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Abstract Low serum albumin levels are very common in critically ill patients, with reported incidences as high as

40–50%. This condition appears to be associated with alterations in the degree of protein binding of many

highly protein-bound antibacterials, which lead to altered pharmacokinetics and pharmacodynamics, al-

though this topic is infrequently considered in daily clinical practice. The effects of hypoalbuminaemia on

pharmacokinetics are driven by the decrease in the extent of antibacterial bound to albumin, which increases

the unbound fraction of the drug. Unlike the fraction bound to plasma proteins, the unbound fraction is the

only fraction available for distribution and clearance from the plasma (central compartment). Hence,

hypoalbuminaemia is likely to increase the apparent total volume of distribution (Vd) and clearance (CL) of

a drug, which would translate to lower antibacterial exposures that might compromise the attainment of

pharmacodynamic targets, especially for time-dependent antibacterials. The effect of hypoalbuminaemia on

unbound concentrations is also likely to have an important impact on pharmacodynamics, but there is very

little information available on this area.

The objectives of this review were to identify the original research papers that report variations in the

highly protein-bound antibacterial pharmacokinetics (mainly Vd and CL) in critically ill patients with

hypoalbuminaemia and without renal failure, and subsequently to interpret the consequences for antibac-

terial dosing. All relevant articles that described the pharmacokinetics and/or pharmacodynamics of highly

protein-bound antibacterials in critically ill patients with hypoalbuminaemia and conserved renal function

were reviewed.

REVIEWARTICLE
Clin Pharmacokinet 2011; 50 (2): 99-110

0312-5963/11/0002-0099/$49.95/0

ª 2011 Adis Data Information BV. All rights reserved.



We found that decreases in the protein binding of antibacterials in the presence of hypoalbuminaemia are

frequently observed in critically ill patients. For example, the Vd and CL of ceftriaxone (85–95% protein

binding) in hypoalbuminaemic critically ill patients were increased 2-fold. A similar phenomenon was

reported with ertapenem (85–95% protein binding), which led to failure to attain pharmacodynamic targets

(40% time for which the concentration of unbound [free] antibacterial was maintained above the minimal

inhibitory concentration [ƒT>MIC] of the bacteria throughout the dosing interval). The Vd and CL of other

highly protein-bound antibacterials such as teicoplanin, aztreonam, fusidic acid or daptomycin among

others were significantly increased in critically ill patients with hypoalbuminaemia compared with healthy

subjects.

Increased antibacterial Vd appeared to be the most significant pharmacokinetic effect of decreased

albumin binding, together with increased CL. These pharmacokinetic changes may result in decreased

achievement of pharmacodynamic targets especially for time-dependent antibacterials, resulting in sub-

optimal treatment. The effects on concentration-dependent antibacterial pharmacodynamics are more

controversial due to the lack of data on this topic. In conclusion, altered antibacterial-albumin binding in the

presence of hypoalbuminaemia is likely to produce significant variations in the pharmacokinetics of many

highly protein-bound antibacterials. Dose adjustments of these antibacterials in critically ill patients with

hypoalbuminaemia should be regarded as another step for antibacterial dosing optimization. Moreover,

some of the new antibacterials in development exhibit a high level of protein binding although hypoalbu-

minaemia is rarely considered in clinical trials in critically ill patients. Further research that defines dosing

regimens that account for such altered pharmacokinetics is recommended.

Antibacterial dosing in critically ill patients remains a

complicated and unresolved issue confronting clinicians. The

effects of disease and severity of illness on patient physiology

are known to exert significant effects on pharmacokinetics.[1]

However, dosing regimens rarely account for such variability,

with the exception of impairments in renal function and, to a

lesser extent, hepatic function. It is known that critical illness is

associated with important variations in patient physiology that

lead to significant variations in pharmacokinetics and conse-

quently pharmacodynamics.[2] Multiple factors such as the

systemic inflammatory response syndrome (SIRS), fluid re-

suscitation or the use of inotropes are the likely cause of these

variations.[1] However, a largely underappreciated issue likely

to be problematic in pharmacokinetics is altered protein bind-

ing. Administration of other highly protein-bound drugs, in-

creased concentration of endogenous molecules with high

affinity to albumin, e.g. in uraemia, free fatty acids or cirrhosis-

associated high bilirubin levels and especially hypoalbuminae-

mia are clinical scenarios known to affect the percentage of

protein binding of highly protein-bound drugs,[3-6] but the im-

plication of this effect for antibacterial dosing is still poorly

defined. As albumin is the serum protein responsible for most

of the drug-protein binding, decreased protein binding of

highly protein-bound drugs is likely to commonly occur in the

presence of hypoalbuminaemia.

Pharmacologically, albumin significantly affects the phar-

macokinetics of many drugs because of drug-albumin binding.

In patients with hypoalbuminaemia the unbound proportion of

highly protein-bound drugs will increase because of a decrease

in available binding sites. Given that critically ill patients fre-

quently present with low serum albumin levels,[7] potential al-

tered pharmacokinetics of highly protein-bound antibacterials

may be of significant clinical relevance because of reduced at-

tainment of pharmacodynamic targets.

The aim of this structured review is to describe the effect of

hypoalbuminaemia on the pharmacokinetics and pharmaco-

dynamics of highly protein-bound antibacterials with specific

focus directed at identifying variations in two independent

pharmacokinetic parameters, apparent total volume of dis-

tribution (Vd) and clearance (CL).

1. Search Strategy and Selection Criteria

Data for this reviewwere identified by systematic searches of

PubMed (January 1966 to November 2010) and the Cochrane

Controlled Trial Registry, as well as references cited by relevant

articles. Search terms included ‘antibiotic’ or ‘antibacterial’,

‘critical illness’, ‘intensive care units’ or ‘intensive care’ or ‘cri-

tical care’, ‘hypoalbuminaemia’ or ‘albumin’ or ‘protein binding’,

and ‘pharmacokinetics’ or ‘pharmacology’. Twenty-five arti-

cles were identified through these systematic searches. How-

ever, some of the articles were related to non-antibacterial drugs.

OnlyEnglish-languagepapers thatdescribed thepharmacokinetics

of highly protein-bound antibacterials in hypoalbuminaemia
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were reviewed. Many articles were identified through searches

of the extensive files of the authors. All relevant articles that

described the pharmacokinetics and/or the pharmacokinetics-

pharmacodynamics of highly protein-bound antibacterials in

patients with conserved renal and hepatic function were re-

viewed.We elected to exclude all studies that were performed in

patients with hepatic failure, renal failure or receiving renal

replacement therapy because of the effects of this pathology on

pharmacokinetics which are likely to mitigate the effects of

hypoalbuminaemia on drug CL (depending on the elimination

pathway of each particular antibacterial). Such patients are less

likely to be ‘at risk’ of sub-therapeutic dosing compared with

patients with conserved renal or hepatic function.

2. Albumin-Drug Binding

Many drugs have high affinities for ‘binding sites’ on the

albumin molecule. Binding to form albumin-drug complexes is

mostly a reversible equilibrium that is dependent on the con-

centration of drug and albumin, as well as on a binding con-

stant determined by the physicochemical properties of the drug

(see figure 1).

Pharmacologically, albumin binding has three important

implications. Firstly, only the unbound drug is able to exert

pharmacological effect.[8] Secondly, only the unbound drug is

able to distribute into body tissues and may be a significant

determinant of the extent of tissue distribution and therefore

the drug’s Vd. The bound fraction acts as a ‘reservoir’ within the

vascular compartment where dissociation of the albumin-drug

complex enables further distribution of the unbound drug.[9]

Thirdly, only the unbound fraction of drug is available for

elimination from the vascular compartment.[10] Therefore,

serum albumin levels will have a prominent effect on the Vd and

CL of highly albumin-bound drugs.

3. Clinical Presentations in Critically Ill Patients

that May Decrease Albumin Levels

The interaction between the drug and albumin is an equili-

brium that can be easily altered in the presence of pathologies

other than hypoalbuminaemia. Figure 2 summarizes the main

causes of albumin binding variations in critically ill patients.

There is currently no consensus for the specific albumin le-

vels defining hypoalbuminaemia. The SAFE (Saline versus

Albumin Fluid Evaluation) study defined it as serum albumin

levels <25 g/L, and reported an incidence in critically ill patients

of 40–50%.[7] In critically ill patients, hypoalbuminaemia is

mainly caused by disease-driven physiological changes. In

patients with sepsis, transcapillary escape of albumin is likely to

result from increased capillary permeability mediated by the

SIRS response. Fleck et al.[12] showed a 200% increased rate of

transcapillary escape of albumin from intravascular to extra-

vascular space during the first 2 days of admission in critically

ill patients with shock and a mean serum albumin concentra-

tion of 25 g/L. This contrasts with ‘normal’ reference values for

serum albumin (42 g/L – 10%).[13] Moreover, as a negative

acute-phase reactant, albumin has its hepatic synthesis down-

regulated in patients that present with a stress response, which

is also commonly observed in critically ill patients.[14] Mal-

nutrition is another common cause of hypoalbuminaemia.

Kirsch et al.[15] demonstrated that insufficient dietary amino

acid intake causes a marked decrease in the hepatic synthesis of

albumin. Critically ill patients are at high risk of malnutrition,

because of impaired gastrointestinal function that may lead to

Bloodstream
(central compartment)

Bound fraction

Albumin
central compartment

Unbound fraction

Bloodstream
central compartment

kb

kub

k12

k21

kout

Unbound fraction

Tissues
peripheral compartment

kin

Fig. 1. Representation of the equilibriumbetween bound and unbound drug fraction in a two-compartmentmodel. The central compartment is described as the

intravascular blood volume. Peripheral compartments would correspond to the extravascular tissues where the drug distributes from the central compartment.

kin corresponds to the absorption constant (in oral administration) or the infusion rate (in intravenous infusion). k12 corresponds to the constant that describes the

movement of drug from the central compartment (1) to the peripheral compartment (2). k21 describes themovement from the peripheral compartment(s) back to

the central compartment. kb and kub describe the equilibrium between bound and unbound drug and albumin. kb and kub will depend on the binding affinity. The

albumin-binding equilibrium will displace depending on the serum albumin concentration and the serum drug concentration. kout corresponds to the elimination

constant from the central compartment.
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malabsorption of nutrients.[16] Aging andmalignancies also are

associated with lower than usual serum albumin levels.[17,18]

4. Mechanisms of Altered Antibacterial

Pharmacokinetics and Pharmacodynamics

with Hypoalbuminaemia

The effects of hypoalbuminaemia on antibacterial pharm-

acokinetics are rarely considered, but may be clinically im-

portant. Mechanistically, hypoalbuminaemia leads to a larger

amount of unbound drugmolecules in the serumwhich are able

to ‘escape’ from the bloodstream and distribute into tissues to a

larger extent than when there is ‘normal’ albumin binding.

Pharmacokinetically, this is translated into a larger Vd, because

the higher initial unbound drug concentration distributes into

the larger extravascular compartment faster, resulting in lower

total concentrations in the intravascular compartment during

the distribution phase. Given that critically ill patients fre-

quently have larger than normal Vd per se,
[2] the availability of

more unbound molecules to distribute into the extravascular

space is likely to further decrease the effective concentrations in

serum over time.

In the particular case of Vd, hypoalbuminaemia is likely to

affect this parameter most significantly for hydrophilic drugs in

critically ill patients, as their Vd is lower per se and is influenced

by extracellular water volume. Increases in the Vd are likely

to decrease the maximum plasma/serum drug concentration

(Cmax) and total drug concentrations over time. This can lead to

potential underdosing and sub-therapeutic concentrations. If

pharmacokinetics are altered, that will have a subsequent effect

on pharmacodynamics and therefore on the pharmacological

effect.[19-21] This is of particular relevance for critically ill

patients where early and appropriate therapy is a cornerstone in

the treatment of severe infections.[22,23]

After the drug distribution phase, the drug elimination phase

is driven by drug clearance from the intravascular compart-

ment. As the kidneys and the liver can clear only unbound

molecules, higher concentrations of unbound antibacterial

appear to lead to increased total renal and/or hepatic clearance.
Moreover, in the case of renal clearance, critically ill patients

are likely to experience augmented glomerular filtration rates

due to increased cardiac output[24] which, in concert with a

higher unbound fraction of antibacterial from hypoalbumi-

naemia, will lead to enhanced CL and lower total concentra-

tions during the elimination phase.

The relevance of hypoalbuminaemia in the absence of other

physiological derangements was demonstrated by Mimoz

et al.[25] in their study on ceftriaxone pharmacokinetics during

iatrogenic hydroxyethyl starch-induced hypoalbuminaemia in

post-surgical patients. The authors reported significant in-

creases in the Vd and CL of ceftriaxone in these patients com-

pared with healthy subjects. They also found a correlation

between serum albumin levels and ceftriaxone CL (p < 0.02).
Although these pharmacokinetics cannot be extrapolated to

critically ill patients thatmayalsohave physiologically enhancedVd

and CL,[2] the data are instructive for describing the effect of

hypoalbuminaemia, in the absence of other pathology, on the

pharmacokinetics of highly protein-bound antibacterials.

The above variations in pharmacokinetics of highly protein-

bound antibacterials have significant consequences for anti-

bacterial pharmacodynamics (see table I for classification of

various antibacterials according to published values for albumin

Altered drug-albumin binding

Low albumin

Decreased production

• Acute phase
  (stress, injury, SIRS)
• Hepatic disease
• Malnutrition
• Aging
• Malignancies

Increased elimination

Normal albumin

• Burns
• SIRS
• Pregnancy
• Diabetes mellitus
• Pulmonary oedema

• Nephrotic syndrome
• Burns (wound loss)
• Iatrogenic binding to starch

• Bilirubin
• Urea
• Other waste products
  (e.g. hippuric acid, p-cresol)
• Free fatty acids
• Hormones

• Highly albumin-bound
 antibacterials

• Other drugs (e.g. aspirin,
  frusemide)

Capillary leakage from
serum to tissues

Displacement by
endogenous molecules

Displacement/modification
by

exogenous molecules

Fig. 2. Main factors responsible for alterations in drug-albumin binding.[11] SIRS = systemic inflammatory response syndrome.
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binding). For time-dependent antibacterials (e.g. b-lactams),

increased clearances may lead to a reduced time for which the

concentration of unbound (free) antibacterial is maintained

above the minimal inhibitory concentration (MIC) of the

bacteria throughout the dosing interval (ƒT>MIC) when

treating less susceptible bacteria. For concentration-dependent

antibacterials (e.g. daptomycin), the ratio of the Cmax and

the MIC of the bacteria (Cmax/MIC) may be lower due to

the increased Vd; although an increased unbound fraction in

hypoalbuminaemia may mitigate this effect and maintain ap-

propriate concentrations. For concentration-dependent anti-

bacterials with time dependence (e.g. fluoroquinolones), the

attainment of the target ratio between the area under the

plasma/serum concentration-time curve (AUC) over 24 hours

(AUC24) and theMIC of the bacteria (AUC24/MIC) can be also

compromised, as AUC24 is a function of both CL and Vd.

It follows that hypoalbuminaemia is likely to contribute to

the higher Vd and CL of highly protein-bound antibacterials in

the critically ill patient, resulting in failure to attain pharma-

codynamic targets associated with efficacy. Moreover, al-

though the effect of hypoalbuminaemia on Vd and CLmight be

modest in some cases, where other physiological causes might

be more prominent, consideration of hypoalbuminaemia in the

context of concomitant pathology is necessary to optimize

dosing.

It should be noted that of the available studies in this area,

most report data in terms of total and not unbound antibac-

terial concentrations. Unfortunately, only a few of all the stu-

dies published thus far on this topic report pharmacokinetic

variations related to unbound antibacterial concentrations ra-

ther than total concentrations.[28-31] Some other studies have

measured unbound concentrations of some highly bound and

Table I. Protein binding of antibacterials commonly used in critically ill patients and of antibacterials in development (all protein binding data have been adapted

from Donnelly et al.[26] and MIMS Australia[27]). We have also included data on antifungal agents for the reader’s reference

Highly bound (>70%) Moderately bound (70–30%) Minimally bound (<30%)

Amphotericin B (90%)

Anidulafungin (>99%)

Caspofungin (97%)

Cefazolin (75–85%)

Cefonicid (98%)

Cefoperazone (90%)

Cefoxitin (80–50%)

Ceftriaxone (85–95%)

Clindamycin (90% bound to a1-acid glycoprotein)

Cloxacillin (94%)

Dalbavancin (93%)

Daptomycin (90–93%, 30% to a1-acid glycoprotein)

Dicloxacillin (97%)

Doxycycline (93%)

Ertapenem (85–95%)

Erythromycin (73–81%)

Faropenem (96–99%)

Flucloxacillin (95%)

Fusidic acid (95–97%)

Iclaprim (93%)

Itraconazole (99.8%)

Lincomycin (80–90%)

Minocycline (75%)

Nafcillin (90%)

Oxacillin (93%)

Posaconazole (>97%)

Rifampicin [rifampin] (80%)

Sulfisoxazole (92%)

Teicoplanin (90–95%)

Telavancin (92–94%)

Tigecycline (71–89%)

Azithromycin (7–51%)

Aztreonam (60%)

Cefotaxime (40%)

Cefuroxime (33–50%)

Cephalothin (55–75%)

Ciprofloxacin (20–40%)

Clarithromycin (42–50%)

Chloramphenicol (60%)

Levofloxacin (50%)

Linezolid (31%)

Moxifloxacin (30–50%)

Nitrofurantoin (40%)

Benzylpenicillin [penicillin-G] (65%)

Piperacillin (30%)

Sulfamethoxazole (68%)

Ticarcillin (55%)

Trimethoprim (45%)

Vancomycin (30–60%)

Voriconazole (58%)

Amikacin (0–11%)

Amoxicillin (17–20%)

Ampicillin (15–25%)

Cefepime (16–19%)

Ceftazidime (17%)

Ceftobiprole (22%)

Cefpirome (9%)

Colistin (<10%)

Doripenem (8%)

Ethambutol (20–30%)

Fluconazole (11–12%)

Fosfomycin (0%)

Gentamycin (<30%)

Imipenem (20%)

Isoniazide (0–10%)

Meropenem (2%)

Metronidazole (<20%)

Norfloxacin (10–15%)

Polymyxin B (<10%)

Quinupristin/dalfopristin (11–26%)

Tobramycin (<30%)
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moderately bound antibacterials (e.g. daptomycin, teicoplanin

and cefotaxime)[32-34] but do not provide pharmacokinetic

analysis of unbound concentrations. As attainment of phar-

macodynamic targets is dependent on the unbound con-

centration of the antibacterial, the results of the rest of the

available studies should be considered in this context. Table II

summarizes the results of the most relevant studies that report

pharmacokinetics of the total concentration. Table III reports

the published data available on pharmacokinetics of the un-

bound fraction of antibacterial.

5. b-Lactams

Penicillins, cephalosporins and monobactams belong to the

b-lactam family of antibacterials and are categorized as ‘time-

dependent’ antibacterials, where antibacterial activity is related

to the ƒT>MIC.[50] Penicillins and monobactams are reported

to require at least 50–60% ƒT>MIC for maximal bactericidal

activity, while cephalosporins need a 60–70% ƒT>MIC.[50]

Antibacterials in this class generally have low-to-moderate protein

binding, although some agents exhibit high protein binding.

Ceftriaxone is a third-generation cephalosporin with

83–96% protein binding.[51] The protein binding of ceftriaxone

has been shown to be dose dependent with saturation of

binding sites at higher doses resulting in a higher unbound

fraction in plasma. It follows that the CL of ceftriaxone is in-

creased when higher doses are used.[38] More frequent dosing is

therefore recommended when higher drug exposure is required.

Data from Joynt et al.[20] (see table II) describe significantly

increased Vd and CL in patients with hypoalbuminaemia,

leading to failure to attain the pharmacodynamic targets for

therapy in some of the patients. This is supported by data from

other studies.[25,39,52]

The isoxazolil penicillin flucloxacillin is 95% bound to al-

bumin. In hypoalbuminaemic critically ill patients, we have

reported significant increases in the Vd of total drug compared

with healthy subjects. With reference to unbound concentra-

tions, we found that with a 2 g intravenous bolus dose, con-

centrations fell below 1mg/L 4 hours after the end of the

infusion, providing evidence that standard dosing would not

achieve pharmacodynamic targets for the treatment of the

most common wild-type methicillin (meticillin)-susceptible

Staphylococcus aureus (MSSA) [MIC = 2mg/L].[29] Further-

more, the results of Monte Carlo dosing simulations suggested

that continuous infusion of high doses of flucloxacillin would

be required for attainment of more aggressive pharmacody-

namic targets or when treating intermediately susceptible

MSSA in hypoalbuminaemic critically ill patients.[29]

The cephalosporin cephalothin is 55–75% bound to albu-

min. A study by Dalley et al.[28] in burns patients reported a

10% decrease in the protein binding of cephalothin in hy-

poalbuminaemic burns patients compared with healthy sub-

jects. Surprisingly, Vd and CL of the unbound fraction were

not affected significantly by this condition, even when burns

patients presented a significantly higher creatinine clearance

(CLCR). This could be partially explained because the studywas

performed during the initial phase of burn injury, characterized

by hypovolaemia and cardiac dysfunction, which are likely to

affect drug distribution,[53] and because cephalothin is partially

cleared by biliary excretion, therefore increases in CLCR may

not affect CL significantly.[54]

The monobactam aztreonam is only moderately bound to

albumin (60%) but has also been shown to exhibit higher than

expected Vd and/or CL in critically ill patients with hypoalbu-

minaemia. Janicke et al.[36] reported a significant decrease in the

albumin binding of aztreonam in these patients compared with

healthy subjects (30% vs 60%). The lower albumin binding was

associated with a higher total aztreonam CL. Another study in

burns patients described a significant increase in the Vd of az-

treonam which was also inversely correlated with serum albu-

min concentrations (p < 0.05).[37] The high Vd and CL of these

drugs in hypoalbuminaemic patients lead to low antibacterial

concentrations, which may be below ƒT>MIC targets thereby

compromising b-lactam’s efficacy.

6. Carbapenems

Although belonging to the b-lactam family of antibacterials,

carbapenems are often considered as a separate class because of

a lower ƒT>MIC requirement (40%) for maximal bacterial

killing activity.[55]

Ertapenem is highly albumin bound (85–95%), which con-

siderably extends its elimination half-life (t½; 4.5 hours[41])

compared with other carbapenems, such as meropenem (2%
albumin binding, t½ 1.2 hours[56]). As such the product in-

formation recommends that ertapenem should be administered

once daily.[57] However, data from three studies suggest that

hypoalbuminaemia may have a profound effect on ertapenem

pharmacokinetics.

The first study by Burkhardt et al.[19] in critically ill patients

with early-onset ventilator-associated pneumonia (VAP) found

that Vd and CL were nearly doubled compared with healthy

subjects, and AUC decreased to one-half (817mg�h/L vs

419mg�h/L). Unbound pharmacokinetics were also reported

and showed contrasting results. The AUC of unbound erta-

penem increased dramatically in hypaolbuminaemic patients
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Table II. Variations in apparent total volume of distribution (Vd) and clearance (CL) of highly albumin-bound antibacterials in critically ill patients with

hypoalbuminaemia compared with healthy subjectsa

Drug Study group Subjects

(n)

APACHE II

score

CLCR

(mL/min)

Albumin

(g/L)
CL (mL/min) Vd (L/kg)

observed %Db observed %Db

b-lactams

Aztreonam Healthy adults[35] 48 NA NA (within

ref. values)

NA (within

ref. values)

88.7– 9.3c 0.0 0.16– 0.02 0.0

Gram-negative infected

patients[36]
7 NA 103– 21 24– 5 102– 12 14.5 0.16– 0.05 0.0

Burns[37] 8 NA 90– 69 21– 2 81.7– 60.7c -7.9 0.31– 0.08 93.8

Ceftriaxone Healthy adults[38] 6 NA NA (within

ref. values)

NA (within

ref. values)

13– 2.6 0 0.12– 0.01c 0

Critically ill patients with

severe sepsis[20]
11 21.7– 3.8 97.7–49.6 22.2– 6.1 25.8

[19.0–59.3]

98.5 0.32– 0.05 166.7

Critically ill patients[39] 18 NA 112– 29 NA 18– 5.5 38.5 0.17– 4 41.7

Flucloxacillin Healthy subjects[40] 10 NA NA (within

ref. values)

NA (within

ref. values)

136.3–3.3 0 0.14– 0.24 0

Critically ill patients with

hypoalbuminaemia[29]
10 19.7– 4.4 62.5

[50.5–86.3]

20.7

[19.3–22.8]

150

[144.7–292.5]

10.1 0.22

[0.14–0.30]

57.1

Carbapenems

Ertapenem Healthy adults[41] 10 NA NA (within

ref. values)

NA (within

ref. values)

20.2– 0.16 0.0 0.07– 0.003c 0.0

Critically ill patients with

VAP[19]

17 23.1– 4.2 93.8–52.4 15.9– 5.7 43.2– 23.7 113.9 0.21– 0.05c 200.0

Critically ill patients with

severe sepsis[31]
8 8.9– 5.1 88.9–36.3 26.9– 9 200.5–306.9 892.6 0.98– 1.42 1300

Glycopeptides

Teicoplanin Healthy subjects[42] 6 NA 103.7– 22.9 NA (within

ref. values)

13.4– 1.2 0.0 1.21– 0.56 0.0

Critically ill patients

without vasopressors[43]
12 NA (SAPS II

score 26 [13–50])

184

[71–255]

19 [11–33] 18.2

[7.7–47.6]

35.8 NA NA

Vancomycin Healthy subjects[44] 11 NA 110– 19.3 NA 86.1– 8.9 0.59– 0.04

Critically ill patients[45] 46 18.9– 8.2 65.5–48.1 23– 7 60.0– 39.7 -30.3 1.68– 2.19 184.7

Other drugs

Daptomycin Healthy adults[46] 24 NA NA (within

ref. values)

NA (within

ref. values)

9.4 – 1.2 0.00 0.10– 0.01 0.0

Thermal burn injury[47] 9 NA (TBSAB

34– 12%)

132– 43 18– 4 23.6– 9.5 151.1 0.18– 0.05 80

Fusidic acid Healthy subjects[48] 8 NA NA NA 11.1– 1.2 0 0.21– 0.02

Critically ill patients with

normal hepatic

function[49]

6 NA (SAPS

score 10.2– 5.1)
NA 29.2– 3.7 21.5– 6.3 93.7 NA

a Values are reported as median [range] or mean–SD.

b %D = (Observed value – Reference value/Reference value)·100.

c Data normalized to 70 kg if weight information was not provided in the original article.

APACHE II=AcutePhysiology andChronicHealthEvaluation II;CLCR = creatinine clearance;NA=not applicable/available; ref.= reference;SAPS=Simplified

Acute Physiology Score; TBSAB= total body surface area burned; VAP= ventilator-associated pneumonia.

Antibacterial Dosing in Hypoalbuminaemia 105

ª 2011 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2011; 50 (2)



compared with data from healthy adults and yet the unbound

concentration did not achieve minimum pharmacodynamic

targets in some patients. It is therefore difficult to interpret

ramifications of the increases in AUC in terms of appro-

priateness of dosing (table III). The second study by Brink

et al.[31] studied the ertapenem total and unbound pharmaco-

kinetics in critically ill patients with severe sepsis, and reported

results consistent with the study by Burkhardt et al.[19] and

showed that unbound concentrations did not achieve the 40%
ƒT>MIC pharmacodynamic target in half of the patients. In

line with those two studies, the results of the third study by

Boselli et al.[30] showed important increases in both Vd and CL of

total ertapenem. Similar results may be expected with the oral

carbapenem faropenem, which exhibits an in vitro albumin binding

of 96–99%.[58] However, there are no pharmacokinetic studies in

hypoalbuminaemic patients available at this time to determine this.

7. Glycopeptides

Glycopeptides are still widely used for the treatment of

methicillin-resistant Staphyloccocus aureus (MRSA) and in-

clude vancomycin and teicoplanin. Vancomycin is bound to

albumin between 30% and 60% depending on serum albumin

levels whilst teicoplanin has much more significant binding

(90–95%). Soy et al.[59] performed a population pharm-

acokinetic analysis of teicoplanin in hospitalized patients and

found a trend towards higher Vd and CL as serum albumin

concentrations decreased. However, the patients in this study

were not severely hypoalbuminaemic (all had serum albumin

levels >23 g/L), which might be the reason for the failure to

detect significant influences of serum albumin levels on these

parameters. Additionally, a study by Mimoz et al.[34] described

the effect of hypoalbuminaemia on the proportion of unbound

fraction of teicoplanin. The authors measured the total and

unbound steady-state trough concentrations of teicoplanin in

patients with VAP and severe hypoalbuminaemia (median al-

bumin concentration 16.1 g/L, range 14.2–28.4 g/L) and ob-

served variations in the unbound fraction of the drug, ranging

from 8% to 42% (median 22%). This significant variability may

result from the variability in serum albumin levels although

unfortunately the authors did not attempt to identify the pre-

sence of any correlation.

8. Other Highly Albumin-Bound Antibacterials

As described in table I, there are many more antibacterials

that exhibit high rates of albumin binding used in the treatment

of critically ill patients.T
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Daptomycin (protein binding 90–93%, 60% to albumin)

pharmacokinetics were studied in a cohort of patients with

thermal burn injury.[47] The authors compared data from burns

patients with data from healthy subjects[46] and noted Cmax and

AUC24 values in the burns patients that were nearly half those

observed in the healthy subjects. For a concentration-dependent

antibacterial, such pharmacokinetic outcomes can gravely

compromise antibacterial efficacy.

Another highly bound antibacterial is fusidic acid (albumin

binding 95–97%). Fusidic acid is cleared by hepatic metabolism

and biliary elimination, with the rate of the metabolism de-

pendent on the unbound drug fraction available for the liver.[60]

High CL of fusidic acid was described by Peter et al.[49] in hy-

poalbuminaemic critically ill patients.

Newer antibacterials such as tigecycline (protein binding

71–89%), dalbavancin (protein binding 93%), telavancin (pro-

tein binding 92–94%) and iclaprim (protein binding 93%) all

exhibit high protein binding. Data from other highly protein-

bound antibacterials suggest that the pharmacokinetics of the

aforementioned antibacterials are likely to be affected by hy-

poalbuminaemia, and deserve further study.

9. Relevance of Altered Pharmacokinetics

in Hypoalbuminaemia to Dosing Regimens

and Clinical Trials

Empirical dosing regimens are usually derived from

pharmacokinetic data from healthy subjects and from non-

critically ill patients. However, critically ill patients are a special

cohort of patients that exhibit great disease-driven modifica-

tions in their pharmacokinetics, likely to significantly change

dose requirements. Lower albumin binding which results from

hypoalbuminaemia has been demonstrated to result in in-

creases in the total Vd and CL of highly bound drugs and also

affects other pharmacokinetic parameters (e.g. AUC24). The

increased total Vd appears to be the most significant effect of

decreased albumin binding and also serves to increase t½ of the

drug because of redistribution of the drug from the tissues back

into blood. The effect of the extended t½ on the attainment of

pharmacodynamic targets is heavily dependent on the value of

the MIC of the pathogen. Longer t½ values for the treatment

of low MIC values may result in increased achievement of

pharmacodynamic targets for time-dependent antibacterials

(ƒT>MIC). However, for organisms with higher MIC values,

the extended t½ may result in decreased achievement of phar-

macodynamic targets such as a decreased percentage of

ƒT>MIC for time-dependent antibacterials and lower Cmax/
MIC and AUC24/MIC ratios for concentration-dependent

antibacterials. However, most of the presently available data

only describe total antibacterial concentrations and, except for

sparse data on flucloxacillin, cephalothin and ertapenem,[28-31]

we are unaware of any published studies that described the

pharmacokinetics and pharmacodynamics of the unbound

fraction of the drug. This makes interpretation of the clinical

implications of these results very complex. Future studies

should focus on unbound, and not total, concentrations of

antibacterials.

The precise strategy for optimizing antibacterial dosing in

hypoalbuminaemic patients remains elusive, but increased

doses, at least in the initial phase of treatment, seem to be

necessary for achieving optimal antibacterial concentrations.

This is because the predominant effect of hypoalbuminaemia

appears to be an increased Vd. From a dosing perspective, this

may mean that loading doses for at least the first 24 hours of

treatment should be considered to ensure appropriate anti-

bacterial exposure at the target site of infection. At present,

teicoplanin is the only highly protein-bound antibacterial for

which loading doses are recommended in the product in-

formation.[61] However, it has been demonstrated that the re-

commended loading doses of 6mg/kg 12-hourly for three doses
are not sufficient for achieving therapeutic serum concentra-

tions in critically ill patients.[62] Moreover, there are no data

available on the effect of hypoalbuminaemia on the antibac-

terial pharmacokinetics in tissues. This is problematic because

tissues are the site of most infections,[9] and variations in un-

bound pharmacokinetics in serum are likely to affect the con-

centrations achieved in tissues.

At our institution, given the absence of validated pharm-

acokinetic data on unbound concentrations in serum and tis-

sues, we commonly prescribe doses that are 50–100% higher

than standard doses as a loading dose for highly bound drugs

in cases of moderate-to-severe hypoalbuminaemia, in order

to compensate for the increased Vd and to enable rapid

achievement of therapeutic concentrations during the initial

phase of therapy. Thereafter, dose adjustments must be driven

by the predicted CL considering albumin levels and other fac-

tors that may determine CL, such as renal function, hepatic

function and the use of inotropes or fluid resuscitation among

others. Table IV provides some recommendations for dose

adjustment of highly protein-bound antibacterials in critically

ill patients with hypoalbuminaemia and conserved organ

function. The applicability of these recommendations, how-

ever, is restricted to patients whose renal or hepatic function is

conserved.

Given the evidence of low antibacterial concentrations

in these clinical scenarios, use of loading doses could be
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considered safe for many antibacterials such as b-lactams given

they have a wide therapeutic range and are therefore unlikely to

result in concentration-related toxicity. In the case of glyco-

peptides, the use of therapeutic drug monitoring for titrating

dosing, after initial loading doses, is the most appropriate ap-

proach to aggressively target therapeutic concentrations and

minimize the likelihood of antibacterial toxicity.[63]

Many of the new antibacterials that are in development ex-

hibit a high level of albumin binding although the relevance of

altered albumin binding is rarely considered in clinical trials in

critically ill patients. Pharmaceutical companies should be

aware of the possible alterations in pharmacokinetics caused by

low albumin levels, and consider implementing albumin-driven

dose adjustments as is current practice for renal dysfunction

where appropriate. For these studies, use of unbound anti-

bacterial concentrations for pharmacokinetic modelling and

dose simulations is essential to provide more clinically relevant

results.

Efforts for improving the use of highly protein-bound anti-

bacterials in hypoalbuminaemia should be seen as another step

of the antibacterial optimization process. Undoubtedly, further

research is recommended for designing dose algorithms for

highly albumin-bound antibacterials in hypoalbuminaemia.

10. Conclusions

Outcomes of antibacterial therapy are heavily dependent on

achieving therapeutic concentrations of unbound antibacterial at

the target site of infection. Effectiveness of empiric dosing is

contingent on assumptions that the actual unbound concentra-

tions and antibacterial pharmacokinetics are consistent with those

from dose-finding studies. There are emerging data that demon-

strate significant pharmacokinetic changes for the total fraction of

highly bound antibacterials in patients with hypoalbuminaemia.

In the presence of increased CL, the increased Vd appears to still

cause a significant prolongation of t½ of the drug, which may be

therapeutically advantageous for sustaining antibacterial con-

centrations throughout the dosing interval for highly susceptible

pathogens. However, the decreased concentrations resulting from

the increased Vd will affect the likelihood of therapeutic success

against pathogens with higher MICs and therefore higher doses

may be required in such situations. Compounding the sparse level

of data available on the serum pharmacokinetics of highly protein-

bound antibacterials is the absence of data describing unbound

serum pharmacokinetics and tissue (the site of many infections)

pharmacokinetics for these drugs in patients with hypoalbu-

minaemia. Further research on this topic is urgently required.

Table IV. Empirical recommendations for dosing highly protein-bound antibacterials in critically ill patientswith hypoalbuminaemia based on available data and

authors’ own experience

Antibacterial Standard ICU dosing Recommended LD

in hypoalbuminaemia

Recommended MD

in hypoalbuminaemia

b-lactams and carbapenems

Aztreonam 1g q8h 2 g q8h for 3 doses Increase frequency of administration

(e.g. 1 g q6h)

Ceftriaxone 1g q12h 2 g for initial dose Increase frequency of administration

(e.g. 1 g q8h)

Cephalothin

Flucloxacillin, dicloxacillin,

cloxacillin

2 g q6h 2 g Consider continuous infusion

(e.g. 8–12g q24h)

Ertapenem 1g q24h 2 g for initial dose Increase frequency of administration

(e.g. 1 g q12h)

Glycopeptides

Vancomycin 1g q12h 20–30mg/kg for initial dose Increase dosing (e.g. 1.5 g q12h) or

consider continuous infusion (e.g. 3 g q24h);

monitor trough concentrations to target

concentrations of 15–25mg/L

Teicoplanin 6mg/kg q12h for 3 doses (LD)

and 6mg/kg q24h (MD)

6mg/kg q12h for 3 doses 3–6mg/kg q12h; monitor trough concentrations

to target concentrations >15mg/L

Other highly protein-bound drugs

Daptomycin 4–6mg/kg q24h 6–8mg/kg 6mg/kg q24h

LD= loading dose; MD=maintenance dose; qxh = every x hours.
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