensin II are under investigation. A recent double-blind, randomized, placebo-
controlled trial is evaluating angiotensin II during LT, with norepinephrine requirements
as the primary endpoint [105]. Results from this study will inform future standardized
treatment strategies.

In refractory vasoplegia, adjunctive therapies such as methylene blue, hydroxo-
cobalamin, and ascorbic acid have been employed to increase systemic vascular resis-
tance [97,106–108]. While retrospective studies suggest hemodynamic benefit in LT patients,
high-quality prospective data remains limited.

Published case reports describe successful treatment of LT-associated vasoplegia
with hydroxocobalamin [109,110]. Two retrospective studies—one evaluating hydroxo-
cobalamin as a primary therapy and another as rescue therapy following methylene blue
failure—represent the strongest available evidence supporting its use [111,112]. Impor-
tantly, hydroxocobalamin may interfere with laboratory assays, optical sensors, and renal
replacement therapy circuits; one case report described intraoperative dialysis interruption
due to false activation of a blood-leak alarm [109,113].

The role of methylene blue (MB), a nitric oxide synthetase inhibitor, is helpful during
LT. In a randomized controlled trial, administration of a 1.5 mg/kg bolus one minute be-
fore reperfusion significantly reduced vasopressor requirements, improved hemodynamic
stability, and lowered serum lactate compared with placebo [114]. Additional case series
support its perioperative use, with most reported doses not exceeding 2 mg/kg [115,116].

Ascorbic acid, an essential cofactor for endogenous catecholamine synthesis, is fre-
quently depleted in patients undergoing extracorporeal circulation [117]. High-dose ascor-
bic acid has been associated with reduced vasopressor requirements in vasoplegic states
following extracorporeal support [118]. Of note, both methylene blue and ascorbic acid are
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contraindicated in patients with glucose-6-phosphate dehydrogenase deficiency due to the
risk of hemolytic anemia [119].

Use of angiotensin II during LT remains uncommon; however, one case report de-
scribes its successful application in combined heart–liver transplantation [120].

2.4.5. Vasoplegia Syndrome: Treatment Algorithm (Figure 2)

Despite the presence of a high cardiac output state, vasoplegia is frequently accompa-
nied by myocardial dysfunction. Early fluid resuscitation is crucial to restore an effective
circulating volume and tissue perfusion. Goal-directed therapy will guide fluid administra-
tion [121]. Use of central venous pressure alone is insufficient. Its ability to predict fluid
responsiveness is minimal within the “normal” range (8–12 mmHg) [121,122]. Dynamic
measures of cardiac output, such as arterial pulse pressure variation, demonstrate superior
predictive accuracy [123].

Figure 2. Recommendations to assist management of vasoplegia.

MAP is the principal determinant of tissue perfusion pressure. Although autoregula-
tion may preserve cerebral and renal blood flow across a range of pressures, below a critical
MAP threshold, organ perfusion becomes pressure-dependent. Studies evaluating higher
MAP targets (>65 mmHg) through increased norepinephrine dosing have not demonstrated
improvements in urine output, lactate clearance, oxygen delivery, or consumption, but
have shown increased arrhythmia risk [124]. Consequently, targeting an initial MAP of 65
mmHg is appropriate, as it balances adequate perfusion with lower vasopressor exposure,
reduced arrhythmia risk, and similar mortality.

Elevated serum lactate may reflect tissue hypoxia, catecholamine-driven aerobic gly-
colysis, impaired hepatic clearance, or a combination of mechanisms. Regardless of etiology,
hyperlactatemia is consistently associated with worse outcomes [104]. Two meta-analyses
demonstrated reduced mortality when early lactate clearance strategies were employed,
compared with usual care or central venous oxygen saturation-guided therapy [125,126].

2.5. Right Ventricular Dysfunction and Failure

The cardiovascular abnormalities, commonly associated with cirrhosis, may meet
diagnostic criteria for cirrhotic cardiomyopathy (CCM) when sufficiently severe [127]. The
bidirectional dependence between the heart and liver is critical for maintaining hemody-
namic stability during the perioperative period of liver transplantation. In patients with
ESLD, pre-transplant hemodynamic alterations may remain clinically occult due to limited
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functional capacity and reduced physiological reserve [128]. Moreover, concomitant pul-
monary disorders—including pulmonary hypertension (PH), hepatopulmonary syndrome
and portopulmonary hypertension (PoPH)—are frequently present [128]. Collectively,
these factors underscore the growing need for meticulous preoperative cardiovascular
evaluation and risk stratification in LT candidates.

2.5.1. Strategy for Assessment and Management of Pulmonary Hypertension

Standard transthoracic echocardiography helps to evaluate PH in all LT candi-
dates [129]. PoPH refers to pulmonary arterial hypertension (PAH) occurring in the setting
of portal hypertension of hepatic or extrahepatic origin. Up to 4–8% of LT candidates have
PoPH [129,130]. The diagnosis of PoPH consists of four essential elements [129]: (i) mean
pulmonary arterial pressure (mPAP) > 20 mmHg; (ii) pulmonary vascular resistance (PVR)
> 2 Woods Units (WU); (iii) pulmonary capillary wedge pressure (PCWP) ≤ 15 mmHg; and
(iv) clinical evidence of portal hypertension.

Although no single etiology has been consistently linked to PoPH development [131–133],
severe PoPH is associated with worse outcomes following LT compared with recipients
without PoPH [134]. The pathophysiology remains incompletely understood; however,
the prevailing hypothesis involves dysregulation of vasoconstrictive and vasodilatory
mediators. Humoral substances such as endothelin-1 may bypass hepatic metabolism via
portosystemic shunts and enter the pulmonary circulation, promoting pulmonary vascular
remodeling and PAH [135].

Screening transthoracic echocardiography focuses on estimation of right ventricular
systolic pressure (RVSP) and assessment of tricuspid regurgitation (TR). Peak TR velocity
is the principal echocardiographic variable used to determine the probability of PH [129].
A peak TR velocity > 2.8 m/s is suggestive of PH and should prompt confirmatory right
heat catheterization (RHC).

If the mPAP is <20 mmHg with preserved RV function, LT may proceed. Repeat RHC
when mPAP is ≥20 mmHg with an elevated PCWP (>15 mmHg) following optimization
of volume status. If mPAP is ≥20 mmHg and PVR is ≥2 WU in the setting of a PCWP of
≤15 mmHg, clinically significant PAH is present. Mild PAH (mPAP 20 to 34 mmHg) is not
an absolute contraindication for LT, particularly when RV function is normal. In contrast,
moderate to severe PAH (mPAP ≥ 35 mmHg) warrants consideration of PAH-targeted
therapy prior to transplantation [136,137]. A mPAP of >45 mmHg is a contraindication for
LT [129]. In carefully selected patients, a combination of PAH-directed therapy and LT has
been associated with excellent long-term survival, with reported 5-year survival rates of up
to 81% [138].

During LT, a pulmonary artery catheter is helpful for hemodynamic monitoring [139].
This guides the administration of pulmonary vasodilator therapy, inotropes, and inhaled
nitric oxide (NO) during the perioperative period, although reported outcomes are vari-
able [140].

2.5.2. Functional Stratification

Under-recognition and suboptimal management of right ventricular dysfunction
(RVD) and right ventricular failure (RVF) are associated with substantial perioperative
morbidity and mortality [141]. Both pressure and volume overload adversely affect RV
mechanics and performance [142]. RVD is an impaired RV filling or ejection in the absence
of overt heart failure symptoms [143]. In contrast, RVF is inadequate forward flow through
the pulmonary circulation, resulting in low cardiac output, hypotension, and systemic
venous congestion, manifesting as jugular venous distension, peripheral edema, oliguria,
and congestive hepatopathy [142,144,145].
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Acute RVF is a rapidly progressive syndrome marked by systemic congestion due to
impaired RV filling and/or reduced RV output [143]. Chronic RVF most commonly results
from sustained elevations in RV afterload, typically secondary to pulmonary hypertension
from left ventricular dysfunction, PAH, chronic lung disease, or persistent volume overload
from right-sided valvular lesions such as TR. Identification and optimization of modifiable
risk factors for RVD are essential. Appropriate preoperative volume optimization and
surgical strategies aimed at minimizing blood loss and ensuring myocardial protection will
mitigate the risk of RVF [146].

Explantation of the cirrhotic liver relieves portal hypertension and may increase RV
preload. Additionally, graft reperfusion can trigger the release of vasoactive cytokines ca-
pable of acutely elevating pulmonary artery pressure (PAP) [147]. In reperfusion syndrome,
abrupt increases in PAP may precipitate acute RVF, cardiogenic shock, and graft failure. In-
haled NO, intravenous prostacyclin, and milrinone help to attenuate these effects [148,149].
In extreme cases of refractory RV systolic failure with shock, extracorporeal membrane
oxygenation has been employed as salvage therapy [150].

2.5.3. Right Ventricle Dysfunction During Liver Transplantation

During the anhepatic phase of LT, cardiac output (CO) may decrease by up to 50%
in patients not supported with venovenous bypass, primarily due to reduced venous re-
turn. Simultaneously, systemic vascular resistance increases because of inferior vena cava
clamping, while the heart rate typically rises as a compensatory response. In patients with
cirrhotic cardiomyopathy, chronotropic incompetence may limit heart rate augmentation,
impairing compensation for reduced preload. In this setting, optimization of intravascular
volume and judicious use of vasopressors are essential to maintain mean arterial pres-
sure (Figure 3). As the anhepatic phase progresses, coagulopathy and metabolic acidosis
often worsen.

 

Figure 3. Transesophageal echocardiography—mid-esophageal four-chamber view showing hy-
povolemic right ventricle during anhepatic stage of liver transplantation (reduced right ventricle
cross-sectional area).

During the neohepatic (reperfusion) phase, restoration of blood flow through the
allograft may precipitate marked hemodynamic instability. Rapid return of cold, acidotic,
and potentially hyperkalemic blood to the right heart and pulmonary circulation can acutely
elevate PAP, leading to RV dilation and dysfunction (Figure 4). During post-reperfusion
syndrome, these features worsen.
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Figure 4. Transesophageal echocardiography—mid-esophageal four-chamber view showing signifi-
cant dilation of right atrium and right ventricle immediately after reperfusion. Multiple micro-air-
bubbles are clearly visible in the right atrium and ventricle. * Air bubbles in the right atrium, ** air
bubbles in the right ventricle. Increased right ventricle cross-sectional area is marked.

2.5.4. Medical Management

(i) Preload Optimization

Patients with ESLD frequently exhibit reduced effective right-sided preload due to
hypovolemia, diminished venous tone from medications, vasoplegia, or positive-pressure
ventilation. Although the Frank–Starling mechanism is functional in the failing human RV
myocardium [151], the RV operates on a flatter Frank–Starling curve than the left ventricle,
resulting in limited augmentation of contractility across a wide range of filling pressures.

In conditions where RV afterload is normal, but contractility is impaired (e.g., acute
RV infarction), a higher preload improves forward flow. However, most etiologies of RVF
in LT have elevated RV afterload. In these settings, reduction in excessive preload using
diuretics or hemofiltration is critical to limit RV dilation, reduce free-wall tension, minimize
ischemia, and optimize contractility. A moderately elevated RV diastolic filling pressure
(8–12 mmHg) is often necessary.

(ii) Afterload Reduction

Strategies to reduce RV afterload include general supportive measures and targeted
pharmacologic therapy. General measures aim to correct factors that increase PVR, such as
acidosis, hypoxia, and hypercapnia. Lung-protective ventilation strategies—employing
the lowest effective plateau pressures, tidal volumes, and positive end-expiratory pressure
while avoiding hypoxemia and hypercarbia—optimize both RV preload and afterload [152].

Pulmonary vasodilators represent the cornerstone of pharmacologic afterload reduc-
tion. While systemic vasodilators may cause hypotension and worsen ventilation–perfusion
mismatch, inhaled nitric oxide (iNO), used off-label, provides selective pulmonary vasodi-
lation with rapid onset and a short half-life. iNO demonstrated efficacy in improving
pulmonary hemodynamics in RVF [153]. Inhaled prostacyclin analogues are likewise safe
and effective in patients with PAH, refractory hypoxemia, or RV dysfunction and may
represent a cost-effective alternative to iNO [154].

(iii) Improving Contractility

General management principles emphasize avoidance of RV free wall overstretch
through optimization of preload and afterload. Maintenance of sinus rhythm is critical, as
supraventricular tachyarrhythmias further impair RV filling and output [155].

Among inotropic agents, low-dose dobutamine (5–10 mcg/kg/min) improves RV-
pulmonary artery coupling and increases cardiac output more effectively than nore-
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pinephrine owing to its stronger inotropic properties [156]. As an inodilator, dobutamine is
best suited for normotensive patients.

Epinephrine improves cardiac output without significantly raising PVR [157], whereas
norepinephrine provides α1-mediated vasoconstriction with modest β1 inotropic effects.
Although norepinephrine may increase PVR, an improved RV–pulmonary artery coupling
offsets this effect, making both agents appropriate for hypotensive patients.

Vasopressin, acting on V1 receptors, induces pulmonary vasodilation at low doses
(0.01–0.03 U/min) via endothelial nitric oxide release; however, at higher doses, it may
cause coronary vasoconstriction by enhancing catecholamine responsiveness [158,159].

In 2022, Gouvea et al. evaluated RV function during LT using transesophageal echocar-
diography with quantitative assessment across five surgical stages: baseline, hepatectomy,
anhepatic, post-reperfusion, and closure [160]. Tricuspid annular plane systolic excur-
sion demonstrated a non-significant trend toward reduction during the anhepatic phase
compared with baseline (2.0 cm vs. 2.4 cm; p = 0.24).

In 2024, Arora et al. proposed the Perioperative Quality Initiative (POQI)—9 Risk
Score to guide perioperative monitoring and management of RV function [161]. This tool
stratifies patients based on anesthetic factors, surgical technique, and procedural risk,
providing a pragmatic framework for anticipatory decision-making.

When RV decompensation is refractory to medical therapy, escalation to mechanical
circulatory support (MCS) will be necessary. Timing is critical, as earlier MCS initiation
is associated with improved survival in RVF. As early as 2012, Itagaki et al. described
modifications to MCS strategies to support ventricular function in critically ill patients
undergoing LT [162].

2.6. Concurrent Liver Transplant and Off-Pump Coronary Artery Bypass Graft Surgery

Patient requiring transplant span a broad clinical spectrum, from individuals with
multiple organ failure who require multiorgan transplantation to patients who may need
transplantation of a single organ accompanied by corrective surgery for another dysfunc-
tional organ. Despite challenges such as donor shortages and complex logistical constraints,
the demand for these lifesaving procedures continues to rise [163].

2.6.1. Clinical Challenges

The presence of significant cardiac disease frequently renders patient ineligible for
isolated liver transplantation [164]. Evidence from single-center experiences with combined
heart–liver transplantation suggests that this approach is safe when performed in carefully
selected patients and is associated with excellent outcomes [165]. However, the complexity
of performing combined cardiac surgery (CS) and LT prolongs cold ischemic time (CIT)
inherent to liver allografts.

To minimize CIT, combined procedures utilize living donor grafts. A short CIT—ideally
no longer than 8 h—is necessary for good graft function [166]. Maintaining a limited CIT is
further complicated by procedural sequencing, as LT typically follows completion of the
cardiothoracic operation. Consequently, even grafts procured from low-risk donors suffer
prolonged ischemia, which can precipitate significant hemodynamic instability upon portal
vein reperfusion.

In patients with concomitant cardiac disease, perioperative mortality and morbidity
are high when CS or LT is performed separately [167]. Patients have an increased bleeding
risk associated with dual antiplatelet therapy that precludes the use of percutaneous coro-
nary intervention (PCI) prior to LT. Additionally, certain coronary anatomies are unsuitable
for PCI, and diffuse coronary artery disease may be unreconstructable percutaneously.
Patients with high MELD scores or short anticipated wait times for transplant often cannot
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safely delay LT to complete the required three-month course of dual antiplatelet therapy
following PCI. For these patients, simultaneous LT and CS represents a viable therapeutic
option [167].

Cardiopulmonary bypass (CPB) is frequently employed during combined LT and
CS; however, its use amplifies the systemic inflammatory response and contributes to
coagulopathy due to mandatory anticoagulation. To mitigate these complications, off-
pump coronary artery bypass grafting (OPCAB) has emerged as an alternative strategy.
Nonetheless, experience with OPCAB in the setting of combined LT and CS remains limited
to small case series and isolated case reports [6,168–170] (Table 3).

A recent study by Wehrle et al. [171] evaluated predictors of success and long-term
outcomes in patients undergoing combined LT and CS. The authors developed a four-
variable LT + CS risk score, identifying preoperative renal dysfunction and coronary artery
disease as significant negative predictors of mortality.

Table 3. Case series of combined liver transplant and cardiac surgery. LT, liver transplant; OPCAB,
off-pump coronary artery bypass surgery; CT, cardiothoracic; CABG, coronary artery bypass surgery;
LKT, liver and kidney transplant; AF, atrial fibrillation; MOF, multiorgan failure; CRRT, continuous
renal replacement therapy; AKI, acute kidney injury; DVT, deep vein thrombosis; LE, lower extremity;
PCI, percutaneous intervention; GVHD, graft-versus-host disease.

Published Case
Series Sample Size Surgical Sequence Complications Mortality Graft Outcomes

Juneja R, et al. [169] 4 OPCAB followed
by LT AF (25%), sepsis (25%) Death < 1 yr (n = 1) No allograft rejection

during hospital stays

Jacob S, et al. [172] 12 Cardiac surgery
followed by LT

One patient each had stroke,
sternal osteomyelitis,
peritonitis, meningitis and
encephalitis, and renal
hemodialysis

Death < 30 days
(n = 1)

No allograft rejection
during hospital stays

Wehrle CJ, et al. [173] 31 Cardiac surgery
followed by LT

AF (75%), MI (n = 1), severe
diastolic failure (n = 1), sternal
wound infection (n = 1),
sepsis/MOF (n = 1), seizures
(n = 1), pulmonary artery
thrombosis + stroke (n = 1)

Death < 90 days
(n = 3), death < 1 yr
(n = 2)

GVHD (1 pt)

Uludag YT, et al. [6] 2 Cardiac surgery
followed by LT Bleeding, re-exploration (n = 2) No death < 1 yr No allograft rejection

during hospital stays

Chai J, et al. [174] 1 Cardiac surgery
followed by LT Sternal wound infection No death < 1 yr No allograft rejection

during hospital stays

Bui CCM, et al. [175] 25 Cardiac surgery
followed by LT

Hepatic artery thrombosis
(n = 1) No death < 90 days Second LT < 30 days

(n = 1)

Vohra V, et al. [170] 8 Cardiac surgery
followed by LT

Atrial arrhythmia (n = 4),
sepsis/MOF (n = 2)

Death in
postoperative period
(n = 2)

None reported

Kazimi M, et al. [176] 1 Cardiac surgery
followed by LT No complications No death at 1 yr None reported

Wood A, et al. [167] 15 Cardiac surgery
followed by LT

AKI requiring CRRT (26.7%),
hypoxic respiratory failure
requiring reintubation (26.7%),
operative re-exploration for
hemorrhage (n = 2)

Death < 1 yr (n = 4) None reported

Lin E, et al. [177] 1 Cardiac surgery
followed by LT None reported No death < 1 yr None reported

Garvanovic SH, et al.
[178] 1 Cardiac surgery

followed by LT

Biliary stricture requiring
biliary stent placement, DVT
of LE

No death < 1 yr None reported

Brozzi NA, et al.
[168] 1 Cardiac surgery

followed by LT PCI after 3 months No death < 1 yr None reported

Chaubey S, et al.
[179] 8 Cardiac surgery

followed by LT

Aortic rupture (fungal infection)
(n = 1), anoxic brain injury
(n = 1), MOF (n = 1)

In hospital mortality
at 3 months (25%), >1
yr (n = 1)

Liver failure (n = 1)
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Table 3. Cont.

Published Case
Series Sample Size Surgical Sequence Complications Mortality Graft Outcomes

Yazici SE, et al. [180] 2 Cardiac surgery
followed by LT Biliary leak (n = 1) No mortality < 1 yr None reported

Karatas C, et al. [181] 1 Cardiac surgery
followed by LT None reported No mortality < 1 yr None reported

Rogers JL, et al. [182] 1 Cardiac surgery
followed by LT Biliary leak No mortality < 1 yr None reported

Kwon YIC, et al.
[183] 1 Cardiac surgery

followed by LT AKI requiring hemodialysis No mortality < 1 yr None reported

2.6.2. Intraoperative Fluid Management During Concurrent LT and OPCAB

A major intraoperative challenge arises from the opposing fluid management strategies
required for OPCAB and LT. OPCAB procedures typically rely on an adequate intravascular
volume to maintain hemodynamic stability, whereas LT favors restrictive fluid strategies
to minimize graft congestion and dysfunction. Reconciling these opposing requirements
represents a significant challenge for transplant anesthesiologists.

Multiple studies support the use of goal-directed fluid therapy (GDFT) during both
OPCAB and LT to guide intravenous fluid administration and inotropic support using
cardiac output or dynamic preload parameters. GDFT involves targeted manipulation
of cardiac preload, contractility, and afterload to optimize the balance between systemic
oxygen delivery and demand [184]. The current literature suggests maintaining a stroke
volume variation below 10% during OPCAB and between 13% and 15% during LT [185,186].
This approach minimizes excessive fluid administration—thereby reducing complications
such as pulmonary edema and delayed recovery—while avoiding inadequate resuscitation
that may precipitate prerenal AKI or acute tubular necrosis.

Given the profound disturbances in fluid homeostasis associated with advanced liver
disease, a multimodal approach to intravascular volume assessment is essential.

2.6.3. Intraoperative Continuous Renal Replacement Therapy During Concurrent LT
and OPCAB

Intraoperative CRRT is particularly important in patients with AKI who require pre-
operative dialysis and are undergoing combined LT and OPCAB. The intravascular volume
supplementation necessary during OPCAB may become excessive during the LT phase.
Anuric patients are often unable to tolerate this hypervolemic state, leading to cardiores-
piratory compromise. Furthermore, non-anion gap metabolic acidosis typically worsens
during the anhepatic and neohepatic phases of LT, resulting in diminished responsiveness
to vasopressor therapy.

Maintenance of intraoperative serum potassium concentration during OPCAB is
critical to prevent arrhythmias and reduce morbidity, with general targets aimed at avoiding
hypokalemia (<3.5–4.0 mEq/L). Although off-pump surgery avoids the hemodilution and
extreme potassium shifts associated with CPB, significant fluctuations may still occur.
Maintaining potassium levels in the high-normal range (>4.0 mEq/L), is often necessary to
ensure cardiac electrical stability [187].

Once LT begins, the anhepatic phase begins within a few hours, leaving a limited
window to reduce serum potassium to a target range of 3.5–4.0 mEq/L prior to reperfusion.
CRRT typically achieves potassium clearance of approximately 1 mmol/L per hour, with
modest reductions in clearance as serum potassium normalizes [188]. Lower potassium
before reperfusion mitigates hemodynamic instability associated with hyperkalemia dur-
ing graft reperfusion. Without CRRT, achieving this target in a timely manner is often
difficult [189].

https://doi.org/10.3390/livers6020031

https://doi.org/10.3390/livers6020031


Livers 2026, 6, 31 20 of 31

2.6.4. Lactic Acidosis During Concurrent LT and OPCAB

Hyperlactatemia occurs in approximately 10–20% of patients following cardiac
surgery [190]. Although off-pump techniques aim to avoid complications associated with
CPB, elevated lactate levels remain a significant predictor of mortality, acute renal failure,
and prolonged ICU stay. Severe lactic acidosis (typically lactate >10 mmol/L) following
cardiac surgery, including OPCAB, represents a critical event strongly associated with
postoperative cardiogenic shock and systemic inflammation [191].

While lactic acidosis is a serious indicator of tissue hypoxia and metabolic stress, it is
not uniformly fatal. Although severe hyperlactatemia (>10 mmol/L) carries an estimated
mortality risk of 40–50%, survival is possible with timely recognition and intervention, as
more than 50% of affected patients may survive to hospital discharge [192].

The deleterious effects of lactic acidosis include reductions in cardiac contractility
and cardiac output, as well as an increased propensity for cardiac arrhythmias, which
may contribute to sudden death. A decrease in intracellular pH reduces myocardial
contractility through competitive inhibition of calcium binding to troponin. Although
sympathetic activation accompanies metabolic acidosis, responsiveness to both endogenous
and exogenous catecholamines is less.

Metabolic acidosis also induces vascular smooth muscle relaxation via activation of
ATP-sensitive potassium channels and upregulation of inducible nitric oxide synthetase in
endothelial and vascular smooth muscle cells, resulting in excessive nitric oxide production
and direct vasodilatory effects on the systemic vasculature.

2.6.5. Vasoplegia During Concurrent LT and OPCAB

During the OPCAB phase, maintaining MAP ≥ 65 mmHg may be particularly chal-
lenging in patients with ESLD. GDFT frequently necessitates the use of vasopressors in
combination with inotropic support. Adjunct therapies such as methylene blue and high-
dose hydroxocobalamin are frequently required. Acute fluctuations in cardiovascular
hemodynamics can severely impair renal function, and patients with pre-existing CKD
are especially susceptible to superimposed AKI. Progressive metabolic acidosis further
diminishes vasopressor responsiveness.

The anhepatic and neohepatic phases of LT are similarly associated with marked reductions
in MAP despite vasopressor support. Worsening lactic acidosis and anion-gap metabolic acidosis
often necessitate renal replacement therapy to restore metabolic homeostasis.

2.6.6. Right Ventricle Dysfunction During Concurrent LT and OPCAB

Displacement of the beating heart during positioning for graft anastomosis—particularly
to the obtuse marginal artery—may cause significant derangement of RV function and
reductions in cardiac output. In contrast, changes in right ventricular ejection fraction
(RVEF) and cardiac index during anastomosis of the left anterior descending or right
coronary artery are generally less pronounced [193]. A thermo-dilution pulmonary artery
catheter capable of continuous measurement of cardiac output and RVEF may be valuable
for monitoring dynamic changes in RV function and volume status during OPCAB. Intra-
operative TEE also plays a critical role in guiding hemodynamic management in patients
with impaired cardiac function.

Regardless of CPB use, pulmonary hypertension remains an important prognostic
factor in cardiac surgery. Elevated pulmonary vascular resistance is often responsive to
iNO [153]. The vasodilatory effects of iNO on pulmonary circulation are short-lived due to
the brief half-life of cyclic guanosine monophosphate, allowing rapid cessation of effect
upon discontinuation.
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Right ventricular dysfunction commonly occurs during off-pump cardiac surgery.
The characteristic features include transient reductions in long-axis RV function, often
peaking within the first few postoperative days. Although OPCAB avoids the systemic
inflammatory response associated with CPB, mechanical manipulation and positioning
of the heart—particularly for posterior wall grafting—can result in acute, reversible RV
impairment that typically resolves within three months [194].

While conventional on-pump CABG is associated with more severe, widespread, and
sustained post-bypass ventricular dysfunction due to ischemia–reperfusion injury, off-
pump surgery still carries a risk of acute, transient, mechanically mediated RV dysfunction.
Some, but not all, studies suggest superior long-term preservation of RV function with
off-pump techniques compared with on-pump surgery [195].

To prevent severe dysfunction, close collaboration between surgeons and anesthesiol-
ogists is essential, with careful, gradual positioning of the heart to minimize hemodynamic
compromise [194].

3. Conclusions and Future Directions
Patients undergoing concurrent surgical procedures represent a uniquely complex

and high-risk population. They frequently present with profound hemodynamic instability,
systemic inflammatory responses, thrombocytopenia, and derangements in coagulation,
fibrinolysis, and metabolism. Persistent vasoplegia despite vasopressor support is common
and often culminates in multiorgan dysfunction, including acute kidney injury, a condition
further exacerbated by prolonged and technically demanding surgical interventions.

These procedures are associated with substantial intraoperative blood loss, necessitat-
ing large-volume resuscitation with fluid and blood products. Consequently, perioperative
fluid management plays a pivotal role in patient outcomes and remains a cornerstone of
enhanced recovery pathways.

Advances in intraoperative fluid management have shifted paradigms toward in-
dividualized, goal-directed fluid therapy [184]. Excessive fluid administration has been
linked to complications such as pulmonary edema and delayed recovery, whereas inade-
quate resuscitation increases the risk of pre-renal acute tubular necrosis and other ischemic
injuries [185]. Balancing these competing risks is particularly challenging in transplant
recipients with tenuous hemodynamics and impaired metabolic reserve.

Continuous renal replacement therapy offers an important adjunct in this setting
by facilitating fluid balance, electrolyte control, and acid-base homeostasis. Beyond vol-
ume management, CRRT may mitigate lactic acidosis by limiting fluid overload, reduc-
ing bicarbonate-associated tonicity shifts, and optimizing metabolic conditions for tissue
oxygen delivery [186,187]. Intraoperative application, however, demands close interdis-
ciplinary coordination, as ultrafiltration rates, transfusion-related electrolyte shifts, and
ventilatory changes can rapidly alter systemic acid-base balance—particularly when pH-
targeted rather than bicarbonate-targeted dialysis strategies are employed.

Advanced renal failure remains the clearest indication for intraoperative CRRT. In
patients already receiving renal replacement therapy—especially those with anuria, oliguria,
or severe catabolic states—continuation during surgery may be essential. Interruption of
therapy risks post-dialysis rebound phenomena, including rapid increases in serum urea,
potassium, and hydrogen ion concentration during liver transplantation.

Outcomes following combined surgery are multifactorial, including recipient age, viral
status, graft quality, ischemia times, intraoperative complications, and surgical technique.
Among biochemical markers, lactate had emerged as a simple yet powerful prognostic
indicator in liver disease. Its incorporation into the Chronic Liver Failure Consortium
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Organ Failure score and the Asian Pacific association for the study of the liver score has
significantly improved prognostic performance [188,189].

Despite its prognostic value, optimal management of perioperative lactic acidosis
remains unresolved. No consensus exists regarding the timing, magnitude, or rate of
lactate correction. Severe acidemia often obscures the relative contribution of lactate it-
self, complicating therapeutic decisions. Strategies focused solely on correcting acidemia
without addressing lactate production risk inefficacy, as lactate accumulation further im-
pairs hepatic and renal clearance. Given the poor prognosis associated with persistent
lactic acidosis, early active and cause-oriented interventions appear warranted. Lactate-
guided therapy aimed at normalization has demonstrated potential benefits, though robust
evidence remains limited [190].

The selection and dosing of vasoactive agents during liver transplantation should
consider not only hemodynamic efficacy but also their potential to exacerbate lactic aci-
dosis. Maintenance of systemic vascular resistance is essential to preserve right ventricle
function and systemic perfusion. Norepinephrine and vasopressin remain first-line agents,
while inotropes are also necessary in the setting of reduced cardiac output. However,
high-quality data guiding agent selection are lacking [191]. Inodilators such as milrinone
and levosimendan can improve cardiac output but worsen vasodilation under general
anesthesia [192,193]. Similarly, inhaled pulmonary vasodilators may benefit select patients
with acute right ventricle failure, yet evidence-based recommendations for their routine
intraoperative use are absent [194].

Overall, assessment and optimization of volume status, acidosis, vasoplegia, continu-
ous renal replacement therapy and right ventricle dysfunction are crucial points for the
successful management of concurrent LT and OPCAB (Figure 5).

Figure 5. Schematic diagram showing perioperative targets and management strategy.

Despite widespread adoption of Enhanced Recovery After Surgery (ERAS) protocols
across surgical specialties, implementation in transplantation is sparse, resulting in a
relative paucity of high-quality evidence. Moreover, changes in U.S. organ allocation
policies—which prioritize preoperative illness severity—may inadvertently discourage
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preoperative optimization, a key principle of ERAS pathways [195]. Nevertheless, emerging
data suggest that ERAS implementation in liver transplantation can significantly reduce
hospital length of stay, with reductions approaching 47%. Future research should focus
on defining standardized, evidence-based protocols for intraoperative CRRT use, lactate-
guided therapy, and vasoactive agent selection in transplantation. Prospective studies
integrating hemodynamic monitoring, metabolic targets, and ERAS principles can improve
outcomes in this vulnerable population.
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66. Matuszkiewicz-Rowińska, J.; Małyszko, J.; Wieliczko, M. Renal support during liver transplantation: When to consider it?
Transplant. Proc. 2013, 45, 3157–3162. [CrossRef]

67. Rabindranath, K.S.; Adams, J.; MacLeod, A.M.; Muirhead, N. Intermittent versus continuous renal replacement therapy for acute
renal failure in adults. Cochrane Database Syst. Rev. 2007, 3, Cd003773. [CrossRef]

68. Baxter. Prismaflex ST Set; Baxter: Deerfield, IL, USA, 2019.
69. Honore, P.; Spapen, H. What a Clinician Should Know About a Renal Replacement Membrane? J. Transl. Intern. Med. 2018, 6,

62–65. [CrossRef]
70. Vitin, A.; Muczynski, K.; Bakthavatsalam, R.; Martay, K.; Dembo, G.; Metzner, J. Treatment of severe lactic acidosis during the

pre-anhepatic stage of liver transplant surgery with intraoperative hemodialysis. J. Clin. Anesth. 2010, 22, 466–472. [CrossRef]
71. De Corte, W.; Vuylsteke, S.; De Waele, J.J.; Dhondt, A.W.; Decruyenaere, J.; Vanholder, R.; Hoste, E.A. Severe lactic acidosis in

critically ill patients with acute kidney injury treated with renal replacement therapy. J. Crit. Care 2014, 29, 650–655. [CrossRef]
72. Luft, F.C. Lactic acidosis update for critical care clinicians. J. Am. Soc. Nephrol. 2001, 12, S15–S19. [CrossRef]
73. Bellomo, R. Bench-to-bedside review: Lactate and the kidney. Crit. Care 2002, 6, 322–326. [CrossRef]
74. Busuttil, R.W.; Tanaka, K. The utility of marginal donors in liver transplantation. Liver Transpl. 2003, 9, 651–663. [CrossRef]
75. Adeva-Andany, M.M.; Fernández-Fernández, C.; Mouriño-Bayolo, D.; Castro-Quintela, E.; Domínguez-Montero, A. Sodium

bicarbonate therapy in patients with metabolic acidosis. Sci. World J. 2014, 2014, 627673. [CrossRef] [PubMed]
76. Singh, T.; Alagasundaramoorthy, S.; Gregory, A.; Astor, B.C.; Maursetter, L. Low dialysis potassium bath is associated with lower

mortality in end-stage renal disease patients admitted to hospital with severe hyperkalemia. Clin. Kidney J. 2021, 14, 2059–2063.
[CrossRef] [PubMed]
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