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a b s t r a c t 

Objectives: Critically ill patients frequently require continuous renal replacement therapy. Echinocandins 

are recommended as first-line treatment of candidemia. Preliminary results suggested echinocandin se- 

questration in a polyacrylonitrile filter. The present study aimed to determine whether increasing the 

dose might balance sequestration. 

Methods: An STX filter (Baxter-Gambro) was used. A liquid chromatography–mass spectrometry method 

was used for dosage of caspofungin. In vitro drug disposition was evaluated by NeckEpur (Neckepur, 

Versailles, France) technology using a crystalloid medium instead of diluted/reconstituted blood, focusing 

on the disposition of the unbound fraction of drugs. Two concentrations were assessed. 

Results: At the low dose, the mean measured initial concentration in the central compartment (CC) was 

5.1 ± 0.6 mg/L. One hundred percent of the initial amount was eliminated from the CC within the 6-h 

session. The mean total clearance from the CC was 9.6 ± 2.5 L/h. The mean percentages of elimination 

resulting from sequestration and diafiltration were 96.0 ± 5.0 and 4.0 ± 5.2%, respectively. At high dose, 

the mean measured initial concentration in the CC was 13.1 mg/L. One hundred percent of the initial 

amount was eliminated from the CC within the 6-h session. The mean total clearance from the CC was 

9.5 L/h. The mean percentages of elimination resulting from sequestration and filtration were 88.5% and 

11.5%, respectively. 

Conclusion: Increasing the dose does not mitigate caspofungin sequestration in the STX filter. The results 

raise caution about the simultaneous use of caspofungin and polyacrylonitrile-derived filters. Intermittent 

modes of renal replacement therapy might be considered. For sensitive species, fluconazole might be an 

alternative. 

© 2023 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 
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. Introduction 

Caspofungin has been consistently included in the list of drugs 

hat do not need therapeutic adjustments during continuous re- 

al replacement therapy (CRRT) [1] , regardless of the CRRT method 

pplied [ 2 , 3 ]. However, this assumption is supported by a lim-

ted number of clinical pharmacokinetics studies. Roger et al. and 

guilar et al. used polysulfone-derived filters. Roger et al. con- 

luded that in adult patients requiring CRRT, higher than recom- 
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ended loading doses of caspofungin are required to achieve phar- 

acokinetic/pharmacodynamic (PK/PD) targets in critically ill pa- 

ients [2] . Additionally, Aguilar et al. determined that the licenced 

osage regimen of caspofungin was not adequate to reach the 

K/PD targets in some critically ill patients requiring CRRT [3] . As 

oted by several authors, data on caspofungin pharmacokinetics in 

ritically ill patients under continuous renal replacement are lim- 

ted, resulting in negative or inconclusive data regarding caspofun- 

in adsorption [4–6] , although only a few in vitro studies were re- 

orted. 

Sequestration of caspofungin during CRRT is a matter of debate. 

everal authors made thorough reviews of clinical reports in the 

edical literature dealing with anidulafungin, caspofungin, and 

icafungin during CRRT and raised concern about the role of 
All rights reserved. 
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equestration [ 4 , 7 ]. The authors concluded that 20% of echinocan- 

in sequestration to membrane is not likely to be clinically 

elevant for anidulafungin and caspofungin, as the loading dose 

s greater than the maintenance dose [4] . However, this might 

e relevant for micafungin due to the lack of a loading dose. 

onore et al. pointed out that only polysulfone filters were used 

n clinical studies, whereas other filters exhibit highly adsorptive 

roperties. They suggested the need for further studies focusing 

n caspofungin using polyacrylonitrile-derived filters [5] . 

In vitro studies dealing with caspofungin sequestration in CRRT 

lters are scarce. Purohit et al. reported sequestration of caspofun- 

in using a polysulfone filter filled with human whole blood in a 

lose one-compartment model. In this model, mean fractional se- 

uestration of caspofungin adds a clearance of 0.40 mL/min (0.024 

/h) [8] . Purohit et al. concluded that caspofungin had minimal 

ircuit clearance and did not change with increasing flowrate. In 

ontrast, we reported preliminary results of an in vitro study us- 

ng the NeckEpur ((Neckepur, Versailles, France) method and a 

olyacrylonitrile-derived filter, showing that concentrations of un- 

ound caspofungin and micafungin become undetectable in the 

entral compartment (CC) within 4 h following initiation of ses- 

ions [9] . 

Later, we reported on a case of invasive candidiasis with can- 

idemia efficiently treated using caspofungin. Caspofungin tran- 

iently failed when the patient required a long-lasting continuous 

emofiltration using a polyacrylonitrile filter, while caspofungin re- 

ained full efficiency as soon as the continuous hemofiltration was 

ithdrawn [10] . 

This case prompted us (1) to complete the in vitro assessment 

f caspofungin sequestration in a polyacrylonitrile filter and (2) to 

ddress whether increasing the dose of caspofungin might mitigate 

lter-induced sequestration. 

. Methods 

.1. Caspofungin 

Caspofungin was supplied by Mylan, with one vial containing 

0 mg of caspofungin (as acetate). 

.2. Measurements of caspofungin concentrations 

The analytical method was a liquid chromatography–coupled 

ass spectrometry assay we previously published [11] . The chro- 

atographic separation was performed on a Waters C18 BEH col- 

mn (50 × 2.1 mm) with a mobile phase consisting of a mix- 

ure of water and acetonitrile, both containing 0.1% formic acid. In 

hese conditions, the retention time of caspofungin was 1.58 min. 

he intra- and inter-day imprecision and inaccuracy were less than 

0% for the limit of quantification (0.2 mg/L) and less than 15% for 

igher concentration levels. 

We assigned the zero value to samples that had a caspofungin 

oncentration below this threshold. 

.3. Aims of the study 

The primary objective of the NeckEpur technology is to simulta- 

eously assess the routes of elimination of drugs by filters used in 

RRT by determining the respective contribution of filtration, dial- 

sis, and adsorption over a period, resulting in elimination of 90% 

nd more of the initial dose in the central compartment in an in 

itro model [12–17] . 

There are three prerequisites for addressing the issue of the ex- 

ent of adsorption in in vitro studies. 

The first prerequisite is to use a medium that does not interfere 

ith drug distribution in the CC. This prerequisite is addressed us- 
2 
ng crystalloid solution instead of blood. Indeed, as clearly stated 

y Maher [18] and Mac-Kay et al. [19] when using blood, the ac- 

urate calculation of clearance during RRT requires the measure- 

ents of plasma drug concentrations, the plasma protein concen- 

rations at the same time, the measured fraction of drug bound to 

rotein, and the intra-erythrocyte distribution coefficient. Notewor- 

hy, Neri et al. recommended the use of water instead of blood to 

ccurately determine the sieving coefficient and only in the filtra- 

ion mode without any gradient of concentrations [20] . 

The second prerequisite is the need to assess stability of the 

rug in the crystalloid solution at room temperature during the 

tudy period. Indeed, the NeckEpur technology is based on the law 

f conservation of mass. In our very simple model, it is reasonable 

o assume that the law of conservation of mass holds true. 

The third prerequisite results from the Gibbs-Donnan effect re- 

ated to distribution of ionized molecule. To meet this requirement, 

he same crystalloid medium was used in the different compart- 

ents including the CC, the ultra-filtrate, and dialysate. Hemosol 

0 (Baxter) was used in the present study. 

.4. Assessment of the stability of caspofungin in the CC 

Stability of caspofungin in a 5-L bag of Hemosol B0 was as- 

essed at room temperature and natural daylight at 0, 2, 4, 6, and 

 h following injection at two concentrations (low and high) in the 

C. 

.5. Filter and dialyzer device 

Prismaflex monitor and the ST150 filter derived from the AN-69 

Baxter-Gambro) was used. A new filter was used for each session. 

.5. Modes of exposure of the filter to caspofungin 

A 5-L bag was used as the CC and loaded with caspofungin at 

he targeted concentration just before initiation of the session. This 

ode of exposure used in the NeckEpur technology initially ex- 

oses the filter to the maximal concentration and corresponds to 

 bolus dose as the maximal concentration occurs at T0. To our 

nowledge, this mode of exposure was used in all in vitro studies 

ealing with the assessment of drug adsorption in filters used in 

RRT. 

.6. Mode of CRRT 

At low dose, the ST filter was exposed to the filter in the diafil- 

ration mode with diafiltration mode combining dialysis set to 2.5 

/h flow rate and filtration set to 0.5 L/h at predilution and 1 L/h 

t post-dilution ports. The total diafiltration flow rate was 4 L/h, as 

reviously reported. The simulated blood flow rate was set to 200 

L/min. The net loss was set to zero. Duration of the session was 

et to 6 h. 

At high dose, the ST filter was exposed to the filtration mode 

nly with a flow rate set to 2.5 L/h in the post-dilution mode with 

imulated blood flow rate at 200 mL/min. As stated, previously, the 

ltration mode is the only one allowing accurate assessment of the 

ieving coefficient (Sc). The net loss was set to zero. Duration of 

ession was set to 6 h. 

.7. Sampling 

Samplings were performed in the CC at the inlet (C si ) and outlet 

C so ) ports of the filter, at the effluent tubing, allowing access to 

nstantaneous value of the concentration in the effluent (C effl) at 0, 

 15, + 30, + 45, + 60 min, and then at + 2, 3, 4, and 6 h. 
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Cumulative effluents were sampled at the time the bag was 

lled and needed to be changed, except at the end with incom- 

lete filling. 

.8. NeckEpur technology 

NeckEpur technology is designed to simultaneously determine 

he respective roles of dialysis, filtration, and adsorption of drugs 

n the filter. NeckEpur technology does not make any assump- 

ion about the time or concentration dependency of the PK in 

he CC. NeckEpur technology uses the fine-tuning measurement of 

olumes, flow rates, and concentrations in the different compart- 

ents, while measurements of quantities in the different com part- 

ents are based on the law of conservation of mass. 

Volumes were assessed by measuring the weight of effluent 

ags using an electronic Salter scale range of measurements: 2 g 

o 10 0 0 0 g, (accuracy ± 2 g). 

Precision of diafiltration flow rates was determined by measure- 

ent of the weight of crystalloid solute collected during the time 

lapsed when changing the effluent bags of solute. The filled bag 

eight was corrected by subtracting the weight of the empty dry 

ag. 

In a previous study [12] , precision of the 200-mL/min simulated 

lood flow rate was determined by measuring the weight of crys- 

alloid solute collected over 10 min. 

The clearance from the CC over the study period was calculated 

s CL = (Dose initial – Dose x )/AUC 0 – X , where X denotes the end 

ime of the session, and Dose x denotes the amount remaining in 

he CC at the end of the session. 

Areas under the curve (AUCs) of concentrations were calculated 

sing the trapezoidal method. 

The extraction coefficient (EC) was calculated as recommended: 

C = ((C si – C so )/C si ) [ 21 , 22 ]. 

The clearance provided by the filter was calculated as 

lear filter = EC × Q simul , where Q simul denotes the simulated blood 

ow rate set to 200 mL/min (12 L/h). 

As stated previously, at each sampling time the Sc was as- 

essed as recommended, only in the following filtration mode: 

c = C effl instant /C si . 

The percentages of elimination by diafiltration/filtration and se- 

uestration were calculated by means of the initial (A initial ) and 

nal (A final ) amounts in the CC, and the total amounts were 

liminated in the cumulated effluents (A efflu cumul ) according to 

he following equation: % eliminated from the CC by diafiltra- 

ion/filtration = (A efflu cumul )/ (A initial − A final ) 

 sequestrated = [ A initial − ( A final + A efflu ) ] / ( A initial − A final ) × 100 .

.9. Presentation of results 

The GraphPad Prism V9 software (GraphPad Software) was used 

or column statistics and regression analysis. At low dose, four ses- 

ions were made; the results are presented as mean ± standard 

eviation. At high dose, sessions were made in duplicate; the re- 

ults are presented as the mean. The EC was calculated at each 

ime of sampling in the CDF mode. In the filtration mode, we at- 

empted to calculate instantaneous Sc. 

.10. Antifungal susceptibility 

All clinical isolates of Candida albicans ( C. albicans ) received at 

he National Reference Centre for Mycoses and Antifungals as part 

f surveillance programmes or for expertise are identified accord- 

ng to an identical procedure [23] . For all isolates received be- 

ween 1 January 2005 and 31 October 2022, MICs were deter- 
3 
ined for caspofungin using a modified version of the broth mi- 

rodilution method from the European Committee on Antimicro- 

ial Susceptibility Testing [24] . The AM3 medium (BD Difco, Ref- 

rence 224320) was used for dilution [25] . Quality control strains 

ATCC22019, ATCC6258) were included in each set. The concentra- 

ion corresponding to the MIC that inhibited 50% (MIC50) and 90% 

MIC90) of the isolates were determined. 

. Results 

.1. Stability 

Stability of caspofungin was assessed in Hemosol B0 at room 

emperature and daylight over 8 h. 

At low dose, the mean initial concentration was 5.26 mg/L. In 

omparison with T0, the percentages of variation at T + 2, 6, and 8 

 were − 8%, − 2%, and − 1%, respectively. 

At high dose, the mean initial measured concentration was 17.7 

g/L. In comparison with T0, the percentages of variation at T + 2, 

, and 8 h were − 5%, 0%, and − 2%, respectively. 

.2. Actual flow rate provided by the dialyser 

During the four sessions at the diafiltration flow rate of 4 L/h, 

he filling time of the 5-L bags of effluent was recorded in 16 bags; 

he mean measured flow rate was 3.9 ± 0.1 L/h (coefficient of vari- 

tion: 3.1%), which should be compared with the targeted 4 L/h 

ne. 

.3. Low dose 

The mean measured initial concentration of caspofungin in the 

C was 5.1 ± 0.6 mg/L, corresponding to a mean initial amount 

f 25.0 ± 2.9 mg. One hundred percent of the initial amount was 

liminated from the CC within the 6-h session. The time for caspo- 

ungin concentrations to become undetectable in the CC was 165 ±
0 min. 

The mean AUC in the CC was 170 ± 50 mg/min/L. The mean 

learance from the CC was 9.6 ± 2.5 L/h. 

The mean EC was 81 ± 16%. The simulated flow rate was set to 

2 L/h (200 mL/min). Accordingly, the clearance provided by the 

lter was equal to 9.7 L/h. As the concentrations in the instanta- 

eous effluent was below the lower limit of quantitation (LLOQ), 

he value of the Sc cannot be calculated. 

The mean values of the percentage of elimination resulting 

rom sequestration and diafiltration were 96 ± 5 and 4 ± 5.2%, 

espectively. Table 1 includes the individual data collected in the 

our sessions. Fig. 1 . shows the time courses of caspofungin in the 

C, inlet, and outlet ports for the four sessions in the diafiltration 

ode. 

.4. High dose 

The mean measured initial concentration of caspofungin in the 

C was 13.1 mg/L, corresponding to a mean initial amount of 69.1 

g. One hundred percent of the initial amount was eliminated 

rom the CC within the 6-h session. The time for caspofungin con- 

entrations to become undetectable in the CC was 270 min. 

The mean AUC in the CC was 453 mg/min/L. The mean clear- 

nce from the CC was 9.5 L/h. The mean EC was 62%. The simu- 

ated flow rate was set to 12 L/h. Accordingly, the clearance pro- 

ided by the filter was equal to 7.4 L/h. The clearance provided by 

equestration in the filter accounted for almost 80% of the total 

learance from the CC. 

The Sc could not be calculated at high concentration, as among 

he 18 samples in the two sessions, all concentrations in the in- 

tantaneous effluent were below the LLOQ. 
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Table 1 

Pharmacokinetics parameters in the four sessions at low dose and the two at high dose. 

Parameters Low dose High dose 

Session 1 2 3 4 1 2 

Initial concentration a (mg/L) 4.94 4.34 5.47 5.6 13.9 12.4 

AUC CC (mg/min/L) 221.3 108.0 198.1 150.8 542.6 362.6 

Time to < LLOQ (min) 240 60 180 120 180 360 

Mean extraction coefficient (%) 100 ± 10 88 ± 15 65 ± 12 69 ± 25 52 ± 34 62 ± 13 

Clearance from CC (L/h) 6.7 12.1 8.3 11.1 8.1 10.8 

% eliminated by DF 0 0 9 9 13 10 

% Sequestrated 100 100 91 91 90 89 

AUC, area under the curve; CC, central compartment; DF, diafiltration; LLOQ, lower limit of quantitation. 
a Denotes in the CC. 

Fig. 1. Time course of caspofungin concentrations in the central compartment (black filled circles and dotted line), at the inlet (red filled squares and dotted line), and outlet 

ports (blue filled triangles and dotted line) for the four sessions in the diafiltration mode at low dose. There are four panels corresponding to the four sessions. 
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The mean percentages of elimination resulting from sequestra- 

ion and filtration were 88.5 and 11.5%, respectively. 

Individual data collected in the two sessions are displayed in 

able 1 . 

Fig. 2 shows the time courses of caspofungin in the CC, inlet, 

nd outlet ports of the two sessions in the filtration mode. 

.5. Relationship of the initial dose to the AUC 0–360 at low and high 

oses in the CC 

Figure 3 shows the linear relationship described by the follow- 

ng equation: Y = 7.334 X – 22.2 (R 

2 = 0.8945). 

.6. MIC of caspofungin for Candida species 

The determination of MICs by broth microdilution using a 

odified version of the European Committee on Antimicrobial 

usceptibility Testing method generated data for 3082 C. al- 

icans and 610 C. tropicalis clinical isolates ( Table 2 ). MIC50 

nd MIC90 are similar for both species: 0.03 and 0.06 mg/L, 

espectively. 
4 
. Discussion 

The results of the present study, in dealing with the PK of un- 

ound caspofungin during sessions of CRRT, support the assump- 

ion of early-occurring and avid adsorption of caspofungin in a 

olyacrylonitrile-derived ST filter. Increasing the dose to frankly 

upra-therapeutic level results in only transient efficient concen- 

rations, lasting less than 4 h. This finding supports the assumption 

hat increasing the dose does not efficiently address sequestration 

nduced by a polyacrylonitrile-derived filter. The use of low and 

igh doses corresponding to low and high concentrations in the 

resent study deserves some comments. Indeed, we studied the 

K of elimination of the unbound concentrations of caspofungin. It 

hould be pointed out that even at the highest recommended daily 

ose of 150 mg, assuming a linear relationship and according to 

ata reported in the Stone et al. study [26] , the peak unbound con- 

entration of caspofungin would have been ca. 0.53 mg/L, which 

s far below the range of unbound concentrations of ca. 5 and 13 

g/L used in the present study. 

Table 3 reports the clinical studies dealing with adsorption of 

chinocandins in critically ill patients receiving CRRT and in vitro 

tudies of adsorption of caspofungin in filters used in CRRT. 
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Table 2 

Range of MIC, MIC50, and MIC90 of caspofungin for isolates tested at the National Reference Centre for 

Mycoses and Antifungals using a modified version of the European Committee on Antimicrobial Suscep- 

tibility Testing broth microdilution method between 1 January 2005 and 31 October 2022. 

Species Number of isolates MIC50 (mg/L) MIC90 (mg/L) Range of MICs (mg/L) 

Candida albicans 3082 0.03 0.06 ≤ 0.007 to 4.000 

Candida tropicalis 610 0.03 0.06 ≤ 0.007 to 2.000 

Table 3 

Clinical studies dealing with adsorption of echinocandins in critically ill patients receiving CRRT and in vitro studies of adsorption in filters used in CRRT. 

Echinocandins First author Type of study Filter Mode of CRRT Assessment of sequestration Adsorption Reference 

Anidulafungin Leitner CT PES HF Inlet-outlet differences and effluents 20% [21] 

Anidulafungin Kölbinger In vitro PS HD 

a Clearance 99 - 60 - 35 [3] 

Micafungin Kishino CT HF Inlet-outlet differences 0 [22] 

Micafungin Hirata CT PMMA HDF Not specific No evidence [23] 

Micafungin Baud In vitro PAN-PEI CDF CC and effluents 100% [24] 

Caspofungin Weiler CT PS HF and HD Inlet-outlet differences and effluents Ruled out adsorption [27] 

Caspofungin Aguilar CT PS HD Inlet-outlet differences and effluents Ruled out adsorption [25] 

Caspofungin Roger CT PS HF and HD Inlet-outlet differences and effluents No evidence [26] 

Caspofungin Borsuk–De Moor CT NS HF and HD PKpop Not discussed [20] 

Caspofungin Baud In vitro PAN-PEI CDF CC and effluents 100% [24] 

Caspofungin Purohit In vitro PS CDF Adsorption fraction 22 ± 4% [17] 

Caspofungin Pérez-Pitarch CT NS CDF PKpop Not discussed [27] 

Rezafungin Jang In vitro PS and PAN HF Calculated from prefilter Conc and Sc Unlikely to be adsorbed [28] 

CC, central compartment; CDF, continuous diafiltration; Conc, concentration; CRRT, continuous renal replacement therapy; CT, controlled trial; HD, haemodialysis; HDF, 

hemodiafiltration; HF, hemofiltration; NS, not specified; PAES, polyarylethersulfone; PAN, polyacrylonitrile; PAN-PEI, polyacrylonitrile covered by polyethyleneimine; PES, 

polyethylene sulfone; PMMA, polymethylmethacrylate; PKpop, population pharmacokinetics; PS, polysulfone; Sc, sieving coefficient. 
a For HD, Kölbinger et al. used three media: saline, saline + albumin, and human blood. 
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In the present study, caspofungin concentrations in the differ- 

nt compartments are below the LLOQ within 6 h after initiation 

f exposure of the filter to the drug. We assigned the zero value to 

amples that had a caspofungin concentration below this thresh- 

ld. The LLOQ reported in the present study, as well as in the pre-

iminary report [9] of 0.2 mg/L, is equal to that reported in the 

iterature [27] , whereas Roger et al. reported a value of 0.1 mg/L 

2] . In an in vitro study, using liquid chromatography–mass spec- 

rometry, Purohit et al. reported a LLOQ for caspofungin of 1 mg/L 

8] . Therefore, our results did not come from a lack of sensitiv- 

ty of our method of measurement in comparison with the sensi- 

ivity of the different methods presently published in the medical 

iterature. 

Stability studies at both low and high doses ruled out seques- 

ration in the plastic bag of Hemosol as well as spontaneous degra- 

ation of caspofungin, the latter having been evidenced in vivo 

 26 , 28 ]. 

Weiler et al. assessed caspofungin concentrations in arterial, 

refilter/dialyzer, postfilter/dialyzer, and plasma samples as well 

s ultrafiltrate/dialysate concentration, which were quantified by 

igh-performance liquid chromatography and mass spectrometry. 

ieving/saturation coefficient and the corresponding extracorpo- 

eal clearances have been calculated form measured concentrations 

27] . The comparisons of AUCs did not show evidence of signif- 

cant differences. Therefore, membrane adsorption of caspofungin 

as ruled out by the authors. Our results about caspofungin and 

hose of Kölbinger et al. about anidulafungin in saline medium 

29] agree with the Weiler et al. results that extremely low val- 

es of concentrations in the instantaneous effluents, nearly at or 

elow the LLOQ, preclude accurate assessment of the sieving co- 

fficient while being suggestive of extensive adsorption. Indeed, 

rug adsorption occurs as soon as the drug in plasma (or crystal- 

oid solution) meets the filter and during the time the ulfiltrate 

asses through the filter. One major consequence of adsorption is 

he early decrease in instantaneous ultrafiltrate concentrations. As 

 matter of fact, Rumpf et al. unveiled sequestration by unexpected 

arly low ultrafiltrate concentrations of two adsorbed drugs in the 

P6 dialyzer: gentamicin and doxycyclin [30] . Noteworthy, during 
5 
he time course of adsorption of gentamicin and doxycyclin, there 

as a progressive increase in instantaneous ultrafiltrate concentra- 

ions suggestive of the completion of the phenomenon of adsorp- 

ion. In our study, the extent of sequestration at the low and high 

oses resulted in non-quantifiable concentrations in the instanta- 

eous effluents, except two samplings at high dose, and increasing 

he dose did not allow accurate calculation of Sc. In contrast, at the 

ow and high doses, the cumulative effluents give access to quan- 

ifiable amounts. 

To our knowledge, in vitro binding of caspofungin in filters used 

n CRRT has been poorly investigated. To address the use of caspo- 

ungin in the paediatric population, Purohit et al. studied seques- 

ration of caspofungin in a polyarylethersulfone filter by means 

f a closed-loop model loaded with human blood. The Purohit 

t al. study aimed at mimicking sequential hemodiafiltration ses- 

ions at three flow rates: 0, 20, and 40 mL/kg/h [8] . Five sessions

ere performed to assess inter-run variability. Eighteen milligrams 

f caspofungin were added to the 1 L reservoir with a haemat- 

crit of 35%. The mean fractional sequestration in the filter was 

ssessed using a mathematical model with value of 22% of the ini- 

ial dose corresponding to a clearance rate of 0.40 mL/min (0.024 

/h), which was not increased while doubling the flow rate [8] . 

he study deserved several comments [31] . Noteworthy, the au- 

hors reported a strong discrepancy between the extent of seques- 

ration (22% of the initial dose) and the minute effect on the value 

f clearance added by significant sequestration (0.024 L/h). Despite 

his discrepancy, the authors concluded that caspofungin had min- 

mal circuit clearance and did not change with increasing CRRT 

learance rates [8] . 

The effect of protein binding on drug sequestration was stud- 

ed by Kölbinger et al. using anidulafungin in three media: normal 

aline without and with albumin, and a mixture of human erythro- 

ytes and fresh frozen plasma [29] . The sequestration rates were 

9%, 60%, and 35%, respectively. It should be noted that the PK of 

rugs is based on the concentrations of the free fraction of drug 

n plasma and not on the total plasma concentrations. The values 

f anidulafungin sequestration in the different media, as shown by 

ölbinger et al., shows the decreasing sequestration effect induced 
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Fig. 2. Time course of caspofungin concentrations in the central compartment 

(black filled circles and dotted line), at the inlet (red filled squares and dotted line), 

and outlet ports (blue filled triangles and dotted line) of the two sessions in the fil- 

tration mode at high dose. There are two panels corresponding to the two sessions. 

Fig. 3. Linear relationship between the dose and the area under the curve (AUC CC ) 

described by the following equation: Y = 7.334 X – 22.2 (R 2 = 0.8945). 
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y plasma and blood cells decreasing the ability of the drug to 

e presented to the filter. For drugs with low protein binding, the 

lasma concentration is an accurate surrogate of the free fraction. 

owever, for drugs with high protein binding, the plasma concen- 

ration is no more an accurate surrogate of the free fraction. The 

lood-to-plasma ratio shows the additional factor resulting in drug 

equestration in blood cells. The human blood-to-plasma partition- 

ng ratio for caspofungin averages 0.74 and is independent of both 

ncubation time and concentration [26] . Furthermore, during the 

ife span of a filter, different types of proteins are adsorbed to 

embranes [32] . More proteins are adsorbed to polyacrylonitrile 

lters compared with other filters. For drugs exhibiting high pro- 

ein binding, we cannot exclude that in addition to the direct drug- 

lter interaction, drug sequestration may also result from protein 

inding to filters [32] . We believe the NeckEpur technology allows 
6

ne to study the direct drug-filter interaction, which allows the 

tudy of further interactions. 

Even at high dose, we found caspofungin concentrations in the 

nstantaneous effluents below the LLOQ, precluding any calculation 

f the Sc. In contrast, even in the filtration mode only, we found a 

alculable EC with a high value (81 ± 16%), resulting in an intrin- 

ic clearance of the filter of 9.7 L/h, which strongly correlates with 

he value of the clearance assessed by means of the elimination of 

aspofungin from the CC, at 9.6 L/h. The values of the clearance 

f caspofungin from the CC at low and high doses were close to- 

ether and far exceeded the values of the flow rates used in the 

wo modes. We conclude that the ST150 adds a term of clearance 

ot associated with diafiltration but likely resulting from seques- 

ration of caspofungin in the filter. 

We tested the hypothesis about whether a 3-fold increase in 

he concentration of caspofungin in the CC might mitigate seques- 

ration. As a matter of fact, tripling the dose of caspofungin re- 

ulted in almost tripling the cumulative elimination of caspofungin 

n effluents that rose from 4% to 11.5%. Note that the concentra- 

ions of caspofungin presently studied correspond to the free frac- 

ion of caspofungin in plasma. Assuming a value of 11.6% of the 

nbound fraction in patients suffering from candidemia, the ini- 

ial amount of “unbound” caspofungin in the CC of 25.0 and 69.1 

g would require a daily dose of 216 and 596 mg, respectively—

oses above the maximal recommended dose of 150 mg/d 

 33 , 34 ]. 

There is a gap between concentrations of echinocandins lower 

han the LLOQ and concentrations lower than the MIC of Candida 

solates. Indeed, the MIC of caspofungin towards various isolates of 

andida is about 1 order of magnitude below the LLOQ or more. 

he MIC50 and MIC90 values are identical for C. albicans and C. 

ropicalis (0.03/0.06 mg/L) and like the values described previously 

35] and in the literature [36] . This finding is of major importance 

nd concentrations below the LLOQ does not mean inefficiency of 

undetectable” caspofungin concentrations. As a matter of fact, we 

eported on a case of invasive candidiasis efficiently treated with 

0 mg caspofungin [10] . Because of fluid overload and oliguric re- 

al failure, continuous veno-venous hemofiltration (CVVHF) using 

he ST150 filter and Prismaflex dialyzer was initiated 2 d after 

ntensive care unit admission. Three days after CVVHF initiation, 

lood cultures became positive with the same species of Candida 

nd remained positive for 2 additional days, while caspofungin was 

iven at an intravenous daily dose of 50 mg. Because the experi- 

ental in vitro results suggested elimination by CVVHF of the free 

raction of caspofungin [9] , CVVHF was stopped while caspofun- 

in was given at the same dose. Blood cultures became negative 

gain. This case illustrates the competition between daily admin- 

stration of the drug as a 1-h infusion and as a continuous pro- 

ess of elimination by sequestration operating 24 h a day, including 

he hour required for caspofungin administration. Indeed, in ex- 

erimental models of C. albicans infection, the PK/PD target of free 

aspofungin concentration is fAUC area under the curve of concen- 

rations (fAUC)/Minimal inhibitory concentration (MIC) = 20 [37] . 

or a MIC = 0.06 mg/L, this makes a target fAUC = 1.2 mg.h/L, 

orresponding to a target 24-h average free concentration (C average 

 38 , 39 ]) of 0.05 mg/L. We hypothesise that caspofungin release 

rom protein binding and tissue redistribution would have been 

ble to maintain the unbound fraction above the MIC up to 72 h 

fter CRRT initiation. 

We can question whether there is any chemical interaction be- 

ween caspofungin and polyacrylonitrile promoting sequestration. 

he parameters determining drug-filter interactions are poorly un- 

erstood. 

According to Purohit et al. [8] , the adsorption studies of other 

ntimicrobials have shown that drug-circuit adsorption is affected 

y properties of both medication and circuit. 
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• Medication properties affecting adsorption include protein 

binding, molecular weight, molecular charge, hydration radius, 

and concentration. 
• The circuit properties affecting adsorption are the filter and 

the circuit material (polyacrylonitrile, polyamide, or polysul- 

fone) and surface area. Recently, in the class of aminoglycosides, 

we added the polar surface area as a major physico-chemical 

parameter determining the extent of sequestration: the lower 

the polar surface area, the greater the extent of sequestration 

[13] . 

In our experience using NeckEpur technology, aminoglycosides 

re avidly bound to polyacrylonitrile. The molecular weight of 

he tested aminoglycosides ranged from ca. 467 to 585 g/mol. 

hey are a cationic drug, whereas polyacrylonitrile-derived filters 

re negatively charged. The polar surface area of gentamicin, the 

ost avidly sequestrated aminoglycoside, is 213.72 Å 

2 . Caspofun- 

in molecular weight is 1093.331 g/mol with two cationic charges 

nd a polar surface area of 412.03 Å 

2 . Protein binding of aminogly- 

osides is less than or equal to 11%, whereas that of caspofungin is 

a. 96.5%. 

The most evident parameter shared by aminoglycosides and 

aspofungin is their cationic structure regarding interaction with 

he polyacrylonitrile-derived filter. Interestingly, the ratio of the 

olar surface area to molecular weight of the most avidly bound 

minoglycoside, gentamicin, is 0.418, whereas that of caspofungin 

s 0.377. 

Our study presents several limitations. Only one type of filter 

as studied, although three main types of filters are presently used 

n the intensive care unit, including polysulfone- and polyamide- 

erived filters and the polyacrylonitrile filter. However, Kölbinger 

t al. and Leitner et al. reported anidulafungin sequestration using 

 polysulfone-derived filter [ 29 , 40 ]. 

The LLOQ of the methods of measurements used to assess 

aspofungin concentrations is significantly greater than the MIC. 

herefore, increasing the sensitivity of analytical methods would 

e of value for better analysis of this major issue and a more pre-

ise assessment of the value of caspofungin Sc facing different fil- 

ers. 

The present study showed that increasing the dose far above 

he recommended highest dose does not significantly mitigate 

aspofungin sequestration. Further studies are needed to refine the 

osage regimen resulting in the greatest mitigation of caspofungin 

equestration. In vitro studies may provide a significant contribu- 

ion to address this major issue before clinical trials. While waiting 

or this issue to be addressed, caution is necessarily while simul- 

aneously using caspofungin and CRRT with the ST150 filters. 

We did not assess the effect of exposure of the same filter to re-

eated daily dose of caspofungin. In a previous study dealing with 

xposure of the same filter to three daily doses of gentamicin, se- 

uestration resulted in underdosing, with findings suggestive of a 

rogressive saturation of the filter [15] . 

Immediate measures mitigating sequestration should be con- 

idered. One measure would be to limit the CRRT session using 

olyacrylonitrile-derived filters to less than 2 days. The simulta- 

eous use of caspofungin and RRT with a polyacrylonitrile filter 

hould not be advised. We should consider shifting from a poly- 

crylonitrile to a polysulfone filter. However, in an in vitro study 

sing human blood, Purohit et al. reported a mean fractional ad- 

orption of caspofungin of 22% in a polysulfone filter without any 

arning conclusion [8] . Further studies are needed before propos- 

ng a definitive alternative. 

CRRT has been promoted instead of intermittent haemodialy- 

is (IHD) because of fewer unfavourable hemodynamic effects and 

ontinuous control of the fluid balance. Currently used RRT modal- 

ties include conventional IHD, CRRT, and prolonged intermittent 
7 
RT [41] . Based on international surveys, CRRT remains the pre- 

erred technique in Europe, Asia, and Australasia, whereas IHD is 

ore commonly prescribed in North America. In light of previous 

linical studies reporting caspofungin PK to be unaffected by CRRT 

nd the superiority of CRRT in critically ill patients, a shift to IHD 

s a questionable option. Indeed, there are neither in vitro nor in 

ivo data supporting this assumption. 

Simultaneous use of caspofungin and RRT with a polyacryloni- 

rile filter should not be advised. We should consider shifting from 

 polyacrylonitrile to a polysulfone filter. In an in vitro study using 

uman blood, Purohit et al. reported a mean fractional adsorption 

f caspofungin of 22% in a polysulfone filter without any warning 

onclusion [8] . As stated, previously, Kölbinger et al. studied the 

dsorption of anidulafungin in a polysulfone filter using three me- 

ia: normal saline without and with albumin, and a mixture of hu- 

an erythrocytes and fresh frozen plasma. The sequestration rates 

ere 99%, 60%, and 35%, respectively [29] . We are presently testing 

he sequestration of caspofungin and micafungin in a polysulfone- 

erived filter using the NeckEpur technology. Further studies are 

eeded before proposing a definitive alternative. 

Rezafungin is a promising echinocandin allowing a weekly ad- 

inistration. Jang et al. performed an ex vivo study of rezafungin 

dsorption and clearance during CRRT using a polyether sulfone- 

nd a polyacrylonitrile-derived filter [42] . Bovine whole blood was 

sed in a closed-loop system, as previously reported. The authors 

oncluded that, based on the Sc observed in this ex vivo study, 

ezafungin is unlikely to be adsorbed nor cleared by any form of 

RRT. The methodology and the results deserve comments. The 

tudy lasted only 60 min, during which the effect of three flow 

ates were studied, resulting in samplings in less than 15 min af- 

er modification of flow rate. Adsorption is a time-dependent phe- 

omenon with maximum values occurring within a few hours. The 

ajor determinant of the Sc is the unbound fraction of drugs. The 

LOQs of the method used in previous in vitro and in vivo PK of 

aspofungin were in the range of 0.1 to 0.2 mg/L, and the value of 

 mg/L reported by Jang et al. does not meet the requirements for 

ssessing the Sc of rezafungin, which is 99.2% bound to proteins. 

he initial 30-mg/L concentration would have resulted in an initial 

oncentration of 0.24 mg/L in the instantaneous effluent, far below 

he LLOQ. 

Despite many effort s, patient s receiving fluconazole under CRRT 

id not easily attain the PK/PD target [ 43 , 44 ]. The difficulty in

eaching targeted concentrations raises questions about possible 

equestration in filters [45] . As there was no previous in vitro 

tudy, we considered it mandatory to address this major issue us- 

ng the NeckEpur technology [16] . Adsorption of intravenous for- 

ulation of fluconazole was studied using the AV10 0 0 polysulfone- 

nd ST150 polyacrylonitrile-derived filters. The mode of CRRT was 

ltration with post-dilution only at flow rates of 1.5 and 2.5 L/h. 

iltration allows accurate calculation of the sieving coefficient. Ses- 

ions were performed in duplicate at 2.5 L/h and triplicate us- 

ng 1.5 L/h and lasted 6 h, allowing elimination of 90% and more 

f the initial amount in the central compartment at the 2.5-L/h 

ow rate. At the 2.5-L/h flowrate, the sieving coefficients pro- 

ided by the AV10 0 0 and ST150 filters were 0.94–0.91 and 0.99–

.91, respectively. The clearances from the CC were 2.5–2.6 and 

.4–2.3 L/h, respectively. The percentages of the amount elim- 

nated from the CC by filtration/adsorption were 100/0%–95/5% 

nd 100/0%–100/0%, respectively. At the 1.5-L/h flowrate, using 

he ST150 polyacrylonitrile-derived filters, the percentages of the 

mount eliminated from the CC by filtration/adsorption in the 

hree sessions were 99/1%, 100/0% and 100/0%, respectively. Nu- 

erous PK parameters of fluconazole allow comparison of in vivo 

tudies with the results obtained in our in vitro model. Indeed, flu- 

onazole has a small molecular weight (306 g/mol) and is nonion- 

zed. Protein binding is dependent on the condition of the patients 
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ith values in the range of 11%–13% in healthy volunteers that rose 

o 23% in special populations. Fluconazole is merely excreted un- 

hanged by the renal route. The apparent volume of distribution of 

uconazole, about that of water in the body (60% of body weight), 

s far greater than the 5-L bag of our CC. Nonetheless, we believe 

ur findings support the assumption that in patients suffering from 

andidemia involving sensitive species to fluconazole and requir- 

ng CRRT, fluconazole is a valuable alternative to echinocandins. In 

ligo-anuric patients requiring CRRT, data from the literature show 

hat the clearance of fluconazole, expressed in L/h, is strongly and 

inearly correlated with the diafiltration flow rate, whatever the 

ode of CRRT [16] . Therefore, in oligo-anuric patients, this param- 

ter and its modification should be considered when administering 

he daily dose of fluconazole. We believe fluconazole, not being se- 

uestrated in the ST filter, may be an alternative to caspofungin in 

ensitive species. 

In the future, clinical trials dealing with the PK of caspofungin 

n critically ill patients receiving CRRT should avoid the simultane- 

us use of polyacrylonitrile-derived filters in light of these data. 

We advocate clinical decision making, although it would be bet- 

er when based on the results of clinical studies of PK during CRRT. 

. Conclusions 

This study provides evidence of extensive sequestration of un- 

ound caspofungin in the ST filter during session of CRRT lasting 

 h. Until an efficient dosage regimen of caspofungin under CRRT 

as been identified, we advise caution when using simultaneously 

RRT with the polyacrylonitrile filter and caspofungin during ses- 

ions lasting more than 2 d. Intermittent modes of RRT might ad- 

ress caspofungin sequestration. In sensitive species, fluconazole is 

 credible alternative. 
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