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Abstract

Haemodynamic, metabolic, and biochemical derangements in critically ill patients affect drug pharmacokinetics and pharma-
codynamics making dose optimisation particularly challenging. Appropriate therapeutic dosing depends on the knowledge
of the physiologic changes caused by the patient’s comorbidities, underlying disease, resuscitation strategies, and polyphar-
macy. Critical illness will result in altered drug protein binding, ionisation, and volume of distribution; it will also decrease
oral drug absorption, intestinal and hepatic metabolism, and renal clearance. In contrast, the resuscitation strategies and the
use of vasoactive drugs may oppose these effects by leading to a hyperdynamic state that will increase blood flow towards
the major organs including the brain, heart, kidneys, and liver, with the subsequent increase of drug hepatic metabolism and
renal excretion. Metabolism is the main mechanism for drug clearance and is one of the main pharmacokinetic processes
affected; it is influenced by patient-specific factors, such as comorbidities and genetics; therapeutic-specific factors, includ-
ing drug characteristics and interactions; and disease-specific factors, like organ dysfunction. Moreover, organ support such
as mechanical ventilation, renal replacement therapy, and extracorporeal membrane oxygenation may contribute to both
inter- and intra-patient variability of drug pharmacokinetics. The combination of these competing factors makes it difficult to
predict drug response in critically ill patients. Pharmacotherapy targeted to therapeutic goals and therapeutic drug monitor-
ing is currently the best option for the safe care of the critically ill. The aim of this paper is to review the alterations in drug
pharmacokinetics associated with critical illness and to summarise the available evidence.

increased by the heterogeneity of patients admitted with
a broad spectrum of diseases [1, 2]. Drug pharmacody-

Haemodynamic, metabolic, and biochemical derange-
ments in critically ill patients affect drug pharmacokinet-
ics (PK) and pharmacodynamics (PD).

Organ support such as mechanical ventilation (MV),
renal replacement therapy (RRT), and extracorporeal
membrane oxygenation (ECMO) may contribute to both
inter- and intra-patient variability to the drug’s pharma-
cokinetics.

Target drug therapy and goal-directed therapy remain the
best tools for personalised and safe drug dosing in criti-
cally ill patients.

1 Introduction

Appropriate drug dosing in the intensive care unit (ICU)
is crucial for therapeutic success. Nevertheless, the level
of pharmacotherapy complexity in ICU populations is

Extended author information available on the last page of the article

namics (PD) will depend on the achieved concentration
of the active compounds at the target site. This concen-
tration will be the result of the drug’s pharmacokinetic
(PK) characteristics, including absorption, distribution,
metabolism, and excretion (ADME) [3, 4]. While diverse
factors affect critically ill patients’ drug ADME (Table 1),
there are three key determinants for PK/PD alterations
[5]. First, in ICU patients, multiple medications are often
required to treat the underlying disorder and coexisting
comorbidities, increasing the risk of drug-drug interac-
tions (DDIs) and adverse drug events (ADEs) [1, 2, 6,
7]. Second, critical illness results in pathophysiologic
changes that may modify the medications’ exposure [3].
For instance, haemodynamic, metabolic, and biochemical
derangements in critically ill patients modify drug PK/
PD making dose optimisation particularly challenging [1,
2]. As an example, impaired piperacillin penetration to
muscle and adipose tissues has been described in patients
with septic shock, leading to higher rates of therapeutic
failures. Finally, organ support such as mechanical ven-
tilation (MV), renal replacement therapy (RRT), and
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extracorporeal membrane oxygenation (ECMO) can con-
tribute to inter and intra-patient variability in the drug’s
volume of distribution (Vd), metabolism, and clearance
(€D [2, 8, 9].

For the aforementioned reasons, critically ill patients
require a high degree of individualisation to achieve appro-
priate pharmacotherapy [2]. Understanding the PK/PD
changes during critical illness may help to improve thera-
peutic success and decrease adverse events [7, 10]. How-
ever, there is limited evidence to guide bedside clinicians
[2]. In addition, the implications of critical illness on drug
metabolism are particularly relevant because this is the main
mechanism for drug clearance [7, 10]. The aim of this paper
is to review drug metabolism and pharmacokinetic altera-
tions associated with critical illness and to summarise the
evidence available.

1.1 Drug Metabolism and the Liver

Drugs need to be lipophilic to cross biological membranes,
hence lipophilicity is one of the determinants of the drug’s
volume of distribution (Vd). However, lipid-soluble com-
pounds are difficult to excrete. As a result, lipophilic drugs
generally have a high Vd, high tissue penetration, and low
urine excretion [3, 11]. Drug metabolism is the process used

by the body to modify a chemical compound, and, in most
cases increase water solubility and enhance excretion [6].
The vast majority of drug metabolism occurs in the liver,
and to a lesser extent, in other organs such as the small intes-
tine, lungs, brain, and kidneys [2, 6]. Drug metabolism is
influenced by patient-specific factors, such as comorbidities,
obesity, age, sex, and genetics; therapeutic-specific factors,
including drug characteristics and drug interactions; type
of nutrition or feeding, and its effect on hepatic and intesti-
nal blood flow; and disease-specific factors, like circulatory
changes that impair organ perfusion and alter drug Vd [6,
7, 12].

The extent of hepatic drug metabolism results from three
factors: hepatic blood flow, unbound or free drug concentra-
tion, and the enzymatic capacity of hepatocytes. The first
two factors will determine the hepatic extraction ratio (ER).
Extraction ratio is the fraction of drug cleared from the
blood after passing through the liver. Drugs can be classi-
fied as having high (> 70%), intermediate (30-70%) or low
(< 30%) ER [1, 2, 13]. Drugs with high ER, like propofol
and fentanyl, will be highly affected by hepatic blood flow,
but to a lesser degree by enzyme function. Conversely, drugs
with low hepatic ER, like phenytoin and ceftriaxone, are
relatively flow independent, and clearance is related to enzy-
matic activity and protein binding [2, 13-15].

Table 1 Pharmacokinetic changes associated with critical illness [2, 8, 10-13]

PK process Physiologic changes PK changes

Clinical ICU examples

Absorption

Distribution

Metabolism

Elimination

Increase gastric pH due to PPIs and
H,RA therapy

Diminished perfusion to GI tract, reduced
motility, intestinal atrophy

Decrease intestine apical drug transport-
ers

Redistribution of blood flow with lower
perfusion to peripheral tissues

Hypovolaemia and hypoperfusion

Fluid shifts and volume resuscitation

Decrease in albumin
Increase in alfal-acid glycoprotein

Induction or inhibition of hepatic
enzymes by illness or drugs

Reduction in hepatic flow

AKI

Increased renal flow

RRT

Decrease absorption of weak bases
Reduction in drug peak and AUC

Altered AUC for transporters substrates
(P-glycoprotein)

Decrease in transdermal, sublingual,
intramuscular absorption

Reduction in Vd

Increase Vd, reduction of drug concentra-
tion in peripheral tissues

Increase free concentration of acid drugs

Reduced drug concentration of basic
drugs

Increase or reduced clearance of low
hepatic clearance drugs

Decreased clearance of high hepatic
clearance drugs

Reduced renal metabolism and clearance

Increase renal clearance

Variable effect

Decreased clopidogrel AUC

Suboptimal levels of oral acetaminophen
and clopidogrel

Cyclophosphamide increased intracellular
doses

Suboptimal concentrations of SC enoxa-
parin

Suboptimal antibiotic levels at target sites,
i.e., piperacillin tazobactam

Required higher doses of gentamicin,
ceftazidime, meropenem

Valproic acid toxicity

Decrease of free alfentanil

Phenytoin induction of its metabolism

Increase in propranolol and lidocaine
concentration

Morphine active metabolite accumulation

Increase clearance of vancomycin, flu-
conazole

Meropenem increased dose in RRT

AKI acute kidney injury, AUC area under the curve, GI gastrointestinal, H,RA histamine-2-receptor antagonist, /CU intensive care unit, PK phar-
macokinetics, PPIs proton pump inhibitors, RRT renal replacement therapy, SC subcutaneous, Vd volume of distribution
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The third relevant factor for metabolism, the enzymatic
capacity of hepatocytes, is determined by the metabolic reac-
tions. These reactions are classified into two groups: Phase I
and Phase II; however, these are not necessarily sequential
[2, 6, 7]. Phase I reactions are performed by cytochrome
P450 enzymes (CYPs) that catalyse the oxidation, reduction,
and hydrolysis of drugs, and endogenous compounds [7].
The CYP enzymes are located in the smooth endoplasmic
reticulum of the hepatocytes, the villous epithelium of the
small intestine, the lungs, kidneys and brain [7]. Phase II
reactions consist of glucuronidation, sulfation, methylation,
or acetylation reactions that add large polar molecules to the
parent drugs or metabolites to increase renal excretion [2].
These Phase II enzymes are mainly expressed in the liver,
kidneys, and small intestine [6, 7, 11, 16].

Cytochrome P450 enzyme activity results in increased
hydrophilicity with different possible effects that include:
an increase in efficacy by activating prodrugs, a decrease
in drug activity or toxicity by compound inactivation, or
increased toxicity by the generation of toxic metabolites
[2, 12, 17]. The prediction of Phase I reactions is complex
because a single CYP is capable of metabolising different
substrates or metabolising one molecule at different sites
producing multiple metabolites, also multiple CYPs can
be involved in the metabolism of one drug (Table 2) [11].
Cytochrome P450 enzymes 3A4, 3A5, 2C9, 2C19, and 2D6
account for 80% of Phase I reactions, but CYP3A4 is respon-
sible for the metabolism of 50% of currently marketed drugs
[6,7,11, 17].

Cytochrome P450 enzyme 3A4 substrates are structur-
ally diverse with a wide range of sizes and affinities, includ-
ing atypical kinetic profiles with extensive possibilities for
induction or inhibition [6, 11]. It has been suggested that
the complex effects observed with substrates of CYP3A4
are attributable to its spacious active site that allows the
oxidation of large molecules and the binding of multiple
substrates at the same time within the active site [6, 11].
Hence, a substrate can be a potent inhibitor of one site but
a weaker inhibitor of another binding site, making clinical
assumptions unreliable [6, 11]. Plasma levels of CYP3A4
substrates can vary to about 400-fold when induced or inhib-
ited by medications [6, 7]. These complex interactions are
illustrated with opioid requirements in patients on long-term
treatment with CYP inducers, such as carbamazepine and
phenytoin, because CYP3A4 is responsible for fentanyl and
sufentanil dealkylation, patients treated with these antiepi-
leptics will require higher doses of opioids. Clinicians aware
of these interactions may find a therapeutic alternative in
remifentanil that is metabolised by non-specific plasma
esterases [7]. Another example where caution is necessary
is with calcineurin inhibitors used in transplant recipients.
Inhibition of CYP3A4 can lead to excessive levels of tacroli-
mus and cyclosporin, leading to neurologic complications,

renal failure, hypertension, and thrombotic microangiopathy.
In addition, inadequate levels of these medications result-
ing from CYP3A4 induction may lead to graft rejection.
Interestingly, case reports exist of the use of CYP3A4 induc-
ers, such as phenytoin and phenobarbital, to treat tacroli-
mus overdose [7]. When patients are treated with CYP3A4
inducers, like rifampicin and macrolides (e.g., azithromy-
cin, erythromycin), higher doses of corticosteroids, such as
hydrocortisone and methylprednisolone are necessary [6, 7].
Patients treated with imidazoles (i.e., miconazole, flucona-
zole), and calcium antagonists (i.e., amlodipine), have a five
times higher risk of QT-prolongation and sudden death [7].
The list of metabolic interactions described for CYP3A4
metabolised drugs, is as extensive as the possibilities of drug
combinations [6, 7].

Furthermore, CYP polymorphisms are associated with
diverse and sometimes unpredictable therapeutic responses
and failures. For example, CYP2D6 is described with
1-3% of the population being ultra-rapid metabolisers and
5—-10% of White Caucasians, and 2% of Asians and Black
people being poor metabolisers. As a result, a serotonin-
like syndrome has been described when paroxetine and
dextromethorphan are used concomitantly in patients with
poor CYP2D6 metabolism [6, 12, 18]. In contrast, ultra-
rapid CYP2D6 metabolisers can experience accumulation of
active metabolites due to codeine conversion to morphine,
with the consequent secondary effects such as respiratory
depression [19]. Other relevant CYP polymorphisms, such
as CYP3AS5 may be responsible for abnormalities in mida-
zolam hydroxylation, lidocaine demethylation, dextrometho-
rphan N-demethylation, and carbamazepine epoxidation [6].

2 Critical lliness and Disease-Specific
Abnormalities

2.1 Liver Disease

Ischaemia-reperfusion injury after shock, surgery, haem-
orrhage, and massive transfusion is usually accompanied
by a decrease in hepatic metabolism, protein expression,
and CYP enzymatic activity [20]. To accentuate the level
of complexity, the use of agents, such as inotropes (e.g.,
dobutamine) or vasodilators (e.g., nitroprusside), will
increase portal and hepatic blood flow, while vasopressors
(e.g., phenylephrine, norepinephrine, and epinephrine) will
produce a-adrenergic-mediated vasoconstriction with the
consequent reduction of blood flow [2, 13]. While liver
failure has been associated with decreased CYP activity,
only modest changes have been described for drugs that
are metabolised by CYP2C9, and CYP3A4. Therefore,
the specific effect of a particular drug will depend on the
severity of liver disease and the enzymes responsible for its
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metabolism [16]. As an example, ketamine is metabolised
by the CYPs to norketamine, an active metabolite with only
one-third the potency of the parent compound; hence, the
reduced metabolism in liver dysfunction will prolong its
clinical effect [13]. In addition, cholestasis delays the bil-
iary excretion of drugs and impairs CYP450 function [2].
Among the medications affected by hepatobiliary disease
is rocuronium, which is mainly excreted in bile unchanged,
so hepatic dysfunction leads to reduced clearance and pro-
longed action [10, 13]. Fentanyl and its derivatives (i.e.,
alfentanil, sufentanil and remifentanil) are highly liposolu-
ble and are metabolised by the liver into inactive metabo-
lites. As a result, these also accumulate when there is liver
impairment [10].

2.2 Acute Kidney Injury

Up to 50% of critically ill patients will suffer from acute
kidney injury (AKI) [21]. Acute kidney injury not only
decreases the ability to excrete water-soluble compounds
through urine, but also affects metabolism independent
from renal clearance. For instance, CYP3A4 activity has
been inversely correlated to blood urea nitrogen (BUN) con-
centration [2, 21-24]. This phenomenon was illustrated by
multiple studies that showed a 27% increase in CYP3A4
activity after 2 hours of dialysis, which may be related to a
decrease in urea concentration [21, 23, 25]. Furthermore,
numerous authors have shown that the human kidney has
significant drug-metabolising capacity [26]. Cytochrome
P450 enzymes 2B6, 3A4 and 3A5 have been documented to
be expressed in the kidneys [24, 26, 27]. Propofol clearance
provides a good example of the role of renal metabolism
since its glucuronidation exceeds by 3 to 4 times what is
possible through hepatic blood flow alone. Similarly, sys-
temic clearance of morphine has been reported to exceed
hepatic clearance by 38% [13, 24, 26]. Using immuno-
histochemistry, the expression of Phase II enzymes in the
nephron has been shown in the kidney, where they are
responsible for the glucuronidation of medications such as
morphine and furosemide [26].

In addition to the reduced clearance and the prolonged
half-life, patients with AKI have higher Vd. The combina-
tion of these factors increases the risk of drug accumulation,
especially benzodiazepines and opioids in patients treated
with continuous infusions. For example, midazolam in criti-
cally ill patients has a two-fold higher Vd, a three-fold pro-
longed half-life, and a three-fold lower C1 when compared
to non-ICU patients [28, 29]. Morphine is metabolised to
3- and 6-glucuronides, the latter being the active metabolite
that accumulates in renal failure [10, 13]. With this in mind,
propofol and dexmedetomidine sedation protocols may be
preferred for intensive care unit (ICU) patients [28, 30].

2.3 Gastrointestinal Disease

The gastrointestinal tract is affected by pathological or drug-
induced haemodynamic alterations, with the consequent
reduction in intestinal peristalsis, mucosal function, and
drug metabolism [6]. Enteric absorption and drug availabil-
ity in critically ill patients are unpredictable due to changes
in gastric pH, gut oedema, loss of enteric architecture, loss
of epithelial junctions, and cholestasis [13, 21]. Addition-
ally, cellular dysfunction will lead to impaired enzymatic
activity and decreased intestinal metabolism [8, 24]. The
combination of these factors will result in decreased oral
drug bioavailability. As a result, delayed and decreased oral
paracetamol peak concentration and a reduction of more
than 50% of antimicrobial absorption, namely ciprofloxacin,
has been described in critically ill patients [31]. Conversely,
increased daily protein intake has been linked to an increase
in hepatic drug-metabolising capacity [8, 24].

2.4 Respiratory Failure

The lung is not a major pathway for drug metabolism with
few exceptions such as propofol and catecholamines (e.g.,
norepinephrine). However, respiratory failure will produce
hypoxaemia that can lead to liver dysfunction and hypercap-
nia that may result in acidosis with the consequent decrease
in renal drug clearance and changes in drug ionisation [10].
The use of mechanical ventilation to correct respiratory dis-
turbance will have its own physiological impact. The level
of positive end-expiratory pressure (PEEP) leads to directly
proportional decreases in cardiac output and hepatic blood
flow [1]. Similarly, prone positioning in patients with mod-
erate/severe acute respiratory distress syndrome (ARDS)
needs to be carefully performed with appropriate support to
avoid the reduction of hepatic blood flow [13].

2.5 Heart Failure

Hypoperfusion and neurohumoral activation in heart failure
(HF) negatively affects the function of multiple organs, par-
ticularly by reducing blood flow to the gastrointestinal tract,
the liver, and the kidneys [10, 32]. Consequently, reduced
hepatic metabolic activity may potentially reduce clearance
for drugs with high ER, including propofol, midazolam,
and fentanyl. Because patients with HF may have reduced
renal flow, clearance of drugs may decrease in proportion
to the severity of haemodynamic decompensation [33].
For instance, patients with HF have 38% less clearance of
propofol and almost a two-fold increase in blood concentra-
tions [28]. Added to these disturbances, the fluid retention
observed in congestive heart failure may increase the Vd
of drugs [10]. Proof of this, is the four-fold increase in Vd
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observed in critically ill patients with a cardiac index below
1.5 L/min/m? that resulted in dexmedetomidine accumula-
tion and prolonged half-life [28].

2.6 Neurological Injury

During critical illness, inflammatory mediators bind to
endothelium receptors causing alterations in the adhesion
molecules, signalling pathways, and nitric oxide production
[34, 35]. These changes disturb the blood—-brain barrier and
increase endothelium permeability with the consequent risk
of free drug accumulation in the brain [34, 35]. For example,
in meningitis, traumatic brain injury, and even non-neuro-
logical ICU patients, direct neurotoxicity has been described
with the use of beta-lactams [9, 36]. Concentration-depend-
ent neurological symptoms include delirium, decreased level
of consciousness, myoclonus, seizures, confusion, aphasia,
and coma [9, 36, 37]. Moreover, in patients with subarach-
noid haemorrhage, there is increased penetration of mor-
phine metabolites into the brain [35].

Prolonged administration of opioids and sedatives has
been associated with tolerance, withdrawal syndrome,
delirium, and worse patient outcomes [38—40]. Tolerance is
believed to be multifactorial, it may occur due to increased
expression of drug transporters with diverse affinities, desen-
sitising of internal signalling, and up-regulation of P-glyco-
protein that increases drug efflux from the central nervous
system [38, 39]. Conversion of analgesia to intermittent
bolus as well as sedative rotation are possible solutions to
overcome this issue [38, 39]. The working hypothesis is that
having drug receptors occupied for lower periods of time
will decrease the incidence of tolerance and withdrawal
[38, 39]. Also, receptor subtypes with different affinities
can coexist, while one subtype may undergo desensitisation,
other subtypes may be available for different sedatives [41].
For example, a protocol analysing the transition from fenta-
nyl to hydromorphone was associated with a decrease in the
amount of sedatives required including propofol and benzo-
diazepines [39]. In paediatric patients, a sedation rotation
protocol showed a lower incidence of withdrawal, decreased
time requiring opioid continuous infusion, and decreased
ICU stay [38]. Enteral administration of methadone has also
been associated with earlier discontinuation of fentanyl in
mechanically ventilated patients [42].

2.7 Inflammation, Shock, and Resuscitation

For most drugs, the therapeutic effects are mediated by the
free or unbound drug concentrations [2]. If plasma protein
binding decreases, the free plasma fraction, Vd, and the
half-life increase [3, 16]. In critically ill patients, changes
to plasma protein levels are common. Increased vascular
permeability, endothelial barrier dysfunction, and protein
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catabolism lead to hypoalbuminaemia; while inflammation
increases alfal-acid glycoprotein (AAG) and acute phase
reactant concentrations [1, 2, 13, 21, 43]. Acidic drugs bind
to the former, whereas basic drugs bind to the latter [1, 2,
13, 21, 43]. Due to low serum albumin, the free drug frac-
tion of acidic drugs, such as ceftriaxone, daptomycin, ertap-
enem, and dexmedetomidine, increases with the consequent
risk for toxicity [1, 13, 28, 30, 43]. For example, Boucher
et al demonstrated an inverse relationship between free
phenytoin and albumin concentrations [15]. Another study
demonstrated an increase of valproic acid free fraction of 6
to 7 times in patients with trauma when concentrations of
albumin decreased to 1.5 g/dL [15]. Moreover, in AKI the
plasma protein binding to albumin is decreased due to com-
petitive inhibition by uraemic toxins and decreased drug-
albumin affinity [3]. As a result, highly protein-bound drugs
that require minimal concentrations to achieve therapeutic
effect may require reduced dosing, and monitoring of free
concentrations of these medications is recommended [1, 43].

During shock, the release of inflammatory mediators and
cytokines, metabolic acidosis, and microcirculatory impair-
ment will result in organ hypoperfusion, cellular hypoxia,
mitochondrial dysfunction, and finally multi-organ failure
[2, 13, 14]. The reduction in blood perfusion to the gastro-
intestinal tract will result in impaired oral drug absorption,
decreased hepatic blood flow may decrease drug metabo-
lism, and the reduction of renal perfusion can affect drug
elimination. In contrast to shock, the resuscitation strate-
gies and the use of vasoactive drugs may counteract these
effects by leading to a hyperdynamic state that will increase
blood flow towards the major organs including the brain,
heart, kidneys, and liver, with the subsequent increase of
drug hepatic metabolism and renal excretion [2, 3, 13].
Additionally, hyperdynamic states increase drugs Vd, this
is particularly relevant for hydrophilic antimicrobials (i.e.,
acyclovir, aminoglycosides, beta-lactams, fluconazole and
glycopeptides) [10, 13].

Conditions such as sepsis, trauma, surgery, burns, and the
use of vasopressors can lead to an increase in renal blood
flow and increased renal drug clearance. Similarly, the elimi-
nation of drugs with high ER (i.e., fentanyl, morphine) is
enhanced [30]. Furthermore, the inflammatory response
associated with shock has been demonstrated to have a vari-
able effect on hepatic CYP450 enzyme activity [2, 8, 44]. In
trauma CYPs 2C19, 3A4, and 2E1 activity has been shown
to be significantly depressed while there is an increase in
CYP2C9 activity [2, 8, 44]. In sepsis, endotoxin mediated
CYP inhibition has also been described [10]. Cytochrome
P450 enzyme expression is also suppressed by fever and
inflammatory mediators. The most important pro-inflam-
matory cytokines responsible for this process are interleu-
kin 6 (IL-6) and tumour necrosis factor alfa (TNF-a) [6-8,
45]. The basis for this down-regulation of CYPs is not fully
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elucidated; however, a reduction in mRNA transcription has
been suggested [17, 44]. Interleukin-6-mediated activation
of the hypothalamus—pituitary—adrenal axis, also increases
cortisol levels, which competitively inhibits the metabolism
of CYP substrates [21]. In contrast, hypothermia has been
associated with decreased blood flow towards the gastroin-
testinal tract, reducing drug absorption, decreasing the Vd,
CYPs activity, and hepatic metabolism [2, 35].

3 ICU Interventions and Therapies

Because ECMO and RRT do not resolve the underlying
diseases, effective pharmacotherapy is the cornerstone of
treatment of the primary cause for the critical illness. How-
ever, conventional drug dosing may not suffice in patients
with these supportive therapies, while aggressive regimens
may expose patients to drug toxicity and adverse effects [5].
Other interventions, such as mechanical ventilation may
increase the PK and PD complexity in ICU patients.

3.1 Mechanical Ventilation

Currently, there is a paucity of data on PK alterations asso-
ciated with the use of mechanical ventilation (MV) [46].
However, MV has the capacity to decrease patients’ cardiac
output resulting in renal perfusion changes and lower glo-
merular filtration rates [46]. For example in mechanically
ventilated patients a 20% decrease in vancomycin clearance
has been described [47]. In addition, reductions in hepatic
blood flow may result in decreased drug metabolism of
medications with high ER [48, 49].

3.2 Renal Replacement Therapy

When considering patients with renal replacement therapy
(RRT), multiple modalities are used in the ICU, including
intermittent or continuous haemodialysis, haemofiltration,
and haemodiafiltration [25, 50]. Solute and drug removal are
achieved by diffusion and convection while ultrafiltration is
used for fluid removal [25, 50]. Three key drug properties
predict dialysis removal: molecular weight (MW), Vd and
protein binding [5, 25, 51]. Small, hydrophilic drugs such
as ciprofloxacin, gentamicin and levetiracetam are easily
removed by diffusion, while larger molecules such as vanco-
mycin and daptomycin will be removed by convection [2, 25,
52]. Drugs with large MW, high Vd and protein binding are
unlikely to be removed, examples include heparin, benzodi-
azepines and phenytoin [2, 25, 52]. In addition to drug prop-
erties and critical illness, blood clearance will be affected by
membrane type, pore size, surface area, the dialysate flow
rate, RRT efficiency (low vs high), blood flow rate and dura-
tion [25, 50]. However RRT impact on drug concentration

is difficult to predict and, when available, therapeutic drug
monitoring (TDM) may be necessary, especially for antimi-
crobials, since underdosing may lead to therapeutic failures
and or increased drug resistance [5, 25]. For example, a 6-h
low-efficiency dialysis session would remove approximately
60% of piperacillin tazobactam, but only 20% of meropenem
[43]. Monitoring of antibiotic concentrations on patients
with RRT showed subtherapeutic levels 15% of the time
and up to 10% excessive dosing intervals [25]. After dialy-
sis cessation, an increase in plasmatic drug concentrations
may occur due to redistribution from peripheral to central
compartments [50]. Additional roles for RRT include its use
to treat toxic alcohol ingestion and drug overdose, including
salicylates, lithium, metformin, and valproic acid. It may
also be considered in the management of dabigatran toxicity
when idarucizumab, the reversal agent, is not available. The
use of RRT in these cases may affect the PK of medications
concomitantly administered and dose adjustments must be
taken into consideration [52, 53].

3.3 Extracorporeal Membrane Oxygenation (ECMO)

Pharmacokinetic alterations associated with extracorpor-
eal circuit and assistant devices are complex. In general
terms, the addition of extracorporeal circuits will increase
the Vd, bind, or sequester drugs decreasing the concentra-
tion in plasma and reducing drug clearance [5, 54]. The
intensity of binding is influenced by drug properties, such
as molecular weight, plasma protein binding, degree of
ionisation, and lipophilicity [3, 54, 55]. Sequestration can
decrease over time due to saturation of the ECMO cir-
cuit, this may also result in drug release from the ECMO
after stopping the medications [3, 54, 55]. Furthermore,
when cardiac support is done by non-pulsatile devices, the
renin-angiotensin system will be activated with the con-
sequent increase in the circulating volume and decrease
in drug elimination [3, 54, 55]. Therapeutic failures and
insufficient concentrations of antimicrobials, analgesics,
sedatives and even antiepileptics have been described
for ECMO patients. However, this may reflect not only
ECMO-induced changes but also critical illness PK altera-
tions [56-58].

4 Drug interactions (DDIs)

Drug interaction risk increase as a function of the number
of prescribed drugs, with a fourfold increased risk when
seven medications are used, and up to eightfold when more
than ten drugs are used [59]. In critically ill patients, an
average of 30 different medications are administered dur-
ing their ICU stay [60, 61]. Hence, DDI rates are higher
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than those in general wards but the incidence report is
variable, mainly explained by a wide diverse population
with countless possibilities of therapies and illness com-
binations [61]. Additionally, DDIs account for 4% of ICU
admissions [7].

Most DDIs can be explained by metabolism alterations.
Drugs can have either no impact, or induce/inhibit other
drug metabolisms. Inhibition itself can be divided into
three categories: reversible or competitive, quasi-irrevers-
ible, and irreversible inhibition. As a result, concomitant
administration of drugs may result in alterations of their
concentrations [6, 7, 11, 35]. Competitive inhibition is
transient, it depends on the inhibitor concentration and
its affinity for the enzyme and is solved once the inhibitor
is excreted [6, 7, 11, 35]. In contrast, induction occurs
when a substance enhances the synthesis or decreases the
destruction of an enzyme, resulting in increased activity.
This will result either in a decreased effect of medications
metabolised by that enzyme or in increased effect of prod-
rugs that require activation [7].

Drug interactions in critically ill patients are easily stud-
ied in vitro but the effect in vivo is difficult to estimate since
significant interindividual variability exists [6, 7]. Databases
have been created to detect DDIs; however, only a 20% con-
cordance in DDIs severity has been found when comparing
among different databases. Furthermore, these are designed
to consider the interaction of two concurrent medications
but not multiple combinations [59].

5 Assessing Drug Therapy in Critical lliness

5.1 Goal-directed Therapy and Therapeutic Drug
Monitoring

For the reasons described throughout the paper developing
a robust drug-dosing regimen, in such a complex patient
population as the critically ill, is highly challenging.
Figure 1 illustrates the complex interactions of different
factors in PK/PD changes in critically ill patients. As a
solution to this problem, TDM and goal-directed therapy
remain the best tool for personalised and safe drug dosing
in critically ill patients [3, 21, 25]. Dosage adjustment
is not only important to attain PK/PD targets but also to
avoid overexposure in some patients and thus an increased
risk of adverse effects [6].

Many drugs used in the ICU are dosed to effect. For
example, vasopressors are often titrated to a goal mean
arterial pressure; sedative doses should be guided by
arousal scales; and analgesia should be directed to tar-
get pain scores [2]. However, monitoring drug concentra-
tions should be considered for drugs without an observ-
able clinical response and a narrow therapeutic range, i.e.,
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antiepileptics and antimicrobials. These concentrations
should be measured not only in blood but also at the target
sites since plasma concentrations in critically ill patients
do not necessarily reflect tissue concentrations [9, 35].

Currently, the greatest challenge exists in the manage-
ment of antimicrobial therapy. Changes in the PK proper-
ties of many antimicrobials due to critical illness are dif-
ficult to predict and TDM is frequently used as a surrogate
to clinical response [62]. A prospective study evaluating
beta-lactams, whose effectiveness depends on the time
above the minimum inhibitory concentration, showed
that up to 74% of ICU patients required drug dose adjust-
ment when concentrations were measured; including doses
decrease due to high drug concentrations [3, 9, 13, 36,
63]. Aminoglycosides, such as gentamicin and tobramycin,
have a peak dependent therapeutic effect and a narrow
therapeutic window so monitoring blood concentrations
is recommended [10, 36]. Conversely, other antibiotics
like glycopeptides, fluoroquinolones and linezolid exhibit
a combination of time- and dose-dependent PD targets
[10, 36]. Moreover, institution-specific dosing guidelines
should incorporate local epidemiology and antibiogram
data to guarantee adequacy of therapy and simultaneously
avoid overtreatment [50, 62].

The clinical use of TDM is complex because it requires
continuous sample collection, prolonged turnaround times
are necessary to measure drug concentrations, and some
specific assays are not easily available [5, 62]. Besides
TDM, computer-assisted dosing software has been devel-
oped to overcome some of these PK issues; however, their
use requires dedicated drug concentration monitoring hin-
dering their application and use [5, 10, 64]. Goal-directed
therapy and TDM may not suffice for safe pharmaco-
therapy delivery in the ICU and the benefits of having a
pharmacist as part of the interprofessional ICU team have
been well demonstrated. Studies have shown that includ-
ing critical-care pharmacists on daily ICU clinical rounds
is associated with improved patient outcomes, reduced
mortality and hospital stay [65]. Pharmacists can support
clinicians with decision making for complex patients and
situations by optimising medication safety systems and
reducing the risk of medication errors and DDIs. Their
scope of practice includes the use of computer-assisted
PK and PD models and predictions, TDM, as well as edu-
cational and stewardship activities [66, 67].

6 Conclusion

Many variables influence drug PK in critically ill patients with
the potential to either increase or decrease the pharmacologic
effect of medications, leading to high incidence of therapeutic
failures and/or adverse drug reactions. Most PK and metabo-
lism data for drugs are derived from healthy volunteers and
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Fig. 1 Intricate interactions amongst different factors that influence PK and PD alterations in ICU patients

A\ Adis



218

D. Morales Castro et al.

do not consider the complex interactions of different levels of
coexisting organ dysfunction. In addition, extrapolating results
from PK studies in critically ill patients is challenging because
of the heterogeneous nature of critically ill patients, small sam-
ple sizes and diverse treatments and interventions. These fac-
tors make titration of pharmacotherapy based on clear goals
and therapeutic drug monitoring the best option for the safe
care of ICU patients.
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