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Key points

� Close communication between the surgical and anesthesia teams is a key factor
to improve outcomes in liver resections.

� Anesthetic techniques aimed at maintaining low hydrostatic pressures in the
inferior vena cava can aid in reducing intraoperative blood loss during paren-
chymal transection.

� Surgical methods of vascular control to reduce blood loss have hemodynamic
consequences that warrant careful preoperative consideration of the
anesthesiologist.

� Expanding treatment armamentariums with minimally invasive surgery and
ablative therapies have important implications to anesthesia delivery for these
new modalities.
INTRODUCTION
Providing anesthesia care for patients undergoing hepatic resection has
changed considerably in the past 20 years. Close communication between
the surgical and anesthesia teams is a key factor to improve outcomes in these
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complex procedures. The potential for significant blood loss has always
plagued surgeons and anesthesiologists. Surgical and anesthetic techniques
have improved significantly the safety profile of hepatic resections. In addition
to reviewing these techniques, hepatic anatomy as well as important preopera-
tive considerations are examined. Implications for anesthetic delivery for the
expanding treatment armamentarium with laparoscopic techniques and abla-
tive therapies are also discussed.
ANATOMY
To comprehend the extent of hepatic resection, anesthesiologists should have
an understanding of the anatomic framework of the liver. The liver can be
divided into 8 segments based on the portal supply and hepatic venous
drainage; Couinaud’s segments retain the name of their initial descriptor in
1954 (Fig. 1) [1,2]. The left, middle, and right hepatic veins serve as 3 vertical
divisions; as the portal vein bifurcates into left and right, a horizontal division is
created. Couinaud’s segments can be understood as they relate to these 3 ver-
tical and 1 horizontal division. Starting from the most superior and left lateral
segment II, the segments increase in Roman numeral in a clockwise fashion up
to VIII.

The left hepatic vein divides segments II and III from segment IV; segments
II and III together are known as the left lateral segment and are divided by the
Fig. 1. Segmental liver anatomy. (From Sibulesky L. Normal liver anatomy. Clin Liver Dis
2013;2:S1–3.)
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portal plane with segmental II superior and III inferior. Segment IV is bounded
by the left hepatic vein and middle hepatic vein with divisions above (IVa) and
below (IVb) the portal plane. Cantlie’s line contains the middle hepatic vein
running from the inferior vena cava (IVC) fossa to the gall bladder fossa sepa-
rating the left and right liver. Lateral (and to the right) to the middle hepatic
vein are segments V through VIII. Segments V and VIII are known as the right
anterior segment, bounded by the middle and right hepatic veins; the right pos-
terior segment consists of segments VI and VII. Continuing with the clockwise
numbering, segments V and VI are inferior to the portal plane, and segments
VII and VIII are superior. Each segment has separate portal, biliary, and hepat-
ic arterial branches and drains into the hepatic veins that surround it. Segment
I, the caudate lobe, is located posteriorly near the IVC and may receive portal
blood from either the left or right portal veins with drainage directly into the
IVC via small hepatic veins [3].

The Brisbane 2000 Nomenclature of Hepatic Anatomy and Resections relies
on knowledge of Couinaud’s segments and has gained tremendous footing in
recent years [4]. A left hepatectomy removes segments II, III, and IV; a right
hepatectomy removes segments V, VI, VII, and VIII. An extended left hepa-
tectomy adds segments V and VIII to a left hepatectomy, whereas an extended
right hepatectomy adds segment IV to a right hepatectomy.
PREOPERATIVE CONSIDERATIONS
In addition to the regular preoperative assessment for any anesthetic (airway,
relevant family history for anesthetic complications, and tolerance/complications
with previous anesthetics), patients without significant medical comorbidities do
not require additional extensive testing, other than blood counts, serum chemis-
try, and a coagulation profile. Adequate blood product availability will need to
be arranged depending on the extent and complex nature of the resection, and
preoperative anemia as well as coagulation functions. Additional evaluations
are guided by other medical comorbidities, nutritional state, functional status
of the patient, and the primary pathology, as well as future remnant of liver.
Cardiovascular

Intraabdominal operations carry an intermediate risk for cardiac adverse
events; preoperative cardiac evaluation is guided by a patient’s comorbid con-
ditions, risk factors, and functional status [5]. Vascular control mechanisms
used in hepatic resections can have profound implications for cardiac patients,
necessitating thorough preoperative cardiac assessment of the ability to tolerate
the hemodynamic changes with these techniques (Box 1). Patients with limited
cardiac reserve may not tolerate pneumoperitoneum of laparoscopic resections
with the accompanying marked increase in afterload (wall stress) and decrease
in venous return [6].

Portal hypertension associated with advanced liver disease is associated with
increased cardiac output with decreased systemic vascular resistance and rela-
tive hypovolemia and may be on therapy aimed at reducing symptom burden
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Box 1: Techniques used to decrease blood loss

Low central venous pressure anesthesia

Minimizing intravenous fluids (IVF) before hepatic transection

Reverse Trendelenburg positioning

Epidural blockade

Nitroglycerin infusion

Vascular occlusion

Pringle maneuver/portal triad clamping

Anatomic vascular control based on resection

Total hepatic vascular exclusion

Selective hepatic vascular exclusion

Surgical techniques

Cavitron ultrasonic surgical aspirator

Clamp and crush

Surgical staplers

Ultrasonic shears

Sharp Dissection

Two-surgeon technique [102].
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(eg, beta-blockers, nitrates, and diuretics for prevention of variceal bleeding and
ascites), yet potentially worsen perioperative pathophysiology (further vasodi-
lation and dehydration) [7]. Limited exercise capacity secondary to dyspnea
(from ascites, hypoxemia, intrapulmonary shunts, or pulmonary hypertension
as opposed to ischemia) may warrant pharmacologic cardiac stress tests [8].
Pulmonary

Pulmonary function tests may guide the anesthesiologist in assessing the revers-
ibility of an obstructive ventilatory defect in symptomatic patients. Decreased
room air oxygen saturations may detect patients with hepatopulmonary syn-
drome: a ventilation/perfusion mismatch owing to increased pulmonary blood
flow from capillary dilation with unchanged ventilation and impaired hypoxic
pulmonary vasoconstriction [8]. Patients with pulmonary disease are more
likely to benefit postoperatively from laparoscopic surgery by avoiding the pro-
found respiratory morbidity associated with open upper abdominal surgery.
However, the ventilation changes associated with pneumoperitoneum may pre-
sent intraoperative challenges in patients with chronic obstructive pulmonary
disease. Regional anesthetic techniques (eg, thoracic epidural analgesia or trans-
versus–abdominis–plane blockade) for postoperative pain control in patients
with compromised pulmonary function should be considered.
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Hepatic

Patients presenting for liver resections may have varying levels of hepatic
dysfunction. More important, liver function changes immediately after resec-
tion because of decreased liver parenchymal volume as well as postoperative
dysfunction of the remnant liver. Anesthetic goals for liver resection should
therefore be to avoid exacerbation of preexisting liver dysfunction and to pre-
serve function of the future liver remnant. The sequelae of liver disease can
impact every organ system and may have profound implications for anesthetic
management, as well as the postoperative course of the patient [9]. Significant
effects of portal hypertension include ascites and pleural effusions with
impaired respiratory mechanics and aspiration risks, esophageal varices and
risk of hemorrhage, and intraabdominal venous collaterals with risk for signif-
icant intraoperative blood loss.

Liver anatomy and remnant liver volume are thoroughly evaluated preoper-
atively by appropriate imaging studies. When needed, preoperative portal vein
embolization is performed to increase the size of the remnant liver volume and
preserve function [10,11]. Nevertheless, preoperative synthetic liver function is
most often surveyed via albumin levels and coagulation studies. Often, deter-
mination of resectability may only be obtained intraoperatively. In these cases
of possible inoperable anatomy, anesthetic plans should be tailored for poten-
tial short operative times.

Patients with hepatocellular carcinoma from underlying chronic hepatitis B
infection are more likely to have systemic manifestation of liver dysfunction
because of the chronicity of their disease. Metastatic disease may occur in
otherwise healthy livers, but underlying parenchymal pathology (eg, steatosis)
or neoadjuvant chemotherapy may also adversely impact liver function. Intra-
hepatic carcinoid tumors may present anesthetic challenges depending on the
secretory function of the tumor; octreotide administration may aid in their
management [12,13]. Carcinoid crisis may manifest with diarrhea, broncho-
spasm, dysrhythmias, hypertension, hypotension, and right heart failure.

The presence of cirrhosis is known to increase significantly the postoperative
morbidity of abdominal surgery. The Child–Turcotte–Pugh score is 1 way to
classify the severity of cirrhosis and is based on serum albumin, bilirubin, pro-
thrombin time, and subjective evaluation of ascites and encephalopathy [14].
The Model for End-stage Liver Disease (MELD) score eliminates ascites and
encephalopathy and depends only on bilirubin, creatinine, and international
normalized ratio [15]. Not only is MELD used in organ allocation for liver
transplantation, several groups have found increased perioperative mortality
after hepatic resections for hepatocellular carcinoma in patients with MELD
scores of 9 or greater [16,17].

Intrinsic liver disease can result in a bleeding diathesis for several reasons:
platelet sequestration and thrombocytopenia from hypersplenism in portal hy-
pertension, coagulopathy from a defect in the synthetic function, and altered
activity of the fibrinolytic system. Although lacking validation, thromboelastog-
raphy may offer guidance in the objective evaluation and management of
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coagulation abnormalities [9]. Coagulation parameters are not predictive of
blood loss or transfusion requirements in hepatic resections [18]. A nomogram
created by Sima and colleagues [19] consisting of the number of segments re-
sected, type of lesion, other organ resection, preoperative hemoglobin, and
platelets can predict the likelihood of blood transfusion. Evidence from liver
transplantation literature argues that correction of abnormal coagulation pa-
rameters is unwarranted in patients with severe cirrhosis without obvious
symptoms and signs of bleeding [20].

INTRAOPERATIVE MANAGEMENT
Developments in surgical and anesthetic techniques as well as greater appreci-
ation of hepatobiliary surgery as a distinct specialty have likely contributed to
overall improvements in perioperative morbidity and mortality. High-volume
centers have reported operative mortality of less than 5% [21–25].

Induction of anesthesia is guided by the overall condition of the patient.
Rapid sequence induction may be required in patients who have a history of
significant ascites or other risk factors for gastric regurgitation. Intravenous ac-
cess (peripheral or central) sufficient for rapid, large-volume resuscitation is
required. In the authors’ clinical practice, invasive arterial blood pressure moni-
toring is used routinely during the procedure. Forced warm-air devices and
fluid warmers should be used to guard against hypothermia and its potentiation
of a coagulopathy. Benzodiazepines can precipitate hepatic encephalopathy,
and the metabolism may be significantly altered, prolonging their effects, ques-
tioning the need for routine preoperative anxiolysis with benzodiazepine
agents.

General anesthesia is maintained with volatile anesthetics (isoflurane,
sevoflurane, desflurane, nitrous oxide), intravenous anesthetics (propofol,
dexmedetomidine, ketamine, opiates), or combinations of these. Changes
in metabolism in hepatic disease necessitate careful monitoring of the
degree of neuromuscular blockade intraoperatively when dosing muscle re-
laxants. Cisatracurium is often preferred given its predictable Hoffman elim-
ination as well as its lack of significant histamine release. Other short- and
intermediate-acting muscle relaxants (atracurium, rocuronium, vecuronium)
may also be used safely while bearing in mind their pharmacokinetic and
pharmacodynamic profiles [26–29]. Comparing a total intravenous technique
(propofol with sufentanil) with a volatile technique (isoflurane with fentanyl)
in donor hepatectomy showed no significant advantages of 1 technique over
the other [28]. Although no significant clinical difference was found, patients
who were administered isoflurane anesthesia had higher postoperative inter-
national normalized ratio values and increased liver enzymes compared with
patients receiving propofol [30]. A recent randomized trial comparing desflur-
ane with isoflurane in donor hepatectomy revealed higher postoperative inter-
national normalized ratio and liver enzymes in patients anesthetized with
isoflurane; the clinical significance of this observation in postoperative
morbidity was not studied [31]. All volatile anesthetics reduce total hepatic
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blood flow although the current volatile agents (isoflurane, sevoflurane, des-
flurane) cause minimal reduction. Less is known about the effects of intrave-
nous anesthetics; however, current evidence suggests minimal effects on
hepatic blood flow assuming normal systemic arterial pressure and hemody-
namic function [32].
Decreasing blood loss

Liver resections carry an inherent risk of blood loss with surgical dissection of
the IVC, portal vein, and hepatic veins and transection of a highly vascularized
parenchyma. Furthermore, increased blood loss and perioperative blood trans-
fusions are associated with worse perioperative morbidity and mortality
[22,33,34]. As such, significant effort has been focused on reducing intraopera-
tive blood loss.

Roles of both surgeons and anesthesiologists in decreasing blood loss will be
discussed (Box 1). Surgeons use various vascular clamps intraoperatively with
important anesthetic implications. Similarly, anesthesiologists often use low
central venous pressure (CVP) anesthesia until the parenchymal transection
is complete.

Pharmacologic interventions aimed at decreasing blood loss (eg, antifibri-
nolytics) are not frequently studied or used in liver resections; most data
are extrapolations from liver transplant literature [35–38]. Similarly, acute
normovolemic hemodilution has reduced blood loss and rates of intraopera-
tive transfusions, but current low rates of transfusion question this practice as
standard therapy [39–42]. Selective application of acute normovolemic
hemodilution may be appropriate in cases expected to lose a large volume
of blood.
Low central venous pressure anesthesia

Low CVP anesthesia relies on minimizing hydrostatic pressure in the IVC at
the level of the hepatic veins. Blood loss can occur quickly and unexpectedly
throughout the operative procedure; surgical dissection of the portal structures,
IVC, and hepatic veins represent the earliest opportunity for torrential blood
loss. Injury to distended veins, corresponding with increased CVP, can result
in profuse bleeding that is difficult to control. A flaccid venous system corre-
sponding with decreased hydrostatic pressure results in a more favorable oper-
ative environment for the surgeon.

During parenchymal transection, the surgeon will have temporarily
occluded the inflow of blood to the liver (a Pringle maneuver—clamping the
portal vein, hepatic artery, and bile duct) while the outflow of blood from
the liver (hepatic veins) may not be occluded. Back-bleeding in the parenchyma
from the hepatic veins can be not only difficult to control, but can slow transec-
tion in the setting of bleeding. Decreased pressure in the IVC at the level of the
hepatic veins results in significantly less bleeding during parenchymal transec-
tion [39,43–45].

Initial descriptions of this technique come from Memorial Sloan-Kettering
Cancer Center and the search for methodologies limiting blood loss [45,46].
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Intraoperative CVP as measured in the right atrium would be kept at less than
5 mm Hg until the parenchymal transection was complete; a combination of
volatile anesthetic and early intraoperative fluid restriction most commonly
accomplished this goal. Intravenous nitroglycerin was used in a minority of
cases to reduce CVP. Others report using an epidural blockade with nitroglyc-
erin and dopamine [47]. Johnson and colleagues [43] subsequently reported a
strong correlation with increasing retrohepatic IVC pressures and increasing
blood loss though suggesting an arbitrary cutoff of less than 6 mm Hg, between
6 and 12 mm Hg, and greater than 13 mm Hg.

Jones and colleagues [44] reported decreased blood loss in patients with
parenchymal–transection–CVP of less than 5 cm H20 (3.7 mm Hg) without
description of technique used to obtain this. Others have questioned this arbi-
trary set point without considering physiologic variability between patients
[48]. Indeed, some patients may possess adequate preload with a CVP of
4 mm Hg; more important, all anesthesiologists recognize that this is not the
case in all patients.

More recent randomized trials and subsequent metaanalyses have compared
low CVP anesthesia by various methods including medications, positional
changes, fluid restriction, epidural blockade, and IVC clamping with controls.
The conclusions reached in all agree that lower CVP results in decreased blood
loss and transfusion requirements; however, no differences between the groups
were found in substantive outcomes, that is, morbidity and mortality, with no
clear best low CVP technique [39,49–55]. Of significant concern is the possibil-
ity of renal injury with a low CVP anesthetic; the largest series (and one of the
earliest) does not establish the potential for kidney damage [45]. There remains
a lack of evidence demonstrating the safety of 1 technique over another.

Throughout the literature, differences in patient positioning continue to
exist. Trendelenburg positioning has been used to decrease the risk of air
embolus, improve venous return for renal preservation, and create an ideal sit-
uation (as reported by some) for hepatic transection [45,46]. Reverse Trende-
lenburg positioning has been promoted to decrease CVP and also create an
ideal surgical exposure [44,56]. Concern remains for an increased risk for air
embolism with reverse Trendelenburg positioning. Air embolism is a known
intraoperative complication that can occur not only by opening of a large
vein, but also by Venturi effect, with a slightly compressed IVC via small
open hepatic veins [44,57]. Moulton and colleagues [58] measured CVP and
hepatic venous pressures in 20� head-down, head-up, and supine positions
finding no negative intraluminal pressure gradients (a prerequisite for air em-
bolism) with any position suggesting patient positioning does not affect risk
of air embolism. Sand and colleagues [56], in a similar experiment, confirmed
the findings of Moulton and colleagues that reverse Trendelenburg positioning
decreases CVP.

Mirroring our own practice, central venous catheters are not routinely in-
serted for hepatic resections [8,59,60]. Because CVP monitoring has drastically
decreased in our institution, creating an environment (low hydrostatic IVC
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pressures) that minimizes hepatic venous bleeding relies on a volume-sparing
anesthetic (preoperatively until transection is complete), reverse Trendelenburg
positioning, and continued trust and communication between surgical and
anesthesia teams.
Surgical techniques

J.H. Pringle [61] was the first to describe methods to decrease hemorrhage from
the liver by occluding the vascular inflow. Portal triad clamping, also known as
hepatic pedicle clamping and the Pringle maneuver, remains widely used in
liver resections. Surgeons now have multiple different methods of vascular con-
trol in their armamentarium to assist in reducing blood loss during liver resec-
tions, each with different anesthetic implications.

The Pringle maneuver results in characteristic hemodynamic changes:
increased blood pressure and systemic vascular resistance with decreased car-
diac output (Table 1) [62]. These hemodynamic alterations are expected to re-
turn to normal shortly after releasing the occlusion. A prospective randomized
trial revealed that, although continuous portal triad clamping allows for
decreased blood loss, intermittent portal triad clamping results in less hepatic
injury as measured by postoperative laboratory values and fewer cases of post-
operative liver failure [63].

Vascular control may also be obtained at more selective levels as indicated for
the intended resection.Hilar dissection is required to delineate the appropriate he-
patic arterial and portal venous branches; this is a more complicated pretransec-
tion technique. Advantages include significantly fewer hemodynamic changes,
ischemic demarcation for transection limits, and preservation of remnant paren-
chyma with no exposure to ischemia during transection [53,64–66].

Total hepatic vascular exclusion involves occluding the infrahepatic IVC,
suprahepatic IVC, and portal triad. This technique is often reserved for tumors
close to the IVC or hepatic veins. Anesthetic management of total hepatic
vascular exclusion is vastly different from any other liver resection. Volume
preloading when appropriate (maintaining euvolemia) is required before the
caval clamping to prevent a sudden decrease in cardiac output; heart rate
and systemic vascular resistance will increase substantially. A test clamping
period should be attempted before transection to determine physiologic
tolerance.
Table 1
Characteristic hemodynamic changes with techniques used to decrease blood loss

Mean
arterial
pressure

Heart
rate

Cardiac
output

Systemic
vascular
resistance

Central
venous
pressure

Trendelenburg [ Y [ [/Y [
Reverse Trendelenburg Y [ Y [/Y Y

Pringle [ [ Y [ Y

Total vascular occlusion Y [ Y [ Y
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Control of the hepatic outflow via the hepatic veins at the suprahepatic IVC
provides another mechanism to prevent back-bleeding during transection; oc-
clusion of the hepatic veins (all or selective) has been described in conjunction
with the Pringle maneuver as well as selective inflow occlusion [64,65,67–70].
Selective hepatic vascular exclusion (portal triad and hepatic vein isolation) al-
lows isolation from all inflow and nearly all outflow with preservation of caval
flow avoiding the hemodynamic consequences of total hepatic vascular exclu-
sion [69]. Selective hepatic vascular exclusion may also be used when the CVP
is thought to be too high despite efforts to lower it [71].

Several metaanalyses have attempted to determine superiority among the
different surgical techniques used during hepatic resections to decrease blood
loss. Richardson and colleagues [72] found no difference between portal triad
clamping and other forms of vascular control. A recent network metaanalysis
concluded that continuous vascular occlusion results in decreased blood loss
and transfusion requirements; given the small number of studies included,
no conclusion regarding which method of vascular occlusion was best could
be made [73]. Simillis and colleagues [73] also searched for superiority of the
surgical methods of transection (eg, clamp-crush, Cavitron ultrasonic surgical
aspirator, sharp dissection, ultrasonic shears, etc) and found none.

LAPAROSCOPIC LIVER RESECTION
Recent advances in surgical techniques and medical technology combined with
a focus on patient-centered outcomes have led to greater adoption of minimally
invasive techniques across the surgical practice. Minilaparotomy, laparoscopy,
and robotic-assisted surgery are increasingly being adopted in liver surgery.
Robotic-assisted surgery has been gaining some popularity because it over-
comes some of the limitations of laparoscopic surgery, such as loss of 3-dimen-
sional vision, reduced surgeon hand–eye coordination, and instrument
articulation. However, lack of haptic feedback, difficulties encountered in robot
docking, cost issues, and the need for an additional experienced surgeon for
emergency conversion remain limitations for widespread adoption. In addition
to the specific perioperative considerations for open liver surgery, critical issues
for the anesthesiologist during laparoscopic and robotic procedures include fac-
tors related to the physiologic consequences of pneumoperitoneum, patient
positioning, restricted vascular access to the patient in an emergency, and
venous gas embolism. A general trend toward shorter duration of hospital stays
has been noted, but institutional and geographic differences make large-scale
analyses difficult [74].

The different techniques of laparoscopic liver resections vary in the size of
the incision used to assist with surgery [75]. Pure laparoscopic resection only
requires a Pfannenstiel incision to remove the specimen in addition to the
port sites. Hand-assisted laparoscopy uses a small incision for a hand gel-
port and eventual specimen removal. Laparoscopic-assisted hepatectomy in-
volves a minilaparotomy for parenchymal transection after laparoscopic
dissection.
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Pneumoperitoneum has significant ventilatory effects: increasing peak inspi-
ratory pressures by 35%, decreasing pulmonary compliance by as much as
27%, decreased functional residual capacity, and decreased lung volumes
over time favoring atelectasis [76]. Intraperitoneal insufflation results in predict-
able hemodynamic changes of increased mean arterial pressure and systemic
vascular resistance without significant changes in heart rate [77]. Increased
CVP values reported with pneumoperitoneum do not necessarily indicate
increased central blood volume. An increased intrathoracic–intraabdominal
IVC gradient with insufflation results in a brief increase followed by a decrease
in cardiac filling, suggesting increased CVP values come from transmitted
intrathoracic pressures [77–80]. Reverse Trendelenburg positioning is common
for laparoscopic hepatic resections [66]. A further reduction in preload can be
expected upon changing to a reverse Trendelenburg position [77]. Other posi-
tions used in laparoscopic liver resections include decubitus and the French po-
sition, with the surgeon standing between legs in stirrups for improved
ergonomics with occasional thoracoscopic exposure for posterior–superior le-
sions. Arms are frequently tucked, emphasizing the importance of obtaining
adequate vascular access and monitoring before positioning.

Although heart rate does not predictably change during pneumoperitoneum,
occasional vagal responses with insufflation can result in hemodynamically sig-
nificant bradycardia requiring treatment. Absorbed carbon dioxide resulting in
hypercarbia can cause sympathetic nervous system activation with increased
heart rate, blood pressure, and myocardial contractility [81,82].

The changes in blood pressure and systemic vascular resistance that occur
with pneumoperitoneum mirror those with hepatic pedicle clamping, raising
concern about potential additive effects. Comparing hemodynamic variables
related to hepatic pedicle clamping in laparoscopic resections with that in
open resections revealed similar patterns and no differences between groups
[83]. The hemodynamic changes associated with hepatic pedicle clamping in
both open and laparoscopic resections are well-tolerated [83–85]. Also of
concern is the potential for air embolism with pneumoperitoneum; Farges
and colleagues [85] found no increased risk of air embolism during laparo-
scopic resections compared with open procedures.

Standard preoperative fasting requirements before elective surgery may
create fluid deficits in patients at the time of induction of anesthesia, and
continued volume sparing remains important in minimizing blood loss during
the parenchymal transection by minimizing hydrostatic IVC pressures to
reduce hepatic venous bleeding. The additive effects of intravenous fluid re-
striction before parenchymal transection, reverse Trendelenburg positioning,
and pneumoperitoneum during laparoscopic liver resection decrease venous re-
turn significantly, which needs to be anticipated (Table 2). Young and other-
wise healthy patients may be able to tolerate this hypovolemic state without
significant intervention; however, most patients will require goal-directed or
intervention-assessed volume administration during the preresection period
to sustain perfusion pressure [45].
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Table 2
Preload changes in laparoscopic liver resections

Intervention Effect on cardiac preload

Minimizing IVF until transection complete Decrease
Reverse Trendelenburg positioning Decrease
Pneumoperitoneum Decrease
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ABLATIVE THERAPIES
Not all patients with liver lesions are candidates for hepatic resection; signifi-
cant tumor burden, anatomic considerations, or preoperative liver function
may preclude attempts at resection. Liver tumor ablation involves the direct
application of energy or chemicals to illicit cell death of the hepatic lesion while
minimizing injury to normal surrounding parenchyma. Ablations are per-
formed commonly for patients with hepatocellular carcinoma and metastases
from colorectal cancer. Chemical methods include direct ethanol injection
and transarterial chemoembolization. Energy-based therapies can be classified
as thermal (hot or cold) or nonthermal (Table 3).

Radiofrequency ablation is perhaps the most well-studied technique; energy
is applied via electrodes in the 375 to 500 KHz range [86]. Radiofrequency
ablation is suited best for tumors smaller than 3 cm and those that are not close
to vasculature if larger than 3 mm; tissue heating causes denatured proteins re-
sulting in cell death [87]. Heat applied near vasculature (a continuous flow of
normothermic blood) dissipates in this perivascular space; this heat sink effect
is responsible for incomplete ablation of perivascular tumors [88].

Microwave ablation applies energy in the 915 MHz to 2.45 GHz range to
generate high temperatures over a short time. Microwave ablation overcomes
some of the shortcomings of radiofrequency ablation in its ability to treat tu-
mors larger than 3 cm with less of a concern over the heat sink effect [86,89].

Cryoablation involves the application of cold freezing temperatures or
freeze–thaw cycles to disrupt cell membranes resulting in cell death. Advan-
tages include the ability to follow the ice ball formation with imaging and
decreased pain. Cryoshock (an inflammatory response) occurring after the
Table 3
Ablation therapies

Technique Energy Advantages Disadvantages

Radiofrequency
ablation

Thermal (heat) Lesions <3 cm Heat sink effect

Microwave ablation Thermal (heat) Lesions >3 cm
Less heat sink

Difficult to control
rapid heating zone

Cryoablation Thermal (cold) Follow ice-ball formation Lack of cautery effects
Irreversible

electroporation
Nonthermal

(electric)
Preserves normal
structural
environment

Potential cardiac
dysrhythmias

General anesthesia
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procedure is a potential disadvantage, as well as the lack of hemostatic effects
present in high-energy therapies [86].

Delivering anesthesia for liver ablation therapies can range from local anes-
thetics and light sedation to general anesthesia depending on the method of
application, provider experience, and patient selection. Probes may be inserted
percutaneously or directly into liver parenchyma with an open incision and ul-
trasound guidance. Heat therapies are often associated with discomfort, which
may necessitate a deeper anesthetic.
Irreversible electroporation

Irreversible electroporation (IRE) is a relatively new ablative therapy that
carries very specific anesthetic considerations deserving special attention
(Table 4). Multiple high-voltage electrical pulses applied within a lesion disrupt
cellular membranes irreversibly (with sufficient voltage) with subsequent
apoptosis [87,90]. A significant advantage of IRE is the ability to apply energy
to a lesion without causing damage to the surrounding structural environment
rich in extracellular collagen (ie, vasculature, bile ducts, and gallbladder) and
without the concern for a heat sink effect [91,92].

Pulsatile delivery of high-voltage electrical energy has the potential to cause
significant harm to patients. In the percutaneous delivery of IRE, the electrodes
are inserted through the abdominal wall musculature; activation of the elec-
trodes would result in significant muscle contraction without the use of muscle
relaxants. For this reason, IRE cases are performed under general anesthesia
with complete muscle relaxation [92].

Transmitted electrical energy to the heart has the potential to cause dys-
rhythmias. In one of the initial descriptions of anesthetic delivery for IRE,
25% of patients (7 of 28) developed brief episodes of ventricular tachycardia
that were temporally related to treatment pulses [93]. Although Ball and col-
leagues [93] were unable to determine safe distances for cardiac transmission
(ie, dysrhythmias occurred in patients undergoing IRE for lesions in the lungs,
liver, and kidney), they commented that the most significant dysrhythmia
occurred while treating a hepatic lesion abutting the diaphragm and close to
the inferior border of the heart. The use of devices that synchronize electrical
pulses during the absolute refractory period of the heart reduces the likelihood
that pulses will generate a ventricular action potential, but dysrhythmias
continue to be reported [92,94].
Table 4
Anesthetic requirements for irreversible electroporation

General anesthesia Required with the use of neuromuscular
relaxation

Complete neuromuscular relaxation Avoids significant muscle contractions
during procedure

Cardiac synchronization of electrical
pulses

Reduces likelihood of cardiac conduction
and potential for severe dysrhythmias
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Another theoretic risk of pulsed electrical energy is induction of epileptic ac-
tivity in patients with decreased thresholds. Cardiac synchronization (ie, pulses
set at rates lower than the frequencies associated with seizure induction) is
thought to reduce this risk, and Nielsen and colleagues [92] were not able to
demonstrate cerebral activity during electrical pulses during IRE.
ENHANCED RECOVERY
Enhanced recovery protocols have been used recently in both laparoscopic and
open liver resections [95–100]. These protocols are evidence-based perioperative
clinical pathways developed to accelerate functional recovery of patients under-
going operations. The goal is to reduce the incidence of postoperative symptoms
and complications (through the use of multimodal opioid-sparing pain manage-
ment strategies), accelerate functional recovery, increase patient satisfaction
and safety after discharge with no increase in readmission rates or postdischarge
complications, and reduce the duration of hospital stay. Components of
enhanced recovery span multiple disciplines and include patient education and
engagement, opiate-sparing anesthesia and analgesia, avoidance of hypervole-
mia, avoidance of bowel and bladder tubes, early ambulation, diet advancement,
and early ambulation [101]. Multimodal regimens currently include celecoxib,
acetaminophen, and gabapentinoids, as well as local anesthetic blockade in
wound infiltration, field blocks, or thoracic epidural catheters.

Multiple centers have now published their experience demonstrating safety
with implementation of enhanced recovery protocols and improvement in du-
rations of stay for both open and laparoscopic liver resections [95–97,100,101].
Furthermore, our institution has demonstrated an acceleration in the time be-
tween surgery and subsequent adjuvant therapy, that is, return to intended
oncologic therapy [101].

Enhanced surveillance, advancements in radiographic imaging, incorpo-
rating neoadjuvant therapy in treatment care strategies, and improvements in
surgical and perioperative care have resulted in improvements in survival after
hepatic resection for metastatic colorectal cancers in high volume centers. How-
ever, perioperative care among centers that perform liver resections still varies
substantially. A better understanding of the perioperative considerations of
liver surgery by the anesthesiology community, and effective intraoperative
communication between the surgical and anesthesiology teams will enhance
surgical and perioperative outcomes. Developing multidisciplinary patient-
centered perioperative care pathways to minimize symptom burden, enhance
functional recovery, rapid rescue from postoperative complications, and efforts
to improve return to intended oncologic therapy rates have the potential to
improve oncological outcomes.
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