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1. Background and Scope of Problem

Acute kidney injury (AKI) is a common problem in hospitalized patients, associated with
significant morbidity and mortality (1). Despite numerous clinical trials that have aimed to
improve the outcomes of patients with AKI or to prevent AKI, at present, our only
intervention for severe AKI is renal replacement therapy (RRT, also known as dialysis), and
AKI requiring RRT is associated with mortality rates of at least 40-50% in critically ill
patients (2, 3). It has been estimated that the cost associated with AKI in the United States is
upwards of 10 billion dollars/year. The public health and clinical importance of AKI has
been further underscored recently by studies demonstrating that the incidence of AKI is
rising rapidly (~7% per year), independent of potential changes in diagnostic coding (1).
Two large trials showed no benefit from increased doses despite prior clinical and
preclinical data suggesting that increased clearance from RRT has beneficial effects (2-6).

Since infection is the leading cause of death in AKI, many have hypothesized that the effects
of increased RRT dose on antibiotic clearance may create a competing morbidity. Our own
data, as well as those of other groups show that many patients are underdosed when routine
“one size fits all” antibiotic dosing is used in patients with AKI on continuous RRT (CRRT)
(7, 8) Underdosing jeopardizes recovery from infection and drives evolution of resistant
bacterial strains (9). Thus, dialysis, the very therapy that we consider “life-saving,” may also
increase mortality because it results in antibiotic underdosing. Design of better antibiotic
dosing regimens requires insight not only into pharmacokinetics (“PK”), but also
pharmacodynamics (“PD”) targets and identification of a high-risk patient population most
likely to benefit.

There is a lack of knowledge on how to dose antibiotics in critically ill patients receiving
RRT. Although it is clear that dialysis is life-saving because it clears the blood of toxins,
including potassium, organic acids and nitrogenous waste products, dialysis may also have
deleterious effects through clearance of medications, including antibiotics. Medication
dosing for RRT, and in particular continuous forms of RRT, or CRRT, is frequently
extrapolated from small case series of patients. Indeed, our own studies suggest that 25-60%
of patients receiving CRRT have subtherapeutic antibiotic levels, despite dosing of
antibiotics consistent with standard of care(8, 10). While a handful of antibiotics
(vancomycin, aminoglycosides) can be dosed according to measured drug concentrations in
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blood (therapeutic drug monitoring, or TDM) because levels are routinely measured by
hospital clinical laboratories, it is not feasible to measure drug levels for the vast majority of
antibiotics.

2. Brief Review of Pharmacokinetic and Pharmacodynamic Principles

Absorption

Distribution

The study of drug effects in animals and man includes “pharmacokinetics”, or the processes
by which the body takes in, distributes, and disposes of a drug, and “pharmacodynamics”
which refers to the processes by which the drug has its desired effect. For critically ill
patients with renal failure, drug disposition is likely to be altered from what is observed in
healthy volunteers, and consequently, the ability of a particular dosing regimen to achieve
therapeutic goals in an individual patient may vary considerably from what the clinician
expects.

Enteric drug absorption in the critically ill patient may be quite unpredictable for several
reasons: proton-pump inhibitors administered for ulcer prophylaxis may raise gastric pH
enough to dissolve pH-dependent coatings on tablets; fluid overload and gut edema, as well
as loss of enteric microarchitecture may impair absorption across the enteric mucosa;
cholestasis in the setting of shock or sepsis may alter enterohepatic recirculation; disruption
of epithelial tight junctions, loss of enteric mucosa or partial denudation of the enteric lumen
may lead to increased absorption (11) and first-pass effects may be altered by portosystemic
shunts. For these reasons, oral administration of pharmacologic agents frequently is not even
discussed in reviews of drug dosing in critical illness (12, 13). Parenteral administration
generally means intravenous infusion, although intraperitoneal and intrathecal
administration may be preferred in certain settings (14, 15).

After an agent is administered — either orally or parenterally — it will be transported to a
greater or lesser extent from its original location — blood, CSF, ascites — throughout the rest
of the body. For this discussion, we will assume intravenous administration. As a result of
this active and passive transport, the measured concentration of drug in the plasma will be
less than just the administered dose divided by the estimated plasma volume. The dose
administered divided by the final concentration yields a number with units of volume, called
the “volume of distribution”. It can be helpful in dose calculation to frame drug distribution
in this way, even though the volume of distribution does not correspond to any particular
anatomic space in the body. Once the drug has distributed throughout the body, it will have
some final concentration that then gradually decreases as the body eliminates the drug. It
may be challenging to distinguish drug excretion or metabolism from delayed distribution.

Unfortunately, the nomenclature is not entirely consistent in describing volume of
distribution, and so it is worth some discussion here. Almost all drugs will exist in
equilibrium between free drug — the active form of the drug — and drug that is specifically
and nonspecifically bound to plasma and tissue proteins. Some drugs also partition into
lipids. Often, descriptions of drug concentration and volume of distribution are not clear
whether they are referring to both free and bound forms (“total drug”), or the active, free
form alone. An example familiar to most practicing nephrologists illustrates the point.
Phenytoin, a commonly used antiepileptic, is highly protein bound to albumin (>90%) and
the total drug has a relatively small volume of distribution — about 0.7L/kg in adults. The
free, pharmacologically active form of the drug is thus only about 10% of the total drug and
circulates at a therapeutic concentration of 1-2 mcg/ml. The volume of distribution for the
free, active form of the drug is quite different (7L/kg vs 0.7L/kg) from the volume of
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distribution for the total drug, and the exact concentration of free drug is exquisitely
sensitive to plasma protein concentrations and also, relevant for CKD and AKI, uremic
toxins (16). For this discussion, volume of distribution will refer to the free drug, not protein
or tissue bound forms. A few other examples of drug distribution familiar to the practitioner
from everyday experience may be helpful in anchoring the discussion. At one end of the
spectrum, monoclonal antibodies, such as infliximab, are large molecules that are almost
entirely retained in plasma and have very low volumes of distribution (17). In contrast,
antimetabolites used in cancer chemotherapy are small molecules that bind extensively and
nearly instantly to tissues, and have volumes of distribution in the hundreds of liters (18—
28).

The time course for transport of a drug depends on its chemical characteristics, especially
size and protein binding, as well as the nature of the tissues into which it distributes. This
matters not only in optimizing dosing strategies for the site of infection, but half-lives are
affected by distribution, as reservoirs of drug in tissues may refill the plasma compartment
as the kidney or liver removes the drug. Blood flow distributions to splanchnic, skeletal
muscle and fat are altered in acute kidney injury and critical illness, so the apparent volume
of distribution may change over the dosing cycle as well over the course of the illness. This
effect may be modeled as early, nearly instant drug distribution into a “central”
compartment and then slower distribution into one or more peripheral compartments. It is
tempting but inaccurate to assign the identities of the modeled peripheral compartments to a
particular organ or fluid. Drugs do not distribute into the entire body, and there are certainly
anatomic compartments in the body to which some antibiotics have poor access, such as
abscesses, bone, and CSF. Many antibiotics administered intravenously penetrate the blood
brain barrier slowly or not at all (14). This is a major challenge in therapeutic drug
monitoring as antibiotic concentrations for therapeutic drug monitoring are usually
measured in blood samples and almost certainly overestimate concentrations at the site of
infection (29-31).

Volumes of distribution in acute kidney injury may be severely deranged from published
population estimates derived from healthy subjects. First, hospitalized inpatients may have
been obese and far above ideal body weight at time of admission, leading to overestimation
of total body water if weight-based nomograms are used. Subsequent fluid overload and
extracellular fluid volume expansion in turn increase volumes of distribution for hydrophilic
drugs, such as aminoglycosides. Acutely ill subjects frequently have decreased plasma
protein concentrations, and, additionally, uremic solutes such as hippurate and indoxyl
sulfate alter drug binding to albumin in chronic renal failure, and might do so in acute renal
failure, although this has not been tested (32, 33). The free fraction of many drugs —
phenytoin, digoxin, and others is increased in renal failure, even though the volume of
distribution for total drug may increase due to movement of unbound drug into interstitial or
total body water (34, 35). Failure to adjust drug doses to account for these changes can result
in unexpected toxicity as total drug remains the same, but the free concentration is higher
than expected.

Clearance, Metabolism and Excretion

Clearance is a concept familiar to most nephrologists which needs but little further
discussion in the context of pharmacokinetics. Creatinine clearance, commonly used as an
easily calculated surrogate for glomerular filtration rate, includes creatinine removed from
blood by glomerular filtration and tubular secretion, although in individual patients the
relative contributions of each are generally not known. The same is true for drugs which
may be filtered and either reabsorbed or secreted by the tubule. In renal failure, filtration and
secretion are reduced, and it is usually assumed that reduced renal drug clearance occurs in
proportion to reductions in glomerular filtration rate.

Aav Chronic Kidney Dis. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fissell

Page 4

In consideration of drug clearance, metabolism of the drug is usually significant and
sometimes dominates disappearance of drug from plasma. Metabolism may take the form of
chemical modification of the drug by catalysis or hydrolysis, or addition of groups (e.g.
glucuronidation) that enhance excretion of the drug by modifying its solubility. The drug
may also be secreted in bile and then eliminated unchanged in stool. Non-renal drug
disposition is not independent of renal failure, however. Uremia and or azotemia change
hepatobiliary drug metabolism, possibly via product inhibition by accumulated metabolites
(36). Hepatic cytochrome P450 expression are reduced in chronic uremia, and in vitro
studies of rodent hepatocytes suggest that a dialyzable factor contributes to the suppression
(37).

Extracorporeal clearance by the dialysis circuit occurs in parallel with endogenous
clearance. Only the unbound or free drug is removed by the dialysis circuit, as the plasma
proteins (albumin) to which the drug is bound are too large to pass through the pores of the
dialysis membrane. Continuous renal replacement (CRRT) has dialysate/effluent flow
limited small solute clearance (Blood flow “Qb”  dialysate flow “Qd”), and CRRT urea
clearance is generally close to the effluent flow rate, typically 2-3L/hour or 33-50 ml/min.
Sustained low-efficiency dialysis (SLED) (Qd > Qb, Qb 100 ~ ml/min) and hemodialysis
(Qd > Qb; Qb ~ 350-400 ml/min) have blood-flow limited small solute clearance, and
barring significant recirculation or clotting in the fiber bundle, urea clearance is close to the
blood flow rate. Peritoneal dialysis (PD) is only rarely used in acute renal failure and drug
kinetics in acute PD are not well studied. In CRRT, SLED, and conventional hemodialysis,
middle molecule clearance is appreciably less than urea clearance and may be negligible(38)
(39).

Typical antibiotic dosing adjustments in CRRT involve estimating ongoing extracorporeal
clearance (e.g. 15 ml/min) and dosing the antibiotic according to the guidelines for the
equivalent creatinine clearance. Typical adjustments to dose in intermittent dialysis involve
estimating drug removal in the course of a single session, frequently from the published
literature rather than individualized data, and then supplementing the regular antibiotic
dosing schedule with additional doses after each dialysis session. Anecdotal evidence
suggests individual institutions vary widely in their adherence to supplemental dosing.

Pharmacodynamics

Antimicrobial antibiotics fall into several broad classes of agent (Table 1) which exert their
selective effect on microbes by targeting enzymes that are not shared with their mammalian
host. Each class of agent is thought to have a particular preferred concentration-time profile
that optimizes microbial killing while minimizing side effects. Drugs are usually classed as
time-dependent, meaning that time — or percentage of the dosing interval - above some
threshold concentration influences kill rates to a greater extent than does the magnitude of
the peak concentration observed; conversely, concentration-dependent agents show more
dependence on the magnitude of the peak concentration than how long the concentration
exceeded some multiple of the microbial minimum inhibitory concentration. Several agents
exhibit a potent post-antibiotic or post-antifungal effect caused by the irreversible binding of
the drug to bacterial or fungal cellular machinery. The pharmacokinetic processes
(distribution and clearance) described above cause the concentration-time profile at the site
of infection to differ from the concentration-time curve in plasma, so that plasma
concentrations may or may not be close to concentrations at the site of infection.
Optimization of the plasma concentration profile to achieve a desired tissue concentration-
time profile is an active area of research.
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3. Antibiotic dosing in Acute Kidney Injury

Unlike cancer chemotherapy agents or antiepileptic drugs, most antibiotics have large
therapeutic indices- that is, toxic doses far exceed therapeutic doses and dose-limiting
toxicities are rare. For example, vancomycin toxicity is frequently reported at concentrations
in tenfold excess of the therapeutic concentration (52, 53). Commonly encountered
exceptions include aminoglycosides and amphotericin B which concentrate in the renal
cortex, causing acute kidney injury. Several azoles and macrolides are CYP3A4 inhibitors
and accumulation in renal failure may cause elevations in other drugs, especially
immunosuppressants and antiarrythmics, such as amiodarone, that are metabolized via
CYP3AA4. Beta-lactam antibiotics, especially carbapenems, have epileptogenic neurotoxicity
that may be exacerbated by renal failure (54). Because of these direct and indirect toxicities,
practitioners have been keen to avoid overdose when prescribing antibiotics for patients with
renal failure.

Dose adjustment in renal failure is usually based on the present level of renal function;
however, estimation of renal function in acute renal failure is a challenging proposition that
is becoming its own field of study (55-59). GFR estimates that are based on creatinine or
urea levels, such as the Madification of Diet in Renal Disease estimating equation, are
confounded by several factors (60). First, not all subjects generate wastes at the same rate.
Second, measurements of serum levels always assess renal function “in arrears” as they
reflect accumulation of the solute in the hours and days after the change in GFR occurred.
Third, in acute kidney injury, the volume of distribution of these solutes is likely to also be
changing rapidly, so that changes in plasma levels arise not just from changes in generation
and in clearance, but also changes in total body water. Several tools have been developed to
quantify acute kidney injury in a repeatable fashion, and most well known are the RIFLE
and AKIN criteria (61, 62). These tools were developed to standardize definitions and stages
of acute kidney injury for research purposes, as previous studies of acute kidney injury were
difficult to compare side-by-side due to widely varying definitions of acute kidney injury.
These scoring systems are relatively blunt instruments with limited utility in bedside
medical decision-making, although they are extremely helpful to the clinician’s sense of risk
stratification and anticipatory guidance to family and friends of the patient. In this
background context of extraordinary difficulty in estimating renal function in the critically
ill patient, rapid-turnaround use of existing laboratory assays can be immensely useful.
Four-hour creatinine clearance, for example, can give insight into a patients renal function
during the interval between administration of a loading dose and the first maintenance dose
(63). These real-time assessments of actual creatinine clearance may prove helpful in
estimating GFR when the patients clinical condition is evolving (63).

4. Antibiotic dosing in Extracorporeal Renal Replacement

In this section, we will discuss the literature on antibiotic dosing in renal failure requiring
support, and focus exclusively on continuous therapies. For intermittent dialysis, several
published guides suggest supplemental doses to replace dialytic losses (64). Sustained low-
efficiency dialysis (SLED) has had limited penetration in the US despite the highly attractive
financial implications of using low-cost disposables in the ICU setting. Out of over 10,000
RRT treatments in the ATN study, less than 300 were SLED; in the RENAL study, all
subjects received post-dilution venovenous hemodiafiltration (2, 3). That said, the majority
of the literature in SLED in AKI has been published in the last 3—4 years, so drug dosing
guidelines in sustained, low-efficiency treatments is likely to be increasingly important and
will require extensive research efforts to develop optimal dosing strategies for SLED (65).

Aav Chronic Kidney Dis. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fissell

Page 6

The primary difficulty in applying the published literature on antibiotic dosing in CRRT to
bedside clinical decision making stems from ongoing evolution of the standard of care in
CRRT and significant heterogeneity in CRRT prescribing patterns. Here, we will focus on
one very commonly used antibiotic, piperacillin-tazobactam, and review the prior literature
as an example of the difficulties encountered by the practitioner attempting to devise a
rational dosing scheme for an individual patient. Many if not all of the challenges discussed
are applicable to other antimicrobial agents in acute kidney injury. The literature spans
nearly two decades, involves relatively small numbers of subjects, and reports very different
CRRT prescriptions.

As discussed by Trotman in his excellent review article on antibiotic dosing in CRRT, mode
and dose of CRRT vary quite widely from center to center and from report to report, making
it very difficult to create generally applicable dosing guidelines (72).

Pharmacokinetic parameters for piperacillin in our study resembled those reported by Seyler
et al (8), and notably differ from those published in a commonly used prescribing guide
(“The Green Book™)(73). Protein binding was lower, volume of distribution was higher, and
half-life longer than described in this prescribing guide (73). Half-lives measured in our
study resembled those measured by Valtonen for 2L/hour of CVVHDF effluent, but were
shorter than those reported by Arzuaga et al (69, 74). Total and extracorporeal clearance was
higher in our study (74 ml/min vs 50 ml/min; 30.8 ml/min vs 11.45 ml/min respectively)
than reported by Arzuaga for patients with severe renal failure on CVVH (74). Arzuaga used
similar equipment, but in predilution continuous hemofiltration with much lower effluent
rates than in the patients reported here. In comparison to Mueller’s measurements, our
patients had slightly longer half-lives and lower elimination rate constants for both
piperacillin and tazobactam (70). At this point, a side note regarding B-lactam/B-lactamase
inhibitor combinations is warranted in that the pharmacokinetics of the two components may
be quite different; in our hand, tazobactam had a larger volume of distribution and a longer
half life than piperacillin (10). Our pharmacodynamic data resembled those of others
suggesting that the proportion with target attainment (PTA, or proportion reaching
>50%T>MIC64 mcg/mL) was not 100% (8, 75, 76). Measurements of tissue levels for beta-
lactams are generally at best half to a quarter of plasma levels, and in septic patients,
possibly much lower (29, 75, 77, 78). The relatively low PTA raises significant concerns
regarding response to infections and development of antimicrobial resistance.

Our group has developed similar data for carbapenems to that reported by Seyler suggesting
that not all subjects reach pharmacodynamic targets in plasma, let alone in tissue (8).

The literature is presented for piperacillin-tazobactam as it is among the most widely used
antibiotics in the critical care environment, and it highlights the challenges confronting the
practitioner who seeks evidence-based dosing guidelines. Piperacillin-tazobactam is a
mainstay in treatment of gram-negative sepsis, and as such it is amongst the best studied in
acute kidney injury. As is evident, even for this extensively used drug, the literature
supporting dosing recommendations is based on remarkably few subjects and heterogeneous
RRT prescriptions. The same is evident for other renal dose adjustments.

Given that the CRRT prescriptions in the literature vary widely and practice patterns evolve,
it seems unwise to dose-adjust antibiotics according to a set recommendation for “Dialysis”
and “CRRT”. Instead, in the last section of the manuscript, a generally applicable strategy
for dose adjustment in renal failure and dialysis will be developed.
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5. Practice Recommendations for Inpatient Acute kidney Injury

What dose adjustment recommendations can be provided to the practitioner today? First, if
prescribed CRRT doses are similar to those of the ATN or RENAL studies; that is, between
25-35 ml/kg/hr, there is a very real possibility that antibiotics will be underdosed if older
dose adjustments are followed. This is reflected in Aronoff’s reference, which increased
piperacillin dose recommendations between the 4™ and 5™ editions of the book (64, 79).
Except in cases where a particular dose-related side effect is a known concern, practitioners
may prefer to err on the side of higher, not lower doses. Trotman’s reference is an excellent
source of information for volumes of distribution and protein binding which will guide
initial and subsequent doses (72). There is little if any data to support reduction of the initial
antibiotic dose solely on the basis of renal failure; the most obvious influences on the
volume of distribution of the free drug tend to cancel each other: hypoalbuminemia tends to
increase the free fraction of drug, while extracellular fluid volume expansion dilutes that
free fraction more than in a normovolemic patient. Aminoglycosides and vancomycin will
continue to require weight based dosing and therapeutic drug monitoring wherever possible.
The more complicated aspect of dosing lies in scheduling subsequent doses. Concentration-
dependent agents, such as fluoroquinolones, aminoglycosides, daptomycin, and
amphotericin, generally are adjusted by altering the length of the dosing interval, whereas
for time-dependent agents such as beta-lactams and triazoles, the dosing interval is kept
constant or nearly so, and the dose is reduced. Individual hospitals’ prescribing practices
often combine both approaches.

Although some references categorize drugs as having either renal or hepatic clearance (72),
the reality is that nearly all drugs undergo a combination of major, minor, and co-dominant
elimination pathways. Micromedex, Lexi-Comp, Epocrates, and other online or mobile
databases offer extensively referenced continuously updated and easily available data on an
extensive library of drugs. A quick look at the pharmacokinetic or ADME (absorption,
distribution, metabolism, elimination) sections of a drug monograph can help the
practitioner quickly decide if renal dose adjustment is necessary. Highly similar drugs in the
same class cannot be assumed to share common pharmacokinetics and elimination. An
example familiar to nephrologists is the difference between atenolol and metoprolol.
Atenolol is excreted 85% unchanged in urine, while metoprolol is hepatically metabolized
and undergoes negligible renal clearance. Once the practitioner has identified that renal
clearance is a dominant or codominant mechanism of elimination, he or she needs to
estimate the aggregate renal and extracorporeal drug elimination in his or her individual
patient. Typical dose adjustments categorize renal function roughly into < 10 ml/min, 10-20
ml/min, 30-60 ml/min, or > 60 ml/min; many variations on this theme exist but the concept
is uniform. Renal clearance can be assumed to be nearly zero in anuric patients, and in
patients with some urine output, a rapid assessment of function with a four-hour creatinine
clearance can broadly assign a patient’s renal function to one of the categories in the dosing
guide. CRRT drug clearance for most antibiotics can be estimated as the unbound fraction
(derived from a drug reference such as Micromedex or other) or from Trotman’s review (72)
multiplied by the effluent rate (that is, dialysate plus ultrafiltrate).

Thus, for piperacillin in a 100 kg anuric patient receiving 25 ml/kg/hour CVVHD, our own
data measured a free fraction as 81% (10). CRRT clearance could be estimated as 0.81 * 100
kg * 25 ml/(kg*hr) * 1 hr/60 min or about 35 ml/min. Looking in any of several references
for dose adjustments for a creatinine clearance of 35 ml/min, we find 3 grams IV every eight
hours (Micromedex), 2.25 grams piperacillin-tazobactam 1V every 6 hours (Lexi-comp)
which are very similar, either 8 or 9 grams of piperacillin over a 24 hour period. These also
correspond exactly to the dosing at the two sites in our study (10). By aggregating measured
renal and calculated extracorporeal clearance into a single number, the practitioner has a
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rrogate for creatinine clearance that allows application of the more commonly available

dose adjustments for chronic kidney disease to patients with acute kidney injury with or

Wi

thout residual renal function and any renal replacement strategy, bearing in mind that

most drugs undergo multiple clearance mechanisms, and this approach only accounts for the
renal component of clearance.
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Class

Example

M echanism of Action

Microbial Killing Profile

Beta-lactams

Penicillin, ceftriaxone, meropenem

Irreversible binding to enzymes necessary for
peptidoglycan synthesis in the bacterial cell wall

Time-dependent (40, 41)

Macrolides

erythromycin

Bind 50S subunit of ribosome and block peptide
chain elongation and protein synthesis

Time-dependent (42)

Aminoglycosides

gentamicin

Bind 30S ribosome and interfere with peptide
chain elongation, but individual agents may have
additional effects

Concentration-dependent (43)

Fluoroquinolones

ciprofloxacin

Inhibits DNA gyrase and blocks protein synthesis

Concentration-dependent (44)

Tetracyclines doxycycline Bind 30S ribosome and prevent transfer RNA Understudied.
from binding, thus preventing peptide chain Concentration-dependent (45)
elongation and blocking protein synthesis.
Glycopeptides Vancomycin Inhibits cell wall synthesis Time-dependent (46)
Lipopeptides Daptomycin Depolarizes cell membrane Concentration- dependent(47)
Polyenes Nystatin, Amphotericin B Binds to ergosterol component of fungal cell Concentration-dependent (48)
membrane and increases membrane permeability
Triazoles Fluconazole Blocks synthesis of ergosterol component of Time-dependent (49, 50)

fungal cell membrane

Echinocandins

caspofungin

Inhibits B(1,3) glucan synthase and interrupts
fungal cell wall synthesis

Concentration- dependent(51)
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Table 2

PK/PD Studies of Piperacillin-tazobactam in CRRT

Author N  CRRT Prescription

Joos (66) 8  CVVH 13 ml/min

van der Werf (67) 9 CVVH 26 ml/min

Capellier (68) 10 CVVH 840 ml/hr

Valtonen (69) 6  CVVH 1L/hr or CVVHDF 2L/hr
Mueller (70) 8 CVVHD 1.5L/hr

Arzuaga (71) 14  CVVH 20-30ml/min

Seyler (8) 16 CVVH and CVVHDF 45 ml/kg/hr
Bauer (10) 42 CVVHD and CVVHDF 26 ml/kg/hr
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