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Pharmacological Considerations 
in Acute and Chronic Liver Disease

William J. Peppard, Alley J. Killian, and Annie N. Biesboer

Abstract

Acute liver failure (ALF) and acute-on-chronic liver failure (ACLF) have profound effects 
on human physiology that extend well beyond hepatic considerations. Virtually every organ 
system is affected to some degree, as are the medications used to treat both chronic and 
acute conditions for these organ systems. Even a small therapeutic misadventure can pre-
cipitate an acute decompensation in liver failure patients, further emphasizing the impor-
tance of appropriate drug dosing. Liver disease results in significant alteration in the 
pharmacokinetic and pharmacodynamic characteristics of medications. While the magni-
tude of these alterations is dependent upon the extent of liver disease and the physiochemi-
cal characteristics of a given medication, the effect of most medications will be amplified as 
a result of liver disease. This chapter provides a practical overview of drug dosing consid-
erations, with a focus on basic pharmacokinetic and pharmacodynamics principles, in the 
context of ALF and ACLF. This is followed by medication considerations organized by 
organ system, with a focus on neurology, pulmonary, cardiovascular, renal, hematologic, 
gastrointestinal, and endocrine. Infectious disease considerations are also reviewed. The 
use of objective monitoring tools and the establishment of therapeutic goals will help facili-
tate the optimal use of drug therapy for each organ system. In many cases, treatment guide-
lines are lacking for the management of acute and chronic disease observed concurrently in 
patients with liver failure. Avoiding medications that have unpredictable pharmacokinetic 
profiles, or that are prone to drug-drug interactions, will reduce sequela. Employing 
evidence- based pharmacotherapy should yield improved outcomes. Practical consider-
ations for the aforementioned are provided.
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 prophylaxis • VTE • Anticoagulation • Heparin-inducted thrombocytopenia • HIT  
Infectious disease • Antibiotic • Glycemic control • Thyroid • Relative adrenal insufficiency  
RAI • Steroid • Continuous renal replacement therapy • CRRT • Extracorporeal liver 
support • ECLS • Extracorporeal membrane oxygenation • ECMO

Learning Objectives

• Describe the basic pharmacokinetic and pharmacody-
namic alterations that occur in patients with liver 
disease.

• Identify key medications that require dosing adjustments 
in patients with liver failure.

• Given a patient case with liver disease, select the most 
appropriate therapeutic recommendation.

• Discuss the effect of extracorporeal membrane oxygen-
ation (ECMO), continuous renal replacement therapy 
(CRRT) and extracorporeal liver support systems on med-
ications in patients with liver failure.

17.1  Pharmacokinetics/
Pharmacodynamics

Liver disease results in significant alteration in the pharma-
cokinetic and pharmacodynamic characteristics of medica-
tions. Unfortunately there are no endogenous markers of 
hepatic clearance, and the most common scoring tool used 
for characterizing liver disease, the Child-Pugh classifica-
tion, does not correlate well with hepatic clearance or drug 
metabolism in liver disease. While the magnitude of these 
alterations is dependent upon the extent of liver disease and 
the physiochemical characteristics of a given medication, the 
effect of most medications will be amplified as a result of 
liver disease.

17.1.1  Absorption

Delayed gastric emptying in patients with liver dysfunction 
can result in delayed absorption; this is a minor determinant 
in the extent of absorption [1, 2]. More significant is the 
affect that changes in first-pass metabolism have on bioavail-
ability. Drugs absorbed from the gastrointestinal tract are 
exposed to the metabolizing enzymes and bile excretory 
transport system of the liver before reaching systemic circu-
lation [3]. In patients with normal liver function, drugs with 
a moderate to high extraction ratio will undergo significant 
first-pass metabolism, which is a function of mesenteric 
blood flow passing through the liver. Liver dysfunction leads 
to porto-systemic shunting and subsequently decreased 

activity of drug-metabolizing enzymes, resulting in a sub-
stantial increase in systemic bioavailability. This effect is 
further exacerbated in patients with a transjugular intrahe-
patic porto-systemic shunt (TIPS). Orally administered mid-
azolam bioavailability can be increased tenfold in cirrhotic 
patients with TIPS compared to cirrhotic patents without [4]. 
This is largely the result of decreased intestinal cytochrome 
P450 (CYP) 3A activity [5]. It should be noted that first-pass 
metabolism is bypassed altogether when medications are 
administered intravenously and therefore should not affect 
bioavailability.

17.1.2  Distribution

The distribution of medications is predominantly altered by 
changes in volume and protein binding [3]. Patients with 
hepatic cirrhosis are often volume overloaded as a result of 
fluid retention and ascites. This results in an increased vol-
ume of distribution (Vd) which has the greatest effect on 
hydrophilic (water soluble) medications. Beta-lactam drugs 
can have a Vd as much as threefold larger [6]. This neces-
sitates an increased dose, and perhaps a loading dose, in 
order to achieve and maintain therapeutic serum concentra-
tions. Circulating plasma proteins are also low in patients 
with liver disease, especially chronic disease. Highly pro-
tein bound drugs are most affected, resulting in greater cir-
culating free drug in the serum. This is predominantly due 
to decreased binding to albumin and α1-acid glycoprotein as 
a result of decreased protein synthesis, qualitative changes 
in protein blinding sites, and accumulation of endogenous 
compounds, such as bilirubin, that inhibit plasma protein 
binding [7]. This is particularly problematic for medications 
with narrow therapeutic range and necessitates increased 
monitoring.

17.1.3  Metabolism and Elimination

Most data about drug metabolism are derived from patients 
with stable chronic liver disease; studies in patients with 
ALF are largely underrepresented. In general the degree of 
drug metabolism and elimination impairment parallels the 
degree of liver disease, but more specifically it is determined 
by the intrinsic hepatic drug clearance, hepatic blood flow, 
and the extent of plasma protein binding of a given drug.
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Intrinsic hepatic drug clearance represents the metabolism 
of unbound drug by the liver, though not all metabolic path-
ways are affected equally [3, 8]. Phase II conjugative metabo-
lism is relatively less affected than phase I oxidative 
metabolism, which consists of the enzymes CYP and nicotin-
amide adenine dinucleotide phosphate (NADPH)-dependent 
CYP reductase. In general these enzymes are more sensitive 
to changes in liver function because of their dependence on 
oxygen [9]. Further declines in liver blood flow as a result of 
disease progression or placement of a TIPS may compound 
these effects. The Model for End-Stage Liver Disease 
(MELD) score has been correlated with CYP activity.

Hepatic blood flow is another important determinant of 
drug metabolism by the liver, especially for drugs with a 
high extraction ratio. The hepatic extraction ratio of a drug, 
which can be categorized as low (<0.3), intermediate (0.3–
0.6), or high (>0.6), indicates the efficiency with which the 
liver can eliminate a given compound from the circulation, 
and is determined by intrinsic drug clearance and protein 
binding. Drugs with high extraction ratio are highly depen-
dent on liver blood flow and demonstrate increased bioavail-
ability in low-flow states, but are less influenced by changes 
in the activity of drug metabolizing enzymes and protein 
binding. Conversely, the metabolism of drugs with low 
extraction ratio is much more sensitive to changes in hepatic 
enzyme function and protein binding and relatively less 
affected by decreased hepatic blood flow. Drugs with inter-
mediate extraction ratio may have variable bioavailability 
but generally exhibit decreased clearance in the setting of 
reduced liver function.

The changes in protein binding associated with acute and 
chronic liver disease can have variable effects on drug metab-
olism because they can influence both Vd and extraction ratio 
of a drug. Highly protein-bound drugs in the setting of hypo-
albuminemia will distribute more extensively into tissues, 
making less total drug available in the circulation. Increased 

unbound fraction can lead to potentially increased clinical 
effects due to higher free drug concentrations, but can also 
increase hepatic clearance by presenting more unbound drug 
to the liver for metabolism. This would be especially true for 
drugs with low extraction ratio. The ultimate clinical effects 
are therefore difficult to predict, but generally speaking drugs 
with low protein binding and low intrinsic hepatic clearance 
are most likely to demonstrate reduced hepatic clearance in 
liver failure. In addition to decreased metabolism, extrahe-
patic drug elimination may also decrease as liver function 
declines. Cholestasis may result in reduced biliary excretion 
of certain medications. Additionally, the development of 
renal dysfunction, such as hepatorenal syndrome (HRS), is 
common in decompensated liver disease.

17.2  Neurology

Management of neurologic derangements is common and 
challenging in patients with liver disease, and may include 
the chronic management of psychiatric and seizure medica-
tions, and the acute management of analgesia, sedation, and 
delirium. The Society of Critical Care Medicine has pro-
vided evidence-based clinical practice guidelines for the 
management of pain, agitation, and delirium in adult 
patients in the intensive care unit (ICU) [10]. There are no 
specific recommendations made for patients with liver dis-
ease, however the guidelines are largely generalizable and 
it is reasonable to apply basic principles to this population. 
The practice of monitoring for safety and efficacy and 
establishing therapeutic goals is universal, whereas medi-
cation selection requires greater appreciation for disease- 
and patient-specific variables. When selecting drug therapy 
one must consider the altered pharmacokinetic profile 
imposed by end-stage liver disease (ESLD) and dose medi-
cations appropriately to avoid adverse events. Tables 17.1 

Table 17.1 Analgesia summary of recommendations

Medication Place in therapy Considerations

Acetaminophen Preferred agent • Well tolerated in patients with liver disease including cirrhosis.
• Limit daily dose to 2 g/day (up to 3 g/day for short-term use).

Tramadol Use sparingly 
with caution

•  Can precipitate or worsen hepatic encephalopathy, but potentially less than opioids, and may be 
preferred.

• Dose reduction is required.
Opioids Use sparingly 

with caution
• All opioids can precipitate or worsen hepatic encephalopathy.
• Variable effect and response dependent on individual agent.
• Fentanyl preferred (short-acting agents with minimal accumulation).
• Hydromorphone is an alternative.
• Dose reduction is required.

NSAIDs Avoid use • Bioavailability increased in patients with liver impairment.
•  Increased risk of gastrointestinal bleed, variceal hemorrhage, acute kidney injury, and development of 

diuretic-resistant ascites.
Other Patient-specific 

consideration
• Anticonvulsants and antidepressants are generally avoided due to concern for altered mentation.
• Nortriptyline and desipramine appear less sedating and are preferred if absolutely necessary.

17 Pharmacological Considerations in Acute and Chronic Liver Disease
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and 17.2 provide recommendations for the management of 
pain and agitation. The most common, often preventable 
complications include hepatic encephalopathy, acute kid-
ney injury, and gastrointestinal bleeding. Severity of these 
adverse effects range from mild to serious and can some-
times be fatal [11]. Guidelines for the management of psy-
chiatric and seizure medications in the context of liver 
failure are not available, but the same basic principles apply 
when selecting drug therapy. Considerations for drug selec-
tion and monitoring will be discussed further.

17.2.1  Analgesics

17.2.1.1  Monitoring
Patients in the ICU, including those in liver failure, rou-
tinely experience pain [10]. The etiology is multifactorial 
and can include injuries incurred prior to admission, sur-
gery, procedures, line placement, endotracheal tube place-
ment, or other routine ICU cares. As such, pain should be 
routinely monitored in all patients using an objective and 
validated tool. The Numeric Pain Score (NPS) and the 
Visual Analogue Scale (VAS) are most reliable and should 
be used in patients who can assess and communicate their 
own pain [10]. For those patients with altered mentation, 
including encephalopathic patients, the Behavioral Pain 
Scale (BPS) or Critical- Care Pain Observation Tool (CPOT) 
is recommended [10]. Rather than using non-specific symp-
toms and physiologic signs such as vital signs, perspiration, 
or nausea and vomiting, these tools use more specific crite-
ria such as facial expression, body movement, muscle ten-
sion, and vocalization or compliance with mechanical 
ventilation. Regular use of these validated tools can lead to 
optimal use of medications and better pain management, 
thereby facilitating improved clinical outcomes in critically 
ill patients [10, 12, 13].

17.2.1.2  Acetaminophen
Acetaminophen (APAP) is a known hepatotoxin and is the 
leading cause of drug-induced ALF, accounting for nearly 
50% of all cases of ALF in the United States [14]. These 
findings may lead prescribers to avoid APAP use in patients 
with known liver disease [15]. Data suggests that short-term 
therapeutic doses of ≤4 g/day of APAP do not result in drug 
accumulation in patients with nonalcoholic cirrhosis, nor do 
they cause significant changes in liver function tests; rather, 
unintentional APAP intoxication over a long period of time 
is the most common cause of ALF [14, 16–18]. APAP can 
produce dose-related hepatocellular necrosis, particularly in 
the setting of chronic alcohol consumption, in which even 
prescribed doses of APAP are sufficient to produce acute 
hepatitis [19, 20]. Those with alcoholic cirrhosis are particu-
larly vulnerable to APAP-induced hepatotoxicity as they 
experience an increase in N-acetyl p-benzoquinone imine 
(NAPQI, a hepatotoxic metabolite), production via enzy-
matic induction and decreased levels of glutathione which 
neutralizes NAPQI [16, 17, 21]. APAP use in patients with 
alcoholic cirrhosis should be used at the lowest effective 
dose, not to exceed 2 g/day (up to 3 g/day for short-term 
use), and chronic use should be avoided. For moderate to 
severe pain, the short-term use of appropriately-dosed APAP 
is preferred over other analgesics that are associated with 
more serious adverse effects, such as non-steroidal anti- 
inflammatory drugs (NSAIDs) and opioids [15].

17.2.1.3  Opioid
Opioids should be used cautiously in patients with chronic 
liver disease because they can precipitate or contribute to 
worsening hepatic encephalopathy [16, 17, 22–24]. In the set-
ting of acute liver injury, opioids should be used even more 
sparingly. When opioid use is unavoidable, fentanyl is the pre-
ferred opioid as its pharmacokinetic profile, relative to other 
opioids, remains unchanged [22, 23]. Bearing in mind the 

Table 17.2 Sedative summary of recommendations

Medication Place in therapy Considerations

Lorazepam Preferred agent for intermittent sedation •  Metabolic pathway less affected by cirrhosis compared to other 
benzodiazepines.

• No active metabolites.
Propofol Preferred agent for continuous sedation • Well tolerated in patients with cirrhosis.

• Pharmacokinetic profile is minimally altered in liver failure.
• Concern for hypotension and deep sedation.

Dexmedetomidine Relative contraindication - avoid use • Clearance significantly reduced by liver dysfunction.
• Hypotension and bradycardia are common.

Midazolam Relative contraindication - avoid use • Clearance significantly reduced by liver dysfunction.
• Renally-cleared active metabolite with an unpredictable half-life.
• Concern for hypotension and deep sedation.
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quick onset and short duration of action, therapy should be 
initiated at a reduced dose and given less frequently, then 
titrated to effect. Hydromorphone demonstrates increased bio-
availability and a prolonged half-life but is a viable alternative 
to fentanyl at a reduced dose. Codeine requires metabolism via 
CYP to be converted to morphine. Reduced metabolism in 
patients with liver disease makes codeine ineffective as an 
analgesic. Morphine should be avoided in patients with liver 
disease; it is metabolized by the liver to an active metabolite 
which is heavily dependent upon renal function for clearance. 
This, along with increased bioavailability, results in a pro-
longed half-life and exaggerated pharmacologic effect foster-
ing unpredictable kinetics and potentially unsafe use. 
Similarly, oxycodone demonstrates a prolonged half-life in 
liver disease and may accumulate. Meperidine exhibits similar 
pharmacokinetic changes, but accumulation of neurotoxic 
metabolites makes it an especially poor choice for pain man-
agement during liver disease. The clearance of methadone is 
reduced in ESLD, though it is free from active metabolites. 
Because of this, some advocate for its use in moderate liver 
failure despite its difficulty to use in healthy adults because of 
its highly variable and unpredictable pharmacokinetic profile. 
To date a consensus has not been reached on the role of metha-
done in liver disease. Opioid-dependent patients present a 
unique challenge in the context of acute, decompensated liver 
failure. Opioids should be prescribed sparingly in the context 
of encephalopathy but consideration must be paid to the risk of 
withdrawal. The lowest effective dose of opioid, preferably 
fentanyl, should be used and titrated to effect.

17.2.1.4  Other
Several other medications have been evaluated in patients 
with liver disease as opioid alternatives for the management 
of acute and chronic pain, especially neuropathic pain. 
Tramadol, which has both a hepatic metabolic and renal 
elimination component, has been recommended as a treat-
ment option before proceeding to opioids based on its favor-
able safety profile [11]. As with other medications, a dose 
reduction and increased monitoring is warranted. Other med-
ications such as anticonvulsants (carbamazepine, gabapen-
tin, pregabalin) and tricyclic antidepressants (TCA) are 
common for chronic pain management, but are generally 
avoided in liver failure given concern for altered mentation. 
However, if a TCA is deemed necessary, nortriptyline and 
desipramine appear less sedating and are preferred.

17.2.1.5  NSAIDS
The risk of NSAID use in the setting of liver dysfunction is 
often underestimated. Health care professionals frequently 
endorse the use of NSAIDs in this population while recom-
mending the avoidance of APAP use in patients with liver 
disease or cirrhosis [15]. Although occurrences are rare, 

these agents can independently produce idiosyncratic acute 
hepatocellular necrosis or cholestatic damage, which could 
precipitate an episode of ACLF [19, 25, 26]. More concern-
ing is their deleterious effect on renal function. Mediated by 
prostaglandin (PG) synthesis inhibition, NSAIDs impair 
their protective renal vasodilating effect. Though not gener-
ally a concern in normotensive adults, inhibition of PG syn-
thesis leads to renal decompensation in scenarios such as 
cirrhosis where renal and systemic hemodynamics are 
dependent on the availability of PGs [27]. This may result in 
blunting of the natriuretic effect of diuretics, as well as 
decreased sodium and water excretion, creatinine clearance, 
and glomerular filtration rate, both in patients with compen-
sated disease and decompensated cirrhosis [28–34]. NSAIDs 
have also been associated with variceal bleeding in patients 
with liver failure [35]. In summary, these adverse effects are 
generally considered a class effect and NSAIDs should be 
avoided in patients with hepatic cirrhosis.

17.2.2  Sedatives

Critically ill patients are frequently anxious and agitated due 
to procedures and invasive therapies, such as mechanical ven-
tilation and invasive lines. Sedatives reduce agitation and anxi-
ety, thereby keeping patients more comfortable and safe 
during their ICU encounter [10]. There are several therapeutic 
options available to prescribers to establish and maintain safe 
and effective sedation, but selection of therapy must be patient-
specific, taking into consideration how acute and chronic dis-
eases will affect the pharmacokinetic profile of the drug.

17.2.2.1  Therapeutic Goals
Depth of sedation should be routinely monitored in all 
patients using an objective and validated tool. The Sedation 
Agitation Scale (SAS) and the Richmond Agitation Sedation 
Scale (RASS) are validated in critically ill patients, though 
not specifically in patients with liver disease [10]. Light 
sedation (SAS 3–4 or RASS 0 to −1) is preferred to deep 
sedation as it has been associated with decreased duration of 
mechanical ventilation and lower mortality. Once sedation 
goals are established, the least amount of sedative necessary 
to maintain patient comfort and safety should be used.

17.2.2.2  Propofol
Propofol is an intravenous general anesthetic that exerts its 
effect through agonism of gamma-Aminobutyric acid 
(GABA) receptors and perhaps reduced glutamatergic activ-
ity through N-Methyl-d-aspartic acid (NMDA) receptor 
blockade. It is a short-acting medication that is cleared rap-
idly and linear pharmacokinetics have been observed with 
infusion in healthy patients [36–38]. Its pharmacokinetic 
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profile does not appear to significantly change in patients 
with moderate hepatic cirrhosis, defined as those without 
ascites or encephalopathy [37]. Although the recovery time 
was longer in patients with cirrhosis and Vd at steady state 
was larger, total body clearance and terminal elimination 
half-life were unchanged. While the drug undergoes exten-
sive hepatic metabolism, additional extra-hepatic metabo-
lism prevents significant drug accumulation in patients with 
cirrhosis. Short-term propofol use during endoscopic proce-
dures in patients with liver failure has demonstrated an inci-
dence of adverse effects similar to other sedative agents and 
does not precipitate hepatic encephalopathy, but post anes-
thetic recovery following procedural sedation may be 
delayed compared to healthy subjects [39–42]. Cessation of 
propofol infusion results in a more rapid return to baseline 
function compared to midazolam [43–46]. Common but seri-
ous side effects include respiratory depression, hypotension 
(attributed to systemic vasodilation which is more pro-
nounced in hypovolemic patients), hypertriglyceridemia, 
and cardiac dysrhythmias. Hypotension, which can also 
lower intracranial pressure, may theoretically worsen hepatic 
encephalopathy, is generally proportional to dose and rate of 
administration. Propofol infusion syndrome (PRIS) is 
defined as metabolic acidosis and cardiac dysfunction, along 
with one of the following: rhabdomyolysis, hypertriglyceri-
demia, or renal failure [47]. PRIS is a rare but life- threatening 
complication with mortality rates ranging from 18 to 83% 
[48, 49]. Liver disease has not been identified as a risk factor 
for PRIS, but rate and duration of infusion are strong predic-
tors. For this reason it is recommended that infusions greater 
than 65 mcg/kg/min for longer than 48 h be avoided [49]. 
Propofol should immediately be discontinued if PRIS is sus-
pected, although complications and even death may ensue 
after propofol discontinuation, because there is no known 
antidote. All things considered, propofol appears to be safe 
and effective in liver failure and is the preferred agent for 
sedation due to its short half-life, fast onset, and decreased 
recovery time compared to other agents [50–53].

17.2.2.3  Dexmedetomidine
Dexmedetomidine is a centrally-acting alpha-2 receptor ago-
nist that is routinely used in the ICU to provide light sedation 
for patients requiring mechanical ventilation. Data suggests 
that dexmedetomidine is a safe and effective alternative to a 
midazolam infusion and may yield a shorter duration of 
mechanical ventilation and ICU length of stay, and poten-
tially lower incidence of delirium, which together can signifi-
cantly lower total ICU costs in critically ill patients [54–57]. 
Dexmedetomidine is extensively metabolized in the liver by 
CYP and glucuronidation to inactive metabolites. Since it is a 
high-extraction ratio drug, changes in hepatic blood flow can 
significantly affect clearance. Dexmedetomidine use in liver 
dysfunction, marked by increased aspartate aminotransferase 

(AST) and bilirubin, is associated with delayed clearance and 
prolonged half-life, which may lead to significant delays in 
emergence from sedation, and an exaggerated side-effect pro-
file [58–60]. Reduction in sympathetic tone caused by dex-
medetomidine may be particularly problematic in patients 
with vasoplegia caused by hepatic failure, as the compensa-
tory mechanisms are impaired, resulting in profound brady-
cardia and hypotension. Given these risks, dexmedetomidine 
should be judiciously dosed and monitored if used in patients 
with liver dysfunction, or avoided all together.

17.2.2.4  Benzodiazepine
Prior to the introduction of newer sedative agents like propo-
fol and dexmedetomidine, benzodiazepines were the main-
stay of sedative therapy for critically ill patients [10, 61]. 
Lorazepam and midazolam have been the most commonly 
prescribed benzodiazepines for this purpose, where mid-
azolam has traditionally been used for short-term sedation 
and lorazepam for long-term sedation. However, all benzodi-
azepines are metabolized by the liver. This results in reduced 
metabolism and prolonged elimination in patients with liver 
dysfunction, especially when compared to propofol [43–46, 
62–64]. These altered pharmacokinetic parameters are fur-
ther augmented in elderly patients or those concurrently 
administered medications that inhibit CYP enzyme systems 
and/or glucuronide conjugation in the liver. Taken together, 
these characteristics can result in prolonged sedation and 
may precipitate or worsen hepatic encephalopathy [10, 65, 
66]. Hepatorenal syndrome is a common complication in 
acutely ill hepatic cirrhosis patients. Given that midazolam 
has an active metabolite which is renally eliminated, the use 
of midazolam in patients with combined liver and kidney 
impairment can further prolong sedation and should be 
avoided [67–70]. Should a benzodiazepine be necessary, 
lorazepam is generally thought to be the drug of choice 
because its primary mechanism of metabolism, conjugation, 
is a process less affected by liver dysfunction [71–73]. When 
using lorazepam in patients with liver disease, the dose 
should be empirically reduced and given less frequently, thus 
utilizing the lowest effective dose to minimize undesirable 
adverse effects. Midazolam use should be avoided.

17.2.3  Antiepileptics

Antiepileptic drug (AED) therapy warrants detailed clinical 
assessment in the setting of liver failure because some of 
these agents (phenytoin, carbamazepine, oxcarbazepine, 
lamotrigine, valproate, etc.) are known to cause liver failure. 
Even if not the cause of liver failure, most AEDs are hepati-
cally metabolized to some extent and necessitate dose adjust-
ments in the setting of liver failure [74–76]. The ability to 
balance the effects of these agents on the liver while continu-
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ing to ensure safe and effective seizure control can be chal-
lenging. During the initial workup and management of ALF 
all medications, especially AEDs, should be screened as a 
potential etiology [77]. Any drug thought to be associated 
with causing ALF should be immediately discontinued and 
alternative therapy considered. Consideration for alternative 
therapy should primarily include AED outcome data for the 
patient’s specific seizure type. In addition, one must also 
consider mechanism of action, drug interactions, and side 
effect profile with particular attention paid to the potential of 
worsening hepatic encephalopathy [78]. However, this can 
be difficult given that most AEDs are hepatically metabo-
lized to some extent [74–76].

Phenytoin, levetiracetam, and more recently lacosamide, 
are three AEDs commonly used in contemporary practice. 
Phenytoin has a narrow therapeutic window and demon-
strates non-linear kinetics in healthy adults; this is further 
amplified in patients with liver disease due to its high protein 
binding, low extraction ratio, and CYP2C9 and CYP2C19 
metabolic pathways [74, 75, 79]. Lower doses should be 
used during liver failure and therapeutic drug monitoring of 
free phenytoin levels should be employed. Phenytoin also 
has many significant drug-drug interactions which further 
complicate its roles in therapy. In general, newer agents yield 
similar efficacy to older agents but have a more favorable 
adverse drug reaction profile and fewer drug-drug interac-
tions. Levetiracetam exhibits low protein binding and a low 
extraction ratio with approximately 24% metabolized via 
hydrolysis; the remainder is excreted unchanged by the kid-
neys. Dose adjustments are not necessary in liver dysfunc-
tion, but drug accumulation has been observed in renal 
failure and warrants dose reduction. Few drug-drug interac-
tions and a favorable adverse effect profile make levetirace-
tam a first-line agent. Similar to levetiracetam, lacosamide 
exhibits low protein binding and a low extraction ratio, but is 
slightly more dependent upon the liver for metabolism 
through the CYP2C9, CYP2C19, and CYP3A4 pathways 
[74, 75, 79]. Drug accumulation does occur as liver function 
decreases so empiric dose reductions are recommended.

17.3  Cardiovascular

Cirrhosis is a hyperdynamic state and patients frequently 
exhibit low systemic vascular resistance, increased cardiac 
output and heart rate, and low mean arterial pressure (MAP) 
at baseline. The constellation of findings indicative of the 
structural abnormalities as well as functional changes that 
can be found in cirrhotic patients have been termed cirrhotic 
cardiomyopathy. These changes include the previously men-
tioned alterations in hemodynamic parameters as well as 
systolic and diastolic dysfunction and electrophysiological 
changes. The presence of cirrhotic cardiomyopathy can have 

a significant effect on how patients respond in periods of 
increased stress such as critical illness, surgery, and infection 
and can make management of hemodynamics in the critical 
care setting challenging as the hemodynamic manifestations 
are often enhanced. Extensive discussion regarding cardio-
vascular pathophysiology in liver disease is discussed in 
detail elsewhere in this textbook. Many of the parenteral car-
diovascular medications used in the ICU setting have a fast 
onset, short duration, and readily measurable effects and can 
be dosed to a clinical goal such as blood pressure. This 
makes it easier to determine if liver disease is affecting the 
response to these medications and if dosing modifications 
are indicated.

17.3.1  Vasopressors

Vasopressors are frequently required to maintain adequate 
perfusion in critically ill patients with both ALF and 
ACLF. Shock can be the result of a variety of insults includ-
ing, but not limited to, decompensated liver failure resulting 
in a vasodilatory state, septic shock, and hemorrhagic shock. 
Norepinephrine is considered the vasopressor of choice for 
distributive shock in patients with cirrhosis as its stimulation 
of both alpha and beta-receptors increases MAP due to vaso-
constrictive effects while preserving cardiac output with lit-
tle increase in stroke volume compared with dopamine. 
There are no dosing recommendations specific to patients 
with liver disease and vasopressors can be titrated to patient- 
specific hemodynamic goals. Dopamine should generally be 
avoided because it could cause vasodilation of the splanchnic 
circulation thereby worsening portal hypertension [80].

Vasopressin has been used as an adjunct to catechol-
amines for the treatment of shock and has been found to be 
catecholamine-sparing in the setting of septic shock [81]. 
Vasopressin may be of particular benefit in patients who also 
have HRS as it has been shown to improve outcomes related 
to that disease state [82].

17.3.2  Beta-adrenoreceptor Antagonists 
and Calcium Channel Blockers

Beta-adrenoreceptor antagonists (more commonly referred to 
as beta blockers or β-blockers) are used in the critical care 
setting for a variety of indications including hypertension, 
tachycardia, and arrhythmias. Metoprolol is a commonly 
used selective β-blocker which is metabolized by the liver via 
several different metabolic pathways [83]. It is a high extrac-
tion ratio medication so bioavailability is increased in liver 
disease (from 50% in normal subjects to 80% in cirrhosis). In 
addition, the area under the curve (AUC) was markedly 
increased and the elimination half-life was prolonged follow-
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ing both oral and intravenous doses [84]. Dose reduction by a 
factor of two to three has been recommended [83]. Labetalol, 
a nonselective β-blocker commonly used in the ICU setting, 
is also hepatically metabolized and has a high extraction ratio 
[2]. Therefore, similar consideration should be given to a pos-
sible prolonged half- life and need for dose reduction.

17.3.3 Calcium Channel Blockers

Nicardipine is a calcium channel blocker which is primarily 
used in its parenteral form as a continuous infusion for 
hypertensive emergency or urgency in the critical care set-
ting. It undergoes extensive hepatic metabolism and has a 
high extraction ratio [2]. The pharmacokinetics of nicardip-
ine can be described as a three-compartment model. The 
alpha and beta half-lives are both short at under one hour, 
however the terminal half-life is over 12 h which is seen with 
long-term infusions. Due to its hepatic metabolism, this is 
even longer in patients with liver disease. Although, titration 
to specific clinical goals is appropriate, titration should occur 
slowly with close hemodynamic monitoring and dose reduc-
tion may be necessary in patients with liver disease.

17.3.4  Antiarrhythmics

The majority of antiarrhythmics are metabolized by the liver 
and have a narrow therapeutic index making dose adjustments 
clinically significant in this patient population. This section 
will focus on the more commonly used antiarrhythmics in the 
non-cardiac critical care setting such as those used for atrial 
fibrillation. Amiodarone is likely the most commonly used 
antiarrhythmic in non-cardiac ICUs and is available as both 
oral and parenteral formulations. It is extensively metabolized 
by the liver and has a very long half-life in patients without 
liver disease after prolonged oral administration (25–53 days) 
[85, 86]. Although there are no data specific to amiodarone in 
liver disease, it can be assumed that metabolism would be 
impacted resulting in an even longer half-life [83]. Diltiazem, 
a class IV antiarrhythmic used for rate control in atrial fibrilla-
tion, is available in an oral form but is usually used in the ICU 
in its parenteral form as a continuous infusion. It is extensively 
metabolized by the liver resulting in decreased clearance in 
patients with liver dysfunction. A small study of long-term 
oral administration in cirrhosis demonstrated a slightly pro-
longed half-life and increased AUC of diltiazem and one of its 
active metabolites [87]. An empiric dose reduction by a factor 
of two has been suggested [83].

An additional cardiovascular consideration in patients 
with cirrhosis is QT interval prolongation which is frequently 
associated with cirrhotic cardiomyopathy and can worsen as 
severity of cirrhosis worsens. The prevalence of QT prolon-

gation has been reported to be as high as 60% in patients 
with Child-Pugh grade C cirrhosis [88]. Therefore, evalua-
tion of the baseline QT interval and continued monitoring is 
vital as is assessment of medications with risk of QT 
prolongation.

17.4  Pulmonary

Pulmonary complications are common in ESLD [1, 2, 89]. 
Standard supportive care medication therapies for dyspnea 
and hypoxia (e.g. albuterol, inhaled steroids, etc.) can com-
monly be prescribed in this patient population without need 
for dosing adjustments. However, more severe complica-
tions, such as portopulmonary hypertension may require 
treatment with pulmonary vasodilatory therapies such as 
synthetic prostacyclins, phosphodiesterase inhibitors and 
endothelin receptor antagonists [21, 89–94]. These particular 
medications may require more thoughtful monitoring and 
dosing adjustments in the ESLD patient population as 
described below.

17.4.1  Synthetic Prostacyclins

Synthetic prostacyclins such as epoprostenol, treprostinil, 
and iloprost have established efficacy in the treatment of por-
topulmonary hypertension [89]. However, the pharmacoki-
netics of these agents, particularly clearance, may be 
significantly altered in patients with hepatic impairment.

The pharmacokinetics of intravenous iloprost was evalu-
ated in eight hospitalized patients suffering from liver 
 cirrhosis. Pharmacokinetic parameters were collected 
throughout the inpatient treatment course [95]. The study 
demonstrated that iloprost clearance was one-half in patients 
with hepatic impairment. The authors concluded that initial 
starting doses should be reduced by at least one-half the stan-
dard dose and patients should receive dose titrations based 
on individual parameters.

Epoprostenol has the shortest half-life amongst the syn-
thetic prostacyclins, which is estimated to be approximately 
six minutes [96]. However, given the lack of available 
chemical assay to assess the in vivo pharmacokinetics of 
epoprostenol, no specific studies to date exist evaluating 
the impact of hepatic impairment on this medications 
pharmacokinetics.

To date, treprostinil has the most data specifically focused 
on use in hepatic impairment. According to its package 
insert, both intravenous and subcutaneous treprostinil is doc-
umented to have decreased clearance in patients with hepatic 
impairment [97]. It is recommended that for the treatment of 
pulmonary hypertension, that the initial dose be decreased to 
0.625 ng/kg/min ideal body weight in patients with mild to 
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moderate hepatic impairment. However, there are no formal-
ized studies to date that evaluate the use of intravenous or 
subcutaneous treprostinil in patients with severe hepatic 
impairment.

Most recently, oral treprostinil was approved by the United 
States Food and Drug Administration. The availability of an 
oral prostacyclin provides a simplified administration route of 
therapy for patients with pulmonary hypertension. However, 
there are limited data for the use of this particular synthetic 
prostacyclin in portopulmonary hypertension. Regardless, 
there is significant potential that this therapy will be used in 
the future for treatment of this unique subset of patients. 
Fortunately, this agent has the most robust data evaluating its 
pharmacokinetics in the liver disease patient population. 
Peterson and colleagues completed a small evaluation of the 
pharmacokinetics of oral treprostinil, treprostinil diolamine, 
in thirty subjects with various degrees of hepatic impairment 
[98]. With increasing severity of hepatic impairment, the 
mean treprostinil clearance decreased, resulting in increased 
levels of treprostinil. Adverse effects, such as headache, nau-
sea, etc., were more commonly experienced in the patients 
with hepatic impairment. In clinical practice, oral treprostinil 
should be dose cautiously, and patients should be monitored 
closely for adverse effects.

Clinical interpretation of these data indicates the need to 
start synthetic prostacyclins, except epoprostenol, at lower 
doses in patients with hepatic impairment. Similarly, clini-
cians should cautious titrate doses while monitoring closely 
for adverse effects. However, epoprostenol’s uniquely short 
half-life makes it the likely exception to this rule and can 
likely be initiated and titrated regardless of hepatic function.

17.4.2  Phosphodiesterase Inhibitors

There is increasing evidence supporting the use of sildenafil 
and tadalafil in patients with portopulmonary hypertension 
[89, 94].

Sildenafil undergoes metabolism via CYP3A4 and 
CYP2C9 to form an active metabolite [99]. It would be antic-
ipated that this metabolism would be altered in a patient with 
hepatic impairment. Although the manufacturer of Revatio®, 
sildenafil marketed for pulmonary hypertension, provides no 
dose adjustment recommendations, the manufacturer for 
Viagra®, sildenafil marked for erectile dysfunction, suggests 
a lower starting dose in patients with hepatic dysfunction 
[99, 100]. Therefore, it may be pertinent to be cautious with 
aggressive dosing of sildenafil, regardless of indication, in 
patients with hepatic impairment.

Similarly to sildenafil, tadalafil is primarily metabolized 
by CYP3A. According to the tadalfil package insert, initial 
pharmacokinetics studies have shown that mild to moderate 
hepatic impairment did not impact the amount of tadalafil 

exposure the patient experiences [101]. However, in patients 
with Child Pugh Class A or B hepatic impairment, the manu-
facture recommends to consider starting at a dose of 20 mg 
once per day or less. However, they state that due to lack of 
literature evaluating the use of tadalafil in patients with 
severe hepatic impairment, it should be avoided.

Apart from manufacturer recommendations, tadalafil phar-
macokinetics in patients with hepatic impairment was evalu-
ated by Forgue and colleagues [102]. This study evaluated 
tadalafil pharmacokinetics in a total of twenty-five patients 
with some degree of hepatic impairment. However, only one 
patient was classified as having severe impairment. Their eval-
uation found a trend towards lower tadalafil concentrations 
and prolongation in half-life with increasing severity of 
impairment; however, no statistical association was found.

Data regarding the use of both sildenafil and tadalafil in 
patients with hepatic impairment are limited and inconsis-
tent. Error on the side of caution and starting at lower doses 
is likely most appropriate in most patients, but more aggres-
sive dosing is not excluded by the data published to date.

17.4.3  Endothelin Receptor Antagonists

The most robust data supporting pharmacologic therapy for 
the treatment of portopulmonary hypertension appears to be 
with endothelin receptor antagonists. However, these agents 
are hepatically metabolized and are known to cause 
 hepatotoxicity, so caution must be used in a patient with 
hepatic impairment.

Bosentan has been associated with an improvement in 
symptoms in a retrospective study of patients with portopul-
monary hypertension [103]. This study also completed a 
subset pharmacokinetic analysis of five patients with moder-
ate hepatic impairment. The analysis showed an increase in 
bosentan exposure in this specific patient population; how-
ever, this was not related to patient outcomes. One of the 
major concerns associated with the use of bosentan is its 
potential to cause liver toxicity [104]. In line with this, Savale 
et al. did identify a 5.5% risk of elevated liver enzymes in 
their retrospective analysis [103]. Based on these data, it is 
appropriate to use caution when imitating this agent in 
patients with hepatic impairment given the increase risk for 
elevated bosentan levels. Frequent liver function monitor is 
also clinically appropriate in this patient population.

Macitentan has the most robust data supporting its use in 
the pulmonary arterial hypertension patient population in the 
form of a randomized controlled trial showing statistically 
significant improvement in morbidity and mortality [105]. In 
regards to the safety of this agent, this study found that there 
was no variation in liver function abnormalities between 
varying doses in patients with hepatic dysfunction. However, 
it is still recommended to obtain liver function tests at base-
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line and repeated periodically during the first six months and 
then as clinically indicated [106].

Ambrisentan has been evaluated in a small prospective, 
observational, cohort study of portopulmonary hypertension, 
showing positive outcomes in pulmonary hemodynamics 
[107]. In regards to safety outcomes, this study did not iden-
tify any change in liver function tests throughout the twelve 
month study period. This would indicate the likelihood that 
ambrisentan can safely be used in patients with hepatic 
impairment, however, patients should be closely monitored 
for adverse effects.

As a whole, the endothelin-receptor antagonist group 
appears to have decent support for use in the portopulmonary 
hypertension patient population. It is prudent to monitor 
these patients for not only hemodynamic adverse effects, but 
also for direct liver injury indicated by an elevation in liver 
function tests.

17.5  Renal

Renal dosing adjustments are required for many medications; 
however, these adjustments are significantly complicated by 
the pharmacokinetic alterations, particularly fluctuations in 
distribution and metabolism that occur in patients with 
hepatic impairment. Patients with an increased Vd secondary 
to ascites may potentially have a decreased renal clearance of 
medications given the kidney’s decreased access to the medi-
cation to be able to clear it. Also, medications that are usually 
protein bound typically can have a greater renal clearance in 
patients with hepatic impairment secondary to decreased pro-
tein production, and therefore a greater free concentration 
available for elimination by the kidney.

HRS is a potential complication associated with 
ESLD. Agents such as midodrine, octreotide and albumin 
may potentially be used for the treatment of HRS. None of 
these commonly used agents require dose adjustments based 
on pharmacokinetic alterations in patients with hepatic 
impairment.

17.6  Gastrointestinal

Proton pump inhibitors (PPIs) and histamine-2 receptor 
antagonists (H2RAs) are commonly prescribed agents for 
hospitalized ESLD patients. These agents are commonly 
prescribed for one of two indications: stress ulcer prophy-
laxis or treatment of gastro-esophageal variceal hemorrhages 
[9]. Apart from inpatient use, these two classes of medica-
tions are readily available as over-the-counter products that 
patients may be taking without consultation with a pre-
scriber, so it is important to discuss the concerns with these 
medications with all patients with hepatic impairment.

17.6.1  Proton Pump Inhibitors

There is no evidence to date to recommend one PPI over 
another for any indication. However, secondary to the fact that 
most PPIs undergo CYP metabolism, pharmacokinetic altera-
tions caused by hepatic impairment may warrant the selection 
of one agent over the others.

17.6.1.1  Omeprazole
As one of the oldest available PPIs, omeprazole is a com-
monly used agent. However, caution is necessary when pre-
scribing this agent for patients with hepatic impairment. In a 
pharmacokinetic analysis of omeprazole in patients with cir-
rhosis, it was found that omeprazole exposure was increased 
regardless of the severity of hepatic impairment [17]. These 
data would suggest that omeprazole has significantly 
decreased clearance in the ESLD patient and should likely be 
avoided if possible.

17.6.1.2  Esomeprazole
A small pharmacokinetic evaluation of esomeprazole in 
patients with hepatic impairment has been described by 
Sjövall and colleagues [108]. This study identified a minimal 
risk of increased esomeprazole exposure in patients with mild 
or moderated hepatic impairment. However, increase drug lev-
els were noted to be significantly elevated in patients with 
severe hepatic dysfunction. This concern has been noted by 
the drug manufacturer, such that in patients with severe hepatic 
impairment, a dose reduction to 20 mg daily is recommended 
[109]. Therefore, dosing recommendations remain unchanged 
for patients with mild to moderate hepatic impairment, but 
caution should be executed when prescribing esomeprazole 
for patients with severe hepatic impairment.

17.6.1.3  Lansoprazole
The pharmacokinetics of lansoprazole was evaluated in a 
single-dose study, which the results are significantly limited 
by the lack of repeat dosing [110]. It was found that there is 
an increase in half-life and drug exposure with increase 
severity of liver disease. Patients with severe hepatic impair-
ment were found to have marked changes in the pharmacoki-
netic profile. These data suggest that lansoprazole should 
likely be avoided in patients with hepatic impairment, par-
ticularly in patients with severe hepatic impairment.

17.6.1.4  Pantoprazole
Although pantoprazole undergoes CYP metabolism, it has 
been shown that the pharmacokinetics and tolerability of 
pantoprazole are similar independent of the severity of 
hepatic impairment [111]. Therefore, it is unnecessary to 
dose adjust pantoprazole regardless of the degree of hepatic 
impairment. This evidence makes pantoprazole the most 
favorable PPI for use in patients with ESLD.
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17.6.2  Histamine-2 Receptor Antagonists

Famotidine appears to have a more favorable pharmacoki-
netic profile in this patient population in comparison to ranit-
idine. In one pharmacokinetic evaluation of famotidine use 
in the ESLD patient population, famotidine clearance was 
unchanged compared to those patients without hepatic 
impairment [112]. However, famotidine does require dose 
adjustments for renal impairment, such that patients with 
HRS should be appropriate dose reduced [113]. Ranitidine 
has documented increased neuropsychiatric complications in 
patients with ESLD and should likely be avoided in this 
patient population [114].

17.6.3  Anti-emetics

Decreased gastrointestinal motility, nausea, and vomiting are 
also common complications associated with ESLD [115].

17.6.3.1  Metoclopramide
Metoclopramide is a commonly used agent given its pro- 
motility and antiemetic effects. However, given the fact that 
metoclopramide is subject to first-pass metabolism, has sig-
nificant plasma protein binding properties and undergoes 
significant hepatic metabolism, dose reductions should be 
considered in the ESLD patient population [116–120]. Also, 
given metoclopramide’s renal clearance property, a dose 
reduction is also crucial in patients with concomitant renal 
dysfunction. A 50% dose reduction is appropriate in patients 
with cirrhosis.

17.6.3.2  Ondansetron
Ondansetron is mainly eliminated via hepatic metabolism 
[121]. Clearance of ondansetron is related to the degree of 
hepatic impairment, such that worsening liver impairment 
leads to significantly decreased ondansetron clearance [122]. 
Caution should be used when prescribing ondansetron in 
patients with hepatic impairment. It can also be recom-
mended that for patients with severe hepatic impairment 
daily doses of ondansetron should be limited to 8 mg.

17.7  Hematology

17.7.1  Venous Thromboembolism Prophylaxis 
and Anticoagulation

Historically, the endogenous coagulopathy in patients with 
ESLD due to decreased production of vitamin K clotting fac-
tors and platelets was thought to be protective against the 
development of venous thromboembolism (VTE) [123]. 
More recent studies have called this theory of “autoantico-

agulation” into question and demonstrated that these patients 
also have decreased production of anticoagulation factors 
and may actually be at an increased or similar risk of VTE 
compared to hospitalized patients without ESLD [124]. 
Literature evaluating the safety of pharmacologic prophy-
laxis in ESLD is limited but does raise concern for an 
increased risk of bleeding complications [125, 126]. In addi-
tion, evidence-based VTE prophylaxis guidelines provide no 
specific recommendations for patients with liver disease but 
advise against the use of pharmacologic prophylaxis in 
patients with significant bleeding risk which includes risk 
factors such as platelet count <50,000/μL, liver failure, and 
international normalized ratio (INR) >1.5 [127]. It should be 
noted that there are limited data in critically ill cirrhotic 
patients. A recent retrospective study of 798 patients found 
that the incidence of VTE in critically ill cirrhotic patients 
was not statistically different from that in noncirrhotic 
patients although rates were relatively low at 2.7% and 7.6%, 
respectively. Cirrhotic patients were less likely to receive 
pharmacologic prophylaxis [128]. ESLD and associated 
coagulopathy (elevation in INR) alone should not be consid-
ered a contraindication to pharmacologic prophylaxis and 
critically ill patients with ESLD should receive pharmaco-
logic prophylaxis as a default unless there are specific con-
traindications. Certainly, careful evaluation of risk versus 
benefit should be done on a patient-by-patient basis.

As a result of the increased risk of VTE, anticoagulation 
therapy is being increasingly utilized in patients with 
ESLD. There are limited data on the safety of therapeutic 
anticoagulation in the hospital setting in patients with ESLD, 
especially in critically ill patients.

If pharmacologic prophylaxis or therapeutic anticoagula-
tion is initiated with unfractionated heparin there are no dos-
ing considerations specific to patients with liver dysfunction. 
Many of these patients will have concomitant renal dysfunc-
tion and given that low molecular weight heparins (with the 
exception of dalteparin) are renally eliminated, they present 
a higher risk for bleeding complications.

Patients with ALF and ACLF frequently have an acute 
coagulopathy and elevated INR from baseline and are at high 
risk of bleeding complications. There are no data evaluating 
the use of VTE prophylaxis or therapeutic anticoagulation in 
this population. Mechanical prophylaxis only should be rec-
ommended during the acute phase of the disease process.

17.7.2  Heparin-Induced Thrombocytopenia

The development of heparin-induced thrombocytopenia 
(HIT) in a patient with liver disease presents a complex situ-
ation because evidence-based guidelines recommend thera-
peutic anticoagulation for four weeks in the setting of 
isolated HIT without thrombosis and for three months if 
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there is associated thrombosis [129]. Of course, the increased 
risk of thrombosis associated with HIT would have to be bal-
anced with the risk of bleeding in order to make a decision 
about therapeutic anticoagulation in individual patients. Of 
the medications that would be used for initial anticoagulation 
in the setting of HIT, argatroban is the only one with pharma-
cologic considerations in liver dysfunction. Argatroban is a 
direct thrombin inhibitor that is hepatically metabolized pri-
marily by CYP3A4/5 to non-active metabolites. The elimi-
nation half-life is approximately 45 min in healthy volunteers 
but is increased by threefold in patients with moderate 
hepatic impairment (Child-Pugh score > 6) along with a 
fourfold decrease in systemic clearance. Furthermore, anti-
coagulant responses returned to baseline in 2–4 h in healthy 
volunteers but took at least six hours (up to 20 h) in patients 
with hepatic impairment [130]. As a result, the recommended 
starting dose of argatroban per the manufacturer is decreased 
from 2 to 0.5 mcg/kg/min in patients with moderate or severe 
hepatic impairment [126]. A retrospective study supporting 
this reduced starting dose also recommended delaying the 
monitoring of the activated partial thromboplastin time 
(aPTT) to at least four to five hours after initiation or dose 
adjustments (compared with the standard of two hours) due 
to the longer time required to achieve steady state concentra-
tions [131]. Retrospective studies of argatroban in critically 
ill patients describe significantly reduced dosing require-
ments [132, 133]. One study found a 57% reduction in dose 
compared with non-critically ill patients and that dose 
requirements were inversely related to Sequential Organ 
Failure Assessment (SOFA) score [132]. The authors of a 
second study in patients with multiple organ dysfunction 
syndrome (MODS) again found markedly reduced dose 
requirements but additionally, found a significantly lower 
mean argatroban dose in patients with hepatic insufficiency 
than in those without [133]. Accordingly, a starting dose of 
one tenth to one eighth of the standard starting dose is rec-
ommended for critically ill patients with MODS. To reduce 
the risk of bleeding complications, consideration should be 
given to the selection of alternative agents in patients with 
significant hepatic dysfunction. However, if argatroban is 
utilized in this patient population, a starting dose at the low 
end of this range is advised (e.g. 0.125 mcg/kg/min).

17.8  Infectious Disease

Infection in ESLD is associated with significant morbidity 
and mortality, including the development of ACLF [134]. In 
fact, patients with cirrhosis who develop infections have been 
found to have a fourfold increase in mortality compared to 
similar patients with cirrhosis without infection [135]. 
Infection either exists on admission or is acquired during hos-
pitalization in approximately 25–30% of patients with ESLD 

which is four to five times higher than the general population 
[136, 137]. Independent risk factors for infection in patients 
with cirrhosis include previous infection in the past 12 months, 
a MELD score of 15 or greater, and protein malnutrition 
[138]. Patients with both ALF and ESLD are at significant 
risk of various types of infections although spontaneous bac-
terial peritonitis (SBP) and urinary tract infections are most 
common [136, 137, 139–141]. As in the general ICU popula-
tion, multi-drug resistant (MDR) pathogens are of increasing 
prevalence in ESLD and should be taken into consideration 
when selecting antibiotics for nosocomial infections [136]. 
As a result of the increased incidence of infection as well as 
the risk of MDR bacteria, utilization of antimicrobials, includ-
ing broad-spectrum agents, in this patient population is sig-
nificant. Hepatic dysfunction affects several pharmacokinetic 
parameters which impacts antimicrobial dosing, including 
decreased protein binding, metabolism, and renal elimina-
tion. As previously mentioned, a significant portion of these 
patients will have concomitant renal dysfunction which will 
impact the dosing of the majority of antimicrobials. In con-
trast to the available literature to guide dosing of antimicrobi-
als in renal dysfunction, there is a shortage of literature on the 
pharmacokinetics of antimicrobials in liver dysfunction. The 
antimicrobials used in the ICU that have specific dosing rec-
ommendations in the package labeling based on Child-Pugh 
score are limited to metronidazole, tigecycline, caspofungin, 
and voriconazole. A recently published review extensively 
evaluated the pharmacokinetic literature for commonly used 
antibiotics that undergo hepatic or mixed renal-hepatobiliary 
clearance [142]. In addition, to noting recommendations that 
exist in product labeling, the authors make additional dose 
adjustment recommendations by Child-Pugh score based on 
the available pharmacokinetic literature. Antibiotics that have 
recommendations for dose adjustments which are pertinent to 
the ICU setting include clindamycin, metronidazole, nafcil-
lin, rifampin, and tigecycline. Clindamycin should have a 
50% dose reduction in Child-Pugh class C. The dosing inter-
val for metronidazole 500 mg dosing should be changed from 
every 8 h to every 12–24 h for all Child-Pugh classes. It’s 
noted that nafcillin likely needs a dose adjustment although 
no specific recommendations are provided. For rifampin, a 
50% dose reduction should be considered in all Child-Pugh 
classes. Finally, a 50% dose reduction should be made for 
tigecycline in Child-Pugh class C.

Recent literature has highlighted the inadequacy of stan-
dard antibiotic dosing regimens in the critically ill. 
Specifically, the ability to achieve desired concentrations is 
decreased which has been associated with adverse patient 
outcomes [143]. It is well known that both ESLD and critical 
illness are associated with increased Vd, therefore hydro-
philic drugs, such as β-lactam antibiotics, are of concern due 
to the risk of decreased plasma concentrations and thus effi-
cacy. Increased loading doses should be considered [144].
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In addition, ESLD has been reported to be a risk factor for 
several antibiotic related toxicities including β-lactam- 
induced neutropenia and aminoglycoside-related nephrotox-
icity [145, 146].

17.9  Endocrine

The incidence of nonalcoholic steatohepatitis (NASH) con-
tinues to grow and is one of the most common etiologies of 
liver cirrhosis [147]. Its growth parallels the global increase 
in diabetes mellitus (DM), obesity, and metabolic syndrome 
[147]. Endocrine abnormalities are common, and often sig-
nificant, in patients with liver disease because the liver is the 
predominant organ responsible for the metabolism and 
catabolism of many proteins, hormones, cytokines, and 
interleukins [148]. In many cases these abnormalities are 
associated with worse outcomes and necessitate pharmaco-
therapeutic intervention for the management of DM, thyroid 
disorder, and relative adrenal insufficiency (RAI).

17.9.1  Glycemic Control

Diabetes mellitus is associated with increased risk of 
hepatic complications, including encephalopathy, portal 
hypertension, ascites, SBP, renal dysfunction, hepatocellu-
lar cancer, and death, in patients with chronic liver disease 
and cirrhosis [149]. It is thought that DM may promote 
inflammation and fibrosis via increased mitochondrial oxi-
dative stress, mediated by adipokines. Effective glycemic 
control may mitigate the development of these adverse 
effects, though outcome data are lacking [149]. Intensive 
glycemic control (serum glucose 80–110 mg/dL) has been 
evaluated during critical illness and was found to signifi-
cantly increase the risk of hypoglycemia and conferred no 
overall mortality benefit [150]. Specific to patients with 
acute decompensated cirrhosis, hypoglycemia is associated 
with increased mortality, and intraoperative hypoglycemia 
may also be indicative of post- hepatectomy liver failure 
[151, 152]. It has not been established whether hypoglyce-
mia is partly responsible for the increased short-term mor-
tality of patients with acute decompensated liver cirrhosis 
or rather merely a consequence of the severity of the dis-
ease or its complications. Nevertheless, conservative man-
agement dictates the avoidance of treatments associated 
with increased hypoglycemia risk. As such, the American 
Diabetes Association recommends that insulin therapy be 
initiated for treatment of persistent hyperglycemia, starting 
at a threshold of 180 mg/dL and titrated to a target glucose 
range of 140–180 mg/dL for the majority of critically ill 
patients [153]. While patients with liver failure are not spe-
cifically addressed by these guidelines, it is reasonable to 

apply these recommendations to that patient population. 
An insulin infusion has been shown to be the best method 
for achieving glycemic targets; therapy should be initiated 
with an intravenous insulin infusion using a validated writ-
ten or computerized protocol that allows for predefined 
adjustments in the infusion rate, followed by a transition to 
“sliding scale” insulin when clinically appropriate. Patients 
with liver disease may initially require higher doses of 
insulin to control serum glucose because of insulin resis-
tance in muscle, liver, and adipose [154]. However, as the 
disease progresses and metabolic function deteriorates, 
insulin requirements may decrease as gluconeogenesis 
slows. Oral agents are not ideal for chronic management 
and are contraindicated in the acute management of DM; 
they are often hepatically metabolized and can therefore 
accumulate in these patients and cause toxicity, including 
hypoglycemia and lactic acidosis [149, 153, 154]. DM is 
difficult to manage in patients with liver disease, given that 
both hyper- and hypo-glycemia are associated with poor 
outcomes and close clinical monitoring is warranted.

17.9.2  Thyroid

The liver is primarily responsible for the peripheral con-
version of tetraiodothyronine (T4) to triiodothyroinine 
(T3), as well as the synthesis of many proteins, including 
thyroid binding proteins. Therefore, dysregulation and 
dysfunction of thyroid hormones are anticipated in patients 
with cirrhosis [148, 155]. The incidence of thyroid abnor-
malities in the setting of liver disease is variable, ranging 
from 13 to 61%. Hypothyroidism is most common and 
presents most frequently as low T3 and low free T3, 
although hyperthyroidism can also occur [155, 156]. In the 
critically ill cirrhotic patient admitted to the ICU, more 
than half had some form of Euthyroid Sick Syndrome 
[157]. While thyroid dysfunction has been associated with 
decreased short- and long-term survival of patients with 
liver cirrhosis, data are not conclusive [158]. A retrospec-
tive study found that liver function in patients with a hypo-
thyroid state tended to be better than in those with a 
euthyroid state [159]. Given that the appropriate treatment 
of Euthyroid Sick Syndrome is unclear in patients with 
normal liver function, the additional layer of complexity 
imposed by liver dysfunction, along with inconclusive out-
come data, makes it difficult to establish a treatment plan. 
Additionally, levothyroxine has been associated with an 
increased risk of hypoglycemia in patients with liver 
impairment [160]. The pharmacokinetic profile of levothy-
roxine is not significantly altered by liver disease, but 
given our understanding of the consequences of hypogly-
cemia in this patient population, conservative thyroid man-
agement is warranted.
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17.9.3  Adrenal Insufficiency

RAI, sometimes referred to as hepatoadrenal syndrome, is 
common in critically ill patients, but it also has been reported 
in patients with uncompensated and stable cirrhosis, includ-
ing those with and without septic shock [148, 161–163]. The 
reported incidence is variable, ranging from 7.2 to 60%, in 
part due to wide variability in laboratory technique and test 
criteria used for diagnosis [148, 164, 165]. Despite this vari-
ability, most studies have demonstrated RAI to be associated 
with poor prognosis in cirrhotic patients. A relationship 
appears to exist between the severity of the liver disease and 
the presence of RAI, though neither the mechanism nor the 
exact prevalence of RAI is fully understood [161, 163]. The 
diagnosis of RAI also remains controversial. Meta-analyses 
have evaluated the role of low- (1 mcg) and standard-dose 
(250 mcg) corticotropin test in the diagnosis of RAI, finding 
that both tests performed well but were not without limita-
tions [166, 167]. Endocrine Society Guidelines recommend 
the use of standard-dose (250 mcg) corticotropin as the “gold 
standard” diagnostic tool to establish the diagnosis, although 
liver disease affects how the test is interpreted. Alterations in 
serum free and total cortisol levels have been observed in 
both chronic and severe acute hepatitis as a result of decreased 
protein binding [168, 169]. Serum free cortisol or free cortisol 
index may be preferred for the evaluation of RAI compared to 
serum total cortisol in these patients [168, 169]. Guidelines 
recommend the use of a low diagnostic (and therapeutic) 
threshold in acutely ill patients, as well as in patients with 
predisposing factors, such as liver disease [170]. A few stud-
ies have evaluated the role of corticosteroids in the treatment 
of RAI in patients with liver cirrhosis, with and without septic 
shock [159, 162, 163, 171, 172]. For all studies the interven-
tion was hydrocortisone dosed at 200–300 mg per day, some-
times referred to “stress-dose”, with outcomes focused on 
vasopressor dose and duration, shock resolution, shock recur-
rence, adverse effects including infection and gastrointestinal 
bleed, and hospital survival. Outcome data are mixed, as are 
expert opinions, similar to the data set and expert opinions 
representative of septic patients without liver cirrhosis. 
Endocrine guidelines recommend fludrocortisone 0.1 mg 
daily and hydrocortisone 15–25 mg given two to three times 
daily in adults with RAI, though this is a broad recommenda-
tion and not specific to patients with liver disease [170]. This 
dose is considerably lower than what has been studied in 
liver cirrhosis, and what is recommended by the Surviving 
Sepsis Guidelines (hydrocortisone 200 mg daily) [173]. The 
dose of hydrocortisone need not be adjusted in patients with 
liver failure. Additional high-quality data are needed to make 
strong recommendations, though the administration of glu-
cocorticoids, and perhaps mineralocorticoids, may improve 
outcomes in patients with liver cirrhosis, including when 
accompanied by septic shock.

17.10  Special Populations

17.10.1  Continuous Renal Replacement 
Therapy

There is a potential for critically ill patients with hepatic 
impairment to require continuous renal replacement therapy 
(CRRT). Dose adjustments are commonly necessary for 
medications with specific pharmacokinetic properties [174] 
(Table 17.3). It is critical to understand that these properties 
may be significantly altered from baseline in patients with 
hepatic impairment. Medication clearance is also signifi-
cantly influence by CRRT modality and effluent rate. In 
order to appropriately dose medications in patient with 
hepatic impairment receiving CRRT, critical evaluation of 
each medication’s pharmacokinetic properties in relation to 
both hepatic clearance and CRRT clearance is essential.

17.10.2  Extracorporeal Liver Support Systems

Accumulation of various toxins that otherwise would be 
metabolized by the liver contribute to many of the complica-
tions seen in ALF and ACLF. Several of these toxins (e.g. 
ammonia and endogenous benzodiazepines) are involved in 
some of the most significant manifestations of ALF and 
ACLF, cerebral edema and hepatic encephalopathy, respec-
tively. Others (e.g. pro-inflammatory cytokines) may play a 
role in cardiovascular and renal dysfunction.

Extracorporeal liver support (ECLS) systems, or liver assist 
devices, can act as a bridge to liver recovery (since the liver 
can maintain the ability to regenerate, especially in ALF) or 
liver transplantation by mimicking the function of the liver and 
assisting with various hepatic functions. There are two types 
of ECLS systems: artificial and bioartificial. Artificial systems 
eliminate albumin-bound and water soluble substances, 
including bilirubin and various toxins, with technologies uti-
lizing exogenous albumin and artificial membranes similar to 
those used in hemodialysis. Examples of artificial systems 
include the Molecular Adsorbent Recirculating System 
(MARS [Teraklin AG, Rostock, Germany]), single-pass 
albumin dialysis (SPAD), Prometheus (Fresenius, Hamburg, 
Germany), and high- volume plasmapheresis (HVP). 
Bioartificial systems differ because they use living hepato-
cytes and therefore provide some synthetic and metabolic 
function in addition to detoxification. Examples of bioartificial 

Table 17.3 Example of some drug attributes to increase likelihood of 
removal via CRRT

Drug attribute

Low percent protein binding
Small volume of distribution
Small molecular weight
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systems include the Extracorporeal Liver Assist Device 
(ELAD, Vital Therapies, Inc., San Diego, USA) and 
HepatAssist (Arbios, USA). MARS is the most frequently 
used ECLS system in the United States as well as the most 
extensively studied, although HVP is the only ECLS system to 
demonstrate an improvement in transplant-free survival in 
ALF thus far [175]. Study outcomes related to the use of 
ECLS systems in both ALF and ACLF have been recently 
extensively reviewed [176].

17.10.2.1  Drug Considerations
Given that artificial ECLS systems eliminate albumin-bound 
and water soluble substances, removal of drugs which have 
these qualities is a special consideration in determining appro-
priate dosing. In addition, timing of the administration of the 
drugs in relation to the timing of ECLS system treatment can 
have a significant impact on drug removal. Since MARS is the 
most commonly used ECLS system in the United States, this 
section will focus on drug dosing considerations during 
MARS and will review the available pharmacokinetic data for 
drugs utilized in the ICU. MARS employs albumin dialysis to 
remove both albumin bound and water soluble substances. It 
should be noted that MARS is used in conjunction with CRRT 
(see the chapter entitled Use of Extra-corporeal Liver Support 
Therapies for detailed information regarding MARS mecha-
nisms and system set-up). Drugs can be removed by the 
MARS system in addition to clearance from CRRT making 
dosing complicated. Also, drugs with both high and low pro-
tein binding can be removed given the two different mecha-
nisms of removal. There is very little literature describing the 
impact of MARS on drug removal and therefore very little 
guidance on appropriate dosing.

One study utilized an in vitro model to examine the effects 
of MARS on the removal of several different drugs with 
varying pharmacokinetic characteristics compared with 
removal via continuous venovenous hemodialysis (CVVHD) 
[177]. Ceftriaxone (low Vd) and teicoplanin (high Vd) are 
both highly albumin bound antibiotics. Ceftriaxone concen-
trations decreased by 71% in 6 h with MARS compared with 
20% with CVVHD. Similarly, teicoplanin concentrations 
decreased by 90% with MARS and 58% with CVVHD 
which demonstrates significant removal via both therapies. 
Both ceftazidime (low Vd) and levofloxacin (high Vd) have 
negligible albumin binding and as a result were shown to 
have similar removal during MARS and CVVHD which was 
primarily driven by CVVHD clearance. Ceftazidime concen-
trations decreased by 98.4% in CVVHD and 99.8% in 
MARS. Likewise, levofloxacin concentrations decreased by 
99.3% in both CVVHD and MARS.

A second study also using an in vitro model described the 
removal of moxifloxacin and meropenem [178]. Moxifloxacin 
is moderately albumin-bound and meropenem demonstrates 
low albumin binding. The concentrations of both moxifloxa-

cin and meropenem decreased by approximately 50% 1 h 
after the initiation of MARS. Both medications were found 
in all portions of the MARS system as well as the dialysate 
demonstrating removal by the MARS component as well as 
the dialysis component.

Piperacillin-tazobactam removal during MARS has also 
been described in two case reports [179, 180]. In one case 
report, a patient receiving MARS for APAP-induced ALF 
received a single dose of piperacillin-tazobactam 4.5 gm 
administered over three hours [180]. Piperacillin-tazobactam 
is known to be cleared via CRRT and is moderately protein 
bound. Piperacillin concentrations decreased by approxi-
mately 32% from one hour after the end of the infusion to 
three hours later. The half-life was calculated to be 1.53 h 
which was 3.7-fold shorter than that reported with CVVHD 
alone demonstrating additional removal via MARS [181]. In 
the second case report, one patient received MARS for 
refractory hepatic encephalopathy and a second patient 
received MARS for hepatic failure (including encephalopa-
thy) after hepatectomy [179]. The first patient had piperacil-
lin concentrations measured after the first dose of 3.375 gm 
administered over four hours. The second patient had piper-
acillin concentrations measured during two different three- 
hour extended infusion piperacillin-tazobactam dosing 
regimen: 4.5 gm every 8 h and 3.375 gm every 8 h. All serum 
concentrations taken from both patients (including at the end 
of MARS therapy and the dosing interval) exceeded that 
which would be desired for treatment of the involved organ-
isms per the MIC breakpoints recommended by the 2014 
Clinical Laboratory Standards Institute guidelines [182].

One case report describes negligible removal of tacroli-
mus during MARS despite the fact that it has a low- molecular 
weight and is highly protein-bound [183]. Finally, MARS 
has been used for the management of acute poisoning from a 
variety of drugs and substances which has been recently 
extensively reviewed [184].

Clinicians should anticipate significant removal of any 
highly protein bound drug during MARS treatment sessions 
and ideally time the administration of those drugs for after 
MARS treatment sessions are complete if using intermittent 
sessions. Using extended or continuous infusion times could 
be considered for certain drugs, especially if MARS is being 
run continuously. Utilizing therapeutic drug monitoring 
when available can provide significant guidance on appropri-
ate dosing given the lack of pharmacokinetic data.

17.10.3  Extracorporeal Membrane 
Oxygenation

The use of extracorporeal membrane oxygenation (ECMO), 
which often requires therapeutic anticoagulation with 
mechanical support, is not common in the context of liver 
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failure due to its association with underlying coagulopathy, 
but when employed it poses an additional layer of complexity 
for drug dosing. Several mechanisms account for alternations 
in pharmacokinetic parameters during ECMO. The larger 
apparent Vd, as a product of larger circulatory volume, dis-
proportionally affects drugs with small Vd (hydrophilic) and 
thereby results in lower maximum concentration (Cmax) and 
increased elimination [185]. Furthermore, this may be com-
plicated by ongoing fluid removal either via forced diuresis or 
CRRT, which results in a dynamic Vd and variable drug con-
centrations. Drug inactivation, sequestration, or adsorption by 
the various components of the ECMO circuit also influences 
pharmacokinetics. The Vd, degree of protein binding, and the 
extent of equilibrium between tissue and plasma concentra-
tion upon initiation of ECMO will dictate the degree of phar-
macologic impact ECMO has on these drugs [185–190].

Patients requiring ECMO often necessitate increased 
analgesic and sedative doses, including morphine, fentanyl, 
and midazolam [185, 190, 191]. This may be in part due to 
the deeper sedation goals to optimize oxygenation and mini-
mize agitation-related sequale such as ECMO circuit com-
plications, but it is also related to pharmacokinetic changes 
during ECMO. While analgesics, sedatives, inotropes, vaso-
pressors, diuretics, and anticoagulants may be titrated to 
measureable endpoints, no real time target exists for antibiot-
ics [192]. Due to the multiple variables that may influence 
the pharmacokinetic profile of drugs in critically ill patients, 
drug regiments should be individualized. Initial does should 
be based on population pharmacokinetics and increased fre-
quency of therapeutic drug monitoring with subsequent 
adjustments should be employed whenever possible [185, 
192, 193].

 Conclusion

The management of a chronic disease complicated by an 
acute exacerbation is challenging enough without having 
to consider potential clinically important changes in the 
pharmacokinetics and pharmacodynamics of drug ther-
apy. In the context of liver disease, the drugs used to treat 
the condition are altered significantly by the disease itself 
and can further complicate drug therapy. Avoidance of 
some drugs and dose adjustments in others are necessary 
to avoid drug misadventures and further deterioration of 
an already fragile disease state. Basic considerations for 
drug therapy have been reviewed, including a deeper 
assessment organized by organ system. Additionally, con-
sideration has been given to devices that will further alter 
the pharmacokinetics and pharmacodynamics in the set-
ting of liver disease. Drug therapy should be based on 
evidence-based outcome data, and guidelines when avail-
able, along with the side effect profile of a given medica-
tion. Dosing of medications in patients with liver disease 
should be based on population kinetics in patients with 

liver disease, and not extrapolated from other patient pop-
ulations. When possible, therapeutic drug monitoring 
should be implemented and therapy should be customized 
to each individual patient.

17.11  Chapter Assessment Questions (Bold 
Emphasis Answers are Correct)

 1. Which of the following best describes the effect of acute 
liver failure (ALF) on drug distribution?

Increased volume of distribution
Decreased volume of distribution
Increase in protein binding
Decrease in the fraction of free drug available

 2. Which of the following sedative agents appears to be the 
safest agent to use in patients with ESLD?

Dexmedetomidine
Lorazepam
Midazolam
Propofol

 3. Based on medication half-life, which synthetic prostacy-
clin does not require cautious dosing or dose adjustments 
for the treatment of portopulmonary hypertension?

Bosentan
Epoprostenol
Iloprost
Treprostinil

 4. Which of the following beta-blockers should be dosed 
cautiously in patients with ALF secondary to increased 
bioavailability, area-under-the-curve, and elimination 
half-life?

Esmolol
Metoprolol
Nadolol
Propranolol

 5. Which proton pump inhibitor does NOT require dose 
adjustments in patients with severe ESLD?

Esomeprazole
Lansoprazole
Omeprazole
Pantoprazole

 6. Which of the following statements is true regarding phar-
macologic venous thromboembolism prophylaxis in 
patients with end-stage liver disease (ESLD)?

Autoanticoagulation in ESLD negates the need for 
pharmacologic prophylaxis.

ESLD and associated coagulopathy alone should 
not be considered a contraindication to pharmacologic 
prophylaxis and critically ill patients with ESLD 
should receive pharmacologic prophylaxis as a default 
unless there are specific contraindications.

W.J. Peppard et al.
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Evidence supports that ESLD patients should only 
receive pharmacologic prophylaxis if the platelet count is 
greater than 100,000/μL and the INR is less than 2.5.

Low-molecular weight heparin prophylaxis is the pre-
ferred agent for pharmacologic prophylaxis in all ELSD 
patients.

 7. Which of the following antimicrobial medications 
requires a 50% dose reduction for all classifications of 
Child Pugh classes?

Clindamycin
Metronidazole
Rifampin
Tobramycin

 8. What pharmacokinetic properties make a medication 
likely to be removed via continuous renal replacement 
therapy (CRRT)?

Large volume of distribution, high protein binding, large 
molecular weight

Large volume of distribution, low protein binding, large 
molecular weight

Small volume of distribution, high protein binding, small 
molecular weight

Small volume of distribution, low protein binding, small 
molecular weight

References

 1. Lin S, Smith BS. Drug dosing considerations for the critically 
ill patient with liver disease. Crit Care Nurs Clin North Am. 
2010;22(3):335–40. Epub 2010/08/10

 2. Delco F, Tchambaz L, Schlienger R, Drewe J, Krahenbuhl 
S. Dose adjustment in patients with liver disease. Drug Saf. 
2005;28(6):529–45. Epub 2005/06/01

 3. Verbeeck RK. Pharmacokinetics and dosage adjustment in 
patients with hepatic dysfunction. Eur J Clin Pharmacol. 
2008;64(12):1147–61. Epub 2008/09/03

 4. Chalasani N, Gorski JC, Patel NH, Hall SD, Galinsky RE. Hepatic 
and intestinal cytochrome P450 3A activity in cirrhosis: effects 
of transjugular intrahepatic portosystemic shunts. Hepatology. 
2001;34(6):1103–8. Epub 2001/12/04

 5. Gorski JC, Jones DR, Haehner-Daniels BD, Hamman MA, 
O'Mara EM Jr, Hall SD. The contribution of intestinal and hepatic 
CYP3A to the interaction between midazolam and clarithromycin. 
Clin Pharmacol Ther. 1998;64(2):133–43. Epub 1998/09/05

 6. el Touny M, el Guinaidy M, Abdel Bary M, Osman L, Sabbour 
MS. Pharmacokinetics of cefodizime in patients with liver cir-
rhosis and ascites. Chemotherapy. 1992;38(4):201–5. Epub 
1992/01/01

 7. MacKichan J. Influence of protein binding and use of unbound 
(free) drug concentrations. In: Burton M, Shaw LM, Schentag JJ, 
Evans WE, editors. Applied pharmacokinetics & pharmacody-
namics–principles of therapeutic drug monitoring. Philadelphia: 
Lipponcott Williams & Wilkins; 2006. p. 82–120.

 8. Elbekai RH, Korashy HM, El-Kadi AO. The effect of liver cir-
rhosis on the regulation and expression of drug metabolizing 
enzymes. Curr Drug Metab. 2004;5(2):157–67. Epub 2004/04/14

 9. Albarmawi A, Czock D, Gauss A, Ehehalt R, Lorenzo Bermejo 
J, Burhenne J, et al. CYP3A activity in severe liver cirrhosis cor-

relates with Child-Pugh and model for end-stage liver disease 
(MELD) scores. Br J Clin Pharmacol. 2014;77(1):160–9. Epub 
2013/06/19

 10. Barr J, Fraser GL, Puntillo K, Ely EW, Gelinas C, Dasta JF, et al. 
Clinical practice guidelines for the management of pain, agitation, 
and delirium in adult patients in the intensive care unit. Crit Care 
Med. 2013;41(1):263–306. Epub 2012/12/28

 11. Chandok N, Watt KD. Pain management in the cirrhotic patient: 
the clinical challenge. Mayo Clin Proc. 2010;85(5):451–8. Epub 
2010/04/02

 12. Chanques G, Jaber S, Barbotte E, Violet S, Sebbane M, Perrigault 
PF, et al. Impact of systematic evaluation of pain and agitation in 
an intensive care unit. Crit Care Med. 2006;34(6):1691–9. Epub 
2006/04/21

 13. Payen JF, Bosson JL, Chanques G, Mantz J, Labarere J, 
Investigators D. Pain assessment is associated with decreased 
duration of mechanical ventilation in the intensive care unit: 
a post Hoc analysis of the DOLOREA study. Anesthesiology. 
2009;111(6):1308–16. Epub 2009/11/26

 14. Ostapowicz G, Fontana RJ, Schiodt FV, Larson A, Davern TJ, 
Han SH, et al. Results of a prospective study of acute liver failure 
at 17 tertiary care centers in the United States. Ann Intern Med. 
2002;137(12):947–54. Epub 2002/12/18

 15. Rossi S, Assis DN, Awsare M, Brunner M, Skole K, Rai J, et al. 
Use of over-the-counter analgesics in patients with chronic liver 
disease: physicians’ recommendations. Drug Saf. 2008;31(3):261–
70. Epub 2008/02/28

 16. Bosilkovska M, Walder B, Besson M, Daali Y, Desmeules 
J. Analgesics in patients with hepatic impairment: pharmacol-
ogy and clinical implications. Drugs. 2012;72(12):1645–69. Epub 
2012/08/08

 17. Dwyer JP, Jayasekera C, Nicoll A. Analgesia for the cirrhotic 
patient: a literature review and recommendations. J Gastroenterol 
Hepatol. 2014;29(7):1356–60. Epub 2014/02/20

 18. Larson AM, Polson J, Fontana RJ, Davern TJ, Lalani E, Hynan 
LS, et al. Acetaminophen-induced acute liver failure: results 
of a United States multicenter, prospective study. Hepatology. 
2005;42(6):1364–72. Epub 2005/12/01

 19. Khalid SK, Lane J, Navarro V, Garcia-Tsao G. Use of over-the- 
counter analgesics is not associated with acute decompensa-
tion in patients with cirrhosis. Clinical Gastroenterol Hepatol. 
2009;7(9):994–9. quiz 13-4. Epub 2009/04/28

 20. Zimmerman HJ, Maddrey WC. Acetaminophen (paracetamol) 
hepatotoxicity with regular intake of alcohol: analysis of instances 
of therapeutic misadventure. Hepatology. 1995;22(3):767–73. 
Epub 1995/09/01

 21. Gallagher J, Biesboer AN, Killian AJ. Pharmacologic Issues in Liver 
Disease. Crit Care Clin. 2016;32(3):397–410. Epub 2016/06/25

 22. Imani F, Motavaf M, Safari S, Alavian SM. The therapeu-
tic use of analgesics in patients with liver cirrhosis: a literature 
review and evidence-based recommendations. Hepat Mon. 
2014;14(10):e23539. Epub 2014/12/06

 23. Soleimanpour H, Safari S, Shahsavari Nia K, Sanaie S, Alavian 
SM. Opioid drugs in patients with liver disease: a systematic 
review. Hepat Mon. 2016;16(4):e32636. Epub 2016/06/04

 24. Yogaratnam D, Ditch K, Medeiros K, Miller MA, Smith BS. The 
impact of liver and renal dysfunction on the pharmacokinetics and 
pharmacodynamics of sedative and analgesic drugs in critically ill 
adult patients. Crit Care Nurs Clin North Am. 2016;28(2):183–94. 
Epub 2016/05/25

 25. Carson JL, Strom BL, Duff A, Gupta A, Das K. Safety of nonste-
roidal anti-inflammatory drugs with respect to acute liver disease. 
Arch Intern Med. 1993;153(11):1331–6. Epub 1993/06/14

 26. Fry SW, Seeff LB. Hepatotoxicity of analgesics and anti- 
inflammatory agents. Gastroenterol Clin N Am. 1995;24(4):875–
905. Epub 1995/12/01

17 Pharmacological Considerations in Acute and Chronic Liver Disease



228

 27. Horl WH. Nonsteroidal anti-inflammatory drugs and the kidney. 
Pharmaceuticals. 2010;3(7):2291–321. Epub 2010/07/21

 28. Ackerman Z, Cominelli F, Reynolds TB. Effect of misoprostol on 
ibuprofen-induced renal dysfunction in patients with decompen-
sated cirrhosis: results of a double-blind placebo-controlled par-
allel group study. Am J Gastroenterol. 2002;97(8):2033–9. Epub 
2002/08/23

 29. Boyer TD, Zia P, Reynolds TB. Effect of indomethacin and pros-
taglandin A1 on renal function and plasma renin activity in alco-
holic liver disease. Gastroenterology. 1979;77(2):215–22. Epub 
1979/08/01

 30. Brater DC, Anderson SA, Brown-Cartwright D. Reversible acute 
decrease in renal function by NSAIDs in cirrhosis. Am J Med Sci. 
1987;294(3):168–74. Epub 1987/09/01

 31. Mirouze D, Zipser RD, Reynolds TB. Effect of inhibitors of pros-
taglandin synthesis on induced diuresis in cirrhosis. Hepatology. 
1983;3(1):50–5. Epub 1983/01/01

 32. Perez-Ayuso RM, Arroyo V, Camps J, Rimola A, Gaya J, Costa 
J, et al. Evidence that renal prostaglandins are involved in renal 
water metabolism in cirrhosis. Kidney Int. 1984;26(1):72–80. 
Epub 1984/07/01

 33. Planas R, Arroyo V, Rimola A, Perez-Ayuso RM, Rodes 
J. Acetylsalicylic acid suppresses the renal hemodynamic effect 
and reduces the diuretic action of furosemide in cirrhosis with 
ascites. Gastroenterology. 1983;84(2):247–52. Epub 1983/02/01

 34. Quintero E, Gines P, Arroyo V, Rimola A, Camps J, Gaya J, 
et al. Sulindac reduces the urinary excretion of prostaglandins 
and impairs renal function in cirrhosis with ascites. Nephron. 
1986;42(4):298–303. Epub 1986/01/01

 35. De Ledinghen V, Heresbach D, Fourdan O, Bernard P, Liebaert- 
Bories MP, Nousbaum JB, et al. Anti-inflammatory drugs and 
variceal bleeding: a case-control study. Gut. 1999;44(2):270–3. 
Epub 1999/01/23

 36. Gepts E, Camu F, Cockshott ID, Douglas EJ. Disposition of 
propofol administered as constant rate intravenous infusions in 
humans. Anesth Analg. 1987;66(12):1256–63. Epub 1987/12/01

 37. Servin F, Cockshott ID, Farinotti R, Haberer JP, Winckler C, 
Desmonts JM. Pharmacokinetics of propofol infusions in patients 
with cirrhosis. Br J Anaesth. 1990;65(2):177–83. Epub 1990/08/01

 38. Servin F, Desmonts JM, Haberer JP, Cockshott ID, Plummer GF, 
Farinotti R. Pharmacokinetics and protein binding of propofol in 
patients with cirrhosis. Anesthesiology. 1988;69(6):887–91. Epub 
1988/12/01

 39. Amoros A, Aparicio JR, Garmendia M, Casellas JA, Martinez J, 
Jover R. Deep sedation with propofol does not precipitate hepatic 
encephalopathy during elective upper endoscopy. Gastrointest 
Endosc. 2009;70(2):262–8. Epub 2009/04/28

 40. Assy N, Rosser BG, Grahame GR, Minuk GY. Risk of seda-
tion for upper GI endoscopy exacerbating subclinical hepatic 
encephalopathy in patients with cirrhosis. Gastrointest Endosc. 
1999;49(6):690–4. Epub 1999/05/27

 41. Khamaysi I, William N, Olga A, Alex I, Vladimir M, Kamal D, 
et al. Sub-clinical hepatic encephalopathy in cirrhotic patients is 
not aggravated by sedation with propofol compared to midazolam: 
a randomized controlled study. J Hepatol. 2011;54(1):72–7. Epub 
2010/10/12

 42. Sharma P, Singh S, Sharma BC, Kumar M, Garg H, Kumar A, 
et al. Propofol sedation during endoscopy in patients with cir-
rhosis, and utility of psychometric tests and critical flicker fre-
quency in assessment of recovery from sedation. Endoscopy. 
2011;43(5):400–5. Epub 2011/05/07

 43. Agrawal A, Sharma BC, Sharma P, Uppal R, Sarin SK. Randomized 
controlled trial for endoscopy with propofol versus midazolam on 
psychometric tests and critical flicker frequency in people with 
cirrhosis. J Gastroenterol Hepatol. 2012;27(11):1726–32. Epub 
2012/08/07

 44. Lera dos Santos ME, Maluf-Filho F, Chaves DM, Matuguma SE, 
Ide E, Luz Gde O, et al. Deep sedation during gastrointestinal 
endoscopy: propofol-fentanyl and midazolam-fentanyl regimens. 
World J Gastroenterol. 2013;19(22):3439–46. Epub 2013/06/27

 45. Riphaus A, Lechowicz I, Frenz MB, Wehrmann T. Propofol 
sedation for upper gastrointestinal endoscopy in patients with 
liver cirrhosis as an alternative to midazolam to avoid acute dete-
rioration of minimal encephalopathy: a randomized, controlled 
study. Scand J Gastroenterol. 2009;44(10):1244–51. Epub 
2009/10/09

 46. Weston BR, Chadalawada V, Chalasani N, Kwo P, Overley CA, 
Symms M, et al. Nurse-administered propofol versus midazolam 
and meperidine for upper endoscopy in cirrhotic patients. Am J 
Gastroenterol. 2003;98(11):2440–7. Epub 2003/11/26

 47. Wong JM. Propofol infusion syndrome. Am J Ther. 
2010;17(5):487–91. Epub 2010/09/17

 48. Bray RJ. Propofol-infusion syndrome in children. Lancet. 
1999;353(9169):2074–5. Epub 1999/06/22

 49. Roberts RJ, Barletta JF, Fong JJ, Schumaker G, Kuper PJ, 
Papadopoulos S, et al. Incidence of propofol-related infusion syn-
drome in critically ill adults: a prospective, multicenter study. Crit 
Care. 2009;13(5):R169. Epub 2009/10/31

 50. Keegan MT, Plevak DJ. Preoperative assessment of the patient 
with liver disease. Am J Gastroenterol. 2005;100(9):2116–27. 
Epub 2005/09/01

 51. Soleimanpour H, Safari S, Rahmani F, Jafari Rouhi A, Alavian 
SM. Intravenous hypnotic regimens in patients with liver disease; 
a review article. Anesthesiol Pain Med. 2015;5(1):e23923. Epub 
2015/03/21

 52. Vaja R, McNicol L, Sisley I. Anaesthesia for patients with liver 
disease. Contin Educ Anaesth Crit Care Pain. 2009;10(1):15–9.

 53. Schwartz RBSG. Pharmacologic adjuncts to intubation. 6th ed. 
Philadelphia PA: Elsevier; 2014.

 54. Dasta JF, Kane-Gill SL, Pencina M, Shehabi Y, Bokesch PM, 
Wisemandle W, et al. A cost-minimization analysis of dexme-
detomidine compared with midazolam for long-term sedation in 
the intensive care unit. Crit Care Med. 2010;38(2):497–503. Epub 
2009/10/01

 55. Jakob SM, Ruokonen E, Grounds RM, Sarapohja T, Garratt C, 
Pocock SJ, et al. Dexmedetomidine vs midazolam or propofol 
for sedation during prolonged mechanical ventilation: two ran-
domized controlled trials. JAMA. 2012;307(11):1151–60. Epub 
2012/03/23

 56. Pandharipande PP, Pun BT, Herr DL, Maze M, Girard TD, Miller 
RR, et al. Effect of sedation with dexmedetomidine vs lorazepam 
on acute brain dysfunction in mechanically ventilated patients: the 
MENDS randomized controlled trial. JAMA. 2007;298(22):2644–
53. Epub 2007/12/13

 57. Riker RR, Shehabi Y, Bokesch PM, Ceraso D, Wisemandle W, 
Koura F, et al. Dexmedetomidine vs midazolam for sedation of 
critically ill patients: a randomized trial. JAMA. 2009;301(5):489–
99. Epub 2009/02/04

 58. Holliday SF, Kane-Gill SL, Empey PE, Buckley MS, Smithburger 
PL. Interpatient variability in dexmedetomidine response: a sur-
vey of the literature. ScientificWorldJournal. 2014;2014:805013. 
Epub 2014/02/22

 59. Valitalo PA, Ahtola-Satila T, Wighton A, Sarapohja T, Pohjanjousi 
P, Garratt C. Population pharmacokinetics of dexmedetomidine 
in critically ill patients. Clin Drug Investig. 2013;33(8):579–87. 
Epub 2013/07/11

 60. Hospira, Inc. Precedex [package insert]. Lake Forest, IL: Hospira, 
Inc.; 2016.

 61. Jacobi J, Fraser GL, Coursin DB, Riker RR, Fontaine D, Wittbrodt 
ET, et al. Clinical practice guidelines for the sustained use of 
sedatives and analgesics in the critically ill adult. Crit Care Med. 
2002;30(1):119–41. Epub 2002/03/21

W.J. Peppard et al.



229

 62. Swart EL, de Jongh J, Zuideveld KP, Danhof M, Thijs LG, Strack 
van Schijndel RJ. Population pharmacokinetics of lorazepam 
and midazolam and their metabolites in intensive care patients 
on continuous venovenous hemofiltration. Am J Kidney Dis. 
2005;45(2):360–71. Epub 2005/02/03

 63. Swart EL, Zuideveld KP, de Jongh J, Danhof M, Thijs LG, Strack 
van Schijndel RM. Comparative population pharmacokinetics of 
lorazepam and midazolam during long-term continuous infusion 
in critically ill patients. Br J Clin Pharmacol. 2004;57(2):135–45. 
Epub 2004/01/30

 64. Swart EL, Zuideveld KP, de Jongh J, Danhof M, Thijs LG, Strack 
van Schijndel RM. Population pharmacodynamic modelling of 
lorazepam- and midazolam-induced sedation upon long-term con-
tinuous infusion in critically ill patients. Eur J Clin Pharmacol. 
2006;62(3):185–94. Epub 2006/01/21

 65. Haq MM, Faisal N, Khalil A, Haqqi SA, Shaikh H, Arain 
N. Midazolam for sedation during diagnostic or therapeutic 
upper gastrointestinal endoscopy in cirrhotic patients. Eur J 
Gastroenterol Hepatol. 2012;24(10):1214–8. Epub 2012/07/13

 66. Lee PC, Yang YY, Lin MW, Hou MC, Huang CS, Lee KC, et al. 
Benzodiazepine-associated hepatic encephalopathy significantly 
increased healthcare utilization and medical costs of Chinese cir-
rhotic patients: 7-year experience. Dig Dis Sci. 2014;59(7):1603–
16. Epub 2014/02/01

 67. MacGilchrist AJ, Birnie GG, Cook A, Scobie G, Murray T, 
Watkinson G, et al. Pharmacokinetics and pharmacodynamics of 
intravenous midazolam in patients with severe alcoholic cirrhosis. 
Gut. 1986;27(2):190–5. Epub 1986/02/01

 68. Pentikainen PJ, Valisalmi L, Himberg JJ, Crevoisier 
C. Pharmacokinetics of midazolam following intravenous and oral 
administration in patients with chronic liver disease and in healthy 
subjects. J Clin Pharmacol. 1989;29(3):272–7. Epub 1989/03/01

 69. Trouvin JH, Farinotti R, Haberer JP, Servin F, Chauvin M, 
Duvaldestin P. Pharmacokinetics of midazolam in anaesthe-
tized cirrhotic patients. Br J Anaesth. 1988;60(7):762–7. Epub 
1988/06/01

 70. Rang HPDM, Ritter JM, Flower RJ. Pharmacology. 6th ed. 
Edinburgh: Churchill Livingstone; 2007.

 71. Greenblatt DJ. Clinical pharmacokinetics of oxazepam and loraz-
epam. Clin Pharmacokinet. 1981;6(2):89–105. Epub 1981/03/01

 72. Greenblatt DJ, Shader RI. Pharmacokinetic understanding of anti-
anxiety drug therapy. South Med J. 1978;71(Suppl 2):2–9. Epub 
1978/08/01

 73. Wilkinson GR. The effects of liver disease and aging on the dis-
position of diazepam, chlordiazepoxide, oxazepam and lorazepam 
in man. Acta Psychiatr Scand Suppl. 1978;274:56–74. Epub 
1978/01/01

 74. Anderson GD, Hakimian S. Pharmacokinetic of antiepileptic drugs 
in patients with hepatic or renal impairment. Clin Pharmacokinet. 
2014;53(1):29–49. Epub 2013/10/15

 75. Asconape JJ. Use of antiepileptic drugs in hepatic and renal dis-
ease. Handb Clin Neurol. 2014;119:417–32. Epub 2013/12/25

 76. Brockmoller J, Thomsen T, Wittstock M, Coupez R, Lochs H, 
Roots I. Pharmacokinetics of levetiracetam in patients with mod-
erate to severe liver cirrhosis (Child-Pugh classes A, B, and C): 
characterization by dynamic liver function tests. Clin Pharmacol 
Ther. 2005;77(6):529–41. Epub 2005/06/18

 77. Chalasani NP, Hayashi PH, Bonkovsky HL, Navarro VJ, Lee 
WM, Fontana RJ, et al. ACG clinical guideline: the diagnosis 
and management of idiosyncratic drug-induced liver injury. Am J 
Gastroenterol. 2014;109(7):950–66. quiz 67. Epub 2014/06/18

 78. Asconape JJ. The selection of antiepileptic drugs for the treatment 
of epilepsy in children and adults. Neurol Clin. 2010;28(4):843–
52. Epub 2010/09/08

 79. Ahmed SN, Siddiqi ZA. Antiepileptic drugs and liver disease. 
Seizure. 2006;15(3):156–64. Epub 2006/01/31

 80. Canabal JM, Kramer DJ. Management of sepsis in patients with 
liver failure. Curr Opin Crit Care. 2008;14(2):189–97. Epub 
2008/04/05

 81. Russell JA, Walley KR, Singer J, Gordon AC, Hebert PC, Cooper 
DJ, et al. Vasopressin versus norepinephrine infusion in patients 
with septic shock. N Engl J Med. 2008;358(9):877–87. Epub 
2008/02/29

 82. Runyon BA. Aasld. Introduction to the revised American associa-
tion for the study of liver diseases practice guideline management 
of adult patients with ascites due to cirrhosis 2012. Hepatology. 
2013;57(4):1651–3. Epub 2013/03/07

 83. Klotz U. Antiarrhythmics: elimination and dosage considerations 
in hepatic impairment. Clin Pharmacokinet. 2007;46(12):985–96. 
Epub 2007/11/22

 84. Regardh CG, Jordo L, Ervik M, Lundborg P, Olsson R, Ronn 
O. Pharmacokinetics of metoprolol in patients with hepatic cir-
rhosis. Clin Pharmacokinet. 1981;6(5):375–88. Epub 1981/09/01

 85. Latini R, Tognoni G, Kates RE. Clinical pharmacokinetics of 
amiodarone. Clin Pharmacokinet. 1984;9(2):136–56. Epub 
1984/03/01

 86. Gill J, Heel RC, Fitton A. Amiodarone. An overview of its phar-
macological properties, and review of its therapeutic use in car-
diac arrhythmias. Drugs. 1992;43(1):69–110. Epub 1992/01/01

 87. Kurosawa S, Kurosawa N, Owada E, Soeda H, Ito 
K. Pharmacokinetics of diltiazem in patients with liver cirrhosis. 
Int J Clin Pharmacol Res. 1990;10(6):311–8. Epub 1990/01/01

 88. Bernardi M, Calandra S, Colantoni A, Trevisani F, Raimondo ML, 
Sica G, et al. Q-T interval prolongation in cirrhosis: prevalence, 
relationship with severity, and etiology of the disease and pos-
sible pathogenetic factors. Hepatology. 1998;27(1):28–34. Epub 
1998/01/13

 89. Ramalingam VS, Ansari S, Fisher M. Respiratory complica-
tion in liver disease. Crit Care Clin. 2016;32(3):357–69. Epub 
2016/06/25

 90. Fix OK, Bass NM, De Marco T, Merriman RB. Long-term follow-
 up of portopulmonary hypertension: effect of treatment with epo-
prostenol. Liver Transpl. 2007;13(6):875–85. Epub 2007/06/01

 91. Krowka MJ, Frantz RP, McGoon MD, Severson C, Plevak DJ, 
Wiesner RH. Improvement in pulmonary hemodynamics dur-
ing intravenous epoprostenol (prostacyclin): a study of 15 
patients with moderate to severe portopulmonary hypertension. 
Hepatology. 1999;30(3):641–8. Epub 1999/08/26

 92. Sussman N, Kaza V, Barshes N, Stribling R, Goss J, O'Mahony C, 
et al. Successful liver transplantation following medical manage-
ment of portopulmonary hypertension: a single-center series. Am 
J Transpl. 2006;6(9):2177–82. Epub 2006/06/27

 93. Hoeper MM, Halank M, Marx C, Hoeffken G, Seyfarth HJ, 
Schauer J, et al. Bosentan therapy for portopulmonary hyperten-
sion. Eur Respir J. 2005;25(3):502–8. Epub 2005/03/02

 94. Reichenberger F, Voswinckel R, Steveling E, Enke B, Kreckel 
A, Olschewski H, et al. Sildenafil treatment for portopulmonary 
hypertension. Eur Respir J. 2006;28(3):563–7. Epub 2006/06/30

 95. Hildebrand M, Krause W, Angeli P, Koziol T, Gatta A, Merkel C, 
et al. Pharmacokinetics of iloprost in patients with hepatic dys-
function. Int J Clin Pharmacol Ther Toxicol. 1990;28(10):430–4. 
Epub 1990/10/01

 96. Actelion Pharmaceuticals, Inc. Veletri [package insert]. South San 
Francisco, CA: Actelion Pharmaceuticals, Inc.; 2016.

 97. United Therapeutics Corp. Remodulin [package insert]. Research 
Triangle Park, NC: United Therapeutics Corp; 2014.

 98. Peterson L, Marbury T, Marier J, Laliberte K. An evaluation of 
the pharmacokinetics of treprostinil diolamine in subjects with 
hepatic impairment. J Clin Pharm Ther. 2013;38(6):518–23. Epub 
2013/09/17

 99. Pfizer Labs. Revatio [package insert]. New York, NY: Pfizer Labs; 
2014.

17 Pharmacological Considerations in Acute and Chronic Liver Disease



230

 100. Pfizer Labs. Viagra [package insert]. New York, NY: Pfizer Labs; 
2015.

 101. Eli Lilly and Company. Adcirca [package insert]. Indianapolis, 
IN: Eli Lilly and Company; 2015.

 102. Forgue ST, Phillips DL, Bedding AW, Payne CD, Jewell H, 
Patterson BE, et al. Effects of gender, age, diabetes mellitus and 
renal and hepatic impairment on tadalafil pharmacokinetics. Br J 
Clin Pharmacol. 2007;63(1):24–35. Epub 2006/07/28

 103. Savale L, Magnier R, Le Pavec J, Jais X, Montani D, O'Callaghan 
DS, et al. Efficacy, safety and pharmacokinetics of bosentan in 
portopulmonary hypertension. Eur Respir J. 2013;41(1):96–103. 
Epub 2012/06/02

 104. Roustit M, Fonrose X, Montani D, Girerd B, Stanke-Labesque F, 
Gonnet N, et al. CYP2C9, SLCO1B1, SLCO1B3, and ABCB11 
polymorphisms in patients with bosentan-induced liver toxicity. 
Clin Pharmacol Ther. 2014;95(6):583–5. Epub 2014/05/21

 105. Pulido T, Adzerikho I, Channick RN, Delcroix M, Galie N, 
Ghofrani HA, et al. Macitentan and morbidity and mortality in 
pulmonary arterial hypertension. N Engl J Med. 2013;369(9):809–
18. Epub 2013/08/30

 106. Acetlion Pharmaceuticals US, Inc. Opsumit [package insert]. South 
San Francisco, CA: Acetlion Pharmaceuticals US, Inc.; 2016.

 107. Cartin-Ceba R, Swanson K, Iyer V, Wiesner RH, Krowka 
MJ. Safety and efficacy of ambrisentan for the treatment of por-
topulmonary hypertension. Chest. 2011;139(1):109–14. Epub 
2010/08/14

 108. Kumar R, Chawla YK, Garg SK, Dixit RK, Satapathy SK, Dhiman 
RK, et al. Pharmacokinetics of omeprazole in patients with liver 
cirrhosis and extrahepatic portal venous obstruction. Methods 
Find Exp Clin Pharmacol. 2003;25(8):625–30. Epub 2003/12/13

 109. AstraZenica Pharmaceuticals LP. Nexium [package insert]. 
Wilmington, DE: AstraZenica Pharmaceuticals LP; 2016.

 110. Delhotal-Landes B, Flouvat B, Duchier J, Molinie P, Dellatolas 
F, Lemaire M. Pharmacokinetics of lansoprazole in patients with 
renal or liver disease of varying severity. Eur J Clin Pharmacol. 
1993;45(4):367–71. Epub 1993/01/01

 111. Ferron GM, Preston RA, Noveck RJ, Pockros P, Mayer P, Getsy J, 
et al. Pharmacokinetics of pantoprazole in patients with moderate 
and severe hepatic dysfunction. Clin Ther. 2001;23(8):1180–92. 
Epub 2001/09/18

 112. Vincon G, Baldit C, Couzigou P, Demotes-Mainard F, Elouaer- 
Blanc L, Bannwarth B, et al. Pharmacokinetics of famotidine 
in patients with cirrhosis and ascites. Eur J Clin Pharmacol. 
1992;43(5):559–62. Epub 1992/01/01

 113. Merck & Co, Inc. Pepcid [package insert]. Whitehouse Station, 
NJ: Merck & Co, Inc.; 2011.

 114. Vial T, Goubier C, Bergeret A, Cabrera F, Evreux JC, Descotes 
J. Side effects of ranitidine. Drug Saf. 1991;6(2):94–117. Epub 
1991/03/01

 115. Olson JC, Saeian K. Gastrointestinal Issues in Liver Disease. Crit 
Care Clin. 2016;32(3):371–84. Epub 2016/06/25

 116. Albani F, Tame MR, De Palma R, Bernardi M. Kinetics of intrave-
nous metoclopramide in patients with hepatic cirrhosis. Eur J Clin 
Pharmacol. 1991;40(4):423–5. Epub 1991/01/01

 117. Bernardi M, Trevisani F, Gasbarrini G. Metoclopramide 
administration in advanced liver disease. Gastroenterology. 
1986;91(2):523. Epub 1986/08/01

 118. Magueur E, Hagege H, Attali P, Singlas E, Etienne JP, Taburet 
AM. Pharmacokinetics of metoclopramide in patients with 
liver cirrhosis. Br J Clin Pharmacol. 1991;31(2):185–7. Epub 
1991/02/01

 119. Uribe M, Ballesteros A, Strauss R, Rosales J, Garza J, Villalobos 
A, et al. Successful administration of metoclopramide for the 
treatment of nausea in patients with advanced liver disease. A 
double-blind controlled trial. Gastroenterology. 1985;88(3):757–
62. Epub 1985/03/01

 120. Baxter Healthcare Corporation. Reglan [package insert]. 
Deerfield, IL: Baxter Healthcare Corporation; 2010.

 121. GlaxcoSmithKline. Zofran [package insert]. Research Triangle 
Park, NC: GlaxcoSmithKline; 2014.

 122. Figg WD, Dukes GE, Pritchard JF, Hermann DJ, Lesesne HR, 
Carson SW, et al. Pharmacokinetics of ondansetron in patients 
with hepatic insufficiency. J Clin Pharmacol. 1996;36(3):206–15. 
Epub 1996/03/01

 123. Heit JA, Silverstein MD, Mohr DN, Petterson TM, O'Fallon WM, 
Melton LJ 3rd. Risk factors for deep vein thrombosis and pul-
monary embolism: a population-based case-control study. Arch 
Intern Med. 2000;160(6):809–15. Epub 2000/03/29

 124. Wu H, Nguyen GC. Liver cirrhosis is associated with venous throm-
boembolism among hospitalized patients in a nationwide US study. 
Clin Gastroenterol Hepatol. 2010;8(9):800–5. Epub 2010/06/23

 125. Reichert JA, Hlavinka PF, Stolzfus JC. Risk of hemorrhage in 
patients with chronic liver disease and coagulopathy receiv-
ing pharmacologic venous thromboembolism prophylaxis. 
Pharmacotherapy. 2014;34(10):1043–9. Epub 2014/07/24

 126. Shatzel J, Dulai PS, Harbin D, Cheung H, Reid TN, Kim J, et al. 
Safety and efficacy of pharmacological thromboprophylaxis for 
hospitalized patients with cirrhosis: a single-center retrospective 
cohort study. J Thromb Haemost. 2015;13(7):1245–53. Epub 
2015/05/09

 127. Kahn SR, Lim W, Dunn AS, Cushman M, Dentali F, Akl EA, et al. 
Prevention of VTE in nonsurgical patients: antithrombotic therapy 
and prevention of thrombosis, 9th ed: American college of chest 
physicians evidence-based clinical practice guidelines. Chest. 
2012;141(2 Suppl):e195S–226S. Epub 2012/02/15

 128. Al-Dorzi HM, Tamim HM, Aldawood AS, Arabi YM. Venous 
thromboembolism in critically ill cirrhotic patients: practices of 
prophylaxis and incidence. Thrombosis. 2013;2013:807526. Epub 
2014/01/05

 129. Linkins LA, Dans AL, Moores LK, Bona R, Davidson BL, 
Schulman S, et al. Treatment and prevention of heparin-induced 
thrombocytopenia: antithrombotic therapy and prevention 
of thrombosis, 9th ed: American college of chest physicians 
evidence- based clinical practice guidelines. Chest. 2012;141(2 
Suppl):e495S–530S. Epub 2012/02/15

 130. Swan SK, Hursting MJ. The pharmacokinetics and pharmaco-
dynamics of argatroban: effects of age, gender, and hepatic or 
renal dysfunction. Pharmacotherapy. 2000;20(3):318–29. Epub 
2000/03/24

 131. Levine RL, Hursting MJ, McCollum D. Argatroban therapy in 
heparin-induced thrombocytopenia with hepatic dysfunction. 
Chest. 2006;129(5):1167–75. Epub 2006/05/11

 132. Keegan SP, Gallagher EM, Ernst NE, Young EJ, Mueller 
EW. Effects of critical illness and organ failure on therapeutic 
argatroban dosage requirements in patients with suspected or con-
firmed heparin-induced thrombocytopenia. Ann Pharmacother. 
2009;43(1):19–27. Epub 2009/01/01

 133. Saugel B, Phillip V, Moessmer G, Schmid RM, Huber 
W. Argatroban therapy for heparin-induced thrombocytopenia in 
ICU patients with multiple organ dysfunction syndrome: a retro-
spective study. Crit Care. 2010;14(3):R90. Epub 2010/05/22

 134. Nanchal RS, Ahmad S. Infections in liver disease. Crit Care Clin. 
2016;32(3):411–24. Epub 2016/06/25

 135. Arvaniti V, D'Amico G, Fede G, Manousou P, Tsochatzis E, 
Pleguezuelo M, et al. Infections in patients with cirrhosis increase 
mortality four-fold and should be used in determining prog-
nosis. Gastroenterology. 2010;139(4):1246–56. 56 e1-5. Epub 
2010/06/19

 136. Fernandez J, Acevedo J, Castro M, Garcia O, de Lope CR, 
Roca D, et al. Prevalence and risk factors of infections by mul-
tiresistant bacteria in cirrhosis: a prospective study. Hepatology. 
2012;55(5):1551–61. Epub 2011/12/21

W.J. Peppard et al.



231

 137. Fernandez J, Navasa M, Gomez J, Colmenero J, Vila J, Arroyo 
V, et al. Bacterial infections in cirrhosis: epidemiological changes 
with invasive procedures and norfloxacin prophylaxis. Hepatology. 
2002;35(1):140–8. Epub 2002/01/12

 138. Merli M, Lucidi C, Giannelli V, Giusto M, Riggio O, Falcone M, 
et al. Cirrhotic patients are at risk for health care-associated bac-
terial infections. Clin Gastroenterol Hepatol. 2010;8(11):979–85. 
Epub 2010/07/14

 139. Rolando N, Harvey F, Brahm J, Philpott-Howard J, Alexander 
G, Casewell M, et al. Fungal infection: a common, unrecognised 
complication of acute liver failure. J Hepatol. 1991;12(1):1–9. 
Epub 1991/01/01

 140. Rolando N, Harvey F, Brahm J, Philpott-Howard J, Alexander 
G, Gimson A, et al. Prospective study of bacterial infection 
in acute liver failure: an analysis of fifty patients. Hepatology. 
1990;11(1):49–53. Epub 1990/01/01

 141. Jalan R, Fernandez J, Wiest R, Schnabl B, Moreau R, Angeli P, 
et al. Bacterial infections in cirrhosis: a position statement based on 
the EASL special conference 2013. J Hepatol. 2014;60(6):1310–
24. Epub 2014/02/18

 142. Halilovic J, Heintz BH. Antibiotic dosing in cirrhosis. Am J 
Health Syst Pharm. 2014;71(19):1621–34. Epub 2014/09/17

 143. Roberts JA, Paul SK, Akova M, Bassetti M, De Waele JJ, 
Dimopoulos G, et al. DALI: defining antibiotic levels in intensive 
care unit patients: are current beta-lactam antibiotic doses suffi-
cient for critically ill patients? Clin Infect Dis. 2014;58(8):1072–
83. Epub 2014/01/17

 144. Udy AA, Roberts JA, Lipman J. Clinical implications of antibi-
otic pharmacokinetic principles in the critically ill. Intensive Care 
Med. 2013;39(12):2070–82. Epub 2013/09/21

 145. Moore RD, Smith CR, Lietman PS. Increased risk of renal dys-
function due to interaction of liver disease and aminoglycosides. 
Am J Med. 1986;80(6):1093–7. Epub 1986/06/01

 146. Singh N, Yu VL, Mieles LA, Wagener MM. Beta-Lactam 
antibiotic- induced leukopenia in severe hepatic dysfunction: risk 
factors and implications for dosing in patients with liver disease. 
Am J Med. 1993;94(3):251–6. Epub 1993/03/01

 147. Starr SP, Raines D. Cirrhosis: diagnosis, management, and preven-
tion. Am Fam Physician. 2011;84(12):1353–9. Epub 2012/01/11

 148. Eshraghian A, Taghavi SA. Systematic review: endocrine 
abnormalities in patients with liver cirrhosis. Arch Iran Med. 
2014;17(10):713–21. Epub 2014/10/13

 149. Garcia-Compean D, Gonzalez-Gonzalez JA, Lavalle-Gonzalez 
FJ, Gonzalez-Moreno EI, Maldonado-Garza HJ, Villarreal-
Perez JZ. The treatment of diabetes mellitus of patients with 
chronic liver disease. Ann Hepatol. 2015;14(6):780–8. Epub 
2015/10/06

 150. Griesdale DE, de Souza RJ, van Dam RM, Heyland DK, Cook DJ, 
Malhotra A, et al. Intensive insulin therapy and mortality among 
critically ill patients: a meta-analysis including NICE-SUGAR 
study data. CMAJ. 2009;180(8):821–7. Epub 2009/03/26

 151. Chung K, Bang S, Kim Y, Chang H. Intraoperative severe hypo-
glycemia indicative of post-hepatectomy liver failure. J Anesth. 
2016;30(1):148–51. Epub 2015/09/04

 152. Pfortmueller CA, Wiemann C, Funk GC, Leichtle AB, Fiedler 
GM, Exadaktylos AK, et al. Hypoglycemia is associated with 
increased mortality in patients with acute decompensated liver 
cirrhosis. J Crit Care. 2014;29(2):316 e7–12. Epub 2013/12/18

 153. American DA. 13. Diabetes care in the hospital. Diabetes Care. 
2016;39(Suppl 1):S99–104. Epub 2015/12/24

 154. Ahmadieh H, Azar ST. Liver disease and diabetes: association, 
pathophysiology, and management. Diabetes Res Clin Pract. 
2014;104(1):53–62. Epub 2014/02/04

 155. Huang MJ, Liaw YF. Clinical associations between thyroid and 
liver diseases. J Gastroenterol Hepatol. 1995;10(3):344–50. Epub 
1995/05/01

 156. Silveira MG, Mendes FD, Diehl NN, Enders FT, Lindor 
KD. Thyroid dysfunction in primary biliary cirrhosis, primary 
sclerosing cholangitis and non-alcoholic fatty liver disease. Liver 
Int. 2009;29(7):1094–100. Epub 2009/03/18

 157. Tas A, Koklu S, Beyazit Y, Kurt M, Sayilir A, Yesil Y, et al. Thyroid 
hormone levels predict mortality in intensive care patients with 
cirrhosis. Am J Med Sci. 2012;344(3):175–9. Epub 2011/12/07

 158. Caregaro L, Alberino F, Amodio P, Merkel C, Angeli P, Plebani 
M, et al. Nutritional and prognostic significance of serum hypothy-
roxinemia in hospitalized patients with liver cirrhosis. J Hepatol. 
1998;28(1):115–21. Epub 1998/04/16

 159. Fernandez J, Escorsell A, Zabalza M, Felipe V, Navasa M, Mas 
A, et al. Adrenal insufficiency in patients with cirrhosis and sep-
tic shock: effect of treatment with hydrocortisone on survival. 
Hepatology. 2006;44(5):1288–95. Epub 2006/10/24

 160. Iihara N, Kurosaki Y, Takada M, Morita S. Risk of hypoglycemia 
associated with thyroid agents is increased in patients with liver 
impairment. Int J Clin Pharmacol Ther. 2008;46(1):1–13. Epub 
2008/01/26

 161. Anastasiadis SN, Giouleme OI, Germanidis GS, Vasiliadis 
TG. Relative adrenal insufficiency in cirrhotic patients. Clin Med 
Insights Gastroenterol. 2015;8:13–7. Epub 2015/03/18

 162. Marik PE, Gayowski T, Starzl TE, Hepatic Cortisol R, Adrenal 
Pathophysiology Study G. The hepatoadrenal syndrome: a 
common yet unrecognized clinical condition. Crit Care Med. 
2005;33(6):1254–9. Epub 2005/06/09

 163. Trifan A, Chiriac S, Stanciu C. Update on adrenal insuffi-
ciency in patients with liver cirrhosis. World J Gastroenterol. 
2013;19(4):445–56. Epub 2013/02/06

 164. Fede G, Spadaro L, Tomaselli T, Privitera G, Piro S, Rabuazzo 
AM, et al. Assessment of adrenocortical reserve in stable patients 
with cirrhosis. J Hepatol. 2011;54(2):243–50. Epub 2010/11/09

 165. Thevenot T, Borot S, Remy-Martin A, Sapin R, Cervoni JP, 
Richou C, et al. Assessment of adrenal function in cirrhotic 
patients using concentration of serum-free and salivary cortisol. 
Liver Int. 2011;31(3):425–33. Epub 2011/02/02

 166. Dorin RI, Qualls CR, Crapo LM. Diagnosis of adrenal insuffi-
ciency. Ann Intern Med. 2003;139(3):194–204. Epub 2003/08/06

 167. Kazlauskaite R, Evans AT, Villabona CV, Abdu TA, Ambrosi B, 
Atkinson AB, et al. Corticotropin tests for hypothalamic-pituitary- 
adrenal insufficiency: a metaanalysis. J Clin Endocrinol Metab. 
2008;93(11):4245–53. Epub 2008/08/14

 168. Degand T, Monnet E, Durand F, Grandclement E, Ichai P, Borot 
S, et al. Assessment of adrenal function in patients with acute 
hepatitis using serum free and total cortisol. Dig Liver Dis. 
2015;47(9):783–9. Epub 2015/06/17

 169. Vincent RP, Etogo-Asse FE, Dew T, Bernal W, Alaghband-Zadeh 
J, le Roux CW. Serum total cortisol and free cortisol index give 
different information regarding the hypothalamus-pituitary- 
adrenal axis reserve in patients with liver impairment. Ann Clin 
Biochem. 2009;46(Pt 6):505–7. Epub 2009/09/04

 170. Bornstein SR, Allolio B, Arlt W, Barthel A, Don-Wauchope A, 
Hammer GD, et al. Diagnosis and treatment of primary adrenal 
insufficiency: an endocrine society clinical practice guideline. J 
Clin Endocrinol Metab. 2016;101(2):364–89. Epub 2016/01/14

 171. Arabi YM, Aljumah A, Dabbagh O, Tamim HM, Rishu AH, 
Al-Abdulkareem A, et al. Low-dose hydrocortisone in patients 
with cirrhosis and septic shock: a randomized controlled trial. 
CMAJ. 2010;182(18):1971–7. Epub 2010/11/10

 172. Harry R, Auzinger G, Wendon J. The effects of supraphysiologi-
cal doses of corticosteroids in hypotensive liver failure. Liver Int. 
2003;23(2):71–7. Epub 2003/03/26

 173. Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal 
SM, et al. Surviving sepsis campaign: international guidelines for 
management of severe sepsis and septic shock, 2012. Intensive 
Care Med. 2013;39(2):165–228. Epub 2013/01/31

17 Pharmacological Considerations in Acute and Chronic Liver Disease



232

 174. Nolin TD, Aronoff GR, Fissell WH, Jain L, Madabushi R, 
Reynolds K, et al. Pharmacokinetic assessment in patients 
receiving continuous RRT: perspectives from the kidney health 
initiative. Clin J Am Soc Nephrol. 2015;10(1):159–64. Epub 
2014/09/06

 175. Larsen FS, Schmidt LE, Bernsmeier C, Rasmussen A, Isoniemi 
H, Patel VC, et al. High-volume plasma exchange in patients with 
acute liver failure: an open randomised controlled trial. J Hepatol. 
2016;64(1):69–78. Epub 2015/09/02

 176. Karvellas CJ, Subramanian RM. Current evidence for extracor-
poreal liver support systems in acute liver failure and acute-on- 
chronic liver failure. Crit Care Clin. 2016;32(3):439–51. Epub 
2016/06/25

 177. Majcher-Peszynska J, Peszynski P, Muller SC, Klammt S, Wacke 
R, Mitzner S, et al. Drugs in liver disease and during albumin 
dialysis -MARS. Zeitschrift fur Gastroenterologie. 2001;39(Suppl 
2):33–5. Epub 2005/10/11

 178. Roth GA, Sipos W, Hoferl M, Bohmdorfer M, Schmidt EM, 
Hetz H, et al. The effect of the molecular adsorbent recirculat-
ing system on moxifloxacin and meropenem plasma levels. Acta 
Anaesthesiol Scand. 2013;57(4):461–7. Epub 2012/12/15

 179. Personett HA, Larson SL, Frazee EN, Nyberg SL, El-Zoghby 
ZM. Extracorporeal elimination of piperacillin/tazobactam 
during molecular adsorbent recirculating system therapy. 
Pharmacotherapy. 2015;35(8):e136–9. Epub 2015/08/21

 180. Ruggero MA, Argento AC, Heavner MS, Topal JE. Molecular 
adsorbent recirculating system (MARS((R))) removal of piper-
acillin/tazobactam in a patient with acetaminophen-induced 
acute liver failure. Transpl Infect Dis. 2013;15(2):214–8. Epub 
2013/01/03

 181. Mueller SC, Majcher-Peszynska J, Hickstein H, Francke A, 
Pertschy A, Schulz M, et al. Pharmacokinetics of piperacillin- 
tazobactam in anuric intensive care patients during continu-
ous venovenous hemodialysis. Antimicrob Agents Chemother. 
2002;46(5):1557–60. Epub 2002/04/18

 182. Matthew AW. Performance standards for antimicrobial suscepti-
bility testing. Clinical and Laboratory Standards Institute: Wayne, 
PA; 2014.

 183. Personett HA, Larson SL, Frazee EN, Nyberg SL, Leung N, 
El-Zoghby ZM. Impact of molecular adsorbent recirculating sys-

tem therapy on tacrolimus elimination: a case report. Transplant 
Proc. 2014;46(7):2440–2. Epub 2014/07/16

 184. Wittebole X, Hantson P. Use of the molecular adsorbent recircu-
lating system (MARS) for the management of acute poisoning 
with or without liver failure. Clin Toxicol. 2011;49(9):782–93. 
Epub 2011/11/15

 185. Mousavi S, Levcovich B, Mojtahedzadeh M. A systematic review 
on pharmacokinetic changes in critically ill patients: role of extra-
corporeal membrane oxygenation. Daru. 2011;19(5):312–21. 
Epub 2011/01/01

 186. Mehta NM, Halwick DR, Dodson BL, Thompson JE, Arnold 
JH. Potential drug sequestration during extracorporeal membrane 
oxygenation: results from an ex vivo experiment. Intensive Care 
Med. 2007;33(6):1018–24. Epub 2007/04/04

 187. Shekar K, Fraser JF, Smith MT, Roberts JA. Pharmacokinetic 
changes in patients receiving extracorporeal membrane oxygen-
ation. J Crit Care. 2012;27(6):741 e9–18. Epub 2012/04/24

 188. Shekar K, Roberts JA, Ghassabian S, Mullany DV, Ziegenfuss 
M, Smith MT, et al. Sedation during extracorporeal mem-
brane oxygenation-why more is less. Anaesth Intensive Care. 
2012;40(6):1067–9. Epub 2012/12/01

 189. Shekar K, Roberts JA, McDonald CI, Fisquet S, Barnett AG, 
Mullany DV, et al. Sequestration of drugs in the circuit may lead to 
therapeutic failure during extracorporeal membrane oxygenation. 
Crit Care. 2012;16(5):R194. Epub 2012/10/17

 190. Shekar K, Roberts JA, Mullany DV, Corley A, Fisquet S, Bull TN, 
et al. Increased sedation requirements in patients receiving extra-
corporeal membrane oxygenation for respiratory and cardiorespi-
ratory failure. Anaesth Intensive Care. 2012;40(4):648–55. Epub 
2012/07/21

 191. Shekar K, Roberts JA, McDonald CI, Ghassabian S, Anstey C, 
Wallis SC, et al. Protein-bound drugs are prone to sequestration in 
the extracorporeal membrane oxygenation circuit: results from an 
ex vivo study. Crit Care. 2015;19:164. Epub 2015/04/19

 192. Shekar K, Fraser JF, Roberts JA. Can optimal drug dos-
ing during ECMO improve outcomes? Intensive Care Med. 
2013;39(12):2237. Epub 2013/09/17

 193. Goncalves-Pereira J, Oliveira B. Antibiotics and extracorporeal 
circulation–one size does not fit all. Crit Care. 2014;18(6):695. 
Epub 2015/02/13

W.J. Peppard et al.


	17: Pharmacological Considerations in Acute and Chronic Liver Disease
	17.1	 Pharmacokinetics/Pharmacodynamics
	17.1.1 Absorption
	17.1.2 Distribution
	17.1.3 Metabolism and Elimination

	17.2	 Neurology
	17.2.1 Analgesics
	17.2.1.1	 Monitoring
	17.2.1.2	 Acetaminophen
	17.2.1.3	 Opioid
	17.2.1.4	 Other
	17.2.1.5	 NSAIDS

	17.2.2 Sedatives
	17.2.2.1	 Therapeutic Goals
	17.2.2.2	 Propofol
	17.2.2.3	 Dexmedetomidine
	17.2.2.4	 Benzodiazepine

	17.2.3 Antiepileptics

	17.3	 Cardiovascular
	17.3.1 Vasopressors
	17.3.2 Beta-adrenoreceptor Antagonists and Calcium Channel Blockers
	17.3.3 Calcium Channel Blockers
	17.3.4 Antiarrhythmics

	17.4	 Pulmonary
	17.4.1 Synthetic Prostacyclins
	17.4.2 Phosphodiesterase Inhibitors
	17.4.3 Endothelin Receptor Antagonists

	17.5	 Renal
	17.6	 Gastrointestinal
	17.6.1 Proton Pump Inhibitors
	17.6.1.1	 Omeprazole
	17.6.1.2	 Esomeprazole
	17.6.1.3	 Lansoprazole
	17.6.1.4	 Pantoprazole

	17.6.2 Histamine-2 Receptor Antagonists
	17.6.3 Anti-emetics
	17.6.3.1	 Metoclopramide
	17.6.3.2	 Ondansetron


	17.7	 Hematology
	17.7.1 Venous Thromboembolism Prophylaxis and Anticoagulation
	17.7.2 Heparin-Induced Thrombocytopenia

	17.8	 Infectious Disease
	17.9	 Endocrine
	17.9.1 Glycemic Control
	17.9.2 Thyroid
	17.9.3 Adrenal Insufficiency

	17.10	 Special Populations
	17.10.1 Continuous Renal Replacement Therapy
	17.10.2 Extracorporeal Liver Support Systems
	17.10.2.1	 Drug Considerations

	17.10.3 Extracorporeal Membrane Oxygenation

	17.11	 Chapter Assessment Questions (Bold Emphasis Answers are Correct)
	References


