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Supplemental movie S1: Using a dynamic approach, this sound video covers various events from the initiation of drug 

perfusion to a patient without hypoalbuminaemia who suddenly presents severe hypoalbuminaemia. 

 

  

 

 

 

 

 

Supplemental table S1: The list of screened articles and an analysis of their contents (regarding the interpretation of 

hypoalbuminaemia on unbound/free exposure).  

Black dots represent free albumin while green dots mimic drug binding. Red dots correspond to the drug circulating into the 

body. The various colors are postponed in the graphical representation of those phenomenon with concentrations on y axis 

and divers’ stages on x axis.  

 

 

 

 

Selected articles have been classified in three divers’ categories in terms of accepted, ambiguous, or wrong assertion regarding 

free fraction of various drugs.  

https://www.youtube.com/watch?v=4SXY8YyRbQo
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Table S1 (Appendix A): Review of approved explanations regarding unbound fraction. Items in green are accepted.   

 

Right explanations Page Year References 

“The finding that fub for minocycline was constant is consistent with the cur-

rent understanding of the rapid equilibrium assumption between protein-

bound and unbound drug. In short, the protein-bound fraction of drug ap-

pears to act as a reservoir within the central compartment as it is expected 

that only unbound drug is distributed to tissues and/or eliminated from the 

body. As unbound drug distributes to tissues and/or is eliminated from the 

body, bound drug rapidly dissociates from albumin and other circulating 

proteins. This rapid dissociation preserves the equilibration between bound 

and unbound drug and results in proportional distribution and clearance 

terms between the bound and unbound fraction of drugs.” 

10 2021 [1] 

“The pharmacokinetics of daptomycin should probably be evaluated based 

on its unbound concentration, particularly in patients with hypoalbu-

minemia due to critical illness, aging, chronic kidney disease (CKD), and 

liver cirrhosis.” 

1042 

2021 [2] 

“A previous study indicated that although clearance of total daptomycin 

(CL) was affected by alterations in fu, CLu did not get affected. In our study, 

fu ranged from 0.05 to 0.14 depending on the influence of serum albumin, 

BUN, and FBG. Regarding factors affecting fu and CL, reports on teicoplanin, 

which is an antimicrobial agent with a high protein binding rate, identified 

serum albumin and FBG. In our study, the results were similar to those of 

teicoplanin, and, to the best of our knowledge, this is the first report on factors 

that affected fu in daptomycin. Moreover, our results suggested that because 

CL varies with the influence of fu, establishing the dose using total concen-

trations may result in an under- or overestimation.” 

1047 

“We demonstrated that the optimal PK model using unbound daptomycin 

concentrations in nonobese elderly patients with hypoalbuminemia and 

CKD featured adding eGFRcys and age as covariates of CLu. In addition, our 

study suggested that the use of total concentrations may result in under- or 

overestimation due to alterations in fu. Optimal daptomycin doses differed 

depending on the distribution of eGFRcys and age, and the standard dose may 

be insufficient for some patients. From these results, it is necessary to select 

daptomycin doses based on age and eGFRcys in nonobese elderly patients 

with hypoalbuminemia and CKD.” 

1054 

“Ceftriaxone protein binding was best described using a model with non-lin-

ear protein binding and one saturable binding spot. Bmax was highly variable 

and dependent on serum albumin concentration. The model developed in this 

study is similar to models of ceftriaxone plasma protein binding in severely ill 

and healthy individuals. Hypoalbuminaemia could lead to elevation of the 

unbound fraction, which is compensated for by an increase in clearance. 

This was confirmed by the results of the simulations in the present study, in-

dicating that serum albumin concentrations need not be considered relevant 

for dosing adjustments.” 

1557 2020 [3] 

“In addition, given the extensive binding of posaconazole (99%) to plasma pro-

teins, we hypothesised that altered protein binding may occur in patients 

with altered albumin concentration, with variable effects on total and un-

bound posaconazole exposure.” 

2 2019 [4] 
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“Generally, for both prophylaxis and treatment, an increase in BMI required 

an increased dose to achieve target total and unbound trough concentrations, 

whereas for a specific BMI value, a decrease in albumin concentration did not 

alter the dosing requirements when considering the unbound trough con-

centration target but increased the dosing requirement when considering 

the total trough concentration target.” 

6 

2019 [4] 
“Put altogether, dosing prediction using total concentration targets would 

result in unnecessarily high doses in patients with hypoalbuminemia and 

progressively lower doses with increasing albumin concentration, which are 

sub-optimal, when compared to predictions with the unbound target. The clin-

ical relevance of these results is that unbound but not total trough concentra-

tion targets should be used to determine dosing regimens of posaconazole 

or performing therapeutic drug monitoring guided dose adjustment when 

warranted. Ideally, clinicians should rely on unbound concentration monitor-

ing particularly in patients with marked hypoalbuminemia.” 

7 

“The effect of changes in the free fraction of any drug are well known: a 

lower total concentration, a higher apparent CL, and an unchanged concen-

tration of unbound, active drug. An increased awareness of the effect of albu-

min concentrations would eventually result in a better interpretation of PK and 

PD changes.” 

283 

2018 [5] 

“Micafungin is highly protein bound in plasma (99.8%), mainly to albumin 

and ɑ1-acid glycoprotein, which is concentration-independent over a range of 

10-100 mg/L. [...] The effect of hepatic impairment was investigated as part of 

the registration studies in eight volunteers with moderate hepatic impairment 

due to hepatitis C, primary biliary cirrhosis, or alcohol abuse, with Child-Pugh 

scores ranging between 7 and 9. Exposure after a single 100 mg dose was de-

creased to a mean of 98 mg h/L, versus 126 mg h/L in matched healthy volun-

teers. [...] A possible explanation can be found in decreased levels of albumin, 

resulting in an increased free fraction of micafungin. This results in a lower 

total plasma concentration and explains the decrease in AUC. Nevertheless, 

this decreased AUC is not considered to be clinically relevant, and no dose 

adjustments are recommended for patients with moderate or severe hepatic 

dysfunction.” 

272 

“Hypoalbuminaemia in the critically ill is common, and a previous study 

demonstrated poor predictive performance of calculated unbound drug con-

centration using conventional method. Given the variability of unbound 

drug fraction in the setting of hypoalbuminaemia, calculation of the un-

bound b-lactam antibiotics concentration using published protein binding 

data tends to underestimate the true unbound concentration of highly pro-

tein bound b-lactams, while these overestimate the unbound concentrations 

of some important b-lactams such as meropenem and piperacillin/tazobac-

tam.” 

3090 

2018 [6] 

“In the setting of hypoalbuminaemia in the critically ill, there is a risk of 

underestimating unbound antibiotic concentrations when correcting total 

measured concentrations with published protein binding data. This can lead 

to inappropriate overexposure of drug and potential dose-related adverse 

events.” 

3091 
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"In an often-cited paper, Benet and Hoener argue convincingly that – with rare 

exceptions – ’changes in plasma protein binding have little clinical rele-

vance’, and cite ceftriaxone as one of the drugs ’for which changes in protein 

binding have been [erroneously] thought to be important’. In short, initially 

higher unbound concentrations due to an acute elevation of the unbound frac-

tion are rapidly counteracted by the higher amount of drug cleared from the 

plasma. In the end, the exposure to unbound drug (in terms of area under the 

curve) depends only on the clearance of unbound drug, which depends e.g. 

on renal function but not on the unbound fraction." 

530 2015 [7] 

"To summarize, we used ultrafiltration to determine the unbound concentra-

tions of ceftriaxone in plasma, and to describe the protein-binding characteris-

tics and the plasma pharmacokinetics of ceftriaxone in intensive care unit pa-

tients. In accordance with previous studies, the volume of distribution and the 

unbound fraction were elevated, the latter particularly in patients with renal 

impairment or severe hyperbilirubinaemia. Clearance of unbound ceftriax-

one as the dominant pharmacokinetic parameter was proportional to renal 

function. In patients with normal or reduced renal function, the standard dose 

(2 g once daily) resulted in sufficient unbound plasma concentrations above 

the susceptibility breakpoint throughout the whole dosing interval." 

532 

2015 [7] 

"WHAT THIS STUDY ADDS: Protein binding of ceftriaxone is reduced in 

intensive care unit (ICU) patients, not only because of hypoalbuminaemia. 

This does not impair the attainment of the pharmacokinetic (PK)/pharmaco-

dynamic(PD) target ƒT>MIC. Plasma albumin concentrations and in vitro 

binding data from healthy volunteers cannot be used to predict unbound con-

centrations of ceftriaxone correctly in ICU patients." 

525 

“Wong et al. have compared the measured free concentration (using ultrafil-

tration) with the free concentration predicted from published protein binding 

values for seven β-lactam antibiotics using blood samples obtained from criti-

cally ill patients. Significant differences between measured and predicted free 

drug concentrations were found only for highly protein-bound β-lactam anti-

biotics such as flucloxacillin (bias of 56.8% overprediction) and ceftriaxone 

(bias of 83.3% overprediction). No correlation between free and bound con-

centrations was found for these antibiotics, therefore direct measurement is 

considered essential for these drugs. For low to moderately protein bound 

antibiotics (such as piperacillin and meropenem), free concentrations ap-

pear to be predictable from the total concentrations.” 

6 2015 [8] 

“To the best of our knowledge, this study is the first demonstration that pa-

tients with hyperglycaemic hypoalbuminaemia display lower serum total 

TEIC concentrations and decreased TEIC association constants for albu-

min.” 

166 2015 [9] 

“In clinical samples from ICU patients, fu was independent of total concentra-

tion of vancomycin. We could not demonstrate a significant correlation be-

tween fu and the albumin concentration in clinical samples. This is surpris-

ing, since vancomycin is believed to bind mostly to albumin, and since our 

own in vitro data and experiments by others demonstrated a clear relationship. 

The dependency of binding on protein concentration and the independency 

from total drug concentration is a typical property of relatively weakly bound 

drugs with dissociation constants much larger than therapeutical drug concen-

trations.” 

322 2014 [10] 
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“However therapeutic drug monitoring of free concentrations of antiretro-

viral drugs are at this point in the preliminary stage and more studies are 

needed with larger patient base as well as clinical correlations in order to 

establish guideline for monitoring free drug concentration of antiretroviral 

drugs.” 

5 2007 [11] 
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Table S1 (Appendix B): Review of ambiguous explanations regarding unbound fraction. Items in green are accepted, 

items in orange are ambiguous and items in red are wrong.   

 

Ambigous explanations Page Remarks/CASE Year References 

“We found that protein binding of flucloxacillin is sat-

urable in the therapeutic concentration range, which 

is in line with previous findings. Furthermore, the un-

bound fraction increased with lower serum albumin. 

This is especially relevant for critically ill patients, 

with reported incidences of hypoalbuminaemia as 

high as 40%-50%.” 

3225 Case B 2021 [12] 

“We showed that the highly variable unbound frac-

tion of teicoplanin could not be predicted using albu-

min levels. Because of the relatively high inter-indi-

vidual variation in unbound teicoplanin concentra-

tions that cannot be predicted with covariates, routine 

therapeutic drug monitoring of unbound concentra-

tions may be recommended in the clinic to guide 

treatment optimization in critically ill pediatric pa-

tients.” 

10 Case D 2021 [13] 

“Nonlinear saturable protein binding best described 

the relationship between CEFt and CEFu. Albumin 

concentration is the only covariate that explains a 

significant part of the variability in protein binding 

in the present study. This confirms ceftriaxone pro-

tein binding relationships described in previous PK 

studies.” 

7 

Ambiguous sentence: 

This sentence wrongly sug-

gests to the reader that protein 

binding can influence the un-

bound/free concentration. 

2021 [14] 

“Hypoalbuminemia always develops during CPB, 

and hypotension and hypothermia may also develop 

during the procedure. Cefazolin may be particularly 

susceptible to these physiological changes because it 

has a small distribution volume (11 L) and exhibits ex-

tensive and saturable binding to plasma albumin. We 

previously reported that the mean plasma unbound 

fraction of cefazolin during CPB was increased by 

twofold compared with that before CPB.” 

736 Case C 

2021 [15] 
“The significant increase in the plasma unbound 

fraction of cefazolin during CPB was considered to 

be associated with hypoalbuminemia due to the ex-

panded volume of distribution (V plus VCPB), as 

shown in the present study, in addition to saturable 

plasma protein binding of the drug reported previ-

ously. Collectively, our final PPK model incorporating 

CPB as a covariate describes well the plasma total and 

unbound cefazolin concentrations measured in pa-

tients undergoing cardiac surgery with CPB.” 

742 

 

 

 

 

Case E 
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“In previous studies, plasma concentrations of 

cefazolin were measured in adult patients undergoing 

cardiac surgery with CPB. However, the authors 

measured only total plasma concentrations of the 

drug, and they estimated unbound drug concentra-

tions by multiplying an unbound drug fraction re-

ported in healthy subjects (i.e., 0.8). In the present 

study, we revealed that the plasma unbound fraction 

of cefazolin is increased by more than twofold (i.e., 

0.4) during CPB. Our study suggested that direct 

measurement of unbound cefazolin concentrations 

is essential for making a PPK model to predict a dos-

ing regimen of the drug.”  

742 

Case C 

+ 

Ambiguous sentence: 

Even though the conclusion is 

correct, the argument used is 

false. It’s not because the 

free/unbound fraction in-

creases that the unbound/free 

concentration increases too. 

The direct            measurement 

of unbound/free concentration 

is needed because hypoalbu-

minemia can lead to misinter-

pretation of total  

concentration values. 

2021 [15] 

“Lower albumin concentrations may lead to varia-

tions in the unbound fraction (ƒu) that may conse-

quently affect other PK parameters, as only the ƒu can 

distribute to the peripheral tissues, be filtered by the 

glomerulus, and, in the case of CVVHDF, be elimi-

nated through the filter pores.” 

1170 Case C + D 

2021 [16] 

“Probably due to this dramatic increase in the ƒu, our 

patients exhibit a higher ceftriaxone CL than healthy 

volunteers or critically ill patients with sepsis, septic 

shock, and different degrees of renal function, a CL 

that is dependent on albumin concentration and 

weight based on the results of the population PK 

model. Surprisingly, in spite of the augmented CL, 

dosing simulations show that, for an MIC                  ≤2 

mg/L (the clinical breakpoint for susceptibility to 

ceftriaxone), a dose of 1000 mg q24h maintains un-

bound ceftriaxone concentrations for a 100% of the 

dosing interval above the MIC regardless of albumin 

concentration and body weight.” 

 

 

1173 

Case D 

“Hence, the total flucloxacillin plasma concentra-

tions poorly reflect the unbound concentrations. The 

extent of plasma protein binding is highly relevant, be-

cause the unbound fraction of the drug is responsible 

for its pharmacological effect.”  

1845 Case B 

2021 [17] 

“Critically ill patients with MSSA-BSI may be at risk 

for flucloxacillin overdosing as a consequence of im-

paired renal function and low serum albumin lev-

els.” 

1851 Case A 
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“Calculation of the unbound concentrations, assum-

ing 95% protein binding, may therefore result in con-

siderable overdosing, in particular in critically ill pa-

tients with hypoalbuminaemia and renal impair-

ment. In the present study, the inter-individual un-

bound plasma fraction of flucloxacillin varied widely 

from 1.1% to 64.7%, showing a substantially higher 

median value (11%) than reported for healthy individ-

uals (5%).” 

1852 

 

 

“Disease severity is likely associated with a catabolic 

condition and hypoalbuminaemia, and renal function 

is associated with the renal elimination proportion of 

flucloxacillin (Q0 = 0.3). Similarly, unbound flucloxa-

cillin concentrations and unbound fractions were 

substantially higher in critically ill patients than in 

those who were non-critically ill.” 

1852 

Case A 

+ 

Ambiguous sentence: 

Because we don’t know if they 

have measured or estimated 

the unbound/free concentra-

tion, readers can wrongly in-

terpret that a variation of un-

bound/free fraction is associ-

ated to a variation of un-

bound/free concentration. 

2021 [17] 

“Because critical illness affects albumin concentra-

tions, which can change throughout hospitalization, 

and β-lactam efficacy is dependent on free (non-pro-

tein-bound) concentrations, we investigated the per-

centage of drug bound to protein. We found that the 

percentage of bound β-lactam antibiotic had high in-

ter- and intrapatient variability.” 

568 

Ambiguous sentence: 

This sentence wrongly sug-

gests that protein binding in-

fluences unbound/free concen-

tration. 

2021 [18] 

“SAFE Study Investigator reported that approxi-

mately 40% of critically ill patients presented with hy-

poalbuminemia, because, meropenem, and imipenem 

are highly bound to albumin, which could increase 

the unbound fraction significantly. Therefore, vari-

ous pathological characteristics in critically ill pa-

tients may induce a wide discrepancy in the un-

bound fraction concentrations.” 

587 Case C 2020 [19] 

“Our study has several limitations. […] However, hy-

poalbuminaemia mostly affects the highly protein-

bound b-lactams, where the number of samples is 

minimal in this cohort.” 

5 

Ambiguous sentence:  

This sentence is confusing as it 

suggests to the reader that the 

unbound/free concentration is 

changed. 

2020 [20] 

“Various studies have shown that pathophysiological 

changes related to critical illness (i.e., altered fluid 

status, changes in serum albumin concentrations, re-

nal and hepatic dysfunction, systemic inflammatory 

response syndrome, and microvascular failure) sub-

stantially change the pharmacokinetics (PK) and 

thereby the exposure to antibiotics.” 

2 Case A + E 2020 [21] 
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“It is an intuitive belief that an increase in fu implies 

an increase in the exposure to unbound concentra-

tions, leading to an increase in drug effect. However, 

from theoretical PK principles, CLu is independent 

of fu in most of the cases, whereas the clearance of 

total concentration depends on fu: CL x CLu. This 

principle was verified for daptomycin, since AUCu 

was independent of protein binding, whereas AUC 

increased with protein binding. For instance, AUC 

was approximately halved for a patient with an fu of 

12% compared to a patient with an fu of 7%, whereas 

AUCu was unchanged. This leads to the important, 

and maybe counterintuitive, consequence that a 

modification of protein binding has no significant 

impact on daptomycin effect. However, when the PK 

parameters are calculated for total concentrations 

(e.g., AUC), results should be interpreted by keeping 

in mind that they depend on protein binding. For in-

stance, a patient with an AUCu that does not necessi-

tate dosage adjustment, but with a high fu (e.g., be-

cause of a low alb or any other reason), will have a 

low AUC. In this case, the AUC value would falsely 

suggest that the patient is underdosed.” 

7 Case D 2019 [22] 

“In addition, low serum albumin concentration is 

frequently observed in ICU patients, leading to an 

increase in the free fraction of the beta-lactams 

highly bound to plasma proteins, such as cefazoline, 

ceftriaxone, or ertapenem. Thus, hypoalbuminemia 

may lead to increased Vd and tissue penetration, and 

also increased elimination, of beta-lactam antibiot-

ics by glomerular filtration and/or metabolic clear-

ance. This has been particularly observed for ceftriax-

one or ertapenem.” 

4 Case E 

 

2019 

 

[23] 

“The binding of beta-lactams to albumin and plasma 

proteins determines the free fraction, which is the 

biologically active fraction that diffuses across bio-

logical membranes to tissues. The free fraction is 

also the fraction that is eliminated by renal and liver 

clearance. When plasma protein amount decreases, 

the capacity of beta-lactams to bind to protein de-

creases and beta-lactam-free fraction increases. Pre-

vious studies have shown that the binding of beta-lac-

tams to plasma proteins in ICU patients is highly var-

iable and is more altered for antibiotics highly bound 

to plasma proteins in conditions of homeostasis (e.g., 

ceftriaxone, cefazolin, or ertapenem). As a result, 

plasma concentration of beta-lactam antibiotics may 

be lowered and more unpredictable in patients with 

severe hypoalbuminemia.” 

5 Case B 
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“However, the relationship between proteins and 

plasma-free concentration is not straightforward. 

Firstly, a correlation between the free fraction and al-

buminemia has been shown for several beta-lactams 

such as flucloxacillin but is not proven for all beta-lac-

tams. Secondly, although the increase of its free frac-

tion increases beta-lactam antibiotic clearance, it 

also increases its activity and this change may have 

little clinical consequence if unbound concentration 

remains almost unchanged. As a result, total and free 

plasma concentration of beta-lactam antibiotics is un-

predictable and measuring albumin (or at least plasma 

proteins) could provide valuable information on the 

expected pharmacokinetics variability. In addition, as 

most laboratories currently measure the total beta-lac-

tam concentration, protein and/or albumin level is im-

portant to measure at the same time as beta-lactam 

concentration in order to interpret properly TDM re-

sults and decide whether the daily dose of beta-lactam 

requires adaptation, especially when an intra-patient 

concentration variability is observed.” 

5 

Ambiguous sentence:  

The relation is easy to under-

stand as hypoalbuminemia im-

plies a decrease of the total 

concentration while the un-

bound/free concentration is 

unchanged. 

 

+ 

 

Case D 

 

“Third, binding ratios reported for less sick patients 

or healthy individuals may not reflect those for crit-

ically ill patients because of the high variability in 

plasma protein concentration and altered binding 

properties in the critically ill. Therefore, the use of 

unbound pharmacokinetics in this study enables a 

more reliable prediction of optimal ceftolozane-

tazobactam dosing.” 

5 

Ambiguous sentence:  

This sentence is confusing as it 

suggests to the reader that the 

unbound/free concentration is 

changed. 

2019 [24] 

“Hypoalbuminemia, a common condition in criti-

cally ill patients, can also reduce plasma oncotic 

pressure leading to fluid extravasation and antimi-

crobial dilution.” 

1 

Ambiguous sentence:  

Even if the volume of distribu-

tion of the unbound/free form 

is increased due to fluid ex-

travasation, this phenomenon 

has no consequence on the an-

timicrobial effect of the drug 

because the AUC is unchanged 

while the Cmin is increased. 

2019 [25] 

“A common occurrence in critically ill patients is the 

finding of increased renal clearance due to an in-

creased cardiac output and an increased volume of 

distribution because of third spacing and hypoalbu-

minemia. For betalactam antibiotics specifically, both 

findings may substantially lower antibiotic concentra-

tions.”  

76 

Ambiguous sentence: 

Hypoalbuminemia increases 

the total volume of distribution 

but not the unbound/free one. 

2019 [26] 

“Third, no unbound TZP or MER concentrations were 

measured. Only the unbound fraction of the antimi-

crobial drug is able to exert its antibacterial effect. 

Therefore, a level of 30% and 2% protein binding was 

assumed for TZP and MER respectively, which was 

previously seemed appropriate.” 

78 Case C 
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“Since temocillin is highly bound to human serum 

proteins (80%), the impact of protein binding on MIC 

was assessed in vitro by adding human serum or al-

bumin to the medium. A two- to fourfold increase of 

MIC was observed in the presence of human serum, 

but the maximal killing rate (obtained at a concen-

tration of four times the MIC) was not impaired by 

the addition of human serum, suggesting that the 

impact of protein binding on temocillin activity in 

vivo may be limited.” 

4 

Ambiguous sentence:  

Transposing in vitro temocillin 

protein-binding on in vivo con-

dition is an usual mistake lead-

ing to confusion for medical 

practice.  

Indeed, what happens in in 

vitro (i.e., static) condition does 

not       reflect what happens in 

in vivo (i.e., dynamic) one. 

2018 [27] 

“Nonetheless, hypoalbuminemia associated with 

DKD may interfere more with free blood fraction of 

rifapentine than with that of rifampicin.” 

2968 Case C 2017 [28] 

“As protein binding was altered and highly variable, 

our study aimed to compare target attainment rates 

using different proposed PK/PD targets, i.e. total 

(trough) concentration and (f)AUC/MIC. [...] Since 

trough concentrations of 10–15 mg/L are believed to be 

a good surrogate to achieve an AUC/MIC 400, it 

would be reasonable to assume that the latter target 

would not be achieved in the majority of patients. 

[...] In clinical practice, monitoring vancomycin ex-

posure by fAUC (with MIC if available), and thereby 

taking into account the protein binding, might be a 

more justified target to prevent underdosing or over-

exposure. Furthermore, given the high variability in 

protein binding in our study population, it seems not 

advisable to assume a fixed unbound fraction to calcu-

late this fAUC/MIC ratio. In this heterogeneous pop-

ulation with different types of infection, we were 

able to accurately predict the unbound vancomycin 

concentration in plasma based on total vancomycin 

and total protein concentration.” 

803 

Ambiguous sentence: 

This sentence wrongly sug-

gests that, while total exposure 

varies with hypoalbuminemia, 

the unbound/free one is also 

modified. 

 

Ambiguous sentence: 

Predicting unbound/free con-

centration is not reasonable if a 

mean, and not an individual-

ized unbound/free fraction, is 

applied into the mathematical 

model. Individualized values 

do not only depend on Bmax 

(total protein level) but also on 

Kd of albumin binding. The 

best method consists in deter-

mining the unbound/free con-

centration directly. 

2017 [29] 

“The presence of hypoalbuminaemia, like numerous 

other conditions that are commonly seen in the criti-

cally ill, may lead to altered plasma ceftriaxone con-

centrations. In the absence of therapeutic drug moni-

toring, it can be difficult to prescribe drugs such as 

ceftriaxone with confidence for critically ill patients 

and know that dosing is adequate.” 

1 Case A 

2016 [30] 

“There is a large interindividual variability in total 

and unbound ceftriaxone pharmacokinetics in this 

population, which may be driven by one or more dif-

ferent conditions including hyperbilirubinaemia, 

diabetes, hypoalbuminaemia and CLCr.” 

5 Case A 

“However, it has been reported that the free fraction 

of TEIC is increased in patients with serum albumin 

levels of <3.0 g/dL. Moreover, patients with hypoal-

buminemia were demonstrated to have lower serum 

through concentrations of TEIC than healthy 

164 

Case E 

+  

Ambiguous sentence: 

There is an ambiguity. This 

sentence is true in terms of 

2015 [9] 
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volunteers. Thus, it is considered that an increased 

unbound TEIC fraction results in a greater volume of 

distribution (Vd) or increased clearance (CL) of the 

drug, which can lead to a reduced serum concentra-

tion of TEIC.” 

total concentration/total phar-

macokinetics but false if it re-

fers to unbound/free one. 

“Likewise, the results of the current study can be ex-

plained by the hypothesis that the conformational 

changes in the albumin molecule induced by glyco-

sylation decrease its TEIC binding capacity, result-

ing in an increase in Vd.”  

167 Case E 

“Moreover, a 4 g daily dose divided into two admin-

istrations at a 12 h interval may not be sufficient in 

critically ill patients where alteration of critical pa-

rameters, such as drug volume of distribution (V), CL 

and protein binding, as well as end-organ dysfunc-

tions, may markedly alter antibiotic disposition and 

potentially reduce the efficacy of anti-infective treat-

ments and adversely affect patient outcome.” 

892 Case A + E 2015 [31] 

“To summarize, we demonstrated that determination 

of unbound plasma concentrations of ertapenem by 

ultrafiltration is susceptible to experimental condi-

tions. Mimicking physiological conditions, we 

found higher unbound concentrations in plasma 

from healthy volunteers than previously reported 

and these were even higher in samples from ICU pa-

tients, providing reasonable exposure to free drug 

with standard dosing. Our results suggest influences 

beyond hypoalbuminaemia in ICU patients.” 

3110 Case A 2014 [32] 

“Finally, conflicting information has been published 

in the past about the clinical relevance of increased 

unbound drug concentrations in cases of hypoalbu-

minemia. However, in these studies, the drugs that 

were the subject of debate were mostly drugs with lin-

ear pharmacokinetics. The influence of hypoalbu-

minemia on protein binding characteristics of antimi-

crobial agents was demonstrated in critically ill pa-

tients for highly protein-bound drugs (PPB above 

70%) such as ceftriaxone (PPB, 95%), flucloxacilline 

(PPB, above 90%), carbamazepine (PPB, 70% to 80%), 

phenytoin (PPB, 90%), and valproic acid (PPB, 80% to 

90%). For drugs with low to moderate PPB (30 to 70%) 

and linear pharmacokinetics, changes in PPB have lit-

tle consequence in clinical practice, as small increases 

in unbound drug concentrations are immediately me-

tabolized and eliminated. To the best of our 

knowledge, we are the first to show the influence of 

hypoalbuminemia on the PPB of voriconazole, a drug 

with a nonlinear PK profile due to a saturated metab-

olism combined with a narrow therapeutic range and 

moderate PPB. Recently, unbound voriconazole 

6785 Case C 2014 [33] 
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concentrations were also investigated with ultrafiltra-

tion (UF) by Florent et al. A correlation was seen be-

tween the unbound voriconazole fraction and albu-

min plasma concentrations below 25 g/liter. Overall, 

no clear correlation with plasma albumin concentra-

tions was measurable.” 

“Since variations in protein binding and the preva-

lence of hypoalbuminemia among critically ill patients 

have been observed in other studies, there is increas-

ing concern regarding the accuracy of this estimation, 

especially for highly protein-bound drugs in critically 

ill patients. Since the time course of unbound beta-

lactam concentrations is more relevant than the total 

concentration, direct measurement of the unbound 

fraction has been suggested to have potential ad-

vantage in antibiotic dose optimization for critically 

ill patients. In this study, we utilized a rapid and in-

expensive assay for measurement of unbound beta-

lactam concentrations in clinical practice. The data 

presented again demonstrate severely altered PK of 

beta-lactams in critically ill patients.” 

6167 Case C 2013 [34] 

“Specifically, we report three cases where maintain-

ing optimal beta-lactam plasma concentrations was 

particularly challenging, primarily owing to the na-

ture of the infection, reduced plasma protein concen-

trations and variable renal function.” 

164 

Ambiguous sentence: 

This sentence wrongly sug-

gests that hypoalbuminemia 

influences unbound/free con-

centration. 

2013 [35] 

“Augmented renal clearance (ARC), or the enhanced 

renal elimination of circulating solute, is also not in-

frequent in critically ill patients.” 

165 

Case E 

+ 

Ambiguous sentence: 

Total clearance is augmented if 

unbound fraction and/or GFR 

increase(s) while unbound 

clearance is augmented if GFR 

increases. 

“Subject 3 received daptomycin 6.9 mg/kg and 

achieved the lowest observed Cmax in this study, 44.7 

µg/mL. Closer inspection of this patient indicated that 

he had profound hypoalbuminemia (serum albumin 

ranged from 16 to 18 g/L during the study time inter-

val) and a corresponding mean daptomycin free frac-

tion of 28.2%. This subject also had the largest calcu-

lated apparent steady-state volume of distribution, 

likely as a result of the higher free fraction. Because 

the free fraction represents the portion available to 

exert a therapeutic effect, the higher free fraction 

may be associated with sufficient free daptomycin 

concentrations despite the low (total) Cmax ob-

served.” 

22 Case B 2011 [36] 
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“Only free drug is active and the unbound state is a                  

prerequisite for tissue distribution. One strength of 

our study is the measurement of free drug levels. Ac-

cording to a recent paper, it is recommended that all 

PK/PD indices should be referenced to the unbound 

(free) fraction of the drug. As only free drug is the ac-

tive moiety and the MIC is measured in a plasma pro-

tein-free medium, these recommendations appear to 

be justifiable. In contrast, the optimal PK/PD values 

appointed by clinical studies, which were also used as 

target values in this report, were determined by using 

total serum concentrations. To compare our results 

with other studies and with target PK/PD values that 

are based on total drug levels, despite its pitfalls we 

were forced to make adjustments for protein bind-

ing.” 

165 

Case B 

 

 

 

Ambiguous sentence: 

This approach can lead to in-

terpretation errors, even if in-

formation is expressed in 

terms of total concentration in 

publications. 

2007 [37] 

“One important reason for the different pharmacoki-

netic data is that critically ill patients often present 

with several peculiar pathophysiological or iatrogenic 

conditions, which may substantially affect distribu-

tion and/or elimination of antimicrobial drugs. This 

may involve an increased volume of distribution (V), 

e.g. as a result of edema, pleural effusion, ascites, or 

indwelling post-surgical drainage, or an enhanced 

CLR, e.g. as a result of burns, hyperdynamic condi-

tions in septic shock or use of haemodynamically ac-

tive drugs. In our patients without third-space char-

acteristics, we suppose the enhanced V and CLR with 

resulting low Cmax and AUC0 – ∞ values were mainly 

related to the decreased serum albumin concentra-

tions (range 9.2–25.6 g/L), as a consequence of the 

fluid therapy with a positive daily fluid balance 

(mean ± SD, 1.8 ± 1.0L/day). The same results with 

reference to hypoalbuminaemia-related V and CLR 

enhancements in critically ill patients were previ-

ously reported by Joynt et al. for treatment with 

ceftriaxone and by Pea et al. for teicoplanin therapy 

in a renal transplant patient with septic shock.” 

282 Case E 2006 [38] 

“Teicoplanin is extensively bound to serum proteins, 

mainly albumin, the free fraction being 6–12% irre-

spective of serum concentration. Teicoplanin protein 

binding is likely to be altered in ICU patients, either 

due to the decrease in albumin level and/or to inter-

actions with other drugs sharing the same binding 

sites. Because only unbound drug may distribute 

within tissues, total serum concentration is not an 

ideal parameter for rational dosing of antibiotics, es-

pecially for those compounds with extensive protein 

binding.” 

776 

Ambiguous sentence: 

Because unbound/free fraction 

and unbound/free concentra-

tion are mentioned in the same 

paragraph, readers can 

wrongly interpret that a varia-

tion of teicoplanin fraction is 

associated to a variation of un-

bound/free concentration. 

2006 [39] 
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“However, because the unbound fraction of 

teicoplanin in these patients was much higher than 

expected, possibly due to a half decrease in albumin 

level in serum, the median unbound trough serum 

concentration of teicoplanin was equal to 4 µg/ml, 

which is above the value of 2 µg/ml corresponding to 

a target trough total serum concentration of 20 µg/ml, 

with an unbound fraction of only 10%. Interestingly, 

median ELF and unbound serum concentrations of 

teicoplanin were close to each other.”  

778 

“Hypoalbuminemia is thus expected to result in a 

higher free fraction of ceftriaxone, with possible 

consequences on its clearance and distribution. 

Moreover, ceftriaxone protein binding is known to be 

partly restrictive, this binding may hinder or prevent 

drug distribution or elimination, so that its bacteri-

cidal effect is mostly attributed to the unbound con-

centration rather than the total concentration. Hence, 

a modification of free concentration kinetics could 

have an impact on drug effectiveness.” 

736 

Case E 

+ 

Ambiguous sentence: 

Total clearance and total vol-

ume of distribution will be 

augmented not the un-

bound/free ones. Moreover, 

the last sentence suggests to 

the readers that variations of 

the unbound/free fraction in-

duce variations of the un-

bound/free concentrations. 

2000 [40] 

“Quinidine is 70 to 95% bound to plasma protein, pri-

marily to albumin but also to a number of other 

plasma constituents. Binding is reduced in patients 

with cirrhosis, partly because of hypoalbuminaemia, 

but is not influenced by renal insufficiency. Clinical 

interpretation of total serum or plasma quinidine 

concentrations must be altered in patients with re-

duced or increased binding, since it is the unbound 

fraction which is pharmacologically active.” 

150 Case C 1980 [41] 
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Table S1 (Appendix C): Review of false explanations regarding unbound fraction. Items in green are accepted, items 

in orange are ambiguous and items in red are wrong.   

 

False explanations Page Remarks Year 
Refer-

ences 

“Teicoplanin is a mixture of several isomorphic compo-

nents, including five major compounds (A2-1 to 5) account-

ing for 95% of the total product, an hydrolysis product (A3-

1), and four minor (RS-1 to 4) compounds. All main com-

pounds are extensively protein bound (total teicoplanin 

protein binding [> 95%]) but show slightly variable affinity 

to albumin. Because of this extensive protein binding, 

changes in plasma protein concentrations can influence 

teicoplanin efficacy.” 

4  

2021 [13] 

“Teicoplanin is a highly protein-bound drug and is mainly 

bound to plasma albumin, of which concentrations may 

greatly vary within and between critically ill patients. In 

our patient population, we observed such variability (Calbu-

min: median 30.0 mg/L, range 18-46 mg/L). It has been 

shown that albumin levels significantly affect the un-

bound teicoplanin concentrations in adult patients. How-

ever, in our study, we could not identify such a relation-

ship. As we observed a high non-predictable variability in 

unbound fractions (fu: median 0.083, range 0.036-0.28), 

these observations support the measurement of unbound 

teicoplanin concentrations for optimization of treatment.” 

9  

“Albumin concentrations in our patients were low which 

could explain the higher unbound fractions of cefazolin 

which we observed. Although low albumin concentrations 

are common in critically ill patients, further albumin se-

questration and dilution due to the ECMO-circuit could be 

possible, as proteins bind to artificial surfaces such as 

ECMO-tubing and membrane oxygenators. Regardless of 

modern coatings and PMP-oxygenators, ECMO-circuits 

still show accumulation of blood components over time 

which leads to membrane fouling. At the same time our find-

ings endorse previous study-results that showed, predict-

ing unbound fraction by using albumin concentration is 

probably not accurate as similar albumin concentrations 

in our patients still led to highly variable plasma concen-

trations. That is why measuring the unbound fraction of 

cefazolin seems to be important as only then the biologi-

cally active concentration is determined. High total plasma 

concentrations with high protein binding, for example, 

might still lead to insufficient active (= unbound) 

cefazolin levels and would be unrecognized, if only the 

total concentration is measured. On the other hand, exces-

sive cefazolin concentrations enhance the risk for adverse 

effects while the benefit of unbound concentrations above 

16 mg/L is debatable.” 

6 Case C 2021 [42] 
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“We recognise that our case series is limited and that the 

study design was retrospective and monocentric. Addi-

tionally, only total cefiderocol concentrations were meas-

ured, thus potential variability in protein binding com-

monly encountered in critically ill patients could impact 

on cefiderocol free levels.” 

297  2021 [43] 

“The impact of ceftriaxone pharmacokinetic alterations 

on protein binding and PK/PD target attainment still re-

mains unclear. We evaluated pharmacokinetic/pharmaco-

dynamic (PK/PD) target attainment of unbound ceftriax-

one in critically ill patients with severe community-ac-

quired pneumonia (CAP). Besides, we evaluated the accu-

racy of predicted vs. measured unbound ceftriaxone con-

centrations, and its impact on PK/PD target attainment.” 

1  

2021 [14] 

“In the ICU setting, where hypoalbuminemia is present in 

up to 50% of all patients, the unbound ceftriaxone frac-

tion is highly variable. This is probably due to its nonlin-

ear concentration-dependent protein binding. Measuring 

the unbound fraction using equilibrium dialysis, which is 

the reference method, is time-consuming and costly. There-

fore, there have been several attempts to estimate unbound 

ceftriaxone concentrations (CEFu), according to a fixed per-

centage of protein binding or to a predictive protein bind-

ing model. Still, the impact of using protein binding mod-

els for ceftriaxone on PK/PD target attainment has not 

been investigated.” 

2 

 

 

 

 

 

Case C 

“However, we hypothesized that in patients with septic 

shock, hypoalbuminemia, and CVVHDF requirement, 

ceftriaxone ƒu would be increased, thus augmenting 

ceftriaxone CL and therefore compromising the attain-

ment of therapeutic concentrations over the 100% of the 

dosing interval.” 

1175 Case E 

2021 [16] 

“Data has shown that ceftriaxone unbound concentrations 

in critically ill patients were > 40%, much higher than in 

non-critically ill patients, because of hypoalbuminemia.” 

1179  

“The volume of distribution of many drugs increases 

with body size, and circulating plasma proteins like albu-

min can directly contribute to reducing the free fraction 

of many drugs. While studies suggest that systemic expo-

sures are reduced in patients with hypoalbuminemia due 

to increases in Vss and CL secondary to increased fub, we 

did not find this to be the Case Eor minocycline, as CL was 

found to be independent of albumin.  

We do not anticipate that BSA differences across critically 

ill patients will have any bearing on achieving critical PK-

PD targets since changes in Vc do not affect the AUC. How-

ever, the association between fub and albumin may have 

implications for clinical practice for critically ill patients 

12 

 

 

 

Case C + E 

 

 

 

 

Wrong sentence:  

There is a confusion be-

tween the PK of total con-

centration and the PK of 

unbound/free 

2021 [1] 
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as the extent of unbound drug is driven, in part, by fub. 

Given the predicted increase in fub over the albumin 

range of 1 g/dl to 3.6 g/dl, the probability of PK-PD target 

attainment profile may be less robust among individuals 

with albumin levels in the normal range than among 

those with extremely low albumin concentrations. How-

ever, the model predicts that a doubling in the fub will shift 

the probability of target attainment profile downward, at 

most, by only 1 MIC doubling dilution, assuming there are 

no corresponding changes in CL [...] However, the findings 

from ACUMIN should be applied only to critically ill pa-

tients with similarly low albumin concentrations. Studies 

suggest that systemic exposures are reduced in patients 

with hypoalbuminemia due to increases in Vss and CL 

secondary to increased fub. Although we did observe an 

association between CL and albumin, the extent of pro-

tein binding observed in the ACUMIN study population 

may have contributed to the faster CL values reported in 

this study relative to historical values.” 

concentration that leads 

to wrong conclusions. 

“Therefore, high variability in free concentrations can affect 

clinical outcomes. There are likely multiple factors con-

tributing to the large variability in free concentrations 

found in our study, including pathophysiologic changes 

from critical illness and variability in protein binding, as 

well as patient factors. Because albumin is the primary 

protein that binds drugs, hypoalbuminemia, commonly 

seen in critical illness, may lead to an increase in the un-

bound fraction of the drug. However, hypoalbuminemia 

increases Vd, lowering free drug concentrations. Further-

more, because the unbound drug fraction is the portion 

cleared by the kidneys, an increase in free drug concen-

trations may lead to an increase in drug clearance, and 

thus result in overall low drug exposure. Albumin concen-

tration may change frequently based on clinical status, 

leading to intrapatient variability in antibiotic protein bind-

ing. Thus, it is important to evaluate total and free concen-

trations to ensure efficacy while limiting adverse events.” 

570 

Case C + E 

 

 

Wrong sentence 

This sentence wrongly 

suggests that un-

bound/free concentration 

influences drug clearance. 

2021 [18] 

“These pathophysiological changes, for example altered re-

nal function or hypoalbuminaemia, can influence antibi-

otic pharmacokinetics (PK) and consequently the achieve-

ment of PK/pharmacodynamic (PD) targets.” 

2641  2020 [44] 

“The effect of hypoalbuminemia for cefuroxime dosing in 

critically ill patients with low levels of albumin or renal 

failure is likely to have significant consequences on the 

drug's pharmacodynamics and pharmacokinetics.” 

2  2020 [45] 
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“Usually, several conditions are observed in critically ill 

patients, including impaired renal and liver outcomes and 

drugs demonstrating an abnormal proportion of binding to 

albumin; any alterations in this binding may induce 

changes in the unbound antibiotic concentration with 

minor or even no effect on total antibiotic concentrations. 

Therefore, concentrations at site-specific infections are bet-

ter correlated with the unbound rather than the total 

plasma concentrations. In addition, unbound antibiotic 

concentration monitoring may be of importance for TDM 

in critically ill patients.” 

578  2020 [19] 

“Another limitation of this study is the lack of free tazobac-

tam concentration data. Dynamic changes and concentra-

tion-dependent protein binding could impact tazobactam 

concentrations at the site of action. Critically ill patients 

are more susceptible to changes in protein binding due to 

the underlying disease state and drug interactions. Fur-

ther studies that quantify free tazobactam concentrations 

should be considered to adequately predict the dosing reg-

imens that optimize the target attainment of interest.”  

8  2020 [46] 

“In patients with hypoalbuminaemia, reduced plasma-on-

cotic pressure further augments fluid shifts, leading to in-

creases in volume of distribution for some drugs. Hypoal-

buminemia also results in a substantial increase in the 

unbound plasma concentration, particularly for highly 

protein-bound antibiotics, which means that more drug 

distributes into the interstitial space, with the increased 

fluid shift thereby accelerating the expansion in volume 

of distribution. However, although the influence of hypo-

albuminemia has been described for highly protein-bound 

drugs, is it less frequently reported with drugs that are 

protein bound at low levels.” 

2  2019 [24] 

“However, previous studies on critically ill and neonates 

have suggested that flucloxacillin protein binding may be 

highly variable and dependent on serum albumin concen-

trations. As only the unbound concentration is pharma-

cologically active, it is pivotal that in vivo flucloxacillin 

serum protein binding has been fully characterized when 

developing improved dosing regimens; thus far, this has 

not been performed.” 

311  

2019 [47] 

“The unbound fraction increased when serum albumin 

decreased, and unbound concentration increased. These 

findings suggest that albumin concentrations affect bind-

ing capacity and that protein binding is saturable in the 

therapeutic range of flucloxacillin concentration.” 

312  
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“However, currently available TDM reports have not di-

rectly accounted for altered protein binding, and the asso-

ciated change in unbound β-lactam concentrations, de-

spite the high prevalence of hypoalbuminaemia causing al-

tered protein binding in the critically ill. Given that efficacy 

is dependent on the unbound rather than total plasma con-

centration of antibiotic, knowledge of unbound concentra-

tions when applying TDM should be considered essential.” 

3088 

Wrong sentence:  

Hypoalbuminemia does 

not influence un-

bound/free concentration.  

2018 [6] 

“In routine clinical practice, trough concentrations are used 

as a ‘surrogate’ parameter to optimize vancomycin dosing 

regimens, because AUC/MIC calculations are labour- and 

cost-intensive. Both targets are based on total drug con-

centrations, whereas only the ‘unbound’ or ‘free’ drug ex-

erts a pharmacological effect. A more direct fAUC/MIC 

target > 200 has been advocated as the PK/PD target assum-

ing a fixed unbound vancomycin fraction of 50%. How-

ever, critically ill children exhibit marked variability in 

plasma protein concentrations (with albumin concentra-

tion ranging between 15 and 54 g/L), which may alter the 

protein binding. To date, no studies have investigated the 

implications of altered protein binding on target attain-

ment rates.” 

[801] 

Ambiguous sentence:  

This sentence wrongly 

suggests that hypoalbu-

minemia influences un-

bound/free concentration. 

2017 [29] 

“Rifapentine is highly bound (~99%) to plasma proteins; 

hence, coadministered drugs may compete for the same 

plasma protein-binding sites and affect the free drug con-

centration. This may be the case with their concurrent use 

with sulfonylureas (protein binding >99%), glinides (pro-

tein binding >98%), or SGLT-2 inhibitors (protein bind-

ing >98%). The pharmacokinetic and clinical conse-

quences of potential protein-binding displacement re-

main to be elucidated.” 

2960  2017 [28] 

“Clinical data on the relationship between the pharmaco-

dynamic and pharmacokinetic properties of detemir and 

degludec, and the plasma level of albumin are very scarce. 

However, due to their high-level protein-binding, poten-

tial interactions of detemir and degludec with rifapentine 

should be considered.” 

 

 

2961 

 

2017 [28] 

“Hypoalbuminaemia, defined as a serum albumin concen-

tration < 25 g/l, is present in 40–50% of critically ill patients, 

and has two prominent effects on the PK of β-lactam anti-

biotics. Firstly, it increases the concentration of unbound 

antibiotic, which in turn is available for distribution and 

renal clearance. Secondly, it increases the volume of dis-

tribution of β-lactam antibiotics by augmenting fluid 

shifts into the interstitial space. This is particularly rele-

vant for highly protein bound β-lactam antibiotics such 

as flucloxacillin, ertapenem and ceftriaxone. While hypo-

albuminaemia may temporarily result in higher concen-

trations of highly protein bound β-lactam antibiotics, a 

reduced fT>MIC will eventually result as a consequence 

of an increased dilution and drug clearance.” 

3 

Ambiguous sentence: 

For flucloxacillin, 

ertapenem and ceftriax-

one, the increase of un-

bound concentration oc-

curs on a very short dura-

tion. Nobody has been 

able to evaluate the actual 

duration (a few sec-

onds ??, a few 

minutes ??). However, 

unbound concentration 

comes back to the base-

line level while unbound 

2016 [48] 
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fraction (fu) increases. 

This increase of fu leads 

to an increase of the 

clearance and of the vol-

ume of distribution for 

total concentration but 

not for unbound concen-

tration. 

“The impact of decreased serum albumin concentrations 

on free antibiotic concentrations in non-critically ill pa-

tients is poorly described. This study aimed to describe the 

pharmacokinetics of a high-dose regimen of teicoplanin, a 

highly protein-bound antibiotic, in non-critically ill pa-

tients with hypoalbuminaemia. […] This study confirms 

the significant impact of hypoalbuminaemia on free con-

centrations of teicoplanin in non-critically ill patients, 

similar to that in critically ill patients. Furthermore, the 

poor correlation with total teicoplanin concentration sug-

gests that therapeutic drug monitoring of free concentra-

tions should be used in these patients.” 

1 

Ambigous sentence: 

This sentence wrongly 

suggests to the reader 

that the unbound/free 

concentration of 

teicoplanin has to be 

monitored because its 

value is increased when 

hypoalbuminemia. 

2015 [49] 

“It has become increasingly clear that the free (unbound) 

antibiotic concentration is responsible for the pharmaco-

logical effect and a better understanding of this can en-

hance the accuracy of therapy and potentially improve 

clinical outcomes. This might be of particular relevance 

for highly protein-bound antibiotics such as teicoplanin 

(90-95% bound), especially in critically ill patients where 

hypoalbuminaemia is frequent and as a consequence the 

volume of distribution (V) and clearance (CL) of the un-

bound drug are increased. These pharmacokinetic (PK) 

changes could result in suboptimal teicoplanin expo-

sures and may necessitate dose adjustments to ensure 

that therapeutic exposures are achieved. This highlights 

three important shortcomings of available data on the 

pharmacokinetics of unbound teicoplanin. First, unbound 

concentrations are often not measured either clinically or 

for academic reasons. Second, in the rare circumstances 

that unbound concentrations are determined, patients 

generally have not had serum albumin concentrations 

that were sufficiently low to alter the free teicoplanin 

pharmacokinetics significantly. Third, no PK data are 

available describing the effect of hypoalbuminaemia on 

unbound concentration when using dosing regimens for 

non-critically ill patients with ‘deep-seated’ infections such 

as those of bone and prostheses, where the target total 

trough concentration (tCmin) is ≥ 20 mg/L […]. Data from 

the critical care literature suggest that hypoalbuminae-

mia is likely to alter teicoplanin pharmacokinetics signif-

icantly and, in particular, free concentrations.” 

2 
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“We found that patients with hyperglycaemic hypoalbu-

minaemia had lower serum TEIC concentrations after a 

loading dose than patients with non-hyperglycaemic hy-

poalbuminaemia, hyperglycaemic normoalbuminaemia 

and non-hyperglycaemic normoalbuminaemia. However, 

in the hyperglycaemic hypoalbuminaemia patients, the se-

rum trough concentration 12 h after a loading dose ex-

ceeded 10 g/mL when the loading dose was >1600 mg (data 

not shown). Therefore, TEIC regimens with a high load-

ing dose might be required for patients with hypergly-

caemic hypoalbuminaemia to avoid low serum TEIC con-

centrations. In conclusion, patients with hyperglycaemic 

hypoalbuminaemia exhibit lower serum TEIC concentra-

tions following administration of a loading dose. In addi-

tion, it was suggested that glycosylated albumin decreases 

the association constant of TEIC for albumin. A PPK study 

that includes glycosylation of albumin as a parameter is 

needed to identify the impact of albumin glycosylation 

on the pharmacokinetics of TEIC.” 

168 

Ambiguous sentence 

There is a confusion be-

tween the total pharma-

cokinetics and the un-

bound/free ones. No 

TEIC dosage adjustment 

is required as un-

bound/free drug expo-

sure is unchanged by hy-

poalbuminemia or glyco-

sylation of albumin. 

2015 [9] 

“Dramatically decreased serum albumin concentrations 

are also common in these patients. For a renally cleared 

antibiotic like cefazolin, which has high protein binding 

(90%), these changes can severely alter plasma concentra-

tions. The effects of these changes on cefazolin concen-

trations in the interstitial fluid (ISF) of subcutaneous tis-

sues, which is the site of infection for serious skin and 

soft tissue injury, are also unknown, but crucial to suc-

cessful prescription.” 

1496 

Ambiguous sentence:  

This sentence wrongly 

suggests that hypoalbu-

minemia influences un-

bound/free concentration. 

2015 [50] 

“This analysis has demonstrated that increasing CLCR or 

decreasing serum albumin concentrations reduce the 

likelihood of achieving optimal cefazolin exposures in 

ISF. [...] Cefazolin is a widely used prophylaxis and treat-

ment option for severe wound infections in post-trauma 

critically ill patients. It is highly bound to albumin (90%), 

suggesting that in critical illness and/or the presence of 

hypoalbuminaemia, altered pharmacokinetics are likely. 

Such effects are likely to be common in critically ill patients, 

given that 40% will have serum albumin concentrations 

<25 g/L. The increased unbound plasma concentration 

that results from such pathophysiological changes 

should lead to higher pharmacologically active concen-

trations but also capacity for increased drug clearance. 

The simulations shown in Figure 5 support the contention 

that a higher albumin concentration results in better 

cefazolin exposures in ISF. Without the reservoir of 

cefazolin bound to albumin to supplement unbound 

drug that is cleared from the body, patients with lower 

albumin concentrations are more likely to have reduced 

pharmacokinetic/pharmacodynamic target attainment.”  

1498 Case E 
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“A consequence of the higher unbound concentration in 

plasma is that it is available for renal elimination from 

the body and increased drug clearance is likely to result 

in increased CLCR. Indeed, CLCR was a strong covariate 

in our model, which is in keeping with its renal elimination 

characteristics.”  

1500  2015 [50] 

“An important characteristic of teicoplanin is its high pro-

tein binding (90%), which can lead to increased pharmaco-

kinetic (PK) variability. Yano et al. demonstrated that 

plasma albumin concentrations are an important determi-

nant in this variability, with lower albumin concentrations 

associated with higher unbound fractions of teicoplanin. In 

critically ill patients, hypoalbuminaemia is a frequent 

phenomenon and as such teicoplanin PK variability may 

be significant. As the unbound or free concentrations are 

responsible for pharmacological activity, one could theo-

retically expect higher active concentrations of 

teicoplanin in these patients. Furthermore, in critically ill 

patients, renal impairment frequently accompanies hypo-

albuminaemia. As clearance of the unbound drug occurs 

almost exclusively by glomerular filtration, the total body 

clearance of teicoplanin will decrease with increased re-

nal impairment and will increase with decreases in pro-

tein binding. Augmented renal clearance is also common 

in critically ill patients, meaning that some patients may 

develop very low concentrations of renally cleared drugs 

such as teicoplanin. Consequently, free and total plasma 

concentrations are difficult to predict in critically ill pa-

tients.” 

424 Case A 2014 [51] 

“Critically ill patients often have low plasma albumin 

concentrations that alters the protein binding of drugs 

and has significant effects on pharmacokinetics. Given 

such potential for variability, it is not surprising that we 

found that one-fifth of patients did not achieve the most 

conservative PK/PD target and less than 50% of patients 

achieved what we a priori defined as a preferred PK/PD 

target. Furthermore, the variability of unbound concentra-

tions across all antibiotics as well as PK/PD ratios were sim-

ilarly large. The consequences of insufficient antibiotic ex-

posure may be severe with clear relationships being 

demonstrated between antibiotic underdosing and the de-

velopment of antibiotic resistance. This link was initially 

shown with inappropriately low quinolone exposures, but 

more recently with other classes of antibiotics including 

beta-lactams. ICUs are known to harbour multi-drug re-

sistant pathogens and whilst there are many reasons for 

this, optimised dosing that minimises the evolution of such 

pathogens should be considered as a method to improve 

patient and health system outcomes.” 

14  2014 [52] 
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“Furthermore, protein binding is altered in the severely 

ill, resulting in altered unbound drug concentrations. 

These alterations in pharmacokinetics and unbound 

drug concentrations can lead to changes in dosing re-

quirements.” 

1324  2014 [53] 

“Recently, plasma protein binding (PPB) has been investi-

gated as an additional factor influencing the pharmacoki-

netics (PK) of antimicrobial agents. Since hypoalbu-

minemia occurs in approximately 40% of critically ill pa-

tients, the potentially negative effects of altered protein 

binding of antimicrobials may be common. Unbound drug 

concentrations can differ among patients and underlying 

disorders, resulting in different responses to therapy or 

toxicity, as only the unbound drug con- centration exhibits 

pharmacological activity. Hypoalbuminemia usually re-

sults in higher unbound drug concentrations in plasma. 

Because the temporary increase in the unbound plasma 

concentration is reversed by the rapid distribution and 

elimination of the drug via the liver or the kidneys, this 

phenomenon is expected to be clinically relevant only for 

highly protein-bound drugs (PPB above 70%). However, 

for drugs such as voriconazole, with nonlinear pharmaco-

kinetics, the elevated unbound drug concentration in 

plasma caused by decreased plasma albumin concentra-

tions cannot be instantly metabolized and eliminated. This 

can be explained by its saturated metabolism and the fact 

that only 2% of voriconazole is excreted unchanged in 

urine. Although voriconazole PPB is only 50%, this satu-

rated metabolism is hypothesized to cause clinically rel-

evant variations in unbound fractions in cases of hypoal-

buminemia, potentially resulting in an increased risk for 

toxic adverse events, even with a total voriconazole 

trough concentration (VTC) within the reference range of 

1 or 2 up to 5.5 mg/liter.” 

6782  

2014 [33] 

“Although voriconazole PPB is documented to be moder-

ate (50%) in patients with normal plasma albumin levels, 

hypoalbuminemia can alter voriconazole PPB, probably 

due to the saturated hepatic metabolism. Increased un-

bound voriconazole plasma concentrations in patients 

with profound hypoalbuminemia can possibly cause ad-

verse events, even when total voriconazole plasma con-

centrations are within the reference range. Likewise, 

measured total voriconazole concentrations should be ad-

justed via the proposed formula, in patients suffering from 

hypoalbuminemia and showing adverse events potentially 

related to voriconazole, especially in those with severe hy-

poalbuminemia.” 

6787  

“We conclude that despite physiological plausibility the 

clinical relevance of hypoalbuminemia for the unbound 

fraction of vancomycin has not been demonstrated con-

vincingly. This may be due to interactions with other pro-

teins or comedications in clinical samples, or due to 

 

 

 

322 

Wrong sentence: 

There is no influence of 

hypoalbuminemia on un-

bound/free 

2014 [10] 
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analytical errors in the determination of the unbound frac-

tion.” 

concentrations and thus 

no clinical modifications. 

“Linezolid is used for treatment of patients with critical in-

fections caused by Gram-positive bacteria resistant to other 

antibiotic agents. Critically ill patients often develop hypo-

albuminaemia, renal and/or hepatic dysfunction and blood 

circulatory dysfunction. The effects of hypoalbuminaemia 

on antibiotic pharmacokinetics are driven by the decrease 

in the extent of antibiotics bound to albumin. The free frac-

tion of an antimicrobial agent is known to influence the tis-

sue distribution and plasma clearance of the parent com-

pound. Hypoalbuminaemia can lead to diversity in the 

pharmacokinetics of free linezolid and protein binding. 

In addition, inflammatory proteins induced by critical ill-

ness may also affect the free fraction of linezolid. The phar-

macokinetics of free linezolid in critically ill patients has 

yet to be clarified.” 

329  2013 [54] 

“There have been few studies on the characteristics of pro-

tein binding of linezolid in critically ill patients. Earlier re-

ports demonstrated that serum albumin was the major 

binding protein for linezolid. The Saline versus Albumin 

Fluid Evaluation (SAFE) study defined hypoalbuminaemia 

as serum albumin levels < 25 g/L. The present study 

demonstrated that the percentage bound declined in hypo-

albuminaemic patients. Hypoalbuminaemia causes an in-

crease in the plasma concentration of free linezolid.” 

333  

2013 [54] 
“In conclusion, the plasma level of free linezolid and its 

ratio to MIC were altered in critically ill patients with re-

nal dysfunction and hypoalbuminaemia. In addition, this 

study confirmed that linezolid has excellent distribution in 

peritoneal fluid, pleural fluid and CSF. Two patients failed 

to achieve adequate efficacy parameters for linezolid, 

whilst 13 patients showed potential overexposure to line-

zolid. These findings suggest that the monitoring of free 

linezolid is necessary in critically ill patients.” 

334 

Ambiguous sentence: 

this sentence wrongly 

suggests to the reader 

that the unbound/free 

concentration of linezolid 

has to be monitored be-

cause its value is in-

creased/decreased when 

hypoalbuminemia 

“To this end, it remains controversial as to how protein 

binding changes alter the time course of unbound drug 

concentration in plasma, and other body compartments, 

throughout a dosing interval. Critically, the unbound con-

centration is of paramount interest as it determines drug 

efficacy and potential drug toxicity. However, rational 

dose adjustment in the presence of altered protein bind-

ing is poorly understood and conflicting views exist in 

the literature as to the impact of changes in protein bind-

ing on drug efficacy.” 

2  

2013 [55] 

“From this figure, it is evident that the pharmacologically 

active unbound concentration will be affected by the 

bound drug and the drug distributed into tissue, with 

both acting as a reservoir for unbound drug in the blood 

(central compartment). As drug clearance occurs, a new 

equilibrium between bound and distributed drug occurs, 

which acts to maintain the unbound drug concentration. 

2  
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The unbound drug concentration may decrease faster than 

the new equilibrium can be established if the rate of distri-

bution from the peripheral compartment or the dissocia-

tion from protein binding is slower than drug clearance. 

This would be rare. The cardinal feature of the above 

equilibrium is that unbound concentrations are most 

likely to decrease later in the dosing interval where clear-

ance has reduced the unbound drug and the reservoirs 

that support its concentrations.” 

“For highly protein bound drugs, changes in the fraction 

bound will have a much larger overall effect on the un-

bound concentration.” 

5  

“For all antibacterials where a larger Vd is likely because 

of changes in protein binding, larger initial doses are sug-

gested, particularly for the first 24–48 h. Such higher doses 

are considered especially necessary in the critically ill given 

the other pathophysiological changes that occur in these 

patients and the associated iatrogenic interventions [...] For 

concentration-dependent antibacterials such as daptomy-

cin, higher dosing, rather than more frequent dosing, 

would be appropriate.” 

7 

Wrong sentence: 

 Those conclusions are 

given in terms of total 

concentration and do not 

consider the un-

bound/free one.  

2013 [55] 

“Hypoalbuminemia is a common finding in critically ill 

patients and causes a higher free drug concentration, in-

creased clearance and a greater volume of distribution for 

moderate to highly protein-bound drugs.” 

164  2013 [35] 

“The mean free drug fraction (16+4.5%) was higher in our 

critically ill patients with acute renal failure than in healthy 

volunteers (fraction unbound: 4%–10%). The higher free 

fraction is consistent with the results for the CVVHD pa-

tients of Vilay et al. 13 (17.5+5%), and has also been de-

scribed in patients with end-stage renal disease and hae-

modialysis. Since the unbound substance is relevant for 

exertion of the drug’s effect, a higher free fraction is ben-

eficial in critically ill patients, as it might be associated 

with sufficient free daptomycin concentrations despite 

lower Cmax. However, caution is advisable in patients 

with profound hypoalbuminemia; they might reach 

lower Cmax levels but have unpredictable high free frac-

tions. Median sieving coefficient and free fraction seemed 

to correlate in most patients.” 

981 

Ambiguous sentence: 

This sentence suggests 

that free/unbound con-

centration is driven by 

unbound fraction. 

2012 [56] 

“Outcomes of antibacterial therapy are heavily dependent 

on achieving therapeutic concentrations of unbound anti-

bacterial at the target site of infection. Effectiveness of em-

piric dosing is contingent on assumptions that the actual 

unbound concentrations and antibacterial pharmacokinet-

ics are consistent with those from dose-finding studies. 

There are emerging data that demonstrate significant 

pharmacokinetic changes for the total fraction of highly 

108 

Ambiguous sentence: 

Even if the volume of dis-

tribution of the un-

bound/free form is in-

creased due to fluid ex-

travasation, this phenom-

enon has no consequence 

on the antimicrobial effect 

2011 [57] 
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bound antibacterials in patients with hypoalbuminae-

mia. In the presence of increased CL, the increased Vd ap-

pears to still cause a significant prolongation of t½ of the 

drug, which may be therapeutically advantageous for 

sustaining antibacterial concentrations throughout the 

dosing interval for highly susceptible pathogens. How-

ever, the decreased concentrations resulting from the in-

creased Vd will affect the likelihood of therapeutic suc-

cess against pathogens with higher MICs and therefore 

higher doses may be required in such situations. Com-

pounding the sparse level of data available on the serum 

pharmacokinetics of highly protein bound antibacterials is 

the absence of data describing unbound serum pharmaco-

kinetics and tissue (the site of many infections) pharmaco-

kinetics for these drugs in patients with hypoalbuminae-

mia. Further research on this topic is urgently required.” 

of the drug because the 

AUC is unchanged while 

the Cmin is increased. 

 

+ 

Case E 

 

“In vitro and healthy volunteer studies have shown that flu-

cloxacillin is 95%-97% bound to plasma albumin. The ex-

tent of binding to plasma proteins is highly relevant, as it 

is the unbound fraction of drug that produces the phar-

macological effect. […] Lower albumin concentrations 

might alter the extent to which flucloxacillin is bound to 

this protein and, therefore, lead to variations in the un-

bound fraction of antibiotic that may consequently affect its 

pharmacokinetics and pharmacodynamics. That effect 

may be additive to the significant variations in pharmaco-

kinetics observed in critically ill patients due to several fac-

tors such as the presence of a systematic inflammatory re-

sponse syndrome (SIRS), fluid resuscitation or the use of 

inotropes. The effects of hypoalbuminaemia on the phar-

macokinetics of other highly bound antibiotics have been 

reported previously and suggest a potential risk for inap-

propriate antibiotic therapy in patients with hypoalbumi-

naemia. Studying this concept, Joynt et al. observed a 

substantial decrease in fT > MIC (the unbound (pharma-

cologically active) concentration is maintained above the 

MIC during a dosing interval) of total ceftriaxone concen-

trations in critically ill patients with hypoalbuminaemia 

that led to failure to attain pharmacokinetic–pharmaco-

dynamic targets. However, a dearth of data exists provid-

ing pharmacokinetic–pharmacodynamic simulations for 

unbound concentrations of highly protein bound drugs. It 

follows that where such analyses are conducted on total 

concentrations without accurate knowledge of the free frac-

tion of antibiotic, misinterpretation of the ability of partic-

ular dosing schedules to achieve target antibiotic exposures 

is highly likely.” 

1772 Case C 

2010 [58] 

“The data presented in this study provide support for pre-

vious studies on altered pharmacokinetics of highly pro-

tein-bound antibiotics in critically ill patients with hypoal-

buminaemia. Total flucloxacillin V was significantly 

1775 Case E 
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larger in our cohort of patients compared with healthy 

volunteers and other hospitalized, non-critically ill pa-

tients, as shown in Table 2. This increase in V may be re-

lated, in part, to an increased unbound fraction of fluclox-

acillin resulting from low plasma albumin levels. It fol-

lows that because unbound drug is the fraction available 

for distribution and clearance, the higher fraction of un-

bound flucloxacillin will be able to distribute to periph-

eral tissues to a greater extent and explain the larger V. 

Interestingly, we did not observe any significant varia-

tion between total flucloxacillin CL in hypoalbuminae-

mic critically ill patients compared with previous data 

from healthy volunteers. This is despite data from other 

antibiotics that suggest that a higher unbound fraction 

will lead to increased CL because only the unbound mol-

ecule is glomerularly filtered. We have attributed this cu-

rious finding to the multiple excretion pathways of fluclox-

acillin. Flucloxacillin is eliminated by renal (glomerular fil-

tration and tubular secretion, 40% recovery in urine) and 

non-renal mechanisms (where hepatic metabolism ac-

counts for 30%–40% of total CL). Therefore, an increase in 

the glomerular filtration rate resulting from a higher un-

bound fraction of flucloxacillin might not be significant 

enough to alter the total CL, as observed in these patients. 

However, clarification of this observation can only be 

achieved by comparison of unbound concentrations be-

tween hypoalbuminaemic critically ill patients and healthy 

volunteers.” 

“Dosing regimens are based primary on PK profiles from 

healthy volunteers rather than from critically ill patients 

where antibiotic disposition is variable and unpredicta-

ble due to alterations in intravascular volume, composi-

tion of plasma proteins, and renal and hepatic function. 

As a consequence of these variables, variations in PK char-

acteristics have been demonstrated for antibiotics such as 

ciprofloxacin, vancomycin and imipenem. The current 

study shows lower Cmax and AUC0–∞ and higher Vss, 

CLT and CLR for total ertapenem compared with those ob-

served in young healthy volunteers. [...] The Cmax and 

AUC0–∞ of unbound ertapenem were much higher than 

those in healthy elderly or young adult volunteers and 

this could be explained by the low serum albumin con-

centrations that are indicative of the severity of illness in 

these patients.” 

435 

 

 

 

 

 

Case A 

 

 

 

 

 

2009 [59] 
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“First, in critically ill patients presenting with hypoalbumi-

naemia, the unbound fraction of normally moderately to 

highly bound drugs may vary, and so drug clearance may 

be increased in these circumstances. Interestingly, it has 

recently been shown that this may be clinically relevant 

especially for the glycopeptides teicoplanin and vanco-

mycin. Additionally, drug extraction may be further in-

creased by adsorption to the haemofilter membrane, a pro-

cess whose extent is expected to be maximal immediately 

after starting RRT and then to progressively decrease over 

time until filter exhaustion.” 

1003 Case E 2007 [60] 

“Hypoalbuminemia is common in children admitted to the 

pediatric intensive care unit. The mean serum albumin 

concentration in our patients was 2.9 g/dL, similar to that 

reported by other investigators. Durward and coworkers re-

ported a mean serum albumin of 3.0 g/dL in 134 critically 

ill children admitted to a pediatric intensive care unit. Hy-

poalbuminemia is a well-described risk factor for ele-

vated free phenytoin concentrations. In adults, serum al-

bumin concentrations < 3.5 g/dL have previously been 

shown to affect phenytoin binding ratios and to contrib-

ute to phenytoin intoxication. In our study, albumin con-

centrations < 2.5 g/dL were found to be particularly prob-

lematic.” 

437  

2006 [61] 

“It is well-described that other protein bound medications 

may alter the free fraction of phenytoin by competing for 

albumin binding sites. However, there are few clinical 

data in children to suggest the extent to which this may oc-

cur in clinical practice. As in prior studies involving adults, 

multiple regression analysis in our study confirmed the im-

pact of valproic acid and cefazolin on phenytoin binding in 

critically ill children. Backward multiple regression analy-

sis revealed that both valproic acid and cefazolin inde-

pendently decrease the extent to which phenytoin is pro-

tein bound (p < .01). Although the overall mean free phen-

ytoin fraction in our total population was 0.13, this in-

creased to 0.17 with coadministration of valproic acid and 

to 0.24 with coadministration of cefazolin. [...] Critically ill 

children with severe hypoalbuminemia (< 2.5 g/dL), and 

those taking valproic acid or cefazolin, exhibit signifi-

cantly altered phenytoin binding ratios and their free 

phenytoin concentrations are particularly elevated. Con-

sidering our findings, we recommend that free phenytoin 

concentrations be regularly measured in critically ill chil-

dren, particularly when adjusting phenytoin doses.” 

438 

Ambiguous sentence: 

This sentence wrongly 

suggests to the reader 

that the unbound/free 

concentration of pheny-

toin has to be monitored 

because its value is in-

creased when hypoalbu-

minemia. 

“Moreover, because the concentration of binding proteins 

in extravascular fluids is approximately one third that in 

plasma, hypoalbuminemia may result in saturation of 

binding of highly bound drugs both in plasma and in ex-

tracellular fluids and, fina-lly, in modifications of the 

pharmacologic effects of these drugs.” 

735 

Ambiguous sentence:  

This sentence wrongly 

suggests that hypoalbu-

minemia influences un-

bound/free concentration. 

2000 [40] 
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“Because only free drug is considered to be pharmacologi-

cally active, alterations of plasma protein binding may al-

ter a patient’s response to pharmaceutical agents if pro-

tein binding is restrictive for receptor binding. Such 

changes appeared to be greater with highly bound 

agents. Traditionally, most drug assays monitor total drug 

concentrations and do not quantitate free drug. When 

binding modifications occur, total drug concentrations 

may mislead the clinicians’ evaluation of the patient’s re-

sponse.” 

739  

“However, the increase free drug concentration in plasma 

of hypoproteinemia patients may enhance the potential 

drug toxicity, especially when low therapeutic index 

drugs are used. Recently, seizures were reported in a hy-

poalbuminemic patient receiving phenytoin. Despite a 

therapeutic serum phenytoin concentration, the free con-

centration was more than doubled. After lowering the 

daily phenytoin dose, the patient improved. This report 

clearly indicates better phenytoin distribution in hypoalbu-

minemic patients with toxic drug concentrations in tissues. 

[...] In conclusion, this study indicates that in plasma, iat-

rogenic hypoalbuminemia induces greater free ceftriax-

one concentration, a cephalosporin that binds strong to 

serum albumin. The higher free drug concentration ob-

served in these hypoproteinemic patients increases drug 

distribution and may have greater effectiveness.” 

742 

Wrong sentence:  

Hypoalbuminemia leads 

to an increased total vol-

ume of distribution and 

total clearance but does 

not have any effect on the 

unbound/free pharmaco-

kinetics. As a conse-

quence, hypoalbu-

minemia does not have 

greater effectiveness.  
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