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ABSTRACT A careful management of antimicrobials is essential in the critically ill
with acute kidney injury, especially if renal replacement therapy is required. Acute
kidney injury may lead per se to clinically significant modifications of drugs’ pharma-
cokinetic parameters, and the need for renal replacement therapy represents a fur-
ther variable that should be considered to avoid inappropriate antimicrobial therapy.
The most important pharmacokinetic parameters, useful to determine the signifi-
cance of extracorporeal removal of a given drug, are molecular weight, protein bind-
ing, and distribution volume. In many cases, the extracorporeal removal of antimi-
crobials can be relevant, with a consistent risk of underdosing-related treatment
failure and/or potential onset of bacterial resistance. It should also be taken into ac-
count that renal replacement therapies are often not standardized in critically ill pa-
tients, and their impact on plasma drug concentrations may substantially vary in re-
lation to membrane characteristics, treatment modality, and delivered dialysis dose.
Thus, in this clinical scenario, the knowledge of the pharmacokinetic and pharmaco-
dynamic properties of different antimicrobial classes is crucial to tailor maintenance
dose and/or time interval according to clinical needs. Finally, especially for antimi-
crobials known for a tight therapeutic range, therapeutic drug monitoring is strongly
suggested to guide dosing adjustment in complex clinical settings, such as septic
patients with acute kidney injury undergoing renal replacement therapy.
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Acute kidney injury (AKI) is frequently associated with infective complications,
especially in the intensive care unit (ICU), and sepsis-related AKI is characterized by

exceedingly high mortality risk (1–3). In this setting, renal replacement therapy (RRT),
frequently as continuous RRT (CRRT) (4), is often required. Most of the ICU patients
undergoing RRT for AKI are treated with antimicrobials, and an appropriate drug dosing
adjustment is essential to avoid overdosing-related toxicity as well as underdosing-
related treatment failure and/or potential onset of bacterial resistance (5–7). In this
clinical scenario, antimicrobial treatment should be tailored by adjusting the single
doses and/or by modifying the time interval (8). Indeed, sepsis-related AKI often
develops in the context of multiple organ dysfunction syndrome (MODS) and leads to
relevant modifications of several pharmacokinetic (PK) parameters. Moreover, fluid
overload, commonly observed in critically ill patients (9), may significantly affect the
volume of distribution (V) of several drugs (6). In this context, the start of RRT adds
further complexity related to the additional extracorporeal clearance (CLEC) of many
antimicrobials. In this regard, the knowledge of the main principles regulating transport
of solutes across dialysis membranes may allow the overcoming of this issue through-
out the assessment of RRT effects on an antimicrobial’s concentration in blood and may
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guide drug dosing adjustments (5). Unfortunately, PK studies on drug dosing in AKI
patients are not available for every antibiotic (6, 10).

The present review is aimed at summarizing the PK and pharmacodynamic (PD)
principles guiding drug dosing adjustment during RRT and also providing practical
indications on the use of the more frequently adopted antimicrobials on the basis of
the most recent literature findings.

OVERVIEW OF THE MAIN GENERAL PRINCIPLES OF PHARMACOKINETICS

The most important factors able to affect drug PK during RRT are volume of
distribution (V), protein binding, and molecular weight (MW); the knowledge of these
parameters, along with total body clearance (CLTB), allows determination of the signif-
icance of extracorporeal removal of a given drug.

The volume of distribution corresponds to the ratio of the amount of drug in the
body at a given time and plasma concentration at that time (11). In other terms, it
represents the theoretical volume necessary to contain the total amount of an admin-
istered drug at the same concentration measured in plasma (12), and it should be
regarded as a proportionality factor between a plasma concentration and the corre-
sponding amount of drug in the whole body (11). As snapshot plasma drug concen-
trations may vary according to the state of drug disposition (i.e., just after intravenous
[i.v.] administration, during the distribution phase, during the terminal phase of drug
disposition, or at equilibrium), the proportionality ratio between the amount of drug in
the body and the plasma concentration will change; thus, several V will be obtained in
different situations (11). In clinical practice, V at equilibrium (Vss), obtained when plasma
concentrations are measured under steady-state conditions (i.e., during continuous i.v.
drug infusion or multiple-drug administration once steady-state plasma concentrations
have been achieved), represents the most appropriate V to compute a “loading dose”
(11). In this regard, it should be underlined that V of several antibiotics (e.g., aminogly-
cosides, �-lactams, and vancomycin) can increase up to 100% in critically ill patients
compared with healthy volunteers (13–16). As a consequence, the risk to give an
insufficient loading dose is very high in the critically ill, and multiple doses may be
required to achieve a sufficient antibiotic exposure. Thus, a more aggressive use of
loading doses of specific antimicrobials should be considered to get rapid therapeutic
levels in septic patients (17).

Clearance (CL) is defined as the volume of plasma from which a solute is completely
removed per unit of time (7, 18); CL is a proportionality factor, expressed by the ratio
of elimination rate (by all routes) to plasma drug concentration (CL � rate of elimina-
tion/concentration) (18). In clinical practice, CL represents the PK parameter used to
compute drug maintenance dose (11, 18).

The total body clearance (CLTB) refers to the sum of all the CL processes (metabolism
and excretion) occurring in the different organs for a given drug (i.e., liver, kidney,
gastrointestinal mucosa, lung, and skin) (12). In addition, once RRT is started, the
contribution of the extracorporeal clearance (CLEC) to the CLTB has to be taken into
account. The renal or CLEC of a drug is commonly considered significant when it is
estimated as being higher than 25% of CLTB (12). Extracorporeal fractional CL (EC
fractional CL) quantifies the contribution of the CLEC to the CLTB (7). Drugs characterized
by tubular reabsorption (i.e., fluconazole) may show an CLEC unexpectedly higher than
the drug CL observed in normal subjects (19, 20).

A large V (�2 liters/kg) indicates a prevalent distribution in the extravascular com-
partment and/or a significant tissue binding with a considerable imbalance between
the plasma drug concentration and total drug amount distributed in the whole body.
If a drug has a large V, the amount detectable in plasma is much lower than the amount
present in the other compartments (21). When V is small (�1 liter/kg), it may be
supposed that the drug mainly stays in the intravascular compartment; as a conse-
quence, a small V is generally associated with a clinically significant removal of the drug
by RRT. Conversely, drugs with a V of �2 liters/kg undergo a negligible removal. Indeed,
the rapid redistribution of the drug from other compartments counteracts a significant
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reduction of drug plasma levels despite an apparently adequate instantaneous CLEC

(22). On these grounds, intermittent hemodialysis (IHD) leads to a temporary reduction
of plasma levels of drugs with large V, which is followed by a posttreatment “rebound,”
while during CRRT, an equilibrium removal/redistribution is commonly established (22).

Only the free (i.e., unbound) fraction (f) of a drug is susceptible to removal through
RRT. The sieving coefficient (SC), the ratio of ultrafiltrate to plasma solute concentration,
significantly correlates with the f of the drug in convective RRT modalities (20).
Alteration of drug protein binding due to different mechanisms or clinical conditions
(e.g., uremic toxins, blood pH, bilirubin, competition with other drugs, and modification
of the drug/protein molar ratio) can explain the possible discrepancies between
expected and measured SC (20).

With the exception of few drugs, the molecular weight of most commonly used
antimicrobials is lower than 1,000 Da and plays a key role, especially in diffusive RRT
modalities, as the diffusion coefficient of a molecule is inversely proportional to MW.
Indeed, while in convective modalities SC is generally comparable to the f also for drugs
with an MW around 1,000 to 1,500 Da (e.g., vancomycin), in diffusive techniques the
ratio of dialysate to plasma solute concentration (saturation coefficient [SA]) is more
strictly dependent on MW and tends to decrease progressively as MW increases (SA �

SC; diffusive CL � convective CL) (23). However, also dialyzer membrane characteristics
may play a key role. Specifically, with “low-flux” membranes (ultrafiltration coefficient,
i.e., concentration in the ultrafiltrate [CUf] of �12 ml/mm Hg h�1), the CL of drugs with
an MW of �1,000 Da could be clinically irrelevant, or at least not comparable to that of
low-MW molecules. Conversely, the more widely adopted “high-flux” membranes (CUf

of �12 ml/mm Hg h�1) are characterized by high porosity (cutoff around 20,000 Da)
with significant removal of drugs with an MW of �1,000 Da also in the diffusive RRT
modality (22). Although specific data are not yet available, this could be particularly
true for the high-cutoff (HCO) membranes and for the recently introduced high-
retention-onset (HRO) membranes (24). Therefore, when performing RRT with highly
permeable membranes, one should bear in mind that also diffusive CL of high-MW
drugs could be not negligible and could reduce the drug plasma concentration below
the therapeutic target.

Finally, the interaction between the drug and dialysis membrane electric charges is
described by the Gibbs-Donnan effect: anionic proteins (albumin) on the blood side of
the membrane tend to retain cationic molecules (e.g., aminoglycosides and levofloxa-
cin) while facilitating the transport of anionic drugs (e.g., some cephalosporins) (12, 25).
However, the clinical significance of this interaction appears scarcely relevant (12).

MECHANISMS OF DRUG REMOVAL DURING RRT

The contribution of RRT to CLTB may vary according to dialysis prescription (e.g., RRT
modality or dialysis dose). In addition to PK characteristics of the different drugs, the
physical mechanisms of solute removal across the membrane may have different
impacts on the CL of a specific drug (Table 1).

Hemofiltration is based uniquely upon convective transport of solutes. The removal
of molecules by convection depends on the characteristics of the filter membranes; in

TABLE 1 The main factors determining antimicrobial removal during renal replacement therapies and/or influencing the CLTB
a

Critically ill patient characteristic
or PK changes Drug-related factor(s) RRT-related factor(s)

Residual renal function Protein binding RRT modality (IHD, PIRRT, CRRT)
Changes of nonrenal CL V Physical mechanisms of solute removal (convection,

diffusion, adsorption)
Variations of V MW Dialysis dose, pre- or postdilution
Interference with other drugs Molecular size and structure Membrane characteristics
Blood pH Hydrosolubility Treatment duration (downtime, dialyzer running time)
Hypoalbuminemia Electric charge Vascular access recirculation
aCLTB, total body clearance; RRT, renal replacement therapy; IHD, intermittent hemodialysis; PIRRT, prolonged intermittent renal replacement therapy; CRRT,
continuous renal replacement therapy; V, distribution volume; MW, molecular weight.
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particular, cutoff can be considered the limit of MW above which the SC becomes
negligible (SC � 0.1) (24).

Taking into account the known or measured SC, in convective modalities the CLEC

can be estimated in relation to the ultrafiltration rate (QUf) (21) and calculated as follows
(Fig. 1): CLconvective (ml/min) � SC � QUf (ml/min). If SC is unknown, for drugs with an
MW below the membrane cutoff, it can be assumed that the entire f of the drug will
cross the membrane and SC can be approximated to f; in this case, the formula
CLconvective (ml/min) � f � QUf (ml/min) can be adopted, where f (1 – protein-bound
fraction) can be derived by the protein binding information reported in the main
pharmacologic tables (8). In fact, despite a high variability of drug protein binding in
critically ill patients, it has been demonstrated that SC in continuous venovenous
hemofiltration (CVVH) is significantly related to the known f in most of the tested drugs
(20). Moreover, significant differences in convective CL of urea, creatinine, gentamicin,
and vancomycin emerged not only in relation to different QUf and different membranes
but also in relation to hemofilter running time (26).

In diffusive RRT modalities, the solute removal depends on diffusion coefficient,
membrane surface, concentration gradient and membrane thickness. The diffusion
coefficient is inversely related to solute MW and is affected by several physical param-
eters. Unlike convective transport, the estimation of CL in diffusive or mixed RRT
modalities is more complex due to the greater variability of SA compared with SC (21).
As mentioned above, SA represents the ratio between the concentration of a specific
solute measured in the effluent (spent dialysate or dialysate � ultrafiltrate) and the
concentration of the solute in the blood entering the filter (21). It can change consid-
erably with the variation of different parameters, such as MW, blood-to-dialysate flow
ratio, and membrane characteristics (21). Therefore, SA values, obtained by direct
measurements or by literature data, are needed to calculate the CLEC of drugs during
diffusive or mixed CRRT modalities according to the formula (Fig. 1) CLdiffusive or
CLdiffusive/convective (ml/min) � SA � QE (ml/min), where QE (ml/min) � effluent flow rate
(spent dialysate or dialysate � ultrafiltrate).

FIG 1 Proposed methods to calculate solutes’ extracorporeal clearance (CLEC) with different renal replacement therapy (RRT) modalities.
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In continuous venovenous hemodialysis (CVVHD) and continuous venovenous he-
modiafiltration (CVVHDF) (effluent rate �� blood flow rate) with “high-flux” mem-
branes, the SA value for drugs with MW �500 Da is generally superimposable to the f;
thus, the diffusive or diffusive/convective CL can be calculated using f and QE (21, 22):
CLdiffusive or CLdiffusive/convective (ml/min) � f � QE (ml/min). However, as previously
discussed, SA tends to decrease with increasing MW and/or dialysate/blood flow ratio
(SA � SC; diffusive CLdiffusive � CLconvective) (27). In addition, one should take into
account the possible decline of solute CRRT CL in relation to circuit running time (28).
Alternatively, regardless of mechanisms of transport across dialysis membranes, the
CLEC of a given solute can be calculated on the basis of the plasma extraction rate (E),
which is CL (ml/min) � E � QB (ml/min) � (1 – hematocrit), where E � 1 � venous
outlet solute concn/arterial inlet solute concn and QB (ml/min) � blood flow rate.

Finally, adsorption represents a further potential mechanism of drug removal during
RRT; its relevance has been reported as extremely variable among different membranes,
but its clinical significance is still unclear (5).

DRUG REMOVAL IN DIFFERENT RRT MODALITIES

The water-soluble antibiotics (e.g., �-lactams and aminoglycosides) are mainly
eliminated by the kidney, are poorly transported across cell membranes, and display
low V. Because of these characteristics, they are removed efficiently by RRT with a
consequent need for careful dose adjustments (29). Conversely, lipophilic antibiotics
(e.g., macrolides, tetracyclines, and linezolid) are easily transported across cellular
membranes and are generally characterized by a large V; they usually have a predom-
inant hepatic elimination, with a few exceptions, such as quinolones, which show a
variable fraction of renal elimination. Consequently, extracorporeal removal of lipo-
philic antibiotics is often negligible, and dose adjustments are rarely required (29).

Although based on the same general principles, each RRT modality has specific
characteristics and may impact drug removal differently; as a consequence, drug dosing
adjustments should be accordingly tailored.

CRRT. CRRT modalities provide a relatively constant CL of drugs when performed
under optimal operative conditions, while IHD and prolonged intermittent renal re-
placement therapy (PIRRT) are characterized by two different PK phases (intradialytic
and interdialytic). As discussed above, CLEC of a given drug can be roughly estimated
on the basis of its PK parameters, physical mechanisms of transport across dialysis
membranes, and prescribed dialysis dose (30). Alternatively, the amount of drug
removal during RRT can be directly measured by different methods, among which the
most widely adopted is based on the product of the dialysate flow rate and the average
dialysate drug concentration over a given collection time (“dialysate recovery method”)
(31). However, the estimation of CRRT contribution to CLTB could be more complex in
relation to either variables related to dialysis per se (e.g., modality, dose, filter running
time, downtime) or variables related to the rapidly evolving clinical setting in patients
with AKI and MODS (e.g., modifications of residual renal CL and nonrenal CL, V changes,
and protein binding variability) (30) (Table 1).

IHD and PIRRT. For dialyzable drugs, intermittent RRT modalities (IHD and PIRRT)
are characterized by two distinctive PK phases (on-RRT and off-RRT), with an intradia-
lytic elimination rate much faster than the interdialytic one. As a consequence, the
half-life (t1/2) of a given drug in the intradialytic phase will be significantly shorter than
that observed in the interdialytic phase (32). In addition, although the whole CLEC of a
dialyzable drug during a 24-h CRRT session is usually comparable to or even higher
than that observed during a 4-h IHD or 8-h PIRRT session, the instantaneous CLEC is
markedly higher during intermittent RRT modalities. Therefore, since the extent of drug
removal during RRT is strictly related to plasma drug concentration, the time interval
between drug administration and the start of an IHD or PIRRT session is crucial in
determining the amount of drug removed during the treatment. Indeed, the start of the
IHD or PIRRT session too close to drug administration (i.e., during the distribution
phase) could have a much higher impact on drug removal—sometimes also for
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molecules with relatively low dialyzability (33, 34). Thus, different timing of antibiotic
administration could lead to profound differences in the area under the curve (AUC) of
the drug plasma concentration, with a large effect on the attainment of PD targets,
especially for time-dependent antibiotics (35). On this basis, IHD or PIRRT sessions
ideally should be started at the end of a dosing interval; moreover, due to possible
extensive removal, several antibiotics could require a supplemental dose at the end of
dialysis (34).

GENERAL PRINCIPLES OF ANTIMICROBIAL DOSE ADJUSTMENT DURING RRT

In order to maximize efficacy and reduce the risk of toxicity, antibiotic prescription
and drug dose adjustments should be focused to meet the most appropriate PK/PD
target, namely, the percentage of time above the MIC (%T�MIC) or its multiple, optimal
peak concentration (Cmax), the ratio between Cmax and MIC (Cmax/MIC), and the ratio
between 24-h AUC and MIC (AUC24/MIC) (5, 36). Some antibiotic classes (i.e., aminogly-
cosides and quinolones) are characterized by the postantibiotic effect (PAE), repre-
sented by the prolonged suppression of bacterial growth in the absence of a detectable
concentration of the drug (5, 22, 36); the extent and duration of PAE may be variable,
with different impacts on drug dosing strategy. In relation to the mechanism of action
and specific antibiotic characteristics, the bactericidal effect is time dependent (has a
need for concentrations steadily above the MIC or MIC multiple) or concentration
dependent (effect correlated to Cmax/MIC or other PK/PD targets) (22, 36) (Table 2). For
the sake of simplicity, for time-dependent antibiotics, the modification of the single
doses is usually appropriate, without any variation of administration time interval.
Conversely, for concentration-dependent antibiotics, the modulation of dosing interval
without changes of single doses appears the most appropriate strategy. As a general
rule, the loading dose of a drug is strictly dependent on V and does not generally
require any adjustment, even in patients with severe AKI. Unlike the loading dose,
maintenance doses are dictated by the drug CLTB (5). The usual method to calculate the
subsequent doses of a given drug is based on the knowledge of the PD target levels
and the trough plasma concentration (therapeutic drug monitoring [TDM]). The differ-
ence between the target and the trough concentration allows calculation of the dose
(D) to deliver D (mg) � (target concn � trough concn) (mg/liter) � V (liters/kg) � body
wt (kg).

For drugs characterized by a first-order kinetic (most of the antibiotics), the plasma
concentration at “steady state” (Css) is equal to the average of the “peak” and “trough”
concentrations. Assuming that Css matches mean plasma levels, the concentration in
the ultrafiltrate (CUf), or in the effluent (CE), will be equivalent to the product of Css �

f, and the amount removed will be obtained by the product of CUf � QUf, or CE � QE

(7). For example, considering that SC is generally equivalent to the f, the amount of
drug to deliver during CVVH will be calculated as follows: drug removal (mg) � Css

(mg/liter) � SC � ultrafiltrate vol (liters) in the dosing interval.
In diffusive or mixed modalities (CVVHD and CVVHDF), SA and effluent volume will

be used instead of SC and ultrafiltrate volume, respectively. In IHD or PIRRT, considering
the rapid variation of drug concentrations in blood during the treatment, the “dialysate
recovery method” could be applied by using a micropump-based collection system,
which allows continuous sampling of the total dialysate for the measurement of
antibiotic removal (33). However, when applicable, TDM is useful for further corrections
if the dose adjustment does not guarantee optimal plasma concentrations, especially
for drugs characterized by a narrow therapeutic range (37). The proposed methods to
calculate CLEC with different dialysis modalities are shown in Fig. 1. Although not easily
applicable in clinical practice, these methods are useful in comprehending the princi-
ples at the basis of drug removal (27, 38). The clinical impact of drug removal depends
on EC fractional CL. The values of EC fractional CL for different antibiotics are reported
in Fig. 2. However, it should be underlined that the EC fractional CL threshold of 25%
represents a simplification aimed at roughly evaluating the need for drug dosing
adjustment in patients undergoing RRT and that also other factors, such as the

Minireview Antimicrobial Agents and Chemotherapy

August 2019 Volume 63 Issue 8 e00583-19 aac.asm.org 6

https://aac.asm.org


TABLE 2 Pharmacokinetic and pharmacodynamic parameters of the main antimicrobials adopted in ICUsa

Antimicrobial MW (Da) f (%) V (liters/kg) SC (SA)
Elimination
route t1/2 (h)

Renal
excretion (%)

RRT removal
(EC fractional
CL, %) PK/PD target

Aminoglycosides
Amikacin 586 �95 0.22–0.5 0.95 R 2 95 Y (95) Cmax/MIC � 8–10
Gentamicin 478 �95 0.36 0.81 R 1.5–4 95 Y (90) Cmax/MIC � 8–10
Tobramycin 467 90–100 0.26 0.9 R 2–3 93 NA Cmax/MIC � 8–10

�-Lactams
Amoxicillin/clavulanate 365/199 82/75 0.36/0.21 0.71/1 R/H 1–1.4/1 �50/25–40 NA %T�MIC

Ampicillin/sulbactam 581/255 85/62 0.29/0.25 0.69/� R/R 1.2/1 90/75–80 NA %T�MIC

Piperacillin/tazobactam 518/300 70/78 0.24/0.40 0.80 R/R 1/1 75–90/65 Y (40/60) %T�MIC

Oxacillin 401 6–10 0.4 0.02 R 0.5–0.7 90 N %T�MIC

Cefazolin 454 20 0.19 NA R 2 70–80 NA %T�MIC

Cefotetan 575 22 0.14 NA R 3–4.6 50–80 NA %T�MIC

Cefoxitin 427 35–21 0.23 0.64 R 1 85 NA %T�MIC

Cefuroxime 424 50–67 0.19 0.57 R 1.5 66–100 NA %T�MIC

Cefepime 481 84 0.3 0.86 (0.78) R 1.7–2.3 85 Y (40–59) %T�MIC

Cefotaxime 455 50–70 0.28 0.62 R and H 1.5 60 NA %T�MIC

Ceftaroline 684 80 0.29 NA R 2.7 88 NA %T�MIC

Ceftazidime 547 90 0.28–0.40 0.90 (0.81) R 1.6–1.9 60–85 Y (57) %T�MIC

Ceftazidime/avibactam 547/265 90/92 0.28/0.31 0.90/0.93 R/R 2.8/2.7 90/97 Y (57/54) %T�MIC

Ceftizoxime 383 70 0.34 0.63 R 1.7 99 NA %T�MIC

Ceftolozane/tazobactam 666/300 80/78 0.19/0.40 NA R/R 3.1/1 95/80 Y (83/36) %T�MIC

Ceftriaxone 554 10 0.1–0.2 0.15 R 5–9 30–65 N %T�MIC

Ceftobiprole 534 85 0.25 NA R 3.3 90 NA %T�MIC

Doripenem 420 92 0.24 0.67 (0.76) R 1 70 Y (32) %T�MIC

Ertapenem 475 20–40 0.12 0.21 R 4 90 NA %T�MIC

Imipenem/cilastatin 317/380 80/56 0.22–0.24 1/0.75 R/R 1/� 20–70/60 Y (25–32) %T�MIC

Meropenem 383 98 0.35 �0.90 (�0.90) R 1 70 Y (40) %T�MIC

Meropenem/vaborbactam 383/297 98/77 0.28/0.25 1/0.78 R/R 1/1.7 70/75–95 NA %T�MIC

Glyco-, glycolipo-, and
lipopeptides

Dalbavancin 1,817 2–7 0.11 �0.1 (�0.1) R and H 147–258 50 N AUC24/MIC
Daptomycin 1,620 20 0.1–0.13 0.2 (0.15) R 8–9 78 Y (50) AUC24/MIC
Oritavancin 1,793 15 1.25 NA R 245 90 N AUC24/MIC
Telavancin 1,755 10 0.13 NA R 8 99 N AUC24/MIC
Teicoplanin 1,885 10–40 0.5–1.2 0.15 R 4–11 40–60 V (10–32) AUC24/MIC
Vancomycin 1,448 50–90 0.47–1.1 0.70 R 4–11 90–100 Y (60) AUC24/MIC � 400

Glycylcycline
Tigecycline 585 11–29 0.12 NA H 42 33 N AUC24/MIC

Lincosamides
Clindamycin 425 5–15 1.1 0.49 H 2.4 10 N AUC24/MIC

Macrolides
Azithromycin 749 50–93 0.47 NA H 68 12 N AUC24/MIC

Monobactam
Aztreonam 435 44 0.18 NA R 2 99 NA %T�MIC

Nitroimidazoles
Metronidazole 171 80 0.6–0.85 0.84 R 6–14 60–80 NA AUC24/MIC

Oxazolidinones
Linezolid 338 70 0.5–0.8 0.77–0.81 H 4.8–5.4 30 V (20) AUC24/MIC � 100
Tedizolid 370 10–30 0.95–1.14 NA H 12 18 N AUC24/MIC

Polymyxins
Colistin 1,155 59–74 0.3–0.4 NA (0.4–0.6) R 14 99 Y (43–59) AUC24/MIC

Quinolones
Ciprofloxacin 331 60–80 2.5 0.89 R and H 4.1 50–70 V (15–26) AUC24/MIC
Levofloxacin 361 60–75 1.1–1.5 0.96 R 6–8 67–87 Y (30–50) AUC24/MIC
Moxifloxacin 401 50 1.7–3.5 0.84 H 12–15 15–20 N (10–15) AUC24/MIC

Rifamycins
Rifampin 823 20 0.65 NA H and R 1.5–5 30 N (2) AUC24/MIC

(Continued on next page)
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susceptibility of the pathogen, drug safety profile, and sepsis severity, are crucial to
guide an optimal antimicrobial dosing in complex clinical settings.

A simplified approach to drug dose adjustment during CRRT relies on the assump-
tion that CRRTs are associated with a relatively steady CLEC over the time (39).
Therefore, CRRT modalities, unlike IHD and PIRRT, allow for simplified drug dose
adjustments based on the “total creatinine CL” (residual renal CL � CLEC) (39). Indeed,
the extracorporeal creatinine CL can be measured or easily estimated in relation to the

TABLE 2 (Continued)

Antimicrobial MW (Da) f (%) V (liters/kg) SC (SA)
Elimination
route t1/2 (h)

Renal
excretion (%)

RRT removal
(EC fractional
CL, %) PK/PD target

Tetracyclines
Doxycycline 444 7 0.75–1.91 NA H and R 18 23–40 N AUC24/MIC
Minocycline 457 24 1.14–1.62 NA H 16 20 N AUC24/MIC

Antifungal agents
Amphotericin B 926 10 4 0.35 U 180–360 5–10 N (12) Cmax/MIC
Fluconazole 306 88 0.7 0.96 (0.88) R 20–40 80 Y (87) AUC24/MIC
Isavuconazole 437 �1 6.42 NA H and R 130 50 N AUC24/MIC
Itraconazole 706 �1 0.14 NA H 16–25 �1 N AUC24/MIC
Posaconazole 700 �1 3.22–4.21 NA H 20–66 17 N AUC24/MIC
Voriconazole 349 40 4.6 NA H 12 �2 N AUC24/MIC
Anidulafungin 1,140 �1 0.4–0.7 0 H 26.5 �1 N AUC24/MIC
Caspofungin 1,093 3 0.11 NA H 9–11 1 N AUC24/MIC
Micafungin 1,270 �1 0.39 0 H 14–17 Negligible N AUC24/MIC

aMW, molecular weight; f, free fraction; V, distribution volume; SC, sieving coefficient; SA, saturation coefficient; t1/2, half-life; H, hepatic; R, renal; U, unknown; RRT,
renal replacement therapy; EC fractional CL, extracorporeal fractional clearance; NA, not available; Y, yes (CLEC/CLTB ratio of �25%); N, no (CLEC/CLTB ratio of �25%);
V, variable; PK/PD, pharmacokinetic/pharmacodynamic target; AUC24/MIC, ratio between 24-h area under the curve (AUC) and MIC (specified when available); Cmax/
MIC, ratio between peak serum concentration and MIC (specified when available); %T�MIC, percentage of time above the MIC or MIC multiple.

FIG 2 The extracorporeal fractional clearance (CLEC/CLTB [percentage]) of a given antimicrobial during renal replacement therapy
derives from the ratio of extracorporeal clearance (CLEC) to total body clearance (CLTB) (shown here as “ECCl/TBCl”) and indicates the
relative contribution of CLEC to CLTB. As displayed above, the variability of V and f (here “Vd” and “FF”) results in a substantially different
impact of CRRT on CLTB of antimicrobials, while an MW up to 1,000 to 1,500 Da (e.g., vancomycin or colistin) does not represent per
se a limit to extracorporeal removal across the membranes commonly used in CRRT. MW, molecular weight; V, distribution volume.

Minireview Antimicrobial Agents and Chemotherapy

August 2019 Volume 63 Issue 8 e00583-19 aac.asm.org 8

https://aac.asm.org


prescribed dialysis dose, while the residual renal CL can be directly measured by urine
collection during a given time interval or assumed as null in anuric patients. When the
value of “total creatinine CL” is obtained, the dose or interval adjustment could be
roughly performed by consulting guidelines on drug prescription in renal failure (8,
40–42). However, this extreme simplification of drug dosing adjustment during CRRT
presents several limits (e.g., it does not take into account modifications of nonrenal
clearance in AKI) and could lead to drug underdosing in some cases.

In order to provide practical indications for the treatment of patients undergoing
RRT, the most commonly adopted dosing strategies for the different antimicrobials,
derived from the recent literature, are reported in Table 3.

AMINOGLYCOSIDES

These antibiotics have a concentration-dependent antibacterial efficacy, which is
maximal in the presence of an elevated Cmax/MIC (5). Moreover, a higher Cmax is
generally followed by a longer duration of the PAE. The drug administration in a single
daily dose appears more effective and at the same time is associated with a lower
toxicity (43). In patients with AKI, the most appropriate dosing adjustment strategy is
to prolong the time interval between doses while maintaining the single doses
unchanged (43). Aminoglycosides are characterized by a small V and an elevated f with
SC/SA around 0.9. Therefore, the CLEC is relatively high with both convective and
diffusive RRT modalities (44, 45). In the specific setting of IHD or PIRRT, the comparison
of different gentamicin dosing regimens showed that the administration over 30 to
60 min just before dialysis session with an extended interval may be a valid strategy (45,
46). Thus, predialysis administration of a full dose of aminoglycosides allows for higher
target Cmax with maximal therapeutic effect, while enhancing CLEC to minimize toxicity;
this strategy appears to be more effective, and possibly less toxic, than the conven-
tional postdialysis dosing regimen (45, 46). Otherwise, during CRRT, a higher than usual
first dose of amikacin, while reaching therapeutic Cmax, was associated with a pro-
longed concentration above the threshold of renal toxicity. Thus, the therapeutic
benefit of high-dose aminoglycoside therapy in septic patients receiving CRRT should
be balanced with its potential side effects (44). In this context, after estimating CLTB on
the basis of previously described main principles, the t1/2 of a given aminoglycoside
during CRRT could be obtained in order to calculate the time to reach target trough
concentration; this time will be considered the appropriate time interval for the
subsequent doses aimed at maintaining the optimal PD target (5). However, consider-
ing the narrow therapeutic index of aminoglycosides, TDM is strongly suggested for
adequate and safe dose adjustments independently of the RRT modality adopted (22).

�-LACTAMS

To reach maximal efficacy, the plasma concentration of �-lactams needs to remain
above the MIC as long as possible in the dose interval (22, 47). Indeed, the clinical
effectiveness of these time-dependent antibiotics appears closely related to the per-
centage of time with a free drug plasma concentration higher than pathogen’s MIC
(%T�MIC): the higher this percentage, the higher the effectiveness (48). Additionally, the
maximum bactericidal effect is observed when the �-lactam Css is more than 4 times
the pathogen’s MIC (48).

To ensure the attainment of the appropriate PK/PD targets, as CRRT provides a
steady additional CL, the dose interval should be shortened without changing the
single doses, and continuous infusion has been also proposed (47, 49). Indeed, in 7
patients undergoing CVVHDF, after a 2 g loading dose, target serum concentrations
were optimally maintained by the continuous infusion of ceftazidime (3 g/day) (47).
More recently, after a 4.5 g loading dose, 500 mg/h continuous infusion of piperacillin-
tazobactam was reported to ensure optimal drug exposure for less-susceptible patho-
gens throughout the time treatment (%T�MIC � 100%) (49). The continuous-infusion
strategy has been proposed for some �-lactams also in PIRRT (50, 51). For instance, in
a prospective study in ICU patients receiving sustained low-efficiency dialysis (SLED), a
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TABLE 3 Intravenous antimicrobial dosing in critically ill patients with acute kidney injurya

Antimicrobial Conventional IHD PIRRT CRRT

Aminoglycosides
Amikacin 7.5 mg/kg q48h � 3.75 mg/kg after dialysis No data 7.5 mg/kg q24h
Gentamicin 1.7–2 mg/kg q48h � 0.85–1 mg/kg after dialysis 6 mg/kg q48h 1 h before

PIRRT session
1.7–2 mg/kg q24h

Tobramycin 1.7–2 mg/kg q48h � 0.85–1 mg/kg after dialysis 6 mg/kg q48h 1 h before
PIRRT session

1.7–2 mg/kg q24h

�-Lactams
Amoxicillin/clavulanate 0.5/0.1 g q24h � 0.5/0.1 after dialysis No data No data
Ampicillin/sulbactam 1.5 g q12h (after dialysis on dialysis day) No data 1.5–3 g q6h–q8h
Piperacillin/tazobactam 2.25 g q8h–q12h � 0.75 g after dialysis 2.25–3.375 g q6h–q8h or

continuous infusion
2.25–3.375 g q6h–q8h or

continuous infusion
Oxacillin No adjustment No adjustment No adjustment
Cefazolin 0.5–1 g q24h or 1–2 g q48h–q72h � 0.5–1 g

after dialysis
No data 1 g q8h or 2 g q12h

Cefotetan 1–2 g q48h � 1 g after dialysis No data 0.75 g q12h
Cefoxitin 2 g q24h–q48h � 1 g after dialysis No data 2 g q8h–q12h
Cefuroxime 0.75–1.5 g q24h (after dialysis on dialysis day) No data 0.75–1.5 g q8h–q12h
Cefepime 0.5–1 g q24h � 1 g after dialysis 1 g q6h 1 g q8h or 2 g q12h
Cefotaxime 2 g q24h � 1 g after dialysis No data 1–2 g q12h–q24h
Ceftaroline 0.2–0.4 g q12h (after dialysis on dialysis day) No data 0.4 to 0.6 g q12h
Ceftazidime 2 g q24h–q48h � 1 g after dialysis 2 g q12h 1g q8h or 2 g q12h or

continuous infusion
Ceftazidime/avibactam 0.94 g q48h (after dialysis on dialysis day) No data 1.25 g q8h
Ceftizoxime 2 g q24h � 1 g after dialysis No data 2 g q12h–q24h
Ceftolozane/tazobactam 0.15 g q8h (after dialysis on dialysis day) No data No data
Ceftriaxone No adjustment No adjustment No adjustment
Ceftobiprole 0.25 g q24h (after dialysis on dialysis day) No data No data
Doripenem 0.25 g q12h–q24h 0.5 g q8h 0.5–1 g q8h–q12h
Ertapenem 0.5 g q24h � 0.15 g after dialysis (if dose is

given within 6 h pre-IHD)
1 g q24h 0.5–1 g q24h

Imipenem/cilastatin 0.25 g q12h (after dialysis on dialysis day) 0.5 g q6h 0.25–0.5 g q6h–q8h
Meropenem 0.5–1 g q24h (after dialysis on dialysis day) 0.5 g q8h 0.75 g q8h or 1.5 g q12h or

continuous infusion
Meropenem/vaborbactam 0.5/0.5 g q12h No data No data

Glyco-, glycolipo-, and lipopeptides
Dalbavancin No adjustment No data No adjustment
Daptomycin 4–6 mg/kg q48h (after dialysis on dialysis day) �

50% additional dose after IHD session
preceding 72-h interdialytic period

6 mg/kg q24h 6 mg/kg q24h

Oritavancin No adjustment No adjustment No adjustment
Telavancin No data No data No data
Teicoplanin 6–12 mg/kg q72h No data 6–12 mg/kg q48h
Vancomycin 7.5–15 mg/kg q48h–q72h (after dialysis on

dialysis day)
15 mg/kg (after

PIRRT session)
10–15 mg/kg q24h–q48h or

continuous infusion

Glycylcycline
Tigecycline No adjustment No adjustment No adjustment

Lincosamides
Clindamycin No adjustment No adjustment No adjustment

Macrolides
Azithromycin No adjustment No adjustment No adjustment

Monobactam
Aztreonam 0.5 g q8h � 0.25 g after dialysis No data 1 g q8h or 2 g q12h

Nitroimidazoles
Metronidazole 7.5 mg/kg q12h (after dialysis on dialysis day) No data 7.5 mg/kg q6h

Oxazolidinones
Linezolid 600 mg q12h (after dialysis on dialysis day) 600 mg q12h (after

PIRRT session)
No adjustment

Tedizolid No adjustment No adjustment No adjustment

Polymyxins
Colistin 1.5 million IU q12h � 1.5 million IU after dialysis 3.0 million IU q8h 4.5 million IU q12h or

3.0 million IU q8h

(Continued on next page)
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population PK model showed that piperacillin-tazobactam at a 9 g/day continuous
infusion was appropriate (%T�MIC � 100%) for susceptible organisms with a MIC of
�32 mg/liter (51). Among time-dependent antibiotics, carbapenems have a significant
RRT removal (22, 52–54). The intermittent administration of meropenem during
CVVHDF was associated with subtherapeutic concentrations during the time inter-
val, while continuous infusion (2 g/24 h) allowed the PK/PD target to be reached
(%T�MIC � 100%) (55).

As for the use of combined �-lactams and �-lactamase inhibitors (56), although the
optimal dosing strategy of ceftazidime/avibactam and other newly introduced antimi-
crobials in combination has not yet been fully investigated in different RRT modalities,
preliminary data in CVVH showed a significant EC fractional CL of ceftazidime/avibac-
tam (57).

In order to meet the appropriate PK/PD target of time-dependent antibiotics during
CRRT, PK principles may help to calculate maintenance doses: for example, it has been
proposed that the sum of CLEC plus nonrenal CL and residual renal CL could be used
to estimate CLTB and calculate the maintenance infusion rate of a given antibiotic (5).
This approach could be useful, as the CRRT dose is often not standardized and different
CRRT intensities may impact consistently %T�MIC (35), especially if high-volume CRRT
modalities are adopted (58).

Although �-lactams are not characterized by a tight therapeutic range, TDM remains
a useful tool for guiding drug dosing in complex clinical settings. Recently, the use of
TDM was reported to identify the need for �-lactam dose changes in 35% of critically
ill patients undergoing CRRT: in particular, 24% of TDM sample values prompted a

TABLE 3 (Continued)

Antimicrobial Conventional IHD PIRRT CRRT

Quinolones
Ciprofloxacin 0.4 g q24h (after dialysis on dialysis day) No data 0.2–0.4 g q12h
Levofloxacin 0.5 g q48h (after dialysis on dialysis day) No data 0.25 g q24h or 0.5 g q48h
Moxifloxacin No adjustment No adjustment No adjustment

Rifamycins
Rifampin No adjustment No adjustment No adjustment

Tetracyclines
Doxycycline No adjustment No adjustment No adjustment
Minocycline No adjustment No adjustment No adjustment

Antifungal agents
Amphotericin B No adjustment No adjustment No adjustment
Fluconazole 0.1–0.4 g q24h (after dialysis on dialysis day) 0.4 g q12h 0.4–1.2 g q24h
Isavuconazole No adjustment No adjustment No adjustment
Itraconazole 0.1 g q12h–q24h (oral route); i.v. contraindicated

in patients with eGFR �30 ml/min (risk of
cyclodextrin vehicle accumulation)

No data 0.1–0.2 g q12h (oral route);
i.v. route contraindicated
in patients with eGFR of
�30 ml/min
(risk of cyclodextrin
vehicle
accumulation)

Posaconazole No adjustment No adjustment No adjustment
Voriconazole No data, but oral route preferred to avoid

accumulation of SBECDb vehicle
No data, but oral route

preferred to avoid
accumulation
of SBECD vehicle

4 mg/kg q12h, oral route
(although removal of
SBECD
with CRRT has been
recently reported)

Anidulafungin No adjustment No adjustment No adjustment
Caspofungin No adjustment No adjustment No adjustment
Micafungin No adjustment No adjustment No adjustment

aAs a general rule, the “loading dose” of a drug, not reported in the table, is strictly dependent on V and does not require any adjustment in patients with renal
failure, including those undergoing RRT for AKI. Consistent variations of V can occur in critically ill patients, thus influencing the effect of loading and maintenance
doses on antibiotic plasma concentrations. Maintenance doses reported in the table derive from references included in the review and from the main guides for
antimicrobial therapy. Whenever possible, maintenance doses should be guided by therapeutic drug monitoring (TDM), especially for drugs with a narrow
therapeutic range.

bSBECD, sulfobutylether-�-cyclodextrin.
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decrease in the prescribed dose, while a dose increase was required in the remaining
11% (59).

GLYCO-, GLYCOLIPO-, AND LIPOPEPTIDES

Vancomycin has a time-dependent bactericidal effect (36), and the PK/PD target that
best correlates to its efficacy is the AUC24/MIC (60). Current vancomycin therapeutic
guidelines indicate that targeting a trough concentration of 15 to 20 mg/liter would
attain an AUC24/MIC of �400 in most patients with normal kidney function if the MIC
is �1 mg/liter (60, 61). For pathogens with a vancomycin MIC of �2 mg/liter, this PK/PD
target is not achievable with conventional dosing (60, 61). Despite the relatively high
MW, the use of “high-flux” membranes is generally associated with a relevant EC
fractional CL in different RRT modalities (61–63). However, along with a high variability
related to the dialysis dose and the selected membrane, a lower vancomycin CL has
been reported in diffusive compared to convective modalities (62). Thus, given the
narrow therapeutic range of vancomycin, an accurate TDM is strongly needed. During
CRRT, a continuous vancomycin infusion has been suggested to avoid large fluctuations
of plasma concentration (64). In patients receiving PIRRT, a high variability of vanco-
mycin PK parameters has been reported; to meet the PK/PD target, a weight-based
loading dose (15 to 25 mg/kg), followed by a maintenance regimen after the PIRRT
session, preferably guided by TDM, has been suggested (61, 65).

Teicoplanin is characterized by a high MW, a low V, and a highly variable f, especially
in patients with hypoalbuminemia (29). Reported values of SC in CVVH are around 0.15,
but the variability of PK parameters could lead to significant variations of EC fractional
CL (29, 66, 67).

Daptomycin is a lipopeptide characterized by concentration-dependent activity,
high protein binding, and low V; despite a low f, the CLEC in CVVHD was reported as
relatively high compared to nonrenal CL, resulting in a significant EC fractional CL
(around 50%) (68). Although the suggested maintenance dose may vary according to
dialysis intensity and modality, a daily dose ranging from 8 to 12 mg/kg has been
recently suggested to avoid underdosing (69, 70). Otherwise, in patients receiving
thrice-weekly IHD, administration of daptomycin (4 to 6 mg/kg) thrice weekly after each
IHD session appears to be safe and effective, with a 50% increased dose (from 6 to
9 mg/kg) being suggested at the end of IHD session preceding the long interdialytic
period (71).

Dalbavancin, a second-generation lipoglycopeptide, is characterized by a high
protein binding and a low V. As expected, in vitro models showed a very low CLEC (SA
and SC of �0.1) (72).

OXAZOLIDINONES

Linezolid is a synthetic antibiotic with a peculiar activity on multiresistant strains of
Gram-positive bacteria (i.e., Staphylococcus aureus and Enterococcus) characterized by
time-dependent killing. Although hepatic metabolism prevails, around 30% of the dose
undergoes renal excretion. Notwithstanding, in a prospective study aimed at evaluating
single-dose PK of linezolid in patients undergoing different RRT modalities for oliguric
AKI, an RRT-related reduction of plasma drug concentration to subtherapeutic levels
was reported in most of the patients (31). In particular, the drug t1/2 was lower than 4
to 6 h in all patients treated with IHD or SLED, suggesting the administration of the
drug at the end of dialysis as the most appropriate therapeutic schedule (31). A
subsequent pilot study, including 5 critically ill patients undergoing IHD, evaluated
linezolid population PK on and off dialysis after multiple doses (600 mg every 12 h
[q12h]). Compared to linezolid administration not preceding IHD (“without HD”), drug
trough levels were significantly lower if linezolid was administered prior to a dialysis
session (“with HD”), providing further evidence that hemodialysis reduces linezolid
concentrations (33). On this basis, although linezolid administration at the end of
dialysis remains the most appropriate schedule, the authors speculated that, at least in
specific circumstances (high body weight and dialysis sessions early after linezolid
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infusion), a supplemental dose after HD or a higher loading dose at the start of HD
could allow the steady state to be achieved earlier (33). Subtherapeutic plasma levels
of linezolid have been reported elsewhere during SLED, suggesting the need for higher
doses or the adoption of TDM to achieve effective antimicrobial therapy (73). Despite
a relatively high SC, a linezolid EC fractional CL around 20% has been reported during
CRRT, suggesting no need for relevant modifications of the usual dose (74). However,
a wide variability in linezolid PK/PD parameters has been reported in septic patients
undergoing CRRT, conceivably related to the patients’ critical conditions and/or organ
dysfunctions (75, 76). Therefore, particular attention should be paid to linezolid therapy
in order to avoid antibiotic underdosing in specific clinical settings (75, 77) and/or in
case of infections due to bacteria with a higher MIC (�2 mg/liter) (78).

Tedizolid is a novel oxazolidinone drug primarily excreted by the liver, active against
certain linezolid-resistant pathogens and characterized by a longer t1/2 than linezolid.
Tedizolid does not require dosing adjustment in patients with renal dysfunction (79). In
vitro CVVH/CVVHD models showed that EC fractional CL was modest, suggesting no
need for dose adjustment (80).

POLYMYXINS

The polymyxins, antibiotics characterized by a high risk of nephrotoxicity and
neurotoxicity, have been reintroduced in recent years as a treatment option against
Gram-negative multiresistant microorganisms (36). Colistin (polymyxin E) is a multi-
component lipopeptide containing colistin A and B. The drug is commercially available
as its prodrug, colistimethate sodium (CMS [MW of 1,743 Da]), which is hydrolyzed
spontaneously in plasma to colistin (20% to 30% of the CMS dose) (81). Bactericidal
activity of colistin is mainly concentration dependent, with a PAE at higher concentra-
tions; however, colistin is classified as both a concentration- and time-dependent
antibiotic, and AUC24/MIC represents the most reliable predictor of antibacterial activ-
ity. One million IU of CMS corresponds to 80 mg and equals 30 mg of colistin base
activity. In critically ill patients, colistin is characterized by a variably protein binding
and a low V (81). Both CMS and colistin undergo renal excretion, although a variable
amount of nonrenal elimination and tubular reabsorption may also play a role (29, 82).
Information about colistin PK during RRT vary in relation to the different modalities
adopted in the ICU. Colistin CLEC by CRRT may become a relevant component of the
CLTB; indeed, a significant lowering of colistin levels during CVVHDF was observed with
similar CLEC for CMS and colistin (11.2 and 11.9 ml/min, respectively) (83). Colistin EC
fractional CL was reported as 43% to 59% during CVVHDF, and a CMS dose ranging
from 150 mg q18h to 75 mg q8h was inappropriately low when actual colistin concen-
trations (1.4 to 1.7 mg/liter) were compared with the theoretical Css (�2.5mg/liter)
needed to maintain an AUC24/MIC of �60 (84). Thus, based on these findings, also
confirmed elsewhere (82, 85), a CMS maintenance dose similar to or higher than that
used in patients with preserved kidney function is needed to achieve adequate colistin
Css during CRRT (83, 86–88). A further study reported relatively high SA during CVVHDF
(0.42 for colistin A and 0.48 for colistin B) with a high extent of colistin removal,
suggesting the dose should not be reduced (89). In patients with septic shock and AKI
undergoing coupled plasma filtration-adsorption/CVVHDF or hemoperfusion with poly-
myxin B fiber cartridges, colistin removal was high, especially in the case of coupled
plasma filtration-adsorption/CVVHDF; however, the short duration of hemoperfusion
probably resulted in very little impact on total-body colistin content (90). Regarding PK
of colistin during IHD, a case report analyzed the variations in colistin plasma levels in
2 patients with pneumonia from multidrug-resistant Gram-negative bacteria and AKI
undergoing 4-h IHD; 2 million IU q12h has been suggested as the most appropriate
dose in patients undergoing daily IHD (91). In a case series of 8 ICU patients with AKI
receiving daily 4-h IHD, CMS nonrenal CL was found to be greater than expected, but
colistin exposure was in any case 3-fold higher than that in ICU patients with preserved
renal function—probably due to a greater fraction of CMS being converted into colistin
(92). In this setting, a CMS dose of 1.5 million IU q12h with a supplemental 1.5-
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million-IU dose given after the IHD session (i.e., total of 3 million IU for non-IHD days
and 4.5 million IU for the IHD day) was appropriate to maintain a colistin plasma
concentration around 3 to 4 mg/liter. This strategy allowed a high probability of target
attainment for bacteria with a MIC of �1.5 mg/liter (free AUC/MIC of �15, nonpulmo-
nary infections) and 0.5 mg/liter (free AUC/MIC of �50, pulmonary infections) (92).

A recent study provided a detailed description of the disposition of CMS and colistin
during IHD in patients with end-stage renal disease (ESRD) (34). A single CMS dose was
administered over 30 min, and the IHD session was started 1.5 to 5.5 h after the CMS
infusion. CMS recovered in the dialysate was around 30% of the administered dose.
Therefore, the authors suggested that in patients with ESRD, IHD should be done at the
conclusion of a dosing interval to minimize CMS removal before its conversion to
colistin (34). Moreover, CMS clearance estimated by dialysis from transdialyzer extrac-
tion was 30% greater than that derived from the amount in dialysate, which indicates
adsorption by the membrane (34).

Few data are currently available to guide standardized dose recommendations
during PIRRT. A single case report has evaluated single- and multiple-dose PK of colistin
in a critically ill patient undergoing extended daily dialysis (EDD) (93). After a
6-million-IU loading dose, a maintenance dose of 3 million IU q8h was given. Depend-
ing on the blood and dialysate flow rates, the ECCL of colistin ranged between 54 and
71 ml/min. Colistin concentrations were appropriate, suggesting that in patients un-
dergoing EDD, the dose of 9 million IU q24h did not lead to drug accumulation (93).

In any case, independent of the RRT modality adopted, a more extensive use of TDM
may be envisaged to optimize colistin dosing and reduce its toxicity.

QUINOLONES

The antibacterial activity of quinolones is concentration dependent, and the AUC24/
MIC is the PK/PD parameter most predictive of their efficacy (36). Ciprofloxacin removal
during CVVH/CVVHDF is variably reported with a relatively low EC fractional CL (94, 95).
Levofloxacin, characterized by a lower V compared to ciprofloxacin and moxifloxacin,
appears to have a higher EC removal (94, 96, 97). Conversely, the EC fractional CL of
moxifloxacin, a quinolone with prevalent hepatic metabolism, accounted for less than
10%, barely affecting the PK of the drug in CVVHDF (98). Regarding PIRRT, in 10 ICU
patients receiving single-dose moxifloxacin and undergoing SLED, 30% of moxifloxacin
was removed by a single RRT session in addition to the nonrenal CL (99). Although the
moxifloxacin t1/2 during SLED was shorter than that off-SLED, only a small amount of
moxifloxacin was recovered from the dialysate, suggesting a quota of drug adsorption
(99). In the same study, in 5 patients receiving single-dose levofloxacin, the t1/2 during
SLED was markedly shorter than that off-SLED, with an EC fractional CL around 50%.
Adsorption of levofloxacin in vitro has been described during CVVH with the use of
polyacrylonitrile (PAN) hemofilters; the process appeared concentration dependent and
reversible, suggesting that adsorption is unlikely to affect levofloxacin PK significantly
in vivo (100).

ANTIFUNGAL AGENTS

Based on their PK properties, most of the antifungal agents are characterized by a
negligible RRT removal with an EC fractional CL largely below 25% (101–105). In
particular, concentration-time profiles of amphotericin B lipid complex were very
similar on- and off-CVVH, suggesting that a standard dose can be administered during
CRRT (101). A negligible CLEC during CRRT has been reported also for the echinocandin
caspofungin, licensed for the treatment of invasive candidiasis and for salvage therapy
of invasive aspergillosis; thus, no caspofungin dosing adjustment appears necessary for
patients undergoing CRRT (102, 103).

Voriconazole, a triazole antifungal agent, is currently recommended as the first-line
therapy for patients with invasive Aspergillus infection and can also be used to treat
patients with other life-threatening systemic mycoses (104). Intravenous administration
of voriconazole is not recommended in patients with an estimated glomerular filtration
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rate (eGFR) of �50 ml/min to avoid potentially toxic accumulation of sulfobutylether-
�-cyclodextrin (SBECD), a vehicle for the intravenous formulation (104). In a prospective
PK study conducted in 10 critically ill patients undergoing CVVH, voriconazole ECCL was
not clinically significant, while SBECD was effectively removed at a rate similar to QUf.
On this basis, the standard dose of intravenous (i.v.) voriconazole can be prescribed in
patients undergoing CVVH without significant risk of SBECD accumulation (104).

The PK profile of fluconazole, an antifungal drug active on different Candida strains
and characterized by a wide therapeutic range, represents one of the few exceptions
among antifungal agents, being characterized by a low V and a high f (8). Its renal
excretion prevails, and the drug is subject to tubular reabsorption (22). In a 24-h CRRT
session, 70% of the fluconazole dose is roughly removed (19). During CRRT, the CLEC is
similar to or higher than the drug CL observed in subjects with normal renal function
(19, 20). This finding may appear surprising but can be explained by a partial tubular
reabsorption of the drug after glomerular filtration in patients with normal renal
function (19, 20). Therefore, in patients undergoing CRRT, a daily dose of 800 to
1,200 mg has been suggested with the aim of achieving a fungicidal drug concentra-
tion (106, 107).

CONCLUSIONS

In the critically ill, AKI may lead to clinically significant modifications of antibacterial
PK parameters. Generally, a prevalent renal excretion of a given drug predicts a
clinically relevant RRT removal, and drug dosing adjustment is commonly required if
the EC fractional CL is higher than 25%. In septic ICU patients with AKI, a careful
management of antimicrobials is essential, especially in clinical settings requiring
high-intensity RRT. Indeed, the RRT removal of antibacterial drugs can be higher than
expected, with a consistent risk of underdosing if the CLEC is underestimated and/or
drug dose adjustment aimed at the attainment of PK/PD targets is not properly applied.

The most important PK parameters, useful to determine the significance of EC
removal of a given drug, are MW, protein binding, and V; yet, for drugs with a high V,
whole-body drug removal by RRT may be negligible despite a low MW and a low
protein binding. Furthermore, the time interval between the antibiotic dose adminis-
tration and the start of RRT also has a crucial impact in patients undergoing PIRRT or
IHD, as starting RRT too closely to drug administration may result in inappropriately
high drug removal. Conversely, greater antibiotic removal could be useful to reduce
toxicity in the case of some concentration-dependent antimicrobials (i.e., aminoglyco-
sides).

Finally, it should be highlighted that any attempt to simplify antimicrobial dosing
adjustment may be challenged in clinical practice by the high intrapatient and inter-
patient PK variability that characterizes critically ill patients. Thus, especially for anti-
microbials known for a tight therapeutic range, TDM appears essential and is strongly
suggested to guide drug dosing adjustment in a multifaceted and rapidly evolving
clinical setting such as ICU septic patients undergoing RRT for AKI.
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