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12 2 Generall Introduction and Scope 

GENERALL INTRODUCTION AND SCOPE 
Fungii being part of the plant Kingdom encompass an estimated 250,000 fungi 

species.. However, only approximately 150 of these 250,000 fungi species are known 

too exert pathogenic activity towards human subjects. The medically important fungi 

belongg to 4 taxonomie classes, 7 taxonomie orders and involve many genera. 

Classically,, human fungal infections are classified into four categories based on the 

sitee of infection: superficial mycoses, subcutaneous and (sub)mucosai mycoses, deep-

seatedd or systemic mycoses, and opportunistic mycoses.1 Although this type of 

classificationn is helpful, certain fungi may cause infections in more than one of these 

sites.. For example, Sporothrix schenckii is categorized as a cause of a subcutaneous 

mycosiss but this species is also known to cause invasive and systemic disease. Another 

example,, Histoplasma capsulatum, is known to cause deep-seated mycoses but it may 

alsoo cause primary (sub)cutaneous infection. 

Non-pathogenicc fungi may cause opportunistic fungal infections in patients who are 

immunosuppressedd or who suffer from compromised cellular immunity. Skin mycoses 

aree distinguished into two categories since certain fungi specifically cause superficial 

skinn infections or specifically cause infection of the subcutaneous tissues. Deep-seated 

orr systemic fungal infections are caused by fungi that are capable of spreading 

throughoutt the body and that can invade deeply into tissues of various organs. The 

presentt thesis focuses on an antifungal agent used to treat patients suffering from this 

latterr category of mycosis. 

Inn the past few decades, the prevalence of fungal infections has shown a major 

increasee and the treatment of these infections has become more complex.2 In the 

Unitedd States the rate of invasive fungal infections among hospital patients doubled 

betweenn 1980 and 1990, increasing from 2.0 to 3.8 per 1000 discharges.2 Similar 

resultss have been reported in Europe in a large autopsy study showing an increase in 

thee frequency of invasive fungal infections from 1.6% in the period of 1978-1982 to 

4 . 1 %% in the period 1988-1992.2 A number of reasons can be given for these 

observations.33 Rapid advances in modern medicine have offered patients suffering 

fromm severe diseases substantial prolongation of their life-time. As a consequence, the 

susceptibilityy for certain fungal infections has risen. Also, the group of 

immunocompromisedd patients has increased and these patients are at high risk for 

developingg various fungal infections due to classical fungi species as well as to non-

pathogenicc fungi species. Furthermore, changes in the type and extent of international 

travell and overuse and misuse of antibiotics for prophylactic and therapeutic 

approachess has led to an increasing number of patients suffering from severe systemic 
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mycoses.1,22 In addition, prolonged use of various antifungal agents for prophylaxis as 

welll as for treatment has led to subsequent increase in resistance of fungi to certain 

antifungall agents.1 

Onlyy a small number of antifungal agents are available to be used for the treatment of 

fungall infections in humans, namely amphotericin B, flucytosine, fluconazole, 

itraconazole,, and ketoconazole. Flucytosine (5-FC) is one of the oldest effective 

antifungall agents in the field. First synthesized in 1957 as a potential cytostatic agent, it 

appearedd to be ineffective against tumors, but it was found to exert antifungal activity.4"8 

Uptakee of 5-FC by susceptible fungal cells is mediated by the enzyme cytosine 

permeasee and afterwards 5-FC is converted into the cytostatic agent 5-fluorouracil 

(5-FU)) by the enzyme cytosine deaminase (CD). 5-FU is converted to metabolites that 

aree able to inhibit the RNA and DNA synthesis of the fungal cells.9"15 

Duee to the frequent development of resistance of many fungi against 5-FC, 

monotherapyy with 5-FC is limited to the treatment of cases of chromoblastomycosis 

andd uncomplicated lower urinary tract candidiasis and vaginal candidiasis.916 

However,, in combination with other antifungal drugs, in particular amphotericin B, 

5-FCC can be used in the treatment of severe systemic mycoses, such as 

cryptococcosis,, candidiasis, chromoblastomycosis, and aspergillosis,1718 

Therapeuticc drug monitoring (TDM) of 5-FC is routinely performed in many hospitals for 

threee distinct reasons.19 At first, TDM is used in order to assure that therapeutically 

effectivee 5-FC levels are achieved in the individual patient. Secondly, TDM is applied in 

orderr to prevent the development of resistance among certain fungi due to low 5-FC 

levels.. Development of resistance most frequently occurs at drug levels below 25 mg/L.20 

Finally,, TDM is necessary in order to avoid the occurrence of high 5-FC levels which 

mayy lead to serious dose-limiting toxicity, such as bone-marrow depression and 

hepatotoxicity.. Patients are known to be at risk for developing toxicity when 5-FC levels 

exceedd 100 mg/L.18,21"24 However, the possible relationship between 5-FC concentration 

andd 5-FC-related toxicity as well as the possibility of preventing toxicity by close 

monitoringg of drug levels has not been proven yet. Furthermore, serum 5-FC levels are 

nott the only determinant of 5-FC toxicity since there have been reports in literature in 

whichh adverse effects of high 5-FC levels were idiosyncratic instead of dose-dependent 

andd only a certain portion of the patients with elevated 5-FC levels develop toxicity.17 

Besidess the most frequently used high-performance liquid chromatography (HPLC) 

assayss both microbiological25 and enzymatic methods26 have been described for the 

determinationn of 5-FC and 5-FU. Several of these HPLC methods are preceded by time 

consumingg solid phase extractions or liquid-liquid extractions for sample clean-up.27"30 
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Otherss have described assays in which ultrafiltration or protein precipitation techniques 

aree used for faster executable sample pretreatment.31 '34 However, the majority of these 

techniquess are complex in nature and an easy and fast HPLC assay for the 

simultaneouss quantification of 5-FC and 5-FU is yet not available. 

Furthermore,, although TDM of 5-FC is routinely performed the most suitable 

pharmacokineticc model to assess 5-FC pharmacokinetic parameters and predict 5-FC-

relatedd toxicity is not available. As a consequence, different pharmacokinetic models 

aree used in the process of TDM13,35 and nomograms as well as Bayesian estimation 

aree being applied for 5-FC dose adjustment in patients who are at risk of developing 

seriouss side effects (i.e. patients with renal dysfunction, patients receiving nephrotoxic 

agents,, or patients experiencing hematological or gastrointestinal toxicity).36,37 

Inn this thesis a study on the pharmacokinetics and toxicity of 5-FC is reported. 

Inn Chapte r I the pharmacology, clinical indications, pharmacokinetics, toxicity, and 

drugg interactions of 5-FC are reviewed. Furthermore, new developments in the use of 

5-FCC are discussed as well as the possible role of 5-FU in 5-FC-related toxicity. 

Inn Chapte r II a validated, sensitive and precise HPLC method using deproteination 

withh trichloroacetic acid and ultraviolet diode array detection for the simultaneous 

quantificationn of 5-FC and 5-FU in human plasma is described. This assay is a 

necessaryy tool in order to make TDM of 5-FC possible and furthermore, it allows 

simultaneouss quantification of the amounts of 5-FU that are present. 

Chapter ss III to VI focus on the pharmacokinetics of 5-FC. At first, a comparison is 

madee between three different pharmacokinetic models that are used for 5-FC with three 

differentt methods of population pharmacokinetics (Chapte r III), which is followed by 

thee evaluation and validation of the applicability of these pharmacokinetic models 

(Chapte rr  IV). The possible existence of relationships between the pharmacokinetic 

parameterss of 5-FC and 5-FC-related bone-marrow depression and hepatotoxicity is 

exploredd in Chapter s V an d VI . It is revealed in Chapte r V that certain relationships 

existt between 5-FC pharmacokinetics and 5-FC-related bone-marrow depression, 

whereass Chapte r VI deals with the validation of these relationships. 

Followingg the evaluation of 5-FC-induced toxicity and pharmacokinetics, the possible 

relationshipp between 5-FC-induced toxicity, the conversion of 5-FC to 5-FU by the 
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enzym ee CD and the presenc e of 5-FU is explore d in Chapter s VI I to IX. In Chapte r 

VI II the passiv e conversio n of 5-FC to 5-FU is investigated . In thi s chapte r the result s 

aree presente d of an accelerate d stabilit y stud y of 5-FC in intravenou s injectio n fluid , 

thee widel y used commerciall y availabl e pharmaceutica l formulatio n of 5-FC. The 

result ss  fro m this stud y allo w quantificatio n of the passiv e 5-FC conversio n at any give n 

temperature .. Chapter s VI I I an d IX deal wit h the activ e conversio n of 5-FC to 5-FU 

byy the enzym e CD. In Chapte r VI I I the result s of an in vitro  stud y that  was conducte d 

inn orde r to investigat e the tendenc y of the huma n gastrointestina l microflor a to conver t 

5-FCC to 5-FU are described . Furthermore , in Chapte r IX the possibilit y that  5-FC-

relate dd toxicit y is cause d by 5-FU rathe r than 5-FC is investigate d by carefu l HPLC 

examinatio nn of bloo d sample s taken fro m 5-FC treate d intensiv e care uni t (ICU) 

patients . . 

Finally ,, a genera l discussio n is presente d in Chapte r X. 
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20 0 Chapterr I 

ABSTRACT T 
Flucytosinee (5-FC) is a synthetic antimycotic compound, first synthesized in 1957. It has 

noo intrinsic antifungal capacity but after it has been taken up by susceptible fungal 

cells,, it is converted into 5-fluorouracil (5-FU), which is further converted to metabolites 

thatt inhibit RNA and DNA synthesis. 

Monotherapyy with 5-FC is limited because of the frequent development of resistance. 

Inn combination with amphotericin B, 5-FC can be used to treat severe systemic 

mycoses,, such as cryptococcosis, candidiasis, chromoblastomycosis and aspergillosis. 

Recently,, 5-FC has been combined with newer azole antifungal agents; it also plays an 

importantt role in a new approach to the treatment of cancer. 

Thee severe side effects of 5-FC include hepatotoxicity and bone-marrow depression. In 

mostt patients, these side effects are concentration dependent, predictable, possibly 

avoidablee with close monitoring to maintain 5-FC concentrations at <100 mg/L, and 

reversiblee with drug discontinuation or reduction of dose. 

5-FCC is well absorbed after oral administration, penetrates into body tissues well and is 

excretedd mainly by the kidneys. In renal failure, major dose adjustments have to be made. 

Thee most important drug interaction of 5-FC occurs with concomitant administration of 

5-FCC and nephrotoxic drugs, especially amphotericin B. Owing to the crucial role of 

glomerularr filtration in 5-FC elimination, drugs that impair this mechanism will 

decreasee the elimination of 5-FC and thus prolong its half-life. 
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INTRODUCTION N 
Off the estimated 250,000 fungi species, approximately 150 are known to be primary 

pathogenss of humans. Medically important fungi belong to 4 taxonomie classes, 7 

taxonomiee orders, involving many genera. 

Fungii are members of the part of the plant Kingdom that lack chlorophyll. Therefore, 

theyy require an external carbon source, derived from decomposing non-living organic 

matterr (saprophytic fungi) or from living plants, animals and humans {parasitic fungi). 

Thiss last group may or may not be associated with disease. Fungi are eukaryotic, 

meaningg that each fungal cell has a nucleus, nuclear membrane, endoplasmatic 

reticulum,, Golgi apparatus and mitochondria. In contrast to mammalian cells, the 

fungall cells have a rigid cell wall composed of chitin (N-acetyl-D-glucosamine) linked 

byy /M-4-glycoside bonds or mannans {polymers of glucose in a- or /^glycoside 

bonds)) or sometimes cellulose. 

Singlee fungal cell forms are known as yeast. Moulds form multiple cells consisting of 

thread-likee filaments (hyphae) forming a filamentous mycelium. Yeast reproduce by 

budding,, a process whereby a progenitor cell pinches off a portion of itself to produce 

aa progeny cell. Moulds reproduce by the formation of spores which may be either 

asexuall (only mitosis involved) or sexual (involving meiosis; preceded by fusion of the 

protoplasmm and nuclei of two cells). 

Humann fungal infections are classically classified, based on the site of infection, into 

fourr categories. Although the grouping of fungal or mycotic diseases based on the site 

off infection is helpful, a sharp separation is sometimes not possible. The four human 

mycosess categories are: superficial mycoses, subcutaneous and (sub)mucosal 

mycoses,, deep-seated or systemic mycoses, and opportunistic mycoses. 

Certainn fungi, categorized as a cause of a superficial mycosis (e.g. Malassezia furfur) 

orr a subcutaneous mycosis (e.g. Sporothrix schenckii) may cause disseminated 

infectionss or invasive and systemic diseases, respectively. On the other hand, fungi 

causingg deep-seated mycoses (Histoplasma capsuhtum, Blastomyces dermatitidis) can 

causee primary cutaneous and subcutaneous infections. 

Skinn mycoses are distinguished into two categories since certain fungi cause 

specificallyy skin infections whilst other fungi only cause infection in the subcutaneous 

tissues.. The deep-seated or systemic fungal infections are caused by fungi that can be 

highlyy virulent. They can invade deeply into tissues of various organs and they have 

thee capability to spread throughout the body. Opportunistic fungal infections are due 
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too non-pathogenic fungi, formally considered as consaminants in patients who are 

severelyy immunosuppressed or have compromised cellular immunity. 

Thee treatment of fungal infections has become more complex. Firstly, a high range of 

fungii is now known to be clinically important because of changes in medical care, 

internationall travel, and also prophylactic approaches. In addition, the number of 

immunosuppressedd patients is increasing and the resistance of certain fungi to certain 

antifungall agents is increasing.1 

AA consequence of the similarity between fungal and mammalian cells is that, in 

general,, antifungal drugs are associated with more toxicity than antibacterial drugs. 

Thee present systemic antifungal agents have mechanisms of action, which are directed 

againstt sterols in the cell membrane and enzymes controlling metabolic activity and 

nucleicc acid synthesis.2 

Onee of the oldest antifungal agents is 5-fluorocytosine (flucytosine; 5-FC), the fluorine 

analoguee of cytosine. 5-FC was synthesized in 1957, potentially as an antitumor 

agent.33 However, it was ineffective against tumors.4 Four years later, 5-FC proofed to 

bee active in experimental candidiasis and cryptococcosis in mice.5 In 1968 5-FC was 

usedd for the first time in humans for the treatment of candidiasis and cryptococcosis.6,7 

Besidess the effect on Candida species and Cryptococcus neoformans, 5-FC is active 

againstt fungi causing chromoblastomycosis.8 Binding of 5-FC to serum proteins is 

negligible,99 and this characteristic, together with a low molecular weight, may help to 

explainn the drug's excellent penetration into body tissues.10 

Thee antimycotic activity of 5-FC depends on its deamination to fluorouracil 

(5-fluorouracil;; 5-FU). 5-FC is taken up by mycotic cells by means of the enzyme 

cytosinee permease and converted into 5-FU by the specific enzyme cytosine 

deaminase.8,10'122 5-FU in its turn is converted to 5-fluorodeoxyuridylic acid 

monophosphate,, a non-competitive inhibitor of thymidylate synthetase, by which the 

RNAA and DNA synthesis of the mycotic cells is inhibited.810,12 

Adversee effects of 5-FC are infrequent but may be severe.813'21 Nausea, vomiting, 

diarrheaa and exanthema have been recognized as relatively unharmful side effects of 

5-FC.88 The dose-limiting toxicities of 5-FC are bone-marrow depression and 

hepatotoxicity.13"22 2 

5-FCC has gained renewed interest due to two recent developments in its use. Firstly, 5-FC 

iss used in combination with a number of azole antifungal agents, such as ketoconazole, 

fluconazole,fluconazole, and itraconazole. Secondly, 5-FC plays an important role in one of the new 

therapeuticc approaches in the treatment of different types of cancer, especially colorectal 

carcinoma.. This approach involves the enzyme/pro-drug combination cytosine 
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deaminase/5-FCC as a mechanism by which high local concentrations of 5-FU can be 

deliveredd at the tumor site, without severe systemic toxicity. 

Thee purpose of this manuscript is to provide a review of the pharmacology, clinical 

indications,, toxicity, pharmacokinetics, and drug interactions of the antimycotic drug 

5-FC.. The new developments in the use of 5-FC will be discussed and the possible role 

off 5-FU in the toxicity of 5-FC, which has been investigated by others,23,24 will be 

exploredd and evaluated. 

PHARMACOLOG Y Y 

Chemistr y y 

5-FCC (5-fluorocytosine; flucytosine; 4-amino-5-fluoro-2(lH-pyrimidone) is a white 

crystallinee solid substance that is soluble in water (1.5 g/100 mL at ) and it has a 

pKa,, of 3.26.25 It is the 5-fluorine analogue of cytosine, which is a normal body 

constituentt (Figure l).1,26 

HH H H 

iL,oo  i^Y0 

NH, , 
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B B 
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C C 

Figur ee 1 . Chemical structures of 

cytosinee (A), flucytosine (B), and 

5-fluorouracill (C). 

Mechanis mm of Actio n 

5-FCC itself has no antifungal activity. The antimycotic activity of the compound is due 

too the rapid conversion of 5-FC into 5-FU (Figure 1) within susceptible fungal 

cells.8'10,122 Therefore, two major requirements have to be fulfilled in order to make it 

possiblee for 5-FC to be active as an antifungal compound: 5-FC has to be taken up by 

thee cell and it has to be converted into 5-FU.27,28 

5-FCC is taken up by susceptible cells by means of the enzyme cytosine permease, 

whichh is also the transport system for adenine, hypoxanthine, and cytosine.29 The latter 

compoundss are able to antagonize the uptake of 5-FC as a consequence of the same 
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routee of transportation.29 The carrier system is energy-dependent and coupled to a 

protonn gradient.25 The influence of the pH on the kinetic constants points to a 

stochiometryy of one proton being associated to the transport system together with one 

substratee molecule.30 

Oncee inside the fungal cell, 5-FC is rapidly deaminated to 5-FU by means of the 

enzymee cytosine deaminase.31 The specificity of this step is crucial for the narrow 

antifungall spectrum of 5-FC. Fungi lacking the enzyme cytosine deaminase are not 

sensitivee to this antimycotic drug since 5-FC itself has no antifungal activity.32 5-FU on 

thee other hand cannot be used as an antimycotic drug since it is highly toxic to 

mammaliann cells and also because it is only poorly taken up by fungal cells.29 

Afterr uptake of 5-FC into a susceptible fungal cell by cytosine permease and the 

conversionn into 5-FU by cytosine deaminase, two mechanisms can be distinguished by 

whichh 5-FU acts as an antifungal agent (Figure 2). The first mechanism involves the 

subsequentt conversion of 5-FU through 5-fluorouridine monophosphate (FUMP) and 

5-fluorouridinee diphosphate (FUDP) into 5-fluorouridine triphosphate (FUTP).33"35 FUTP 

iss incorporated into fungal RNA in place of uridylic acid, which alters amino acylation 

off tRNA and disturbs the amino acid pool and protein synthesis.34"35 This finally results 

inn the inhibition of protein synthesis. The second mechanism is the metabolism of 5-FU 

intoo 5-fluorodeoxyuridine monophosphate (FdUMP) by the uridine monophosphate 

pyrophosphorylase.33,355 FdUMP is a potent inhibitor of thymidylate synthetase, which is 

aa key enzyme in the biosynthesis of DNA since thymidylate synthetase is the crucial 

sourcee of thymidine.11,12 Consequently, by this mechanism the DNA synthesis of the 

fungall cell is inhibited. These two mechanisms of action of 5-FC have been confirmed 

inn a study using fluorine-19-magnetic resonance spectroscopy analysis (19F-NMR).36 

Itt is not fully clear whether these two different pathways of 5-FC activity are equally 

importantt for the total antifungal effect of 5-FC. Using 5-FC susceptible Candida 

albicansalbicans strains it was shown that there is a positive correlation between the degree of 

5-FCC susceptibility and the inhibition of both RNA and DNA synthesis, incorporation of 

5-FUU into RNA, inhibition of ribosomal protein synthesis, and levels of FdUMP.35 

However,, some strains had a reduced incorporation of 5-FU or reduced FdUMP levels, 

suggestingg that these two pathways are not necessary linked to each other and that 

bothh may be responsible for 5-FC activity.35 Despite these findings, there is controversy 

onn the importance of the inhibition of DNA synthesis of the fungal cell by 5-FC.8,37,38 

Thee use of 5-FC as a single agent is limited, because of the pre-treatment occurrence 

off resistant strains (about 10% of C. albicans isolates) and the development of 

resistancee of many fungi during treatment. In the vast majority of cases, 5-FC is used 
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concomitantlyy with other agents, mainly amphotericin B, for the treatment of systemic 

mycoses.13,399 The combined use of 5-FC and amphotericin B enhances the antifungal 

activityy of both drugs, as first shown by Medoff ef a/.40 The enhancement of the uptake 

off 5-FC by strains that are 5-FC resistant in case 5-FC is used in combination with 

amphotericinn B, is due to an alteration of the permeability of the fungal cell 

membrane.411 The uptake of 5-FC by strains susceptible to 5-FC, is not altered by 

amphotericinn B and thus a separate or sequential action of these two drugs and their 

synergismm is suggested.41 

FUMP P FUDP P 
incorporationn inhibition 

FUTPP - * " j n t o RNA - * " of protein 
synthesis s 

permease e 
5-FC C 

cytosine e 

deaminase e 
* •• 5-FU 

FdUMP P inhibitionn of 
thymidylatee synthetase 

inhibition n 
• * "" of DNA 

synthesis s 

cell l 
membrane e 

Figur ee 2 . Intrafungal pathway and mode of action of 5-FC. 

Abbreviations:: 5-FC, flucytosine; 5-FU, 5-fluorouracil; FUMP, 5-fluorouridine monophosphate; FUDP, 

5-fluorouridinee diphosphate; FUTP, 5-fluorouridine triphosphate; FdUMP, 5-fluorodeoxyuridine 

monophosphate. . 

Resistanc e e 
Thee occurrence of resistance with the use of 5-FC has been widely described and 

precludess the application of 5-FC as a single drug.6'7,31,42"49 

Twoo basic mechanisms of resistance can be distinguished. Firstly, 5-FC resistance in 

fungall cells may be a consequence of certain mutations, which result in a deficiency in 

thee enzymes necessary for cellular transport and uptake or for the different metabolic 

changess of the antimycotic agent (i.e. cytosine permease, uridine monophosphate 

pyrophosphorylase,, or cytosine deaminase).32,50'5' Secondly, 5-FC resistance may 

involvee an increased synthesis of physiologically normal pyrimidines, which compete 

withh the fluorinated antimetabolites of 5-FC and thus diminish its antimycotic activity.32 
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Itt has been shown that defective uridine monophosphate pyrophosphorylase is the 

mostt frequently occurring type óf acquired 5-FC resistance in fungal cells.39 

Normarkk and Schönebeck described that, depending on the mechanism involved, two 

differentt phenotypes of 5-FC resistant strains can be recognized.45 5-FC resistant 

strainss of the class 1 phenotype are not affected by 5-FC at high concentrations of the 

antimycoticc agent, these strains are totally (intrinsically) resistant. On the other hand, 

thee strains of the class 2 phenotype initially show susceptibility to 5-FC at low 

concentrations,, but upon long exposure to 5-FC development of resistance occurs, 

evenn for high concentrations of 5-FC ("partially" resistant strains; acquired resistance). 

Developmentt of resistance in class 2 phenotype strains is most probably due to 

selectionn of non-susceptible mutants leading to a secondary resistant population.32,34 

Resistancee to 5-FC occurs at different rates, depending on the specific organism.52 Up 

too 7-8% of naturally resistant strains are found among pre-treatment isolates of C. 

albicans,albicans, unspeciated Candida and Torulopsis g/abrata. In Cr. neoformans the 

resistancee rate is lower (1 -2%), whereas it is higher among Candida species other than 

CC albicans (22%), because of the prevalence of generally less sensitive species such as 

C.. tropicalis and G krusei.52 However, the exact incidence of primary 5-FC resistance 

iss not fully clear. Different investigators report rates ranging between 8 and 44% for 

CandidaCandida species.26 Possible factors contributing to this wide range include the used 

susceptibilityy methods, local factors, involving use of antifungals and differences 

amongg the prevalence of various Candida species.26 

Resistancee to 5-FC is a consequence of a wide variety of biochemical mechanisms and 

thereforee it is assumed that normally sensitive fungal populations contain a minority of 

mutantss that show secondary 5-FC resistance due to one of these many types.32 

Furthermore,, it has been found that the overall incidence of resistance is species 

specific,, is correlated with the length of exposure to 5-FC, and is inversely correlated 

withh the amount of 5-FC in the test medium.32,34 These findings have important clinical 

implicationss for the use of 5-FC as an antifungal agent for monotherapy. The 

emergencee of resistance and the occurrence of treatment may be due to a high 

numberr of fungi present in an infection, an infection by a species or a strain with a 

highh intrinsic resistance frequency, application of 5-FC doses at which only low levels 

off the agent at the site of infection is achieved, and the clinical necessity to treat for a 

longg period of time.26 
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CLINICALL USES AND TRIAL RESULTS 
Thee activity of 5-FC as a single antimycotic agent has been described in cases of 

infectionss caused by Cr. neoformans, Candida species, and T. glabrata, as well as in 

chromoblastomycosiss and phaeohyphomycosis.39 However, the use of 5-FC as a 

singlee agent is very limited, because of the frequent development of secondary 

resistancee of many fungi to this antimycotic agent. Monotherapy with 5-FC is only used 

inn some individual cases of chromoblastomycosis and uncomplicated lower urinary 

tractt candidiasis and vaginal candidiasis.8,38 In the vast majority of cases 5-FC is used 

concomitantlyy with other agents, mainly amphotericin B, for the treatment of systemic 

mycoses.13,39 9 

Cryptococcosi s s 
Inn some early reports 5-FC alone was used to treat cryptococcal meningitis refractory 

too previous therapy with amphotericin B alone.7,54 However, it has been postulated that 

thee persistent activity of amphotericin B was responsible for the results observed in 

suchh patients since this drug has a long half-life in cerebrospinal fluid (CSF).39 

Moreover,, the cure rate among patients treated with 5-FC after amphotericin B 

treatmentt was similar to that of amphotericin B alone.55 

Thee superiority of the combination of amphotericin B and 5-FC over either drug alone 

inn cryptococcal meningitis has been described in case series,56 as well as in randomized 

trials.13,57'611 Bennett ef a/, found in non-HIV infected patients that the combination of 

amphotericinn B (0.3 mg/kg/day) and 5-FC (150 mg/kg/day) administered for 6 weeks 

wass superior to amphotericin B alone (0.4 mg/kg/day) administered for 10 weeks.13 

Patientss treated with the combination of 5-FC and amphotericin B had a higher 

percentagee of cure or improvement, a significantly more rapid sterilization of CSF, and 

lowerr mortality. In a similar trial evaluating the same combined regimen for 4 weeks in 

comparisonn with 6 weeks, it was shown that a 6 weeks treatment was required for most 

patients.577 The authors suggested that 4 weeks of treatment may be used in non-

immunocompromisedd patients with favorable prognostic signs, including a CSF 

cryptococcall antigen titer of less than 1:8 following treatment.57 

Severall studies have been conducted in HIV-infected patients with cryptococcosis. In a 

retrospectivee study the course and outcome of 89 eligible patients were reported.62 Of 

themm 49 patients received the combination of 5-FC and amphotericin B and 40 

patientss were treated with amphotericin B alone. There was a trend towards a higher 
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survivall in the group of patients treated with the combination, although the survival 

ratess in both patient groups were not significantly different.62 However, the efficacy of 

clearancee of cryptococcal antigen from the CSF was not assessed and 5-FC levels 

weree not monitored, by which the interpretation of the role of this antimycotic drug 

remainss difficult. In a randomized study with a small population (42 patients of whom 

200 were finally used in the study), the combination of amphotericin B and 5-FC was 

foundd to be more effective than that of fluconazole.63 Recently, the results of a 

randomized,, double-blind, multicenter trial were published in which patients with a 

firstt episode of HIV-associated cryptococcal meningitis were treated with high-dose 

amphotericinn B (0.7 mg/kg/day) with or without 5-FC (100 mg/kg/day) for two 

weeks.588 It was found that the combination of high-dose amphotericin B and 5-FC was 

associatedd with an increased rate of CSF sterilization and a decreased mortality at 2 

weekss following treatment. 

Thee use of 5-FC for the treatment of cryptococcal meningitis may in the future 

includee the combination with ketoconazole, fluconazole or itraconazole, although 

currentlyy these combinations are not formulated as satisfactory.64 Ketoconazole, 

amphotericinn B, 5-FC and combinations of these drugs were compared for chronic 

cryptococcall meningitis in steroid-treated rabbits.65 It was shown that the 

combinationn of ketoconazole and amphotericin B was at least as effective as the 

combinationn of amphotericin B and 5-FC after a two-week treatment regimen. In a 

mousee model of cryptococcal meningitis, the combination of 5-FC and fluconazole 

resultedd in a significantly higher survival and a lower colony count of Cr. neoformans 

inn brain tissue than either drug alone.66 However, this synergism between these two 

antifungall agents was not found in a study of experimental cryptococcal meningitis in 

rabbits.677 Recently, it has been shown that HIV-infected patients with cryptococcal 

meningitiss could possibly benefit from the combination of 5-FC and regular-dose 

fluconazole,688 although there have also been reports that show the superiority of 

amphotericinn B/5-FC over fluconazole.63 Furthermore, in a randomized study with 

AIDSS patients with cryptococcal meningitis receiving either fluconazole or 

amphotericinn B, it has been shown that fluconazole was as effective as amphotericin 

B.699 Itraconazole is less effective as compared to the combination of amphotericin B 

andd 5-FC in achieving a complete response in the initial therapy in AIDS patients 

withh cryptococcal meningitis. Only a complete response was observed in 5 out of 12 

patientss using itraconazole in contrast to all of the 10 patients treated with 

amphotericinn B/5-FC.70 
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Candidiasi s s 
Monotherapyy of 5-FC in cases with systemic or disseminated candidiasis has been 

shownn to be effective in adults,6,71,72 as well as in neonates and premature infants.73 

5-FCC has also proven to be effective in cases of pulmonary candidiasis41 and in a 

casee of C albicans arthritis.76 However, resistance of 5-FC in Candida species is not 

raree and thus treatment of such infections with 5-FC alone is not recommended. 

Sincee in vitro and in animal models synergistic activity of amphotericin B and 5-FC has 

beenn shown against a number of different Candida species77,78 this combination is also 

used.. It has been shown that chronic infections with Candida species such as candidal 

endophthalmitis79,800 and endocarditis18 can be treated with the combination of 

amphotericinn B and 5-FC for long periods of time, in conjunction with surgery. There 

aree also reports in literature of the use of a combination of 5-FC and amphotericin B 

forr the treatment of hepatosplenic candidiasis.81'83 Furthermore, it has been shown in 

aa retrospective study that patients with candidal meningitis respond well to the 

combinationn of amphotericin B and 5-FC.84 5-FC has been shown to be beneficial in 

thee combination treatment with amphotericin B of patients with candidal peritonitis 

associatedd with continuous ambulatory peritoneal dialysis, if the catheter cannot be 

removed.855 Finally, in the treatment of uncomplicated candidal cystitis 5-FC has been 

usedd alone as well as in combination with amphotericin B.86,87 Recently however, the 

rolee of 5-FC in the treatment of candidal urinary tract infections has been discussed.88 

Thee use of 5-FC for this indication is limited by the drug's toxicity and it should only be 

usedd under unusual circumstances or when azole-resistant organisms are involved.88 

Itt has to be pointed out that currently no randomized trials have been conducted to 

determinee the superiority of the combination therapy of 5-FC and amphotericin B over 

therapyy with amphotericin B alone or fluconazole alone for the treatment of invasive 

candidall infections. However, combination therapy with amphotericin B and 5-FC is 

recommendedd in the following conditions of invasive candidiasis, especially due to C. 

tropicalis,tropicalis, C. parapsilosis, C. krusei or C. guiiiiermondii (which are inherently less 

susceptiblee to amphotericin B than C. albicans): candidal meningitis, hepatosplenic 

candidiasis,, and candidal endophtalmitis, endocarditis, and peritonitis.39 

Futuree developments in the use of 5-FC in the treatment of candidiasis lie within the 

combinationn of this antimycotic drug with ketoconazole, fluconazole, and 

itraconazole.89"911 The combination of 5-FC and itraconazole has been found to be 

synergisticc in a murine candidiasis model.91 Fluconazole and the combination of 

itraconazolee and 5-FC have been shown to be equally effective.90 Fluconazole has 
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beenn shown to exert superior efficacy over 5-FC alone in the treatment of esophageal 

candidiasiss in HIV-infected patients.89 Surgical patients with deep-seated Candida 

mycoses,, receiving the combination of amphotericin B and 5-FC eliminated the 

organismm earlier as compared to patients treated with fluconazole alone, although the 

curee rate of the two patient groups was similar.92 In intensive care unit patients with 

pneumoniaa or sepsis due to Candida species and treated with fluconazole or 

amphotericinn B/5-FC no differences were observed in the clinical outcome. However, 

thee combination of amphotericin B and 5-FC was more effective than fluconazole for 

thee treatment of patients with peritonitis and eradicated the infecting yeast better.93 

Aspergillosi s s 

5-FCC is often added to amphotericin B in the treatment of invasive aspergillosis, 

primarilyy in cases of aspergillosis refractory to amphotericin B alone.94'96 However, there 

iss no clear evidence that this combination is more effective than amphotericin B alone.41 

Pulmonaryy aspergillosis, has been effectively treated with 5-FC monotherapy as well as 

inn combination with amphotericin B.97,98 However, large comparable trials are lacking. 

Chro mm o blastomycosi s 

Thee treatment of chromoblastomycosis caused by dematiaceous moulds has been 

hamperedd by the relative paucity of effective agents and particularly by the in vitro 

resistancee of many of these moulds to amphotericin B.39 In a small series in the United 

States722 and a larger series from Brazil99100 5-FC has been shown to be effective as 

solee therapy for chromoblastomycosis. Furthermore, there are some case reports in 

literaturee in which chromoblastomycosis has been cured with the combination of oral 

andd topical 5-FC101 and with the combination of oral ketoconazole and 5-FC after 

monotherapyy with ketoconazole had failed.102 

Othe rr  Mycose s 

Thee combination of 5-FC and amphotericin B has also been shown to be effective 

againstt large cryptococcal intracerebral masses (cryptococcomas).103 This combination 

cann also be used in the treatment of phaeohyphomycosis of the central nervous 

system,, specifically caused by Xylohypha bantiana.™3 
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5-FCC is not effective in the treatment of blastomycosis, coccidioidomycosis, 

histoplasmosis,, or sporotrichosis.39 

Cancerr  Therap y 
5-FCC possibly has a new role within the treatment of different types of cancer, 

especiallyy colorectal carcinoma. 

Colorectall carcinoma is the second leading cause of malignancy in Western countries, 

accountingg for 151,000 new cases and 61,000 deaths annually in the USA mainly 

duee to metastases in the liver.104 In spite of intensive efforts, there is no satisfactory 

cytostaticc drug that significantly improves the overall survival rate of patients with 

colorectall carcinoma.104,105 The current therapy for colorectal cancer includes systemic 

orr regional chemotherapy with 5-FU or floxuridine, which is limited by its adverse 

effects,, especially in high doses.105 One of the new and promising therapeutic 

approachess taking advantage of the effectiveness of 5-FU and minimizing its systemic 

toxicityy is the use of an enzyme/pro-drug combination using cytosine deaminase and 

5-FC.. The goal of the use of this combination is to deliver high local concentrations of 

5-FUU at the tumor site. 

Nishiyamaa et a/, studies the localized in vivo generation of 5-FU in order to achieve a 

neww anticancer therapy strategy.100 They implanted capsules containing cytosine 

deaminasee into subcutaneous tumors growing in rats. Subsequently, these rats received 

5-FCC systemically. Considerable antitumor activity without measurable toxicity was 

shownn using this approach.106 Recently, this concept was implemented using a genetic 

approachh by which genetically modified tumor cells were used to express cytosine 

deaminase.. After the modified cells had been implanted into mice, local 5-FU 

generationn and antitumor effect was observed.107'109 Effective antitumor activity has also 

beenn shown in experiments in colon carcinoma cell lines and mice using direct 

administrationn of an adenovirus vector carrying the Escherichia coli cytosine deaminase 

gene,, driven by the cytomegalovirus promotor (AdCMV.CD).110,111 Expression of the 

cytosinee deaminase gene has recently been achieved in various cell lines, such as 

fibrosarcoma,, adenocarcinoma, gliosarcoma, and hepatocellular carcinoma. The 

geneticallyy modified cells were selectively sensitive to 5-FC as compared to unmodified 

cells.104Transferr of the cytosine deaminase gene followed by 5-FC treatment is likely to 

becomee a promising approach for various types of cancer, if tumor-cell selective 

transductionn or expression of this gene could be applicable in vivo. 
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TOXICITY Y 

5-FCC is known to cause relatively unharmful side effects such as nausea, vomiting, and 

diarrhea,, but the more severe side effects of 5-FC include hepatotoxicity and bone-

marroww depression.813"21 

Itt has been postulated that since the necessary enzyme cytosine deaminase is absent 

orr only weakly active in mammalian cells, the conversion of 5-FC to 5-FU can hardly 

takee place in mammalian cells and hence toxicity should be minimal.2'12,25,32 However, 

investigatorss have shown that certain bacteria residing in the human gastrointestinal 

tractt are able to deaminate 5-FC to 5-FU, which could play a significant role in the 

toxicityy of 5-FC in humans.23,24 Moreover, a correlation was found in humans between 

thee gut flora status and the amount of 5-FU metabolites in urine.53 

Gastrointestina ll  Side Effect s 
Gastrointestinall side effects are the most common and least harmful side effects 

associatedd with 5-FC treatment. They include nausea, diarrhea, and occasionally 

vomitingg and diffuse abdominal pain and they occur in approximately 6% of the 

patientss treated with 5-FC.48,56'71'72 These side effects are usually not severe, although 

twoo cases of ulcerative colitis and bowel perforation have been reported in 

literature.50,1122 Also, a case of 5-FC-associated ulcerating enteritis has been described.'13 

Raree Sid e Effect s 
Raree side effects due to 5-FC that have been reported in literature include skin rash,10 

eosinophilic/1,1144 and crystalluria.115 Furthermore, anaphylaxis has been reported in 

onee patient with AIDS, but this seems to be a rare side effect.116 Also, there is a 

potentiall for spurious azotemia with the use of 5-FC since this antimycotic agent can 

interactt with the enzymatic method used for creatinine determination in the Kodak 

Ektachem®® analyser.117 Finally, a recent case report described the occurrence of a 

reversiblee acute cerebellar syndrome after treatment with amphotericin B and 5-FC for 

cryptococcall meningitis.118 This syndrome was most probably secondary to the 

administrationn of 5-FC.118 
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Hepatotoxicit y y 
Thee occurrence of hepatotoxicity during 5-FC treatment has been described in 

literature.. In most cases it involved elevations of the titers of transaminases and 

alkalinee phosphatase in serum.10,22,48*50'71,72,119 The rate of hepatotoxicity is not fully 

clear.. Most of the reports in literature describe percentages varying between 0 and 

25%,10'13'15'20'117'1200 although a recent study showed that percentages of hepatotoxicity 

upp to 40% could occur.22 The authors of this latter study explained their findings of 

higherr hepatotoxicity with their more strict definition of hepatotoxicity as compared to 

earlierr studies and the possibility that increases in liver enzymes were possibly not 

solelyy dependent on 5-FC, taking into consideration the complex state of health of the 

investigatedd patients. 

Thee elevations in levels of liver enzymes are mostly reversible if the dose of 5-FC is 

reducedd and sometimes even when the dose is unchanged.27,34 Increases of the level 

off bilirubin in serum or liver swelling have also rarely been reported in literature, but 

thesee side effects were reversible with discontinuation of 5-FC treatment.48,71 However, 

twoo cases of severe liver necrosis have occurred in patients who received 5-FC for 

treatmentt of Candida endocarditis.18 

Thee mechanism of hepatotoxicity due to 5-FC is unknown, but it seems to be 

concentration-dependent,, predictable, possibly avoidable with careful maintenance of 

5-FCC levels at <100 mg/L, and reversible with temporary discontinuation of the drug 

orr a reduction in dose.20,39,117 However, there have been reports in literature in which it 

wass observed that pre-existing elevated values of liver enzymes or bilirubin did not rise 

furtherr or even decreased during treatment with 5-FC.34 Furthermore, not all patients 

withh elevated 5-FC levels will experience hepatotoxicity.39 

Bone-Marro ww Depressio n 
Thee most alarming and severe toxicity associated with 5-FC treatment is bone-marrow 

depressionn and there have been several reports of serious or life-threatening 

leucocytopenia,, thrombocytopenia and/or pancytopenia.17'19,121 Fatal cases of bone-

marroww aplasia have been described.17,121,122 

Inn the study by Kauffman and Frame, 4 out of a total of 15 patients treated with 5-FC 

developedd bone-marrow toxicity (leucocytopenia in three and pancytopenia in one 

patient).177 All four patients had peak serum 5-FC levels of 125 mg/L or greater 

immediatelyy preceding and during the initial period of bone-marrow depression and 
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thee 5-FC serum concentrations remained elevated above 125 mg/L for 2 to 14 days in 

threee patients. Although a decrease of the serum concentrations of 5-FC resolved the 

bone-marroww depression in three patients, the pancytopenic patient died as a result of 

bone-marroww aplasia.17 

SeveralSeveral other studies have pointed out the development of toxicity when 5-FC levels 

exceededd 100 mg/L.13,60,71 The largest study that examined 5-FC toxicity involved 194 

patients,, who had concomitant amphotericin B use.20 It was shown in this study that 

bone-marroww depression (granulocytopenia and/or thrombocytopenia) occurred in 12 

off 20 patients (60%) with 5-FC levels >100 mg/L as compared with 8 of 65 patients 

(12%)) with 5-FC levels <100 mg/L. Furthermore, they showed that bone-marrow 

depressionn became apparent in the first two weeks of therapy in 5 1 % of these cases 

andd during the first 4 weeks in 9 1 % of these cases.20 It has been shown that patients 

whoo have an underlying hematological disorder or who have undergone radiation 

treatmentt or myelosuppressive therapy, are more likely than therapy naive patients to 

developp bone-marrow depression from 5-FC.41 It was shown that when bone-marrow 

depressionn occurs it can be delayed in onset, progressive in nature, and severe for 

dayss after a dosage reduction.117 

Symptomaticc HIV-infected patients have been considered to be more intolerant to 5-FC 

ass compared to patients without AIDS by some investigators and high percentages of 

bone-marroww depression have been described among these patients.62 However, other 

studiess have shown adverse effects rates in HIV-infected patients that were comparable 

too those in non-AIDS patients.61123 

Mechanis mm of Toxicit y 
Thee mechanism of toxicity of the antimycotic drug 5-FC is still not fully understood. It is 

likelyy that some of the side effects caused by 5-FC, for example hepatotoxicity and 

bone-marroww depression, are dose-dependent, although not all reports in literature 

supportt this theory. Recommendations on dose adjustments of 5-FC and performing 

routinee measurements of 5-FC levels, liver enzymes and the number of white blood 

cellss in patients suffering from renal insufficiency and patients using nephrotoxic 

agentss are however necessary, taken into consideration the possibility of dose- or 

concentration-dependentt toxicity of 5-FC. Furthermore, it has been postulated in 

literaturee that conversion of 5-FC to certain metabolites, especially 5-FU, could be one 

off the mechanisms of development of 5-FC-associated toxicity. 
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Att first 5-FC-associcrted toxicity due to the antimetabolite 5-FU was rejected since 

metabolitess either were not detected in human urine or were detected only at very low 

concentrations.124,1255 Furthermore, it was believed that 5-FC is selectively toxic to fungi 

sincee mammalian cells are not able to convert (large amounts of) 5-FC to 5-FU.31,32 

However,, it has been shown in other studies that patients treated with 5-FC have 

detectablee amounts of 5-FU in their urine126,127 and serum.23 5-FU is known to cause 

bone-marroww depression such as leucocytopenia and thrombocytopenia and 

gastrointestinall complications as seen with 5-FC therapy.23 In addition, it was shown 

thatt the 5-FU levels found in patients treated with 5-FC were comparable to those in 

patientss treated with 5-FU.128 

Diasioo ef a/, found in the serum of 2 healthy volunteers during 6 hours after the oral 

administrationn of 2 g of 5-FC by a gas chromatographic-mass spectrophotometric 

technique,, that 5-FU levels ranged from 10 to 400 ng/mL23 They also measured 5-FU 

levelss in the serum samples from seven patients treated for cryptococcal meningitis 

withh amphotericin B and 5-FC, of whom 5 had experienced hematological or other 

toxicityy during 5-FC treatment. 5-FU levels ranged between 2 and 3,060 ng/mL and 

200 of the 41 samples showed 5-FU levels >1000 ng/mL, which is a 5-FU level that is 

inn the range of 5-FU cancer chemotherapeutic doses known to be associated with 

hematologicall toxicity. Moreover, it was found that the ratios of 5-FU concentration to 

5-FCC concentration varied from 0.11 to 3.45% and the ratios were greater than 1% in 

211 of the analyzed samples.23 

Harriss ef a/, examined the capacity of the human intestinal microflora to convert 5-FC 

too 5-FU using an in vitro semicontinuous culture system that mimicked the intestinal 

microflora.244 The culture system was dosed initially and after two weeks of chronic 

exposuree to 5-FC (50 mg 5-FC per day) with radiolabeled 5-FC. No detectable 

productionn of 5-FU was observed up to 8 hours after the acute dose. However, at 24 

hourss and at all time points thereafter, increasing levels of 5-FU were detected for 4 

days.. With the acute dose the 5-FU concentration after 4 days was 9.42 mg/L of 

culture,, whereas with the chronic dose the 5-FU concentration was 31.86 mg/L of 

culture.244 The authors concluded that enzyme(s) responsible for deamination of 5-FC 

too 5-FU by the intestinal microflora can be induced by chronic exposure to 5-FC and 

thatt this conversion may provide a mechanism by which 5-FC toxicity may occur. 

Somee microorganisms in the human intestinal microflora, such as E co/i, have been 

shownn to have high cytosine deaminase activity.24 Many of the patients receiving 5-FC 

therapyy have undergone previous antibiotic therapy and therefore may be subject to 

ann alteration of their intestinal microflora, which could affect the intestinal conversion 
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off 5-FC to 5-FU. They recommended that a proper, conjunctive antibiotic therapy 

couldd be used to decrease the activity of selected intestinal microflora, thereby 

decreasingg the conversion of 5-FC to 5-FU and thus 5-FC-associated toxicity.24 

Thee theory of conversion of 5-FC to 5-FU by the intestinal microflora was strengthened 

byy a study in which the relationship between the gut flora status and the in vivo 5-FC 

conversionn to 5-FU has been observed with the use of fluorine- 19-magnetic resonance 

spectroscopyy analysis (19F-NMR) of the urine of two patients treated with 5-FC and 

amphotericinn B.53 Although 5-FU itself was not detectable in urine samples, it was 

shownn that there was a direct relationship between 5-FU metabolites and the gut flora 

status.. The authors stated that the fact that 5-FU was not detectable in the urine of the 

patientss was due to the fast degradation process of 5-FU occurring primarily in the 

liverr and due to the intrinsic insensitivity of the used NMR method.53 

Besidess the possibility of conversion of 5-FC to 5-FU by the human intestinal 

microflora,, it has recently been shown that considerable amounts of 5-FU may be 

presentt in 5-FC intravenous solution due to both impurities in the raw material and the 

formationn from 5-FC upon sterilization and storage.129 Finally, the existence of several 

otherr metabolites of 5-FC in addition to 5-FU have been detected in body fluids, 

althoughh only in small quantities.53,130 The extent to which these metabolites contribute 

too toxicity is still unclear. 

Monitorin gg Toxicit y 
Althoughh in most 5-FC treated patients bone-marrow depression and hepatotoxicity 

seemm to be concentration-dependent, avoidable with careful monitoring of the 5-FC 

levell and reversible with discontinuation of the drug or reduction in dose, these 

findingss are general and not absolute. There have been reports in literature in which 

thesee adverse effects of 5-FC were idiosyncratic instead of dose-dependent and 

conversely,, not all patients with clearly elevated 5-FC levels develop toxicity.39 

However,, it is widely believed that during treatment of 5-FC careful attention to drug 

dosagee and 5-FC levels is important. Although doses of 5-FC up to 150 mg/kg/day 

aree applicable, these high doses are not necessary to treat serious infections, 

especiallyy since in most cases 5-FC is concomitantly administered with amphotericin 

B,, and lower doses of 75 to 100 mg/kg/day may be satisfactory.117 Measurement of 

serumm drug concentrations is necessary if high doses of 5-FC are being used or if 

prolongedd therapy with this antimycotic agent is required. Furthermore, dosage 
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reductionn and therapeutic drug monitoring (TDM) is required in patients experiencing 

renall dysfunction since 5-FC is mainly excreted renally. Therefore, special attention 

hass to be given to patients receiving 5-FC in combination with amphotericin B since 

thiss antimycotic is well known for causing nephrotoxicity, which will thus lead to a 

prolongationn of the serum half-life of 5-FC.'31,132 It has been postulated that serious 

bone-marroww toxicity may be minimized by close monitoring of 5-FC serum 

concentrations,, especially in patients with renal dysfunction, receiving nephrotoxic 

agentss (such as amphotericin B), or experiencing hematological or gastrointestinal 

toxicity.66 The potential role of nephrotoxic agents in the toxicity of 5-FC is 

strengthenedd by the observation that only little toxicity was demonstrated in studies in 

whichh 5-FC was administered as monotherapy in the treatment of 

chromoblastomycosis,, invasive candidiasis, cryptococcosis, and fungal 

endocarditis.39 9 

Currently,, TDM of 5-FC is routinely performed in many institutions to assure effective 

5-FCC levels in the individual patient, to avoid resistance and to avoid high 5-FC 

levelss in order to prevent serious dose-limiting toxicity. Usually, in patients treated 

intermittentlyy with 5-FC, target concentrations of 25-50 mg/L for trough levels and 

50-1000 mg/L for peak levels are considered adequate. In patients treated with 

continuouss 5-FC infusion, a serum level of 50 mg/L is pursued. 

PHARMACOKINETICSS AND DOSING 
Thee pharmacokinetics of 5-FC have been investigated and reviewed extensively.34,132 

5-FCC absorption is very rapid and almost complete: 76-89% absorption takes place 

afterr oral administration as compared to the intravenous route of administration.133 

However,, food, antacids, and renal insufficiency can delay absorption.39 In patients 

withh normal renal function, peak levels are obtained in serum and other body fluids 

withinn 1 to 2 hours.'31 5-FC has a good penetration into body tissues due to its low 

molecularr weight, its high water solubility, and its low binding to serum 

proteins.9,10132'1344 Penetration of 5-FC is excellent into most body sites, including 

cerebrospinal,, vitreous, and peritoneal fluids, and into inflamed joints.131'135*137 5-FC is 

principallyy eliminated by the kidneys and the plasma clearance of the drug is closely 

relatedd to the creatinine clearance.22,133134 5-FC is only minimally metabolized in the 

liver.. Renal elimination involves filtration at the glomeruli, but no tubular reabsorption 

orr secretion takes place. The half-life of 5-FC is approximately 3 to 4 hours in patients 
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withh normal renal function, but can be extended up to 85 hours in patients with severe 

renall insufficiency.39,133134 Renal insufficiency alters 5-FC pharmacokinetics since it 

resultss in a slower rate of absorption, a prolongation of the serum half-life, and a 

decreasedd clearance.132 The apparent volume of distribution of 5-FC approaches that 

off total body water and is not altered by renal failure. 5-FC is eliminated by 

hemodialysis,, hemofiltration, and peritoneal dialysis.138 However, it has been shown 

thatt 5-FC is more effectively removed by hemodialysis than by peritoneal dialysis.139 

Dosagee adjustments are required in patients with renal impairment and various 

recommendationss have been made in literature.132"134 Daneshmend and Warnock 

havee suggested the following guidelines for the administration of 5-FC to patients with 

renall insufficiency.132 In patients with a creatinine clearance >40 mL/minute, a 

standardd dose of 37.5 mg/kg every 6 hours should be used. If the creatinine 

clearancee is between 20 and 40 mL/minute, the recommended dose is 37.5 mg/kg 

everyy 12 hours. In patients with a creatinine clearance of <20 mL/minute, the dose of 

5-FCC should be 37.5 mg/kg once daily. Finally, if the creatinine clearance is <10 

mL/minute,, frequent determinations of 5-FC should be used at the guideline for the 

frequencyy of dosing. 

Liverr disease in laboratory animals does not significantly alter the pharmacokinetics 

off intravenously administered 5-FC, but in man the available information is very 

limited.140 0 

DRUGG INTERACTIONS 
Incompatibilityy of 5-FC with other drugs can be divided into certain categories, 

includingg antagonism or inadivation of the antimycotic effect of 5-FC, potentiation of 

thee side effects or the toxicity of 5-FC, interference with the absorption of 5-FC, or 

interferencee with the renal elimination of 5-FC. 

Thee antimycotic activity of 5-FC has been shown to be competitively inhibited by 

cytarabinee (cytosine arabinoside) if co-administered to patients.141,142 Inhibition may be 

duee to the fact that 5-FC is taken up by susceptible cells by means of the same 

transportt system.29 Therefore, therapy with cytarabine is considered to be a 

contraindicationn to the use of 5-FC. Although, a great deal of additional compounds 

aree able to antagonize the antifungal activity in vitro, no other agents than cytarabine 

aree clinically known to inactivate de antimycotic effect of 5-FC.34 
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Sincee the most harmful side effects of 5-FC (i.e. bone-marrow depression and 

hepatotoxicity),, as mentioned before, can be elicited by many other agents, it is 

necessaryy to be cautious when 5-FC has to be co-administered with drugs that could 

possiblyy enhance these side effects, such as immunosuppressive or cytostatic agents. 

Furthermore,, drugs that are known to be myelosuppressive, such as zidovudine, 

shouldd be used with caution in patients receiving 5-FC.143 However, there is no 

evidencee that synergism of bone-marrow depression or hepatotoxicity occurs when 

concomitantt administration of 5-FC with immunosuppressive or cytostatic agents is 

executed.132 2 

Concomitantt administration of aluminum hydroxide/magnesium hydroxide suspension 

hass been shown to delay the 5-FC absorption. However, this has only little effect on 

thee total bioavailability of this antimycotic drug.133 Furthermore, 5-FU absorption can 

bee highly decreased by the use of oral neomycine,'44 but there is no evidence that 

suggestss that it would have a similar effect on 5-FC.132 

Sincee 5-FC is predominately eliminated by the kidneys, drug interactions are likely to 

occurr if 5-FC is administered in combination with any drug that acts on the kidney 

function.. Due to the fact that glomerular filtration plays a crucial role in the 

eliminationn of 5-FC, drugs that impair this mechanism will evidently decrease the 

eliminationn of 5-FC and thus prolong the half-life of this antimycotic drug. Probably 

thee most important and most common drug interaction is the concomitant 

administrationn of 5-FC and amphotericin B. In the treatment of a number of systemic 

fungall infections 5-FC is combined with amphotericin B in order to enhance the 

antifungall activity of both.13,39 However, amphotericin is highly nephrotoxic and 

concomitantt use of 5-FC and amphotericin B will thus lead to an increase in 5-FC 

serumm concentrations and 5-FC half-life. 

CONCLUSION N 
5-FCC has been on the market as an antifungal agent since the early 1970s. Although 

monotherapyy with 5-FC is possible and applicable in the treatment of 

chromoblastomycosiss and uncomplicated lower urinary tract candidiasis and vaginal 

candidiasis,, it is most commonly used concomitantly with other antifungal drugs, 

especiallyy amphotericin B. Since resistance of fungi frequently occurs, the combination 

off 5-FC with amphotericin B or fluconazole has to be used in the treatment of severe 
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systemicc mycoses, such as cryptococcosis, candidiasis, chromoblastomycosis, and 

aspergillosis. . 

Besidess the fact that 5-FC can cause relatively unharmful side effects such as nausea, 

vomiting,, and diarrhea, there is also the possibility of more severe side effects 

includingg hepatotoxicity and bone-marrow depression. It has been postulated that 

conversionn of 5-FC by the intestinal microflora to certain metabolites, especially 5-FU, 

couldd be one of the mechanisms of development of 5-FC-associated toxicity. It has 

beenn shown in vitro that certain enzymes responsible for deamination of 5-FC to 5-FU 

byy the intestinal microflora can be induced by chronic exposure to 5-FC. This 

conversionn may provide a mechanism by which 5-FC toxicity is manifested. 

Furthermore,, is has been proposed that a proper, conjunctive antibiotic therapy could 

bee used to decrease the activity of selected intestinal microflora, thereby decreasing 

thee conversion of 5-FC to 5-FU and thus 5-FC-associated toxicity. 

Inn most patients, hepatotoxicity and bone-marrow depression appear to be 

concentration-dependent,, predictable, possibly avoidable with close monitoring of 5-FC 

levelss at <100 mg/L, and reversible with discontinuation of the drug or a reduction in 

dose.. In cases of prolonged therapy, when high doses of 5-FC are being used, and in 

patientss with renal dysfunction receiving 5-FC antifungal therapy, it is essential to 

measuree serum drug concentrations in order to prevent dangerous 5-FC levels. 

Especiallyy in the treatment of patients suffering from renal impairment caution has to be 

takenn and dosage adjustments are necessary. 

5-FCC is gaining renewed interest due to two new developments in its use. Firstly, clinical 

studiess are being conducted to evaluate the efficacy of 5-FC in combination with newer 

azolee antifungal agents such as ketoconazole, fluconazole, and itraconazole. Although 

somee results of these new combinations have been reported in literature, more and 

largee clinical trials are necessary. The second new development of 5-FC involves its 

importantt role in one of the new therapeutic approaches in the treatment of different 

typess of cancer, especially colorectal carcinoma. Conversion of 5-FC into 5-FU inside 

tumorss using the cytosine deaminase gene could probably lead to more efficient and 

locall 5-FU therapy at the tumor site and avoid the onset of systemic toxicity. Although 

thee current studies reported in literature were performed in animal models, it seems to 

bee one of the promising new approaches in strategic anticancer therapy. 
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ABSTRACT T 

AA validated, sensitive and precise reversed-phase high-performance liquid 

chromatographicc method for the simultaneous determination of 5-flucytosine (5-FC) 

andd 5-fluorouracil (5-FU) in human plasma is described. 

Twoo compounds, 5-methylcytosine (5-MC) and 5-chlorouracil (5-CU), were used as 

internall standards for the determination of 5-FC and 5-FU, respectively. Plasma 

sampless were deproteinized with trichloroacetic acid and chromatographed on an 

octylsilicaa column, maintained at C during elution, using a 0.04 M phosphate buffer 

(pH=7.0)) as eluent. Spedrophotometric diode array detection was used at 266 nm. 

5-FC,, 5-FU, 5-MC and 5-CU were found to have retention times of 4.8, 5.8, 1.1 and 

11.00 minutes, respectively. Recoveries of 91-120% with reproducibility and 

repeatabilityy coefficients of variation of 0.8-6% were obtained. Mean correlation 

coefficientss of 0.99989 and 0.9995 were found for the linear calibration curves (n=2) 

off 5-FC (4.816-192.6 mg/LJ and 5-FU (0.05368-5.368 mg/L), respectively. The limits 

off quantitation were 0.3 mg/L for 5-FC and 0.05 mg/L for 5-FU. 
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INTRODUCTION N 
Thee antimycotic drug flucytosine (4-amino-5-fluoro-2(lH-pyrimidone); 5-fluorocytosine; 

5-flucytosine;; 5-FC; figure 1) is used, mostly concomitantly with other agents, mainly 

amphotericinn B, for the treatment of systemic mycoses.' 

Fluorouracill (5-fluorouracil; 5-FU; figure 1) plays a key role in the antimycotic activity 

off 5-FC. After the uptake of 5-FC by susceptible mycotic cells by means of the enzyme 

cytosinee permease it is converted into 5-FU by the specific enzyme cytosine 

deaminase.2,33 Afterwards, two pathways have been distinguished by which 5-FU 

exercisess its antifungal activity. 5-FU can be converted, through several metabolic 

steps,, into 5-fluorouridine triphosphate (FUTP),4 which is incorporated into fungal RNA 

insteadd of uridylic acid and this results in inhibition of the protein synthesis.4,5 

Alternatively,, 5-FU can be converted by uridine monophosphate pyrophosphorylase 

intoo 5-fluorodeoxyuridine monophosphate (FdUMP), which inhibits thymidylate 

synthetasee and consequently DNA biosynthesis.5 

HH H H 

/N^OO y ^ Y  ShKV'C 
Figur ee 1. 
Chemicall structures 

off 5-fluorocytosine 

F '' y F' ] [ H3C' ] ' C I ' :[ (A), 5-fluorouracil (B), 

N H ,, O NH2 O 5-methylcytosine (C), 

D D 
andd 5-chlorouracil (D). 

5-FCC is known to cause relatively unharmful side effects such as nausea, vomiting, and 

diarrhea,, but the severe dose-limiting side effects of 5-FC are bone-marrow 

depressionn and hepatotoxicity.2,6,7 

Itt has been postulated in literature that conversion of 5-FC to certain metabolites, 

especiallyy 5-FU, could explain the development of 5-FC-associated toxicity. 5-FU is 

knownn to cause bone-marrow depression and gastrointestinal complications as seen 

withh 5-FC therapy.8 Furthermore, 5-FU and 5-FU catabolites have been detected in 

urinee as well as serum of patients treated with 5-FC using not widely available 

techniques.810 0 
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Conversionn of 5-FC to 5-FU can occur passively as well as actively. We have shown 

thatt 5-FU can be present in 5-FC intravenous fluid due to impurities resulting from 

5-FCC manufacturing and 5-FU formation during sterilization and storage.11 

Furthermore,, using Escherichia colt (ATCC 23922) we were able to show significant 

andd rapid active conversion of 5-FC to 5-FU in in vitro experiments (Figure 2). 

Currently,, therapeutic drug monitoring (TDM) of 5-FC is routinely performed in many 

institutionss to assure effective 5-FC levels in the individual patient, to avoid resistance 

andd to prevent serious dose-limiting toxicity due to high 5-FC levels. Our experiments 

emphasizee the possibility that 5-FC treated patients are exposed to 5-FU during 

therapyy with this antimycotic agent. For this reason an easy and adequate method for 

thee simultaneous determination of 5-FC and 5-FU in 5-FC treated patients is 

warranted. . 

Severall methods for the determination of 5-FU or 5-FC have been described. High-

performancee liquid chromatography (HPLC) methods, besides microbiological12 and 

enzymaticc methods,13 are most frequently used. Several of these HPLC methods are 

precededd by time consuming solid phase extractions14,15 or liquid-liquid extractions 

withh isopropanol-ethylacetate,16,17 ethylacetate18,19 or petroleum-propanol20 for sample 

clean-up.. Other papers describe ultrafiltration21 or protein precipitation techniques 

usingg trichloroacetic acid,22,23 ethanol,24 perchloric acid25 or acetonitril26-27 for faster 

executablee sample pretreatment. 

Separationn of 5-FC or 5-FU from endogenous components is usually performed with 

reversedd phase systems. Normal phase chromatography28 or cation exchange 

chromatography21,222 have been described as alternatives for improving the resolution 

off separation between 5-FU or 5-FC and co-eluting endogenous compounds. 

Fluorescencee detection, after derivatization with 4-bromomethyl-7-methoxycoumarin29 

orr 4-bromomethyl-6,7-dimethoxycoumarin,14 can be used for quantification, although 

spectrophotometricc detection offers comparable detection limits and less complexity in 

samplee pretreatment. 

Inn this manuscript a validated, sensitive and precise HPLC-method using 

deproteinationn with trichloroacetic acid and spectrophotometry diode array detection 

iss described for the simultaneous quantification of 5-FC and 5-FU in human plasma, 

withh 5-methylcytosine (5-MC) and 5-chlorouracil (5-CU) (Figure 1) as internal 

standardss for quantification of 5-FC and 5-FU, respectively. 
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EXPERIMENTAL L 

Chemical ss  and Reagent s 
5-FUU (purity >99%), 5-MC as hydrochloride salt, and 5-CU were purchased from 

Sigmaa (Zwijndrecht, The Netherlands). 5-FC (purity >99%) was obtained from Fluka 

(Zwijndrecht,, The Netherlands). Potassium dihydrogenphosphate (p.a.), trichloroacetic 

acidd 20% (p.a.), methanol (gradient grade) and potassium hydroxide pellets (p.a.) 

weree obtained from Merck (Amsterdam, The Netherlands). Ultra pure water was 

obtainedd from a Millipore water delivery system (Etten-Leur, The Netherlands). 

Alll standard solutions were prepared in watenmethanol 4:1 solutions and stored at . 

Figur ee 2. Chromatogram showing 

conversionn of 5-FC to 5-FU in an in vitro 

experimentt using £. co/i. 

Thee presented chromatogram shows that 

approximatelyy 15% conversion of 5-FC to 

5-FUU occurred after incubation of 1010 E. co/i 

(ATCCC 23922) with 5-FC during 4 hours at 

37CC.. Abbreviations: 5-FC, 5-fluorocytosine; 

5-FU,, 5-fluorouracil; 5-MC, 5-methylcytosine; 

5-CU,, 5-chlorouracil. 

Min n 
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Chromatograph y y 

Thee hardware of the chromatographic system consisted of a PU-1580 intelligent 

pump,, a LG-1580 ternary gradient unit, a DG-980-50 3-line degasser, a AS-1555 

intelligentt sampler and a JonesChromatography 7971 column heater from Jasco 

(Maarssen,, The Netherlands) and a 996 diode array detector from Waters (Etten-Leur, 

Thee Netherlands). The pump was used isocratically and was set at a flow rate of 1.00 

mL/min.. The operation wavelength of the diode array detector was adjusted to 266 

nmm (a maximum UV-absorption of 5-FU). 

Chromatographicc data were acquired and processed by a Millennium32 

chromatographicc data system from Waters (Etten-Leur, The Netherlands). 

Separationn was performed on a Symmetry C8 250X4.6 mm column packed with 5-//m 

particles,, maintained at C during analysis, and a C8 guard column from Waters 

(Etten-Leur,, The Netherlands). The mobile phase consisted of a 40-mmol/L potassium 

dihydrogenphosphatee solution, adjusted to pH 7.0 using a 10% potassium hydroxide 

solution.. The eluent was vacuum degassed and filtered through a 0.22-//m Millipore 

membranee filter (Zwijndrecht, The Netherlands). 

Sampl ee Pretreatmen t 

AA 40.0-//L volume of 0.025 mg/mL 5-CU internal standard solution and 10.0 /A. of a 

2.55 mg/mL 5-MC internal standard solution were added to a 0.50-mL volume plasma 

samplee in a 10 mL glass disposable tube. A 0.50-mL volume of 10% trichloroacetic 

acidd solution was added to the sample under constant vortexing. After 10 minutes of 

centrifugationn (2700g), a 50.0-//L volume of the aliquot was injected into the 

chromatographicc system. 

Validatio nn of th e Assa y 

Specificity,Specificity, Selectivity and Identity 

Humann plasma from six different, drug free, volunteers was tested on the presence of 

endogenouss compounds co-eluting with 5-FC, 5-FU, 5-CU or 5-MC. The 

chromatogramss of the six pretreated blank plasma solutions were compared with a 

chromatogramm of a reference solution containing the 4 compounds of interest. 

Thee possible interference of commonly used medication (fluconazole, morphine, 

midazolamm and amphotericin B) by patients receiving 5-FC was tested by 
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chromatographingg these compounds under the assay conditions, and comparing the 

chromatogramss with a chromatogram of the reference solution. Furthermore, 5-FC 

andd 5-FU peaks were verified in the chromatograms by their retention times and 

spectra. . 

Recovery Recovery 

Threee spiked plasma standard samples with known 5-FC and 5-FU concentrations, 

rangingg over the limits of quantitation, were independently assayed in quintuple. The 

concentrationss of 5-FC and 5-FU were calculated on the basis of one-point 

calibrationss at different concentration levels consisting of a reference standard, 

preparedd in eluent, with the same concentration as the plasma standard samples. The 

recoveryy was calculated as the proportion of calculated concentrations and spiked 

concentrationss in terms of percentage. The used concentrations were: 0.329 mg/L, 

4.8166 mg/L, 48.16 mg/L, 192.6 mg/L for 5-FC and 0.05368 mg/L, 0.5368 mg/L, 

5.3688 mg/L for 5-FU, respectively. 

Thee truthness of the internal standard's recovery was determined in a similar way at 

thee nominal concentrations of 1.964 mg/L for 5-CU and 51.20 mg/L for 5-MC, 

respectively.. For a reliable quantification, all recoveries should be >85%. 

Repeatability Repeatability 

AA quality control sample with known concentrations of 20.22 mg/L 5-FC and 0.3221 

mg/LL 5-FU was assayed in quintuple under assay conditions used for samples 

containingg unidentified compounds. The measured concentrations were used to 

calculatee the intra-day variation. The mean square within groups was individually 

calculatedd with the ANOVA test in each data set of standards that was analyzed on the 

samee day, and averaged. This mean value (MSwg) was used to calculate the 

repeatabilityy coefficient of variation (repeatability-C.V.), defined as: 

repeotabi/ityy - C.V. = - • 100% 
mean mean 
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Thee repeatability of the extraction of the internal standards was performed in 

quintuple.. The repeatability coefficient of variation should not be >15% in order to 

performm the assay with reliable repeatability. 

Reproducibility Reproducibility 
Thee quality control sample that was used for the determination of the repeatability was 

assayedd on five consecutive days. The measured concentrations were used to calculate 

thee inter-day variation. The inter-day variation was calculated as the reproducibility 

coefficientt of variation (reproducibiiity-C.V.), defined as: 

JMSbg-JMSbg-  MSwg 

reproducibilityreproducibility - C.V. =  • 100% 
mean mean 

wheree MSbg and MSwg represent the mean square between groups and mean square 

withinn groups, respectively and n the number of repeated analysis on one day at a 

similarr concentration. The statistical coefficients used in this equation were calculated 

usingg an ANOVA test, performed with the statistical software program SPSS (version 

9.0,, SPSS, Gorinchem, The Netherlands). The reproducibility of the extraction of the 

internall standards was performed in quintuple on three consecutive days. To perform 

thee assay under reproducible quantification conditions, the reproducibility coefficient of 

variationn should be <15%. 

LimitLimit  of  Quantitation 
Thee lower limits of quantitation (LLQ) of 5-FC and 5-FU were determined by analyzing 

aa spiked plasma sample, with a concentration representing a signal-to-noise ratio of 

55 for both compounds, in quintuple. At this concentration, the repeatability coefficient 

off variation and recovery were calculated. 



Simultaneou ss Determinatio n of Flucytosin e and Fluorouraci l 59 9 

Thee higher limits of quantitation (HLQ) of 5-FC and 5-FU were defined as twice the 

highestt concentration to be expected in routine samples. These values correspond to 

thee highest value in the calibration curves. 

Linearity Linearity 
Thee linearity of the calibration curve was tested for concentrations from half the lowest 

too twice the highest values to be expected in routine samples. A 7-point calibration, 

basedd on the ratios of peak heights of 5-FC vs. 5-MC and 5-FU vs. 5-CU, respectively 

wass performed with concentrations of 4.816 mg/L, 9.632 mg/L, 19.26 mg/L, 48.16 

mg/L,, 96.32 mg/L, 144.5 mg/L and 192.6 mg/L 5-FC and 0.05368 mg/L, 0.1074 

mg/L,, 0.3221 mg/L, 0.5368 mg/L, 1.342 mg/L, 3.221 mg/L and 5.368 mg/L 5-FU, 

respectively. . 

Thee order of the calibration curve was calculated by submitting the calibration points 

too a polynome with different degrees and by calculating the two-sided Student's f-

valuee with the statistical program STATCAL (version 6.50, University of Amsterdam, 

Thee Netherlands). The Mest indicates whether the value of these degrees is 

significantlyy deviating from zero. 

RESULTS S 

Specificit yy  and Selectivit y 
AA chromatogram of blank plasma as well as a representative chromatogram of blank 

plasmaa spiked with 5-FC, 5-FU, 5-MC and 5-CU is shown in figure 3. Endogenous 

plasmaa components separately chromatograph from the compounds to be analyzed. 

Noo peaks of the co-medication, which was tested on interference with the assay, were 

presentt in the chromatogram under the assay conditions used in this study. 

Recovery ,, Reproducibilit y and Repeatabilit y 
Thee results of the recovery, reproducibility and repeatability studies of the two 

compoundss of interest and the two internal standards are summarized in table 1. All 

recoveriess were >85% and reproducibility and repeatability coefficients of variation 

weree below the 15% limit. 
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Limit ss  of Quantitatio n 

Thee lower limits of quantitation were calculated to be 0.3 mg/L for 5-FC and 0.05 

mg/LL for 5-FU. The mean recoveries of 5-FC and 5-FU at these concentrations were 

98%% and 120% for 5-FC and 5-FU, respectively with repeatability coefficients of 

variationn of 5% for 5-FC and 7% for 5-FU. 

Linearit y y 
Thee calibration curves of 5-FC and 5-FU resulted in correlation coefficients of 0.99989 

(nn = 2) for 5-FC and 0.9995 (n=2) for 5-FU. First degree regression was found to be 

thee most suitable at the concentration ranges used according to the Student's Mest 

(p<0.05). . 

J J LL L 
ii  < I ' ' ' ' I  ' 5.000 10.00 i.ooo 's.bo' 10:00 

Minn Min  M i n 

Figur ee 3 . Chromatograms of a pretreated plasma solution containing 96 mg/L 

5-fluorocytosine,, 1.3 mg/L 5-fluorouracil, 50 mg/L 5-methylcytosine and 2 mg/L 

5-chlorouracill (A), a blank plasma (B), and an enlarged portion of 

chromatogramm A (C). 
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Tabl «« I . Recovery (n=5) and repeatability results (n=5; 1 run) of 5-fluorocytosine, 5-fluorouracil, 
5-methylcvtosinee and 5-chlorouracil from plasma and reproducibility results (n=1 ; 5 runs) of 
5-fluorocytosinee and 5-fluorouracil. 

Compound d 

5-fluorocytosine e 

5-fluorouracil l 

5-methylcytosine e 

5-chlorouracil l 

Concentration n 

(mg/L) ) 

0.329 9 

4.816 6 
20.22 2 
48.16 6 

192.6 6 

0.05368 8 
0.3221 1 

0.5368 8 
5.368 8 

51.20 0 

1.964 4 

Recovery y 

(%) ) 

98 8 
113 3 

--
110 110 

108 8 

120 120 

--
98 8 
91 1 

95 5 

111 1 

Repeatability y 
coefficientt of 

variation n 
{%) ) 

5 5 

2 2 
0.8 8 
--
--

7 7 

4 4 
--
--

3 3 

3 3 

Reproducibility y 

coefficientt of 
variation n 

(%) ) 

. . 
2 2 

1.7 7 
--
--

7 7 
6 6 
--
--

3 3 

3 3 

DISCUSSIONN AND CONCLUSION 
AA new RP-HPLC method for the simultaneous determination of 5-FC and 5-FU, using 

proteinn precipitation with trichloroacetic acid and UV-detedion is presented. 

RP-HPLCC was chosen because of the relative fast practicability of assays, the 

separatingg ability and easy discrimination of resembling compounds and the large 

availabilityy of suitable equipment in pharmaceutical and toxicological laboratories. 

Thee expected amounts of 5-FC and 5-FU in plasma samples make it unnecessary to 

concentratee samples before injection onto the chromatographic system. This makes it 

possiblee to use plasma deproteination instead of extraction with organic solvents 

withoutt divergence of the desirable detection limits. We have also tested several 

extractionn methods (data not shown). However, extracted and afterwards evaporated 

plasmaa samples were difficult to redissolve in almost any solvent. Most of the extracted 

compoundss absorbed to the inner side of the glass tubes used, resulting in low 

recoveriess and precision. 
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Trichloroaceticc acid resulted in superior recoveries as compared to deproteination 

methodss with methanol and acetonitril (data not shown). These methods have reduced 

recoveriess due to the poor solubility of 5-FU and 5-FC in these solutions. Precipitation 

off proteins using salts such as zincsulphate or aluminumsulphate also showed low 

recoveriess (data not shown). 

AA detection wavelength of 266 nm was used for quantification of both 5-FC and 5-FU 

inn plasma, corresponding to the wavelength that resulted in a maximum absorption in 

thee ultraviolet region of the electromagnetic spectrum of 5-FU. This wavelength was 

chosenn because of the relative small amounts of 5-FU to be expected in plasma 

samples,, in contrast to the large amount of 5-FC found in routine samples, and the 

absencee of interfering endogenous chromophoric compounds. 

Twoo internal standards were used to overcome the expected difference in 

concentrationn and peak response and the chemical properties existing between 5-FC 

andd 5-FU. The 5-FC derivative 5-MC and the 5-FU derivative 5-CU were analyzed at 

correspondingg concentrations as compared to 5-FC and 5-FU, respectively. 

Inn contrast to the wide variety of chromatographic methods that can be used for the 

separatee determination of either 5-FC or 5-FU our validated HPLC method offers the 

possibilityy to determine these compounds simultaneously. The assay described in this 

studyy combines this latter advantage with a simple sample preparation as well as fast 

practicability.. Furthermore, our assay using diode array detection makes it possible to 

identifyy 5-FU in the patient samples, whereas enzymatic and microbiological methods 

ass well as other HPLC assays with basic spectrophotometric detection lack this ability. 

Moreover,, the method provides adequate resolution between the signals of 5-FC and 

5-FU,, which is in contrast to several other HPLC assays. 

5-FCC and 5-FU are known to be relatively stable in plasma samples at ambient 

temperatures.. When storing plasma samples at C no degradation of 5-FC and 5-FU 

wass observed within 21 and 28 days, respectively.25,27 No decrease in 5-FU concentration 

waswas noticed after a 6-hour storage of plasma samples at room temperature,15 although 

90%% was shown to be present after 3 weeks.25 Both 5-FC and 5-FU in plasma were found 

too be stable for a period of time of at least 28 days at 15'26'27 

Inn conclusion, the presented assay appears to be precise, sensitive and easy 

practicablee for simultaneous determination of 5-FC and 5-FU in human plasma. The 

methodd is currently applied in our laboratory for the ongoing research on the 

conversionn of 5-FC to 5-FU and appears to be feasible for this purpose. 
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ABSTRAC T T 
Thee objective of this study is to compare three models of flucytosine (5-FC) population 

pharmacokineticss using three methods of analysis in order to elucidate which model 

describess 5-FC pharmacokinetics most accurately and which method is the most 

suitablee for this purpose. 

Retrospectively,, demographic and clinical data of 53 intensive care unit (ICU) patients 

weree gathered. Three pharmacokinetic models, an one-compartment model with renal 

eliminationn (renal model), an one-compartment model with renal and metabolic 

eliminationn (mixed model), and a two-compartment model with renal elimination (two-

compartmentt model) were analyzed. Population pharmacokinetic parameters were 

calculatedd using the Standard-Two-Stage method (STS), NONMEM, and NPEM. 

Furthermore,, a covariate model was built by NONMEM. 

Basedd upon AIC values, both NONMEM and NPEM show that a two-compartment 

modell with renal elimination is the best predictor of 5-FC pharmacokinetics: k^ = 

0.0008588  0.000143 1/h/mL/min, k12 = 0.0313  0.0168 h \ k21 = 0.0353

0.01455 h \ and Vd = 0.541  0.084 L/kg for the NONMEM model and kelr = 

0.0005900  0.000622 1/h/mL/min, k12 = 0.030076  0.031164 h 1 , k21 = 0.001979 

 0.001988 h ' , and Vd = 0.7723  0.3475 L/kg for the NPEM model. However, STS 

analysiss showed that an one-compartment model with renal elimination (lc r̂ = 

0.0008999  0.000482 1/h/mL/min and Vd = 0.8985  0.4134 L/kg) offers the best 

predictionss of 5-FC levels. Furthermore, bias and precision of the NONMEM models 

aree significantly lower as compared to those of the corresponding NPEM models. 

Inn conclusion, this study shows that in our population of 5-FC treated ICU patients 

populationn pharmacokinetics are best described by NONMEM using a two-

compartmentt model with renal elimination. However, implementation of the derived 

modelss on an independent validation group of 5-FC treated ICU patients will be 

necessaryy in order to be definitely certain about the best population pharmacokinetic 

modell for 5-FC and to evaluate and validate the efficacy and accuracy of these 

differentt models. 
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INTRODUCTION N 
Flucytosinee (5-fluorocytosine; 5-flucytosine; 5-FC; figure 1) is one of the earliest 

antifungall agents. First synthesized in 1957, it was supposed to possess antitumor 

activity.'' However, it appeared to be ineffective against tumors.2 A few years later it 

wass discovered that 5-FC is active in experimental candidiasis and cryptococcosis in 

mice.33 In 1968 5-FC was used for the first time in humans for the treatment of 

candidiasiss and cryptococcosis.4,5 

Thee activity of 5-FC as a single antimycotic agent has been described in cases of 

infectionss caused by Cryptococcus neoformans, Candida species, and Torulopsis 

glabrata,glabrata, as well as in chromoblastomycosis and phaeohyphomycosis.6 However, the use 

off 5-FC as a single drug is very limited, because of the development of resistance. 

Monotherapyy with 5-FC is only used in some individual cases of chromoblastomycosis 

andd uncomplicated candiduria.7,8 In the vast majority of cases 5-FC is used concomitantly 

withh other agents, mainly amphotericin B, for the treatment of systemic mycoses.6,9 

Fluorouracill (5-fluorouracil; 5-FU; figure 1) plays a key role in the antimycotic activity 

off 5-FC. 5-FC is taken up by mycotic cells by means of the enzyme cytosine permease 

andd converted into 5-FU by the specific enzyme cytosine deaminase.7,10"12 Two 

mechanismss can be distinguished by which 5-FU acts as an antifungal agent. The first 

mechanismm involves the subsequent conversion of 5-FU through 5-fluorouridine 

monophosphatee (FUMP) and 5-fluorouridine diphosphate (FUDP) into 5-fluorouridine 

triphosphatee (FUTP),13"15 which is incorporated into fungal RNA in place of uridylic 

acidd that finally results in inhibition of the protein synthesis.14,15 The second 

mechanismm is the conversion of 5-FU by the uridine monophosphate 

pyrophosphorylasee into 5-fluorodeoxyuridine monophosphate (FdUMP) which inhibits 

thymidylatee synthetase and consequently DNA biosynthesis.11"13,15 

Figur ee 1 . Chemical structures of 

flucytosinee (A) and 5-fluorouracil (B). 

N H 22 O 
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5-FCC absorption is very rapid and almost complete: 76-89% absorption takes place 

afterr oral administration.16 However, food, antacids, and renal insufficiency can delay 

absorption.66 In patients with normal renal function, peak levels are obtained in serum 

frr  fr 
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andd other body fluids within 1 to 2 hours.17 5-FC is principally eliminated by the kidneys 

andd the plasma clearance of the drug is closely related to the creatinine clearance.16,18,19 

Thee half-life of 5-FC is approximately 3 to 4 hours in patients with normal renal 

function,, but can be extended up to 85 hours in patients with severe renal 

insufficiency.6'16,188 Renal insufficiency alters 5-FC pharmacokinetics since it results in a 

slowerr rate of absorption, a prolongation of the serum half-life, and a decreased 

clearance.200 Dosage adjustments are required in case of renal impairment and various 

recommendationss have been made in literature.16,18'20 

Therapeuticc drug monitoring (TDM) of 5-FC is routinely performed in many institutions 

forr three distinct reasons: to assure effective 5-FC levels in the individual patient, to 

avoidd resistance and to avoid high 5-FC levels in order to prevent serious dose-limiting 

toxicity,, such as bone-marrow depression and hepatotoxicity. Several studies have 

pointedd out the development of toxicity when 5-FC levels exceed 100 mg/L9,21"24 

Furthermore,, development of resistance most frequently occurs at drug levels below 

255 mg/L2 5 However, it is unlikely that serum 5-FC levels are the only determinant of 

5-FCC toxicity since there have been reports in literature in which these adverse effects 

off 5-FC were idiosyncratic instead of dose-dependent and conversely, not all patients 

withh clearly elevated 5-FC levels develop toxicity.6 Although doses of 5-FC up to 150 

mg/kg/dayy are applicable, these high doses are not necessary to treat serious 

infections,, especially since in most cases 5-FC is administered concomitantly with 

amphotericinn B, and lower doses of 75 to 100 mg/kg/day may be satisfactory, due to 

thee synergistic activity of the combination of amphotericin B and 5-FC.26 

Nomogramss as well as Bayesian estimation has been applied for 5-FC dose 

adjustmentt in patients who are at risk of developing serious side effects (i.e. patients 

withh renal dysfunction, patients receiving nephrotoxic agents, or patients experiencing 

hematologicall or gastrointestinal toxicity).20,27 However, it has not yet been fully 

elucidatedd which model describes 5-FC pharmacokinetics most accurately and 

thereforee different models are applied in the process of TDM.13,16 

Thee present retrospective study describes the parametric (Standard-Two-Stage (STS) 

andd NONMEM) as well as nonparametric analysis (NPEM) of three different 

pharmacokineticc models for the description of 5-FC population pharmacokinetics. A 

choicee is made on the basis of the findings in this study for the model that most 

adequatelyy describes the pharmacokinetics of 5-FC in a population of 53 5-FC treated 

intensivee care unit (ICU) patients. Furthermore, comparison of the three methods of 

populationn pharmacokinetics can elucidate which method is the most suitable for the 

descriptionn of 5-FC population pharmacokinetics in ICU patients. 
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MATERIALL AND METHODS 
Patien tt  Populatio n 
Determinationn of 5-FC serum levels and dosage adjustments were routinely performed 

byy the laboratory of the department of Clinical Pharmacy of the Academic Medical 

Center.. Dose adjustments were made by Bayesian estimation using the computer 

programm MW\PHARM (MW\PHARM, version 3.15A; Medi\Ware, Groningen, The 

Netherlands)277 with an one-compartment model with renal elimination.28 The initial 

valuess of this pharmacokinetic model are shown in table 1. 

Thee population of this retrospective study consists of 5-FC treated ICU patients in the 

Academicc Medical Center in the period January 1, 1994 to January 1, 1997 (Table 2). 

Informationn on dosage regimens and serum creatinine levels were collected from the 

medicall records of the individual patients and the automated hospital system. Patients 

withh a minimum of three serum 5-FC levels during 5-FC treatment were included in the 

study.. Both peak as well as trough serum levels were taken into account. Initial 

adjustmentss in 5-FC dose were made on basis of the creatinine clearance and doses 

weree lowered during therapy in case 5-FC levels were too high. 

Thee study group consisted of 53 ICU patients (mean age = 60.9 years; standard 

deviationn (SD) = 15.6 years; range = 19-82 years) with a mean duration of 

treatmentt of 11.3 days (SD = 4.7 days; range = 3-29 days) (Table 2). The great 

majorityy of patients (49 patients; 92.5%) received 5-FC for treatment of a systemic 

CandidaCandida infection. In 4 patients (7.5%) no fungus could be cultured (Table 3). The 

investigatedd patients received 5-FC either by continuous infusion (23 patients; 

43.4%)) or by intermittent infusion (26 patients; 49.1%). Four patients {7.5%) received 

bothh continuous as well as intermittent 5-FC infusion during 5-FC treatment. All 

patientss received amphotericin B as well in a dosage of 0.3-0.7 mg/kg once a day in 

aa 6-hour infusion. 

Serumm Level Monitorin g 
Bloodd for peak serum concentrations was collected half an hour after completion of the 

intermittentt intravenous infusion. Trough levels were sampled half an hour before 

startingg a new infusion. In case of continuous infusion, blood samples were taken at a 

standardd time in the morning (6.00 am; starting on day 2 of treatment). Target 

concentrationss were 25-50 mg/L for trough levels and 50-100 mg/L for peak levels, 

whereass in patients on continuous infusion, a serum level of 50 mg/L was pursued. 
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5-FCC levels were measured using a slightly modified HPLC technique with UV 

detectionn as described by Miners ef a/.29 A total of 353 serum concentrations was 

obtainedd (mean = 6.7 samples per patient; SD = 2.7 samples per patient; range = 

3-188 samples per patient; table 2). 

Pharmacokineti cc  Populatio n Modelin g 
Threee pharmacokinetic models as proposed in literature were evaluated and 

compared:: an one-compartment model with renal elimination, which is used as the 

standardd model for 5-FC by the computer program MW\PHARM ("renal model"),28 an 

one-compartmentt model with both renal and metabolic elimination based on 

pharmacokineticc data ("mixed model"),13 and a two-compartment model with renal 

eliminationn as proposed by Cutler ef a/, ("two-compartment model")16 (Table 1). 

Thee pharmacokinetic parameters used by the pharmacokinetic models are: 

eliminationn rate constant for renal elimination, normalized to creatinine clearance 

(k,,r),, elimination rate constant for metabolic elimination (k,im), rate constant from the 

centrall compartment to the peripheral compartment (k,2), rate constant from the 

peripherall compartment to the central compartment (k21), and volume of distribution, 

normalizedd to body weight (Vd). Normalization of the k r̂ to the creatinine clearance 

(Clcr)) can be derived from the following relation: total elimination rate constant (k,^ = 

k.imm + (k.ir'Clcr). 

Tabl ee 1 . Initial pharmacokinetic parameters (mean  SD) of the three pharmacokinetic models. 

Renall model Mixed model Two-compartment model 

kj r(l/h/mL/min)) 0.00173  0.0008 0.00173  0.0008 0.0057 2 

k^lh- ' )) - 0.007 3 

k12(h')) - - 3.71 5 

k21(h-')) - - 1.65 1 

Vdd (L/kg) 0.68  0.34 0.68  0.34 0.231  0.046 

Pharmacokineticc models: renal model, one-compartment model with renal elimination; mixed model, 

one-compartmentt model with both renal and metabolic elimination; two-compartment model, two-

compartmentt model with renal elimination. Abbreviations: k*, elimination rate constant for renal 

elimination,, normalized to creatinine clearance; k^m, elimination rate constant for metabolic 

elimination;; k12, rate constant from the central compartment to the peripheral compartment; k21, rate 

constantt from the peripheral compartment to the central compartment; Vd, volume of distribution, 

normalizedd to body weight. 
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Tabl ee 2 . Demographic and clinical data of the investigated ICU population. 

No.. of patients 

Genderr (M/F; %) 

Agee (years) 

Weightt (kg) 

Heightt (cm) 

BSAA (m2) 

5-FCC treatment (days) 

Crserumm (//M) 

Clcrr (mL/min) 

Typee of infusion (C/l/B) 

No.. of 5-FC levels 

DD/Clcrr (mg/kg/mL/min) 

Meann  SD 

53 3 

69.88 / 30.2 

60.99 6 

70.877 8 

172.744 9 

1.844  0.20 

7 7 

1677 9 

57.77 8 

2 3 / 2 6 / 4 4 

6.77 7 

0.8899  0.394 

Range e 

. . 
--

19-82 2 

40-103 3 

143-192 2 

1.26-2.25 5 

3-29 9 

32-527 7 

10.1-157.6 6 

--
3-18 8 

0.298-2.200 0 

Abbreviations:: BSA, body surface area; Crserum, mean serum creatinine level; Clcr, creatinine 

clearance;; C, continuous infusion; I, intermittent infusion; B, continuous and intermittent infusion; DD/Clcr, 

meann daily dose (normalized to body weight) per creatinine clearance. 

Tab l ee 3 . Cultured species in the investigated ICU population. 

Culturedd species Number of patients (%) 

CandidaCandida total 49 (92.5) 

C.. albicans 38(71.7) 

C.glabrataC.glabrata 9 (17 .0 ) 

C.. tropicaiis 5 (14.3) 

C.. krusei 2 (3.8) 

C.. parapsilosis 1 (1.9) 

C.. pseudotropicalis ) 

C.. stelhtoidea 1 (1.9) 

AspergillusAspergillus fumigatus 3(5.7) 

Negativee cultures 4 (7.5) 
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Standard-Two-StageStandard-Two-Stage  Method  (STS) 
Patientt characteristics (age, gender, body weight, serum creatinine, dose regimen, 

dosee infusion time, and serum 5-FC levels) were entered into a program for Bayesian 

estimationn {i.e. MW\PHARM, version 3.15A, Medi\Ware, Groningen, The Netherlands) 

inn every one of the three investigated pharmacokinetic models. The initial parameters 

(meann  SD) of the three pharmacokinetic models are: k,jr = 0.00173  0.0008 

1/h/mL/minn and Vd = 0.68  0.34 L/kg for the renal model,28 k^ = 0.00173

0.00088 1/h/mL/min, k,lm = 0.007  0.003 h \ and Vd = 0.68  0.34 Lykg for the 

mixedd model,13 and kelr = 0.0057  0.012 1/h/mL/min, k12 = 3.71  2.85 h"1, k21 = 

1.655  0.51 h'1, and Vd = 0.231  0.046 L/kg for the two-compartment model16 

(Tablee 1). Calculation from the initial pharmacokinetic parameters to individualized 

Bayesiann pharmacokinetic parameters was performed by the Simplex method, 

followedd by the Marquardt algorithm. 

Forr each patient, the residual sum of squares was determined for each one of the 

threee investigated pharmacokinetic models. Afterwards, the method of minimum 

Akaikee information criterion estimation (MAICE) was used to determine the model that 

mostt adequately describes the pharmacokinetic data, based on the number of serum 

levels,, the residual sum of squares of the specific pharmacokinetic model and the 

numberr of parameters in the same model. The AIC numerically expresses the amount 

off information in a group of experimental data:30,31 

AICAIC = (NlnR + 2p) 

wheree N = number of serum levels, R = mean residual sum of squares, and p = 

numberr of parameters in the model (2, 3, and 4 for renal model, mixed model and 

two-compartmentt model, respectively). 

AICC values were calculated per model per individual and the acquired AIC values were 

summedd per model. The model with the minimum total AIC value is regarded as the 

modell that most adequately describes the pharmacokinetic data. 
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NonlinearNonlinear  Mixed  Effects  Model  (NONMEM) 
NONMEMM (Nonlinear Mixed Effects Model; version 5.1.1, NONMEM Project Group, 

Universityy of California at San Francisco, San Francisco, CA., U.S.A.) is a computer 

programm designed to fit general statistical nonlinear regression-type models to 

data.32,333 NONMEM allows adequate modeling of population pharmacokinetic data 

sincee in the calculations both unexplainable inter- and intra-subject effects (random 

effects),, as well as measured concomitant effects (fixed-effects) are accounted for, 

hencee the name mixed effect modeling. Application of NONMEM is especially useful, 

inn case there are only a few measurements available from every individual sampled in 

thee population ("sparse data"), or when the data collection design varies considerably 

betweenn these individuals.33 

NONMEMM offers the possibility to initially model the pharmacokinetic parameters of 

thee investigated pharmacokinetic models as a function of individual attributes or 

covariates.. The covariates analyzed in our study were continuous (age, weight, height, 

bodyy surface area, serum creatinine, and creatinine clearance) or categorical 

(gender). . 

Inn this study, two different analyses have been performed with NONMEM: an analysis 

off the three different models of 5-FC pharmacokinetics as described in literature and 

ann analysis in which NONMEM is used to build a covariate model using the supplied 

patientt data. 

NonParametricNonParametric  Expectation  Maximization  (NPEM) 
Nonparametricc modeling was performed by the nonparametric expectation 

maximizationn (NPEM) algorithm using the NPEM2 program, supplied in the 

USC*PACKK collection of PC programs, version 10.7 (University of Southern California, 

Loss Angeles, Ca, U.S.A.), hereafter called NPEM program.34 

Thee NPEM program provides the discrete joint probability density functions of the 

populationn parameters, and shows them in two-dimensional and three-dimensional 

graphicall plots. The first part of the program is an iterative two-stage Bayesian 

populationn program, which also provides reasonable estimates of the ranges for the 

pharmacokineticc parameters, similar to the STS method. The second part of the 

programm can use these ranges and find the most likely discrete joint parameter 

probabilityy density function given these ranges and the data of each patient's dosage 

regimenn and serum levels.34 Furthermore, the program provides means, standard 
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deviations,, medians, convergence plots, and scatterplots of predicted versus measured 

serumm concentrations. 

Patientss data available in the computer program MW\PHARM were converted to 

ADAPT-likee files using an export program {NAWNPEM.EXE program, version 1.1, 

providedd with the 3.15A version of the MW\PHARM program package), which can be 

usedd by the NPEM program. 

Statistica ll  Analysi s 

Thee performance of fit and the predictive performances of the different 

pharmacokineticc models are evaluated and compared on basis of AIC values and by 

calculatingg bias and precision. 

Afterr calculation of the pharmacokinetic models an indication about the performance 

off fit of the several models can be obtained on basis of AIC values. Using MW\PHARM 

andd the STS method of population pharmacokinetics, AIC values of the three 

pharmacokineticc models can be calculated. NPEM and NONMEM supply values for 

thee log likelihood and the objective function, respectively. AIC values were calculated 

fromm these results by using the following equations:31,35 

objectiveobjective function - - 2 • log likelihood 

AICAIC = - 2  log likelihood + 2p 

wheree p = number of parameters in the model (2, 3, and 4 for renal model, mixed 

modell and two-compartment model, respectively in case of STS method and 4, 6, and 

88 for renal model, mixed model and two-compartment model, respectively in case of 

NPEMM and NONMEM). The model with the minimum total AIC value is regarded as 

thee model that most adequately describes the pharmacokinetic data. 
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Furthermore,, predictive performances of the different pharmacokinetic models were 

evaluatedd by means of the mean prediction error (me; bias) and the root mean 

squaredd prediction error (rmse; precision) as described by Sheiner and Beal:36 

predictionprediction error (pe,) = (predicted value i -measured value i) 

11 N 

meann prediction error (me) = — £ p e , 

11 N 

meanmean squared prediction error (mse) = — ^{pe, )2 

rooff mean squared prediction error (rmse) = Jmse 

ff Ï N 

\LN(N-1)^ VV ' ' 

95%% CI (me) = X - t0t975(N_vseK < Xt < X + t0,975fN.,)se. 

wheree N = pairs of values, X, = pe^ X = mean of all values X;, t ~ t-factor for N = 1 

degreess of freedom, X, = true value of X, and 95% CI - 95% confidence interval. In 

casee of the covariate model building by NONMEM, the influence of a covariate on the 

pharmacokineticc parameter is regarded as significant if the objective function 

decreasess by 7.9 after inclusion of that covariate (p<0.005).33 
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RESULTS S 

STS S 
Tablee 4 shows the results of the analysis with the STS method of population 

pharmacokinetics.. The summed A1C values are 1526, 1608, and 1749 for renal 

model,, mixed model, and two-compartment model, respectively. Using the STS 

methodd of population pharmacokinetics the one-compartment model with renal 

eliminationn (renal model) gives the best prediction of 5-FC levels, based on AIC 

values:: k.lr = 0.000899  0.000482 1/h/mL/min and Vd = 0.8985  0.4134 L/kg. 

NONMEM::  Analysi s of th e Model s Describe d in Literatur e 
Thee results of the NONMEM analysis of the three different models of 5-FC 

pharmacokineticss as described in literature are shown in table 5. The AIC values are 

2258,, 2252, and 2220 for renal model, mixed model, and two-compartment model, 

respectively.. Using NONMEM, the two-compartment model with renal elimination 

(two-compartmentt model) gives the best prediction of 5-FC levels, based on AIC 

values:: k.,, = 0.000858  0.000143 1/h/mL/min, k12 = 0.0313  0.0168 h 1 , k21 = 

0.03533  0.0145 h"\ and Vd = 0.541  0.084 L/kg. 

Figuree 2 shows the scattergrams of the observed versus the predicted 5-FC 

concentrationn values for the population as a whole for the three models in case of the 

NONMEMM method of population pharmacokinetics. 

NONMEM::  Covariat e Mode l Buildin g 
AA two-compartment model was shown to describe the 5-FC data in this study more 

adequatelyy as compared to an one-compartment model. Furthermore, based on 

Akaikee values it was concluded that body weight (WT) is the best predictor of the 

volumee of distribution, whereas creatinine clearance (Clcr) is the best predictor of 5-FC 

clearancee (data not shown). On basis of these findings the NONMEM analysis was 

preformedd in two steps (basic and final covariate model) (Table 6). 

Thee basic model resulted in an AIC value of 2337. The mean values of the 

pharmacokineticc parameters calculated by the basic model were (mean  standard 

error;; SE): Vd = 48.8  9.1 L, CI5-FC = 1.47  0.15 L/h, k12 = 0.0241  0.0186 h \ 

andd k21 = 0.0179  0.0069 h \ The final model resulted in an AIC value of 2153. 

Thiss final model of population pharmacokinetics of 5-FC in ICU patients was 



Comparisonn of the Pharmacokinetic Models of Flucytosine 79 

describedd by Vd (L) = 0.572-WT, CI5-FC (L/h) = 1.69+0.0273(Clcr (mL/min)-52.5), 

k122 = 0.0235  0.0107 h \ and k21 = 0.0375  0.0147 h 1 (Table 6). 

NPEM M 
Thee assay error pattern was derived from the detection limit (2 mg/L) and the SD 

(1.5%)) of the assay and was SD (mg/L) = 6 + 0.045 C, where C (mg/L) represente the 

5-FCC concentration. 

Thee results of the analysis with the NPEM method of population pharmacokinetics are 

shownn in table 7. The AIC values are 2913, 2808, and 2757 for renal model, mixed 

modell and two-compartment model, respectively. Using NPEM the two-compartment 

modell with renal elimination (two-compartment model) gives the best prediction of 5-FC 

levels,, based on AIC values: k^r= 0.000590  0.000622 1/h/ml/min, k12 = 0.030076 

44 h \ k21 = 0.001979 8 h \ and Vd = 0.7723 5 Ukg. 

Figuree 3 shows the scattergrams of the observed versus the predicted 5-FC 

concentrationn values for the population as a whole, based on the population medians, 

forr the three models in case of the NPEM method of population pharmacokinetics. 

Tab l ee 4 . Calculated pharmacokinetic data (mean  SD) for the three pharmacokinetic models using 

thee STS method of population pharmacokinetics. 

k*(1/h/mL/min) ) 

k*n(h-') ) 
k122 (h-' ) 
k2,, (h-'J 

Vdd (L/kg) 

Summedd AIC 

Renall model 

0.0008999  0.000482 

--
--
--

0.89855 4 

1526 6 

Mixedd model 

0.0007033  0.000470 

0.0067888  0.003754 

--
--

0.88888 1 

1608 8 

Two-cornn partment 

model l 

0.0036555 1 

--
4.6013177 0 

1.3733444 7 

0.18877 1 

1749 9 

Pharmacokineticc models: renal model, one-compartment model with renal elimination; mixed model , 

one-compartmentt model with both renal and metabolic el imination; two-compartment model , two-

compartmentt model with renal elimination. The initial pharmacokinetic parameters of these models are 

presentedd in table 1 . Abbreviations: k^, elimination rate constant for renal elimination, normalized to 

creatininee clearance; k ^ , elimination rate constant for metabolic elimination; k12, rate constant f rom 

thee central compartment to the peripheral compartment; k31, rate constant f rom the peripheral 

compartmentt to the central compartment; Vd, volume of distribution, normalized to body weight; AIC, 

Akaikee Information Criterion. 
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Tab l ee 5. Calculated pharmacokinetic data (mean + SE) for the three pharmacokinetic models using the 

N O N M EMM method of population pharmacokinetics. 

k.ir(l/h/mL/min) ) 

k* ,, (h-' ) 

kiii (h'1) 

k,,, (h-1) 

Vdd (L/kg) 

Objectivee function 

AIC C 

IIVofVd(%) ) 

IIVV of kT (%) 

IIVV of k,2 (%) 

IIVV of k2, (%) 

AREE (mg/L) 

PREE (%) 

biass (95% CI) 

precisionn (95% CI) 

Renall model 

0.0006255 + 0.000086 

--
--
--

0.7799 2 

2250 0 

2258 8 

38 8 

42 2 

--
--

9.888  0.86 

4.966 9 

4.00(1.42-6.59) ) 

25.10(23.30-26.79) ) 

Mixedd model 

0.0005066 4 

0.004733  0.00203 

--
--

0.7877 1 

2240 0 

2252 2 

38 8 

37 7 

--
--

9.622 + 0.82 

6.411 4 

2.855 (0.28-5.42) 

24.766 (22.84-26.54) 

Two-compartment t 

model l 

0.0008588 3 

--
0.03133 8 

0.03533 5 

0.5411 4 

2184 4 

2200 0 

31 1 

50 0 

91 1 

103 3 

7.44 4 

6.77 3 

1.966 (-0.51; 4.42) 

23.68(21.83-25.40) ) 

Pharmacokineticc models: renal model, one-compartment model with renal elimination; mixed model, 

one-compartmentt model with both renal and metabolic elimination; two-compartment model, two-

compartmentt model with renal elimination. The initial pharmacokinetic parameters of these models are 

presentedd in table 1. Abbreviations: ko!r, elimination rate constant for renal elimination, normalized to 

creatininee clearance; ke|m, elimination rate constant for metabolic elimination; k12, rate constant f rom 

thee central compartment to the peripheral compartment; k21, rate constant f rom the peripheral 

compartmentt to the central compartment; Vd, volume of distribution, normalized to body weight; AIC, 

Akaikee Information Criterion; IIV, inter-individual variability; kT, elimination rate constant; ARE, additive 

residuall error; PRE, proportional residual error; CI , confidence interval. 
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Figur ee 2 . Scattergrams of the observed versus the predicted 5-FC concentration for the 

populationn as a whole for renal model (A), mixed model (B), and two-compartment model (C), 

inn case of the NONMEM method of population pharmacokinetics. 
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Tab l ee 6 . Information on the model building process by NONMEM and the calculated pharmacokinetic 

parameterss (mean  SE). 

Vd(L) ) 

CI5-FCC (L/h) 

Mh-1) ) 
k** (h 1) 

Objectivee function 

AIC C 

IIVofVd(%) ) 

IIVofkT{%) ) 

IIVofk12{%) ) 

11VV of k21 (%) 

AREE (mg/L) 

PREE (%) 

Basicc model 

48.88 1 

1.477 5 

0.02411 6 

0.01799 9 

2321 1 

2337 7 

42 2 

47 7 

110 0 

251 1 

8.33  1.6 

7.22 2 

Finall model 

0.572WT T 

1.69+0.0273(Clcrr (mL/min)-52.5) 

0.02355 7 

0.03755 7 

2137 7 

2153 3 

45 5 

41 1 

* * 
140 0 

7.00 2 

7.66 + 2.3 

Abbreviations:: Vd, volume of distribution; WT, body weight; CI5-FC, 5-FC clearance; kT, elimination rate 

constant;; k12, rate constant from the central compartment to the peripheral compartment; k j , , rate constant 

fromm the peripheral compartment to the central compartment; AIC, Akaike Information Criterion; IIV, inter-

individuall variability; ARE, additive residual error; PRE, proportional residual error; - *, no estimation possible. 

Tab l ee 7 . Calculated pharmacokinetic data (mean  SD) for the three pharmacokinetic models using 

thee NPEM method of population pharmacokinetics. 

k.|rr (1/h/mL/min) 

k..m(h-') ) 

k122 (h-1) 

k211 (h-1) 

Vdd (17kg) 

Logg likelihood 

AIC C 

biass (95% CI) 

precisionn (95% CI) 

Renall model 

0.0009677  0.000458 

--
--
--

0.92244  0.4801 

-1452.54 4 

2913 3 

-8.700 (-11.27; -6.14) 

26.033 (23.55-28.30) 

Mixedd model 

0.0005388 1 

0.0162633 1 

--
--

0.88022  0.4381 

-1397.84 4 

2808 8 

12.85(9.42-16.28) ) 

35.26(31.21-38.89) ) 

Two-compartmentt model 

0.0005900  0.000622 

--
0.0300766 4 

0.0019799 8 

0.77233  0.3475 

-1370,44 4 

2757 7 

14.93(11.19-18.68) ) 

38.822 (34.84-42.43) 

Pharmacokineticc models: renal model, one-compartment model with renal el imination; mixed model, 

one-compartmentt model with both renal and metabolic elimination; two-compartment model, two-

compartmentt model with renal elimination. The initial pharmacokinetic parameters of these models are 

presentedd in table 1. Abbreviations: k j , , elimination rate constant for renal elimination, normalized to 

creatininee clearance; kjn,, elimination rate constant for metabolic elimination; k12, rate constant f rom 

thee central compartment to the peripheral compartment; k21, rate constant f rom the peripheral 

compartmentt to the central compartment; Vd , volume of distribution, normalized to body weight; AIC, 

Akaikee Information Criterion; C I , confidence interval. 
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Figur ee 3 . Scattergrams of the observed versus the predicted 5-FC concentration for the 

populationn as a whole, based on the population medians for renal model (A), mixed model (B), 

andd two-compartment model (C), in case of the NPEM method of population pharmacokinetics. 

Figuress 4 and 5 present the values (mean and 95% CI) of the bias and the precision of 

thee pharmacokinetic models calculated by NPEM and NONMEM. 

Thee bias corresponding with the three models predicted by NONMEM is significantly 

lowerr as compared to the bias of the models that were developed using NPEM (Figure 

4).. The NPEM-renal model corresponds with a negative value of the bias, whereas all 

otherr models correspond with positive values of systemic error. Furthermore, the bias 

off the three NONMEM models are not significantly different, whereas the bias of the 

NPEM-renall model differs significantly as compared to the bias of mixed and two-

compartmentt NPEM model (Figure 4). 

Thee precision corresponding with the NONMEM models and the NPEM-renal model is 

significantlyy better as compared to the corresponding values of NPEM-mixed and 

NPEM-two-compartmentt model (Figure 5). Furthermore, the precision of the NONMEM 

modelss are not significantly different, whereas the NPEM-renal model produces a 

significantlyy lower precision as compared to the other two NPEM models (Figure 5). 
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Figur ee 4 . The bias (mean 

andd 95% CI) of the 5-FC 

pharmacokineticc models as 

calculatedd by NPEM and 

NONMEM. . 
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Figur ee 5. The precision 

(meann and 95% CI) of the 

5-FCC pharmacokinetic 

modelss as calculated by 

NPEMM and NONMEM. 

DISCUSSION N 
Therapeuticc drug monitoring (TDM) of the antimycotic drug 5-FC is a useful tool. Serum 

5-FCC levels have to be monitored during therapy for three distinct reasons: to assure 

effectivee 5-FC levels in the individual patient, to avoid resistance and to avoid high 5-FC 

levelss in order to prevent serious dose-limiting toxicity, such as bone-marrow depression 

andd hepatotoxicity. It has been shown that the incidence of severe toxicity increases 

significantlyy when 5-FC levels exceed 100 mg/L.9,21'24 Furthermore, it has been shown 

thatt resistance develops more frequently at drug levels below 25 mg/L.25 

Thee need for a model that accurately describes the pharmacokinetics of 5-FC is 

necessaryy for adequate TDM. However, several pharmacokinetic models are applied 

inn the process of TDM of this antimycotic agent1316 and as yet it has not been 

elucidatedd whether there is any difference in the accuracy of these pharmacokinetic 
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models.. This retrospective study describes the parametric as well as nonparametric 

analysiss of three different models for the description of 5-FC population 

pharmacokinetics,, enabling a comparison of the different pharmacokinetic models as 

welll as of the different methods of population pharmacokinetics. 

Itt can be concluded on basis of AIC values that both NONMEM and NPEM suggest the 

two-compartmentt model with renal elimination as the model that most accurately 

predictss 5-FC population pharmacokinetics. However, STS analysis using the computer 

programm MW\PHARM and the MAICE method showed on basis of summed AIC values 

thatt 5-FC pharmacokinetics are best described by an one-compartment model with 

renall elimination. 

Thee fact that there is a discrepancy in the findings of NONMEM and NPEM versus the 

findingss of the STS method can be explained by the differences of these methods of 

populationn pharmacokinetics. In the first step, the STS method analyses each 

individual'ss data on a case by case basis to determine the individual pharmacokinetic 

parameters.. In the second step, these individual pharmacokinetic parameters are 

pooledd to provide measures of the parameters of the population. However, NONMEM 

andd NPEM proceed directly to the population without first evaluating the individuals. 

Thesee latter two programs are able to determine the population pharmacokinetic 

parameterss in a single stage of analysis applied simultaneously to the data from many 

individuals.. It is likely that due to the specific ICU population and 5-FC data used in 

thiss study, the majority of the measured 5-FC levels lie within the terminal elimination 

phasee (second elimination phase) of the two-compartment model instead of being 

spreadd over both initial elimination phase (first elimination phase) and terminal 

eliminationn phase. In this case STS analysis of the individual patients will show that 

mostt individual's 5-FC pharmacokinetics are best described by an one-compartment 

modell with renal elimination. However, by looking simultaneously at the data of all of 

thee patients in the population, NONMEM and NPEM are able to elucidate that in fact 

5-FCC population pharmacokinetics are best described using a two-compartment 

modell with renal elimination. 

Thee bias, which represents the magnitude of the systemic error in the predictive 

performancee of the specific pharmacokinetic models shows that the three models 

predictedd by NONMEM produce significantly lower systemic errors as compared to 

modelss that were developed using NPEM. Furthermore, there is no difference in 

systemicc error between the three NONMEM models, but the NPEM-rena I model 

producess a negative systemic error that is significantly different from the positive 

systemicc errors produced by the NPEM-mixed and NPEM-two-compartment model. 
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Thee precision represents the accuracy of the systemic error. The precision 

correspondingg with the NONMEM models and the NPEM renal model are significantly 

smallerr as compared to the corresponding values of NPEM-mixed and NPEM-two-

compartmentt model. Furthermore, the precision of the NONMEM models are not 

significantlyy different, whereas the NPEM-renal model produces a significantly lower 

precisionn as compared to the other two NPEM models. 

Besidess comparison of the different pharmacokinetic models of 5-FC, the results of 

thiss study also allow comparison of the applicability of the three methods of 

populationn pharmacokinetics for 5-FC pharmacokinetic modeling of ICU patients. It 

hass been reported in literature that NPEM leads to virtually identical estimates for the 

calculatedd population pharmacokinetic parameters as compared to the STS 

method.37"400 Furthermore, it has been shown that NONMEM is able to perform 

equallyy well or even better than the STS method of population pharmacokinetics.41'45 

However,, to our knowledge there is only one study describing the preliminary results 

off a direct comparison between NPEM and NONMEM.40 In our study, population 

pharmacokineticc analysis using the STS method and NPEM lead to virtually similar 

estimatess for the pharmacokinetic parameters. Our data also show that NONMEM is 

ablee to predict the 5-FC levels of ICU patients more precise as compared to NPEM 

sincee the bias produced by NONMEM is significantly smaller than the bias produced 

byy NPEM. Furthermore, in case of 5-FC treated ICU patients NONMEM is able to 

predictt the 5-FC levels more accurately as compared to NPEM since the precision of 

NONMEMM is significantly different from the precision of the NPEM-mixed and NPEM-

two-compartmentt model. 

Thee covariate model building process by NONMEM resulted in a two-compartment 

modell in which volume of distribution is predicted by body weight and 5-FC clearance 

iss predicted by creatinine clearance. 

Inn conclusion, this study shows that 5-FC population pharmacokinetics in ICU 

patientss are best described by a two-compartment model with renal elimination. 

However,, implementation of the derived models on an independent validation group 

off 5-FC treated ICU patients will be necessary in order to be definitely certain about 

thee best population pharmacokinetic model for 5-FC and to evaluate and validate 

thee efficacy and accuracy of these different models. Furthermore, NONMEM is able 

too predict 5-FC pharmacokinetics most accurately in our study of 5-FC treated ICU 

patients,, although a final decision on the best method of population 

pharmacokineticss has to be made after conducting a validation study. 
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ABSTRACT T 
Thee objective of this study is to validate 10 earlier derived pharmacokinetic models of 

flucytosinee (5-FC) and to elucidate which method of population pharmacokinetics 

offerss the most accurate and reliable predictions of 5-FC levels and pharmacokinetics. 

Retrospectively,, demographic and clinical data of 35 intensive care unit (ICU) patients 

weree gathered. The predictive performance of the 10 pharmacokinetic models that 

weree derived in an earlier study using three methods of population pharmacokinetics 

(Standard-Two-Stage-methodd (STS), NONMEM, and NPEM) are investigated using the 

computerr program NONMEM. 

Investigationn of the predictive performance of the 10 pharmacokinetic models showed 

thatt the best results are obtained using a two-compartment model with renal 

eliminationn ( 1 ^ = 0.000858  0.000143 1/h/mL/min, k12 = 0.0313  0.0168 h \ k31 

== 0.0353 + 0.0145 W\ and Vd = 0.541  0.084 L/kg; bias = -13.16; 95% CI = 

-16.77;; -9.55; precision = 30.50; 95% CI = 27.47; 33.26) or a two-compartment 

covariatee model built by NONMEM (Vd (L) = 0.572WT, CI5-FC (L/h) = 

1.69+0.0273-(Clcrr (mL/min)-52.5)/ k12 = 0.0235  0.0107 h 1 , and k21 = 0.0375

0.01477 h 1 ; bias = -8.29; 95% CI = -11.63; -4.95; precision = 26.77; 95% CI = 

24.24;; 29.07). 

Inn conclusion, this study shows that a two-compartment model with renal elimination 

bestt describes 5-FC population pharmacokinetics in our 5-FC treated ICU population. 

Furthermore,, NONMEM is able to build a two-compartment covariate model that 

predictss 5-FC levels equally well. In addition, the models derived with NONMEM 

appearedd to be most suitable for 5-FC population pharmacokinetic analysis of our 

populationn of ICU patients since these models offer more reliable and accurate results 

ass compared to the models derived with the NPEM method or the STS method. 
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INTRODUCTION N 
Flucytosinee (5-fluorocytosine; 5-flucytosine; 5-FC; figure 1) is one of the earliest 

antifungall agents. First synthesized in 1957, it was supposed to possess antitumor 

activity.11 However, it appeared to be ineffective against tumors.2 A few years later it 

wass discovered that 5-FC is active in experimental candidiasis and cryptococcosis in 

mice.33 In 1968 5-FC was used for the first time in humans for the treatment of 

candidiasiss and cryptococcosis.4,5 

Thee activity of 5-FC as a single antimycotic agent has been described in cases of 

infectionss caused by Cryptococcus neoformans, Candida species, and Torulopsis 

glabrata,glabrata, as well as in chromoblastomycosis and phaeohyphomycosis.6 However, the 

usee of 5-FC as a single drug is very limited, because of the development of resistance. 

Monotherapyy with 5-FC is only used in some individual cases of chromoblastomycosis 

andd uncomplicated candiduria.7,8 In the vast majority of cases 5-FC is used 

concomitantlyy with other agents, mainly amphotericin B, for the treatment of systemic 

mycoses.6,9 9 

Fluorouracill (5-fluorouracil; 5-FU; figure 1) plays a key role in the antimycotic activity 

off 5-FC. 5-FC is taken up by mycotic cells by means of the enzyme cytosine permease 

andd converted into 5-FU by the specific enzyme cytosine deaminase,7'10"12 Two 

mechanismss can be distinguished by which 5-FU acts as an antifungal agent. The first 

mechanismm involves the subsequent conversion of 5-FU through 5-fluorouridine 

monophosphatee (FUMP) and 5-fluorouridine diphosphate (FUDP) into 5-fluorouridine 

triphosphatee (FUTP),13"15 which is incorporated into fungal RNA in place of uridylic 

acidd that finally results in inhibition of the protein synthesis.14,15 The second 

mechanismm is the conversion of 5-FU by the uridine monophosphate 

pyrophosphorylasee into 5-fluorodeoxyuridine monophosphate (FdUMP) which inhibits 

thymidylatee synthetase and consequently DNA biosynthesis.11'13,15 

5-FCC absorption is very rapid and almost complete: 76-89% absorption takes place 

afterr oral administration.16 However, food, antacids, and renal insufficiency can delay 

absorption.66 In patients with normal renal function, peak levels are obtained in serum 

andd other body fluids within 1 to 2 hours.17 5-FC is principally eliminated by the kidneys 

andd the plasma clearance of the drug is closely related to the creatinine clearance.16,18'19 

Thee half-life of 5-FC is approximately 3 to 4 hours in patients with normal renal 

function,, but can be extended up to 85 hours in patients with severe renal 

insufficiency.6,16,188 Renal insufficiency alters 5-FC pharmacokinetics since it results in a 

slowerr rate of absorption, a prolongation of the serum half-life, and a decreased 



94 4 Chapterr IV 

clearance.200 Dosage adjustments are required in case of renal impairment and various 

recommendationss have been made in literature.16'18*20 

Therapeuticc drug monitoring (TDM) of 5-FC is routinely performed in many institutions 

forr three distinct reasons: to assure effective 5-FC levels in the individual patient, to 

avoidd resistance and to avoid high 5-FC levels in order to prevent serious dose-limiting 

toxicity,, such as bone-marrow depression and hepatotoxicity. Several studies have 

pointedd out the development of toxicity when 5-FC levels exceed 100 mg/L9,21 '24 

Furthermore,, development of resistance most frequently occurs at drug levels below 

255 mg/L.25 However, it is unlikely that serum 5-FC levels are the only determinant of 

5-FCC toxicity since there have been reports in literature in which these adverse effects 

off 5-FC were idiosyncratic instead of dose-dependent and conversely, not all patients 

withh clearly elevated 5-FC levels develop toxicity.6 Although doses of 5-FC up to 150 

mg/kg/dayy are applicable, these high doses are not necessary to treat serious 

infections,, especially since in most cases 5-FC is administered concomitantly with 

amphotericinn B, and lower doses of 75 to 100 mg/kg/day may be satisfactory, due to 

thee synergistic activity of the combination of amphotericin B and 5-FC.26 

Nomogramss as well as Bayesian estimation has been applied for 5-FC dose 

adjustmentt in patients who are at risk of developing serious side effects (i.e. patients 

withh renal dysfunction, patients receiving nephrotoxic agents, or patients experiencing 

hematologicall or gastrointestinal toxicity).20'27 However, it has not yet been fully 

elucidatedd which model describes the pharmacokinetics of 5-FC most accurately and 

thereforee different models are applied in the process of TDM.1316 

Recently,, we have investigated and evaluated the population pharmacokinetics of 5-FC 

(Chapterr III). In this initial study, we compared three different pharmacokinetic models 

off 5-FC by using three methods of population pharmacokinetics: a Standard-Two-

Stagee (STS) method, NONMEM, and NPEM. This study resulted in a total of 10 

pharmacokineticc models for 5-FC. Besides the 9 pharmacokinetic models that were 

developedd by each method of population pharmacokinetics on basis of initial 

pharmacokineticc models as described in literature, a NONMEM covariate model was 

builtt on basis of the available patient data. The preliminary results from this study 

revealedd that, based on AIC values, 5-FC population pharmacokinetics are best 

describedd by a two-compartment model with renal elimination. Furthermore, the initial 

studyy showed that using 5-FC treated intensive care unit (ICU) patients the models 

derivedd by NONMEM are more accurate in predicting 5-FC levels as compared to the 

modelss derived with the STS method and NPEM. However, a validation study using a 

comparablee set of 5-FC treated ICU patients is necessary to confirm the findings in this 
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initiall study. The present study describes the investigation of the predictive 

performancess of the 10 developed pharmacokinetic models using a comparable set of 

5-FCC treated ICU patients. 

Figur ee 1 . Chemical structures of 

flucytosinee (A) and 5-fluorouracil (B). 

MATERIALL AND METHODS 

Patien tt  Populatio n 
Determinationn of 5-FC serum levels and dosage adjustments were routinely performed by 

thee laboratory of the department of Clinical Pharmacy of the Academic Medical Center. 

Dosee adjustments were made by Bayesian estimation using the computer program 

MVAPHARMM (MVAPHARM, version 3.15A, Medi\Ware, Groningen, The Netherlands)27 

withh an one-compartment model with renal excretion (elimination rate constant for renal 

excretion,, normalized to creatinine clearance (k^) = 0.00173  0.0008 1/h/mL/min and 

volumee of distribution, normalized to body weight (Vd) = 0.68  0.34 L/kg).28 

Thee population of this retrospective validation study consists of 5-FC treated ICU patients 

inn the Academic Medical Center in the period January 1, 1997 to January 1, 2000 

(Tablee 1). Information on dosage regimens and serum creatinine levels were collected 

fromm the medical records of the individual patients and the automated hospital system. 

Inn analogy with the initial study, patients with a minimum of three serum 5-FC levels 

duringg 5-FC treatment were included in this validation study. Both peak as well as 

troughh serum levels were taken into account. Initial adjustments in 5-FC dose were 

madee on basis of the creatinine clearance and doses were lowered during therapy in 

casee 5-FC levels were too high. 

Thee study group consisted of 35 ICU patients (mean age = 59.5 years; standard 

deviationn (SD) = 1 3 . 1 years; range = 29-75 years) with a mean duration of treatment 

off 11.6 days (SD = 7.6 days; range = 4-33 days) (Table 1). The great majority of 

patientss (33 patients; 94.3%) received 5-FC for treatment of a systemic Candida 

infection.. In 2 patients (5.7%) no fungus could be cultured (Table 2). The investigated 
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patientss received 5-FC either by continuous infusion (26 patients; 75.3%) or by 

intermittentt infusion (3 patients; 8.6%). Six patients (11.3%) received both continuous 

ass well as intermittent 5-FC infusion during 5-FC treatment. All patients received 

amphotericinn B as well in a dosage of 0.3-0.7 mg/kg once a day in a 6-hour infusion. 

Tab l ee 1 . Demographic and clinical data of the investigated ICU population. 

No.. of patients 

Genderr (M/F; %) 

Agee (years) 

Weightt (kg) 

Heightt (cm) 

BSAA (m2) 

5-FCC treatment (days) 

Crserumm {/M) 

Clcrr (mL/min) 

Typee of infusion (C/l/B) 

No.. of 5-FC levels 

DD/Clcrr (mg/kg/mL/min) 

Meann  SD 

35 5 

62.9/37.1 1 

59.55 1 

77.577 0 

170.200  8.92 

1.877 1 

11.66 6 

1211 5 

77.99  58.6 

2 6 / 3 / 6 6 

6.44  4.0 

0.8111 1 

Range e 

--
--

29-75 5 

45-114 4 

145-182 2 

1.40-2.30 0 

4-33 3 

23-371 1 

15.1-230.8 8 

--
3-21 1 

0.240-2.2420 0 

Abbreviations:: BSA, body surface area; Crserum, mean serum creatinine level; Clcr, creatinine 

clearance;; C, continuous infusion; I, intermittent infusion; B, continuous and intermittent infusion; DD/Clcr, 

meann daily dose (normalized to body weight) per creatinine clearance. 

Tab l ee 2 . Cultured species in the investigated ICU population. 

Culturedd species Number of patients (%) 

CandidaCandida total 33 (94.3) 

CC albicans 18(51.4) 

C.. glabrata 9 (25.7) 

C.. tropicalis 4 (11 .4 ) 

CkruseiCkrusei 4 (11 .4 ) 

C.. guilliermondi 1 (2.9) 

AspergillusAspergillus fumigatus 1 (2.9) 

Negativee cultures 2 (5.7) 



Validationn of Flucytosine Population Pharmacokinetics 97 7 

Serumm Level Monitorin g 
Bloodd for peak serum concentrations was collected half an hour after completion of the 

intermittentt intravenous infusion. Trough levels were sampled half an hour before 

startingg a new infusion. In case of continuous infusion, blood samples were taken at a 

standardd time in the morning (6.00 am; starting on day 2 of treatment). Target 

concentrationss were 25-50 mg/L for trough levels and 50-100 mg/L for peak levels, 

whereass in patients on continuous infusion, a serum level of 50 mg/L was pursued. 

5-FCC levels were measured using a slightly modified HPLC technique with UV 

detectionn as described by Miners et a/.29 A total of 224 serum concentrations was 

obtainedd {mean = 6.4 samples per patient; SD = 4.0 samples per patient; range = 

3-211 samples per patient; table 1). 

Pharmacokineti cc  Populatio n Modelin g 
PharmacokineticPharmacokinetic  Models 
Thee pharmacokinetic parameters used by the pharmacokinetic models are: elimination 

ratee constant for renal excretion, normalized to creatinine clearance (k^), elimination 

ratee constant for metabolic excretion (k^J, rate constant from the central compartment 

too the peripheral compartment (k12), rate constant from the peripheral compartment to 

thee central compartment (k21), and volume of distribution, normalized to body weight 

(Vd).. Normalization of the k^ to the creatinine clearance (Clcr) can be derived from the 

followingg relation: total elimination rate constant (k,,,) = !<.,,„ + (k^-Clcr). 

Inn the initial study three pharmacokinetic models as proposed in literature were evaluated 

andd compared: an one-compartment model with renal excretion, which is used as the 

standardd model for 5-FC by the computer program MW\PHARM ("renal model"),28 an 

one-compartmentt model with both renal and metabolic excretion based on 

pharmacokineticc data ("mixed model"),13 and a two-compartment model with renal 

excretionn as proposed by Cutler et a/, ("two-compartment model").16 The initial 

parameterss (mean  SD) of these pharmacokinetic models are: k r̂ = 0.00173  0.0008 

1/h/ml/minn and Vd = 0.68  0.34 L/kg for the renal model,28 l^ r = 0.00173  0.0008 

1/h/mL/min,, k ^ = 0.007  0.003 h \ and Vd = 0.68  0.34 L/kg for the mixed 

model,133 and k r̂ = 0.0057  0.012 1/h/ml/min, k12 = 3.71  2.85 h*1, k21 = 1.65

0.511 h \ and Vdd = 0.231  0.046 L/kg for the two-compartment model16 (Table 3). 
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Calculationn from the initial pharmacokinetic parameters to individualized Bayesian 

pharmacokineticc parameters was performed by the Simplex method, followed by the 

Marquardtt algorithm. Comparison of the different pharmacokinetic models was 

conductedd by three methods of population pharmacokinetics: a Standard-Two-Stage (STS) 

methodd using the computer program MW\PHARM, a parametric method using the 

computerr program NONMEM and a nonparametric method using the computer 

programm NPEM (Chapter III). 

Thee initial study lead to a total of 10 pharmacokinetic models for 5-FC population 

pharmacokinetics:: three renal models, three mixed models, and three two-

compartmentt models as a result of the analysis by the STS method, NONMEM, and 

NPEM,, respectively and a covariate model that was developed by NONMEM on basis 

off patient data used in the initial study (Table 4). 

ValidationValidation  of  Predictive  Performance 

Thee predictive performances of the 10 different pharmacokinetic models were 

evaluatedd with the 5-FC data from a group of 35 5-FC treated ICU patients using the 

computerr program NONMEM. All relevant clinical and patient data as well as the 

calculatedd population pharmacokinetic models of 5-FC were entered into the 

computerr program after which predicted 5-FC levels were generated and compared to 

thee actual measured 5-FC levels. 

Tab l ee 3 . Initial pharmacokinetic parameters (mean  SD) of the three pharmacokinetic models. 

k^(l/h/mL/min) ) 

k.,m(h-') ) 
k,22 (h-1) 

k211 (h1) 

Vdd (L/kg) 

Renall model 

0.001733 8 

--
--
--

0.688  0.34 

Mixedd model 

0.001733  0.0008 

0.0077  0.003 

--
--

0.688  0.34 

Two-compartmentt model 

0.00577 2 

--
3.711 5 

1.655 1 

0.2311 6 

Pharmacokineticc models: renal model, one-compartment model with renal elimination; mixed model, 

one-compartmentt model with both renal and metabolic elimination; two-compartment model, two-

compartmentt model with renal elimination. Abbreviations: k^r, elimination rate constant for renal 

elimination,, normalized to creatinine clearance; k ^ , elimination rate constant for metabolic 

el imination;; k12, rate constant f rom the central compartment to the peripheral compartment; k2 i , rate 

constantt from the peripheral compartment to the central compartment; Vd, volume of distribution, 

normalizedd to body weight. 



Validationn of Flucytosine Population Pharmacokinetics 99 

tr i i 

T 3 3 
O O 

E E 

To To 
c c 

1 * * 

8 8 
o o 
E E 
o o 

- C C 
a a 
c c 
.o o 
B B 
3 3 
Q . . 

§. . 
u u 

o o 

o o a> > 

Ï Ï 
c c 

O O 

O O 

o o 
' m m 

© © 

I I c c 
O O 
i / ) ) 

o o 
4) ) 

JÏ Ï 
4) ) 

E E 
2 2 o o a. a. 

«5 5 c c 
IS S 
o o 
u u 
O O 

E E 
o o _c c o. . 

1 1 
3 3 
U U 
O O 

U U 

• • 

5 5 5 

Ö I I 

i l l 
2^ ^ 

-^k k 

- * " J C _ _ 

E ~ ~ 

*c* * 

'Ë Ë 

J ï ï 
*~* * 

s s 

1i i 
o o 

1 1 

, , 

lvv co 
ooo co 
o-o- >-
ooo ^r 
öö o . 

' ' 

„ ^ ^ 
O-O- CN 
oo 0 0 
0 00 ' t 

oo o 
oo o oo o 
oo o . 

"5 5 
c c 

£ £ 

1 1 

( ( 

O».. CN 
l vv  <— 
ooo to 
0 00 0 0 
ooo co 
öö o . 

0 00 ^ t 
0 00 w 
t vv  t v 
•oo co 
oo o 
oo o 
öö o . 

—*. . coo o 
oo tv t vv  f 
oo o 
oo o 
oo o 

-o -o 
s s 
'Ë Ë 

' ' 

, , 

>oo >— 
. ©© >— 
0 00 c o 
0 00 CN 
«-- o 
öö o . 

•** PT tt  CM 

coo o COO " f 
t vv  t v 
COO T 

*-"" o 
'""--•vv o* 

r~r~  I V 

coo m 
OO l O 

oo t 

_̂̂  ^ LOO

mm tv 
»oo --
coo — 
oo o oo o 
oo o . 

"c c a> > 
E E 
t t 

s. . 
E E o o 
u u i i 

• • 

, , 

o»-- C N " 
t vv  c o 
t vv  o 

oo o . 

._̂  ^ mm -o o »» 0 0 

•oo o 
oo o 
oo o 
oo o 
oo 2 . 

"5 5 
c c 

<D D 

LU U 

5 5 
z z 
O O 
z z 

, , 

t vv  ~ 
ooo oo 
tvv  o 

öö o . 

1 1 

coo co" 
t vv  O 
tt  CN 
oo o 
qq q 
öö o . 

._̂  ^ oo t 
oo o 
L OO w-

oo o 
oo o oo o 
oo o . 

T J J 
a> > 
X X 

'Ë Ë 

LU U 

z z 
O O 
Z Z 

• • 

, , 

"« ** 0 0 

too o 
oo o . 

coo m 
mm •«* 
coo — oo o 
oo o 

^^  h COO 0 0 
i -- «O 

coo — 
oo o öö o . 

' ' 

_̂  ^ ooo co LOO f 
0 00 -

oo o 
oo o oo o 
oo o . 

*c c 
a> > 
E E 
t t 

s. . 
E E 
o o 
u u 

t t 
s s 
L U U 

s s 
z z 
O O 
z z 

% % 
C N N 
t v v 
m m 
ö ö 

LO O 

o! ! 
LO O 

"E* * 
E E 
^r r 
E. E. 

u u 

y, , 
eb b t v v 
CN N 
o o 
Ö Ö 
+ + 

• • 

LOO t v 
f VV T t 
COO <— 
oo o 
oo o . 

n n l OO t v 
COO o 
CNN — 
OO O 
oo o . 

' ' 

£ £ o o 

1 1 
o o 

L U U 

s s 
z z o o 
z z 

, , 

CNN O 
CNN 0 0 
O ** ' t 

oo o . 

' ' 

tt ^ t vv  0 0 

*oo m o.. t 
oo o 
oo o 
oo o 

"5 5 
c c 
E E 

L U U 

a. . 
Z Z 

t t 

CNN ~ 
OO 0 0 
0 00 c o 
0 00 t 

<=>> S . 

' ' 

c oo — 
«« CN 
CNN 0 0 

*oo co 
oo o oo o . 

-- ^ 0 00 r~ 

mm co LOO LO 

oo o 
oo o oo o 
oo o . 

o o 

s s 
E E 

U i i 
CL L 

z z 

t t 

coo ïT 
CNN t v 
r vv  1 » 
vv co 

ÖÖ O, 

CNN óö~ 
l vv  0 0 
OO O 

11 1  S. 
>oo ^ 
l vv  > 0 
OO -
oo -
coo co 
oo o 
öö o . 

' ' 

tt ^ OO CN 
O»» CN 
IT)) O 
OO O 
OO O 
OO O 

oo o . 

c c 
a> > 
E E 
t t 
8. . 
E E o o o o 

i i 
LU U 
0L L 

z z 

Slè - I s f f 
I ||  -̂  1 -8 

55 8 S £ « | 
Luu • q -o •£ P 

o_-11 l i l 
>"§§ .1 8 E B 

EE E 1 E 8 ^ 
gg -> £ E o 
E . o f l i I | | 
ee a ' ï O g ^ 
oo .E — £ u o ** ë  g > 

S-"öö - "E E v? 
4)) m - t ; ei

tHUi i 
§."§§ ? l 8 E 
§ E S . 2 j ) 8 8 
CC -p * o o -= 

cc w c 

5 '' | 3 * ; Ê A g 
S:: S 2 • - ^
zz 5. E t •- ® . 
....ff E •£ J? § * £ 

 O m . . £ O O ) 

a»» u g « a * '5 

** ê i s 111 
"EE -g 8 ^ ^ 8. > 

cc — £ . o o _ 

. ïï 05 E § 

P Ü ' D ZZ c 3 " a ^ 
«"" "3 .£ O **- = * 
i nn 0 - = ^ - C O - t ï 

55 c "  - Q "Si ^ g 0 
cc M - ^  c «> 

122 Ü 0 '5 8 i £ 
OO C - O J 3 P 3 
yy ^  s in s  "5 

j -- 0 e o> S TJ 
55 E T J - O C « > 

-££ E c 0 0 c -
Q-- 0 § c « 0 9 

_ee 0 c  0 u u §§ "• "5 -S ' I * S 
'^•55 5-SJ S § 

8 . E ^ 33 E i iu 

?? -g 5 8. 2 8.£* 
1.1^^  Eg | f 
55 E E u u u > 



100 0 Chapterr IV 

Statistica ll  Analysi s 
Thee predictive performances of the 10 investigated population pharmacokinetic 

modelss of 5-FC were evaluated by calculating the mean prediction error (me; bias) 

andd the root mean squared prediction error (rmse; precision) as described by Sheiner 

andd Beal:30 

predictionprediction error (pe,) = (predicted value i -measured value i 

11 N 

meanmean prediction error (me) = — ^ p e . 

11 N 

meanmean squared prediction error [mse) = — £ ( p e , )2 

rootroot mean squared prediction error (rmse) = jmse 

se.se. = 
11 N 

!! V(X. -X 
N(NN(N -l)£r ' 

95%% a (me) = X - V ^ ^ s e , < X t < X + t0,975(N_vseM 

wheree N = pairs of values, Xf = pej, X = mean of all values Xj, t = r-fador for N = 1 

degreess of freedom, X, = true value of X, and 95% G = 95% confidence interval. 

Calculatingg the 95% CI of the rmse is obtained by calculating 95% CI of the mse (X; = 

(pe;)2)) and extracting the square root. 
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RESULTS S 
Validatio nn of Predictiv e Performance s by NONMEM 
Thee results of the validation of the predictive performances of the 10 derived 

pharmacokineticc models of 5-FC population pharmacokinetics are shown in table 5 

andd figures 2, 3, and 4. 

Tabl ee 5. Bias and precision of the 10 investigated pharmacokinetic models. 

Methodd of population Pharmacokinetic model Bias Precision 
pharmacokineticss (95% CI) (95% CI) 

-29.244 (-32.53; -25.95) 38.51 (34.74; 41.94) 

-27.377 (-30.60; -24.13) 36.82 (33.17; 40.14) 

-24.433 (-28.37; -20.50) 38.68 (35.05; 42.00) 

-12.377 (-16.12;-8.62) 31.15 (28.19; 33.85) 
-11.366 (-14.99; -7.73) 29.91 (27.14; 32.43) 
-13.166 (-16.77; -9.55) 30.50 (27.47; 33.26) 
-8.299 (-11.63; -4.95) 26.77 (24.24-29.07) 

-31.777 (-35.02; -28.52) 40.26 (36.44; 43.76) 

-27.455 (-30.69; -24.20) 36.96 (33.37; 40.24) 
-16.177 (-19.56; -12.79) 30.45 (27.34; 33.27) 

Methodss of population pharmacokinetics: ST5, standard-two-stage; NPEM, nonparametric expectation 
maximization;; NONMEM, nonlinear mixed effects model. Pharmacokinetic models: renal model, one-
compartmentt model with renal elimination; mixed model, one-compartment model with both renal and 
metabolicc elimination; two-compartment model, two-compartment model with renal elimination; 
covariate,, two-compartment covariate model as built by NONMEM. Abbreviation: CI, confidence interval. 

Evaluationn of the predictive performances of these 5-FC pharmacokinetic models 

showedd that pharmacokinetic models calculated by NONMEM offer the most accurate 

predictionss of 5-FC pharmacokinetics and 5-FC levels (Table 5; figures, 2, 3, and 4). 

Figuree 2 shows the scattergrams of the predicted versus the observed 5-FC levels as 

calculatedd with the 10 investigated 5-FC population pharmacokinetic models. Figures 

33 and 4 present the values (mean and 95% CI) of bias and precision of the 10 

investigatedd 5-FC pharmacokinetic models, respectively. The bias corresponding with 

thee covariate model built by NONMEM is significantly lower than the bias of the 

modelss that were developed using the STS method and NPEM (Figure 3). Furthermore, 

thee bias of the three NONMEM models, the NONMEM-covariate model, and the 

STS S 

STS S 
STS S 

NONMEM M 
NONMEM M 
NONMEM M 
NONMEM M 

NPEM M 

NPEM M 
NPEM M 

renal l 

mixed d 
two-compartment t 

renal l 
mixed d 

two-compartment t 

covariate e 
renal l 
mixed d 

two-compartment t 
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NPEM-two-compartmentt model is significantly lower than the bias of the NPEM-renal 

model,, NPEM-mixed-model, and all three STS models. 

Thee measured values of precision show a few significant differences (Figure 4). Firstly, 

thee precision of all NONMEM models, except the NONMEM-renal model, is 

significantlyy different as compared to that of the other models, with the exception of 

thee NPEM-two-compartment model (Figure 4). Secondly, the precision of the NPEM-

two-compartmentt model is significantly lower compared to the precision of the STS 

modelss and the other NPEM models, except the NPEM-mixed model (Figure 4). 
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Figur ee 2 . Scattergrams of observed versus predicted 5-FC 

concentrationn values for the population as a whole as 

calculatedd by NONMEM for the STS-renal model (A), STS-

mixedd model (B), STS-two-compartment model (C), 

NONMEM-renall model (D), NONMEM-mixed model (E), 

NONMEM-two-compartmentt model (F), NONMEM-covariate 

modell (G), NPEM-renal model (H), NPEM-mixed model (I), 

andd NPEM-two-compartment model (J). 
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Figur ee 3 . The bias (mean and 

95%% CI) of the 10 investigated 

5-FCC pharmacokinetic models. 
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Figur ee 4 . The precision 

(meann and 95% CI) of the 

100 investigated 5-FC 

pharmacokineticc models. 
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DISCUSSION N 
Therapeuticc drug monitoring (TDM) of the antimycotic drug 5-FC is a useful tool. Serum 

5-FCC levels have to be monitored during therapy for three distinct reasons: to assure 

effectivee 5-FC levels in the individual patient, to avoid resistance and to avoid high 5-FC 

levelss in order to prevent serious dose-limiting toxicity, such as bone-marrow depression 

andd hepatotoxicity. It has been shown that the incidence of severe toxicity increases 

significantlyy when 5-FC levels exceed 100 mg/L9,21"24 Furthermore, it has been shown 

thatt resistance develops more frequently at drug levels below 25 mg/L.25 

Thee need for a model that accurately describes the pharmacokinetics of 5-FC is 

necessaryy for adequate TDM. However, several pharmacokinetic models are applied 

inn the process of TDM of this antimycotic agent13-16 and as yet it has not been 
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elucidatedd whether there is any difference in the accuracy of these pharmacokinetic 

models.. This retrospective study describes the evaluation of the predictive 

performancess of 10 different models for the description of 5-FC population 

pharmacokineticss that were derived in an earlier study, enabling a comparison of the 

differentt pharmacokinetic models. 

Afterr calculation of the pharmacokinetic parameters of the different models of 5-FC 

populationn pharmacokinetics in the first study it was concluded on basis of AIC 

valuess that both NONMEM and NPEM suggest the two-compartment model with 

renall elimination as the model that most accurately predicts 5-FC population 

pharmacokinetics.. However, STS analysis using the computer program MW\PHARM 

andd the MAICE method showed on basis of summed AIC that 5-FC 

pharmacokineticss in ICU patients are best described by an one-compartment model 

withh renal elimination (Chapter III). 

Thee present validation study confirms the findings of the initial study since it can be 

concludedd that a two-compartment model with renal elimination is most suitable for 

thee description of 5-FC pharmacokinetics. Furthermore, the two-compartment 

covariatee model that was built by NONMEM appears to be equally well able to predict 

5-FCC population pharmacokinetics. 

Thee bias, which represents the magnitude of the systemic error in the predictive 

performancee of the specific pharmacokinetic models shows that in most cases models 

derivedd with NONMEM produce significantly lower systemic errors as compared to the 

modelss derived with NPEM and the STS method. The precision represents the accuracy 

off the systemic error. From these results it can be concluded that the precision of all 

modelss are more or less in the same range. However, the precision of all NONMEM 

models,, except the NONMEM-renal model, is significantly different in comparison to the 

precisionn of the other models, with the exception of the NPEM-two-compartment model. 

Thee assumptions made by NONMEM and NPEM can explain the differences in the 

valuess of bias and precision that were calculated with the models resulting from these 

twoo population pharmacokinetic programs. NONMEM is a parametric method in that 

itt assumes a normal or log-normal distribution of the pharmacokinetic parameters 

priorr to estimation. Furthermore, NONMEM is especially useful for sparse and 

randomlyy collected data. NPEM on the other hand is a nonparametric method of 

populationn pharmacokinetics since it does not assume any specific underlying 

distributionn of the investigated parameters, but allows for many possible distributions. 

NPEMM would be preferable to NONMEM in case there is an unsuspected multimodel 

orr non-normal distribution of any one of the pharmacokinetic parameters in the 
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model.. In such a situation a nonparametric approach would reveal the true nature of 

thee distribution, whereas using a parametric method the form of the distribution would 

havee been defined prior to any estimations leading to deviant estimations. However, 

thee greater flexibility with regard to the distribution that is offered by the 

nonparametricc methods of population pharmacokinetics is compensated by the fact 

thatt these methods do not seem to allow statistical inference and that they do not 

providee a framework for the accommodation of covariates.31 Thus it is not unlikely that 

inn case pharmacokinetic modeling is performed on a non-multimodel or normally 

distributedd population NONMEM performs more accurately as compared to NPEM. 

Inn conclusion, this study shows that a two-compartment model with renal elimination 

bestt describes 5-FC population pharmacokinetics and NONMEM is able to build a 

two-compartmentt covariate model that predicts 5-FC levels equally well using ICU 

patients.. In addition, the models derived with NONMEM appeared to be most suitable 

forr 5-FC population pharmacokinetic analysis in our cohort of ICU patients since these 

modelss offer more reliable and accurate results as compared to the models derived 

withh the NPEM method or the STS method. 
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ABSTRAC T T 

Flucytosinee (5-fluorocytosine; 5-FC) is a systemic antimycotic drug which major 

toxicitiess are bone-marrow depression and hepatotoxicity. 

Thee purpose of this observational and retrospective study is to assess a possible 

relationshipp between toxicity and 5-FC pharmacokinetics within a group of 53 

intensivee care unit (ICU) patients. 

Thee presented results reveal that thrombocytopenia is associated with a decreased 5-FC 

clearancee and that the thrombocyte nadir is linear related to the 5-FC clearance. 

Furthermore,, patients experiencing 5-FC levels exceeding 100 mg 5-FC/L were found to 

bee at higher risk for developing thrombocytopenia and hepatotoxicity as compared to 

thosee not exceeding this level. 
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INTRODUCTION N 
Flucytosinee (5-fluorocytosine; 5-FC) is a systemic antimycotic drug which is active 

againstt mycotic infections caused by Candida species and Crypfococcus neoformans 

ass well as in chromoblastomycosis.1 Binding of 5-FC to serum proteins is negligible,2 

andd this characteristic, together with a low molecular weight, may help to explain the 

drug'ss excellent penetration into body tissues.3 

Fluorouracill (5-fluorouracil; 5-FU) plays a key role in the antimycotic activity of 5-FC. 

5-FCC is taken up by mycotic cells and converted into 5-FU by the specific enzyme 

cytosinee deaminase.1,3'5 5-FU in its turn is converted to 5-fiuorodeoxyuridylic acid 

monophosphate,, a noncompetitive inhibitor of thymidylate synthetase, which results in 

perturbationn of the RNA and DNA synthesis of the mycotic cells.1'3,4 

Besidess its good antimycotic effect, 5-FC can also cause severe toxicity.1'6"15 Nausea, 

vomiting,, diarrhea and exanthema have been recognized as relatively unharmful side 

effectss of 5-FC.1 The dose-limiting toxicities of 5-FC are bone-marrow depression and 

hepatotoxicity.6'155 Therapeutic drug monitoring (TDM) of 5-FC is routinely performed in 

manyy institutions for two distinct reasons. Firstly, TDM of 5-FC is aimed to assure 

effectivee 5-FC levels in the individual patient. Secondly, an aim of TDM is to avoid 

highh 5-FC levels in order to prevent toxicity, such as bone-marrow depression and 

hepatotoxicity.. This latter reason assumes a relationship between toxicity and 5-FC 

serumm levels or pharmacokinetic parameters. However, concentration-dependent 

toxicityy has not yet been proven. 

Thee purpose of this observational and retrospective study is to assess the 

relationshipp between bone-marrow- and hepatotoxicity of 5-FC and its 

pharmacokineticc parameters within a group of 53 intensive care unit (ICU) patients 

whoo had been treated for septic mycosis with a combination of intravenous 5-FC 

andd amphotericin B. 

SUBJECTSS AND METHODS 
Thee population of this retrospective study consists of 5-FC treated ICU patients in our 

hospitall in the period 1994-1996. Information on thrombocyte and leucocyte counts 

andd liver enzyme activities was collected from the medical records of the individual 

patients.. Patients with a minimum of three serum 5-FC levels during 5-FC treatment 

weree included. In almost all cases, thrombocyte and leucocyte counts and liver enzyme 

activitiess were collected on a daily basis. 5-FC levels were measured using a slightly 
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modifiedd HPLC technique with UV detection as described by Miners et a/.16 

Adjustmentss in 5-FC dose were made on basis of the creatinine clearance and doses 

weree lowered in case 5-FC levels were too high. 

Thee investigated 53 ICU patients had a mean duration of treatment of 11.3 days 

(standardd deviation (SD) = 4.7 days and range = 3-29 days). The great majority of 

patientss (49 patients; 92.5%) received 5-FC for treatment of a systemic Candida 

infection.. The investigated patients received 5-FC either by continuous infusion (23 

patients;; 43.4%) or by intermittent infusion (26 patients; 49.1%). Four patients (7.5%) 

receivedd both continuous as well as intermittent 5-FC infusion during their treatment. 

Alll patients received amphotericin B as well in a dosage of 0.3-0.7 mg/kg once a day 

inn a 6-hour infusion. 

Bone-marroww toxicity was evaluated by means of thrombocyte and leucocyte counts, 

expressedd both as the nadir (the lowest number of thrombocytes or leucocytes) and as 

thee relative decrease (the ratio of the lowest number of thrombocytes or leucocytes, 

andd the number of thrombocytes or leucocytes at the start of the therapy, respectively) 

(normall ranges: 100-350-10' thrombocytes/L and 4.2-10.6-109 leucocytes/L; 

thrombocytopenia:: ^100-109 thrombocytes/L; leucocytopenia: £4.2-109 leucocytes/L). 

Hepatotoxicityy was assessed by measuring the activity of four liver enzymes: alanine 

transaminasee (ALAT), aspartate transaminase (ASAT), alkaline phosphatase (AP) and 

gamma-glutamyltransferasee (y-GT) and it was defined as at minimum a twofold 

increasee of the levels of one or more liver enzymes relative to the upper laboratory 

referencee value. An increase-factor (highest level of enzyme divided by the mean level 

off enzyme, provided that the levels are within the normal range) was calculated for the 

respectivee liver enzymes (normal values: <37 U/L (ALAT), <47 U/L (ASAT), <103 U/L 

(AP),, £48 U/L (y-GT); increased levels: >74 U/L (ALAT), >94 U/L (ASAT), >206 U/L 

(AP),, S>96 U/L (y-GT)). 

Thee investigated pharmacokinetic parameters are: 5-FC clearance (Ö5-FC), volume of 

distributionn (Vd), volume of distribution, normalized to body weight (Vdbw), area-

under-the-curvee (AUC), maximum 5-FC level (5-FCmax) and the mean daily dose 

(normalizedd to body weight) per creatinine clearance (DD/Clcr). 

Thee pharmacokinetic parameters were calculated by a Bayesian-based curvefitting 

proceduree using the computer program MW\PHARM.17 A possible relationship 

betweenn toxicity and pharmacokinetic parameters was tested for the linear model of 

correlation. . 
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RESULTS S 
Thrombocyte ss and Leucocyte s 
Seventeenn of the 53 patients (32%) developed a thrombocytopenia at mean 9.3 days 

(SDD = 6.3 days; range = 1-27 days) after start of the therapy, 8 patients (15%) 

remainedd within the normal range during the period of 5-FC treatment and 13 

patientss (25%) developed a thrombocytosis during 5-FC therapy. At the start of the 

therapyy 12 patients (23%) presented a thrombocytopenia and 3 patients (6%) 

presentedd a thrombocytosis. Only 2 patients (4%) developed a leucocytopenia during 

thee therapy and in 17% (9 patients) of the cases the leucocyte levels remained within 

thee normal range. The majority of the patients (42 patients; 79%) developed a 

leucocytosiss during 5-FC therapy. 

Thee patients who developed thrombocytopenia during 5-FC treatment (n = 17) and 

thosee who remained within the normal thrombocyte range (n = 8) were used for 

furtherr analysis. The other patients were excluded from this analysis since they either 

developedd a thrombocytosis during 5-FC therapy or they already presented a 

thrombocytopeniaa or thrombocytosis at the start of the 5-FC therapy. Leucocyte counts 

weree excluded from further analysis since the observed number of patients with 

leucocytopeniaa appears to be very low. 

Thee group of patients which developed thrombocytopenia during 5-FC treatment 

hadd a significantly lower mean 5-FC clearance as compared to the group of patients 

whoo remained within the normal thrombocyte range: 1.28 L/h (SD = 0.88 L/h; 

rangee = 0.54-4.10 L/h) and 2.36 L/h (SD = 1.78 L/h; range = 0.43-5.86 L/h), 

respectivelyy (p<0.05; Wilcoxon signed-ranks test; table 1). Furthermore, the group 

off patients which developed thrombocytopenia during 5-FC treatment had a 

significantlyy lower 5-FC mean daily dose as compared to the group of patients who 

remainedd within the normal thrombocyte range: 1946 mg/day (SD = 1284 mg/day; 

rangee = 893-5278 mg/day) and 3228 mg/day (SD = 1359 mg/day; range = 

1525-50000 mg/day), respectively (p<0.05; Wilcoxon signed-ranks test). 

Live rr  Enzymes 
Twenty-ninee of the 53 patients (55%) presented an increased level (i.e. increase factor 

>2)) of at least one of the investigated liver enzymes during 5-FC treatment, 6 patients 

(11%)) remained within the normal ranges and 13 patients (25%) presented an increase 

inn activity of at least one of the liver enzymes before 5-FC treatment. Five patients (9%) 
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weree excluded from this analysis since the necessary information was lacking in the 

medicall reports. An increased level of liver enzymes ALAT, ASAT, AP and y-GT occurred 

inn respectively 23, 2 1 , 40 and 38% of the cases and the mean increase-factors were 

respectivelyy 5.04 (ALAT), 3.90 (ASAT), 3.75 (AP) and 4.35 (y-GT). 

Thee means of the several pharmacokinetic parameters of the patients who developed 

ann increase in liver enzyme activity during 5-FC treatment and those who remain within 

thee normal ranges do not significantly differ (Wiicoxon signed-ranks test; table 2). 

Tabl ee 1. The pharmacokinetic parameters (mean  SD; range) of the patients who develop 

thrombocytopeniaa during 5-FC treatment (n = 17) and those who remain within the normal 

thrombocytee range (n = 8). 

Pharmacokineticc parameter Thrombocytopenia Normal thrombocyte range 

CI5-FC(L/h)) 1.28  0.88 (0.54-4.10) 2.36  1.78 (0.43-5.86)p<005 

Vd(L)) 55.69 4 (16.93-102.20) 69.52 + 32.99(37.71-121.05) 
Vdbww (L/kg) 0.743  0.385 (0.242-1.742) 0.863  0.380 (0.378-1.614) 

AUCC (mg-h/L) 1723  965 (634-4397) 1821  952 (853-3721) 

CI5-FC,, Vd, Vdbw and AUC represent 5-FC clearance, volume of distribution, volume of distribution 

normalizedd to body weight, and area-under-the-curve, respectively. p<oos = significant difference (Wiicoxon 

signed-rankss test). 

Tabl ee 2. The pharmacokinetic parameters (mean  SD; range) of the patients who develop increased 

activityy of at least one of the liver enzymes during 5-FC treatment (n = 29) and those who remain withinn the 

normall range (n = 6). 

Pharmacokineticc parameter Increased liver enzyme activity Normal range 

CI5-FCC (l/h) 2.27  1.95 (0.32-8.05) 1.93  1.65 (0.54-4.97) 

Vdd (L) 60.50  27.08 (23.88-140.56) 64.22  35.25 (23.76-120.20) 

Vdbww (L/kg) 0.912  0.401 (0.443-1.847) 0.881  0.495 (0.273-1.740) 

AUCC (mg-h/L) 1597  1021 (543-4766) 1424  635 (802-2592) 

CI5-FC,, Vd, Vdbw and AUC represent 5-FC clearance, volume of distribution, volume of distribution, 
normalizedd to body weight, and area-under-the-curve, respectively. 
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Correlation s s 
Twoo linear correlations were found for patients who develop thrombocytopenia during 

5-FCC treatment and patients who remain within the normal range. A linear correlation 

(equationn I) was found between thrombocyte nadir (109 thrombocytes/L) and 5-FC 

clearancee (CI5-FC; L/h): r = 0.47 (n — 25; p<0.05; Pearson product moment 

correlationn coefficient; figure 1; table 3): 

C/55 - FC = 0.60 + (0.012 • Thrombocyte nadir) [I] 

Furthermore,, a significant linear correlation (equation II) could be demonstrated 

betweenn creatinine clearance (Clcr; L/h) and 5-FC clearance (CI5-FC; L/h): r = 0.62 

(nn = 25; p<0.05; Pearson product moment correlation coefficient; figure 1): 

C/55 - FC = 0.65 + (0.35 • Clcr) [II] 

Combinationn of equations [I] and [II] results in an expression which relates thrombocyte 

nadirr (109 thrombocytes/L) to creatinine clearance (Clcr; L/h) (equation III): 

thrombocytee nadir = — —- [III] 

Regardingg the patients who develop increased levels of liver enzymes during 5-FC 

treatmentt only a weak significant linear correlation was found between the ASAT 

increasee factor and the mean daily dose/creatinine clearance/body weight: r = 0.63 

(nn = 1 1 ; p<0.05; Pearson product moment correlation coefficient; table 4). 

Thee relationship between the type of 5-FC schedule (intermittent or continuous infusion) 

andd toxicity (thrombocytopenia or hepatotoxicity) was also investigated. There was a 

trendd towards higher toxicity in the group of patients who received 5-FC by intermittent 

infusionn compared to continuous administration. This difference was only significant for 

thee increase in y-GT levels (p<0.05; Chi-squared test; patients receiving both 

continuouss and intermittent infusion were excluded from this analysis; table 5). 

Analysiss of the results of the measured 5-FC levels during 5-FC therapy showed that 17 

patientss (32%) experienced 5-FC levels exceeding 100 mg 5-FC/L at some time during 

thee 5-FC treatment and the incidence of thrombocytopenia in this group (8 patients; 

47%)) is significantly higher compared to the incidence of thrombocytopenia in the total 

populationn (32%) (p<0.05; Fisher exact test). Furthermore, the incidence of increases in 
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levelss of ALAT and ASAT in the group of patients who experienced 5-FC levels 

exceedingg 100 mg 5-FC/L (7 and 6 patients, respectively) is significantly higher 

comparedd to the incidence of increases in liver enzymes in the total population 

(p<0.055 and p = 0.05 for ALAT and ASAT, respectively; Fisher exact test). 
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Figur ee 1 . The relations between the thrombocyte nadir and the 5-FC clearance (CI5-FC) 

andd between the 5-FC clearance (CI5-FC) and the creatinine clearance (Clcr) for patients 

whoo develop thrombocytopenia during 5-FC treatment and patients who remain within 

thee normal thrombocyte range. 

Tabl ee 3 . The linear correlation coefficient (r) of the relationships between thrombocyte nadir or relative 

thrombocytee decrease and pharmacokinetic parameters for patients who develop thrombocytopenia during 

thee 5-FC treatment and patients who remain within the normal thrombocyte range. 

Pharmacokinetic c 

parameter r 

CI5-FC C 
Vd d 

Vdbw w 

AUC C 
DD/Clcr r 

5-FCmax x 

r r 
(thrombocytee nadir) 

0.477 p<005 

0.06 6 
0.04 4 

0.13 3 
-0.28 8 

0.01 1 

(relativee thrombocyte decrease) 

0.34 4 

0.08 8 

0.08 8 

0.36 6 

-0.19 9 

0.00 0 

CI5-FC,, Vd, Vdbw, AUC, DD/Clcr and 5-FCmax represent 5-FC clearance, volume of distribution, 

volumee of distribution, normalized to body weight, area-under-the-curve, mean daily dose/creatinine 

clearance/bodyy weight and maximum 5-FC levels, respectively; p < 0 0 5 = significant correlation (Pearson 

productt moment correlation coefficient). 
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Tabl ee 4. The linear correlation coefficient (r) of the relationships between increased liver enzyme activities 
andd pharmacokinetic parameters for patients who develop increased activity of liver enzymes. 

ALATt t 

ASATt t 

AP t t 

y-GTt t 

Patients s 
{%) ) 

12(23) ) 

11(21) ) 

211 (40) 

200 (38) 

CI5-FC C 

(L/h) ) 

0.13 3 

-0.06 6 

0.09 9 

-0.16 6 

Vd d 

(L) ) 

0.04 4 

0.27 7 

0.15 5 

-0.19 9 

Vdbw w 

(lAg) ) 

-0.25 5 

0.05 5 

-0.08 8 

-0.25 5 

AUC C 
(mgh/L) ) 

-0.45 5 

-0.12 2 

-0.08 8 

0.03 3 

DD/Clcr r 
(mgAg/L/h) ) 

0.13 3 

0.633 p<aos 

-0.23 3 

-0.28 8 

5-FCmax x 

(mg/L) ) 

-0.30 0 

-0.31 1 

0.18 8 

0.27 7 

CI5-FC,, Vd, Vdbw, AUC, DD/Clcr and 5-FCmax represent 5-FC clearance, volume of distribution, volume 
off distribution, normalized to body weight, area-under-the-curve, mean daily dose/creatinine 
clearance/bodyy weight and maximum 5-FC levels, respectively; ALAT t , ASAT t , AP t and y-GT t 
representt the patients who develop increased levels of alanine transaminase, aspartate transaminase, 
alkalinee phosphatase and gamma-glutamyltransferase, respectively; p<005 = significant correlation (Pearson 
productt moment correlation coefficient). 

Tabl ee 5. Toxicity (thrombocytopenia and hepatotoxicity) in relation to the type of 5-FC administration; 
correspondingg odds ratio (OR) and Chi-squared t-value. 

Intermittentt Continuous OR t 

nr.. of patients nr. of patients (95% confidence limits) 

(%)) (%) 

Thrombocytopenia a 
ALATt t 

ASATt t 

APt t 

Y-GTt t 

8(47) ) 

6(50) ) 

7(63) ) 

13(62) ) 

15(70) ) 

7(41) ) 

4(33) ) 

3(27) ) 

7(33) ) 

5(25) ) 

1.022 (0.25 < OR < 4.06) 

1.422 (0.29 < OR < 7.30) 

2.466 (0.47 < OR < 14.28) 

2.299 (0.61 < OR < 8.80) 

4.200 (1.03 < OR < 18.07) 

0.00 0 

0.24 4 

1.45 5 

1.93 3 

5.30p<005 5 

ALATT t , ASAT t , AP t and y-GT t represent the patients who develop increased levels of alanine 

transaminase,, aspartate transaminase, alkaline phosphatase and gamma-glutamyltransferase, 

respectively;p<0055 = significant difference (Chi-squared test). 
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DISCUSSION N 
Therapeuticc drug monitoring (TDM) of 5-FC is routinely performed in many institutions 

too assure effective drug concentrations and to avoid drug-related toxicity. It has been 

reportedd in literature that 5-FC levels exceeding 100-125 mg 5-FC/L during a period 

off 1 to 2 weeks may result in increased toxicity/*7,10 but the evidence for concentration-

dependentt toxicity as well as the possibility of preventing toxicity by close monitoring of 

drugg levels is weak. This retrospective study was performed to explore a possible 

relationshipp between bone-marrow- and hepatotoxicity and 5-FC pharmacokinetics. 

Inn the investigated population of 5-FC treated ICU patients thrombocytopenia 

occurredd in 32% of the population which is comparable to percentages reported in 

literature:: Stamm ef a/, and Utz et a/, reported bone-marrow depression in 22% and 

30%,, respectively.6,8 Hepatotoxicity occurs in 21-40% of the investigated population 

whichh is somewhat higher compared to literature: Stamm et a/, reported hepatotoxicity 

inn 17% of the investigated patients,6 whereas other studies show 0-15% 

hepatotoxicity.7,99 The higher rate of hepatotoxicity might be explained by the way 

hepatotoxicityy is defined in the different studies in comparison to our strict definition. 

Furthermore,, it is possible that taking into consideration the complex state of health of 

thee investigated ICU patients, increases in liver enzymes are not solely dependent on 

5-FCC levels. It cannot be excluded that increases in liver enzymes were due to other 

factorss than 5-FC exposure. Most likely amphotericin B plays no role in the occurring 

bone-marroww depression and hepatotoxicity since these side effects have only rarely 

beenn reported with the use of amphotericin B. 

Fromm the current study it appears that patients experiencing thrombocytopenia did 

havee a significantly lower 5-FC clearance as compared to those who remained within 

thee normal thrombocyte range. The causality of 5-FC-induced thrombocytopenia is 

strengthenedd by the observation that there was a significant linear association 

betweenn thrombocyte nadir and 5-FC clearance in the group of patients who develop 

thrombocytopeniaa or remain within the normal thrombocyte range during 5-FC 

therapy.. Also, a significant linear correlation between 5-FC clearance and creatinine 

clearancee could be demonstrated, in accordance with the findings in other studies.18,19 

Combinationn of the two linear relationships results in an expression between 

creatininee clearance and thrombocyte nadir making it possible to predict the 

thrombocytee nadir from the creatinine clearance. The validity of this relation is limited 

too the patients who meet the characteristics of our investigated population: ICU 

patients,, who develop a thrombocytopenia during 5-FC treatment or who remain 
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withinn the normal thrombocyte range and who's individual pharmacokinetic 

parameterss are within certain limits (CI5-FC: 0.43-5.86 L/h; Vd: 16.93-121.05 L; 

Vdbw:: 0.242-1.742 L/kg and AUC: 634-4397 mg-h/L). The fact that results show a 

significantt difference in 5-FC clearance without changes in other pharmacokinetic 

parameterss such as mean AUC can be explained by the difference in 5-FC mean 

dailyy dose. In case patients experienced high 5-FC levels during treatment due to a 

lowerr 5-FC clearance adjustments in 5-FC dose were made in order to lower 5-FC 

levels.. As a result there is no difference in AUC between the two groups of patients. In 

lightt of the retrospective character of this study, prospective studies are necessary to 

validatee the derived expression between creatinine clearance and thrombocyte nadir. 

Whenn the relationship appears to be valid, the formula enables to define patients at 

riskk for thrombocytopenia on basis of their creatinine clearance. 

AA quarter of the investigated patients develops an unexpected thrombocytosis 

duringg 5-FC therapy. However, the causality of this relation is questionable despite 

thee existence of a positive time-relation with 5-FC administration. It is more likely 

thatt this effect is the result of the complex state of health of the patients. This 

situationn could as well serve as the explanation for the unexpected observation that 

23%% of the investigated patients presented a thrombocytopenia before starting the 

5-FCC treatment. 

Thee main part of the patients presented a leucocytosis before the start of 5-FC therapy, 

whichh most probably is attributable to the systemic infection, in most cases a Candida 

infection.. This could mask an effect on leucocyte counts caused by 5-FC. 

Thee effect of 5-FC on liver enzymes is diverse: the percentages of patients developing 

increasedd levels of ALAT and ASAT was less compared to patients developing 

increasedd levels of the less specific liver enzymes AP and y-GT. Patients receiving 

continuouss administration of 5-FC develop less hepatotoxicity (as observed by 

significantlyy increased y-GT levels) compared to patients receiving intermittent infusion 

off the drug. Also, a weak though significant linear correlation was found between the 

increasee of ASAT and the mean daily 5-FC dose/creatinine clearance/body weight, a 

factorr shown to be of importance for 5-FC toxicity earlier by Stamm er a/.6 The use of 

individuall liver enzymes as markers of hepatotoxicity could be discussed since there 

aree many other possible markers such as serum protein levels including albumine, 

plasmaa levels of coagulation factors and serum bilirubin concentration. However, 

albuminee levels are non-specific and depend on many factors such as food intake. 

Furthermore,, coagulation factors are a much less sensitive marker as compared to 
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individuall liver enzymes. In addition, interpretation of serum bilirubin concentration 

dependss not only on liver function but also on hemoglobin metabolism. 

Ourr retrospective study confirms the reports in the literature that 5-FC levels exceeding 

1000 mg 5-FC/L result in increased incidence of bone-marrow depression and 

hepatotoxicity.6,7'100 Although our patients were all carefully monitored by assessment of 

serumm drug levels during 5-FC treatment in order to prevent 5-FC levels exceeding 

1000 mg 5-FC/L, higher rates of thrombocytopenia and increases in ALAT and ASAT 

levelss were observed in the group of patients experiencing small lasting 5-FC levels 

exceedingg 100 mg 5-FC/L during any time of the treatment. Therefore, close TDM by 

measuringg 5-FC serum levels and adjustment of dosage regimens as performed in our 

routinee practice does not seem to fully prevent bone-marrow depression or 

hepatotoxicityy in the clinical setting as compared to incidences of these side effects 

fromm historical data. However, only a direct comparative study can elucidate the real 

clinicall value of TDM of 5-FC. 

Itt is concluded that, in our limited population, bone-marrow depression and 

hepatotoxicityy by 5-FC are related to some pharmacokinetic parameters, such as the 

5-FCC clearance and the daily dose/creatinine clearance/body weight. The clinical 

implicationn is that patients with impaired renal function should be regarded at risk for 

developingg 5-FC induced thrombocytopenia and hepatotoxicity. 
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ABSTRAC T T 

Background:Background: Evaluating and investigating efficacy and accuracy of an earlier derived 

relationshipp between thrombocyte nadir and mean creatinine clearance in order to 

makee it possible to predict flucytosine (5-FC)-related thrombocytopenia. 

Methods:Methods: The earlier derived relationship between thrombocyte nadir and mean 

creatininee clearance is validated by using a patient population of 35 intensive care unit 

(ICU)) patients. Patients have to meet the inclusion criteria as defined in the initial study 

(i.e.. developing thrombocytopenia during 5-FC treatment or remaining within the 

normall thrombocyte range; individual pharmacokinetic parameters within certain limits; 

aa minimum of three measured 5-FC serum levels). 

Results:Results: Out of a total of 35 patients, 11 are eligible since they meet the inclusion criteria 

ass defined in the initial study. A significant relationship between observed and predicted 

thrombocytee nadir values can be derived: Ypred = 0.608 • Xobs + 24.330 (r = 0.615; 

t(obs)) = 2.337; t(table; p<0.05; 9) = 2.262). The predicted value of the thrombocyte nadir 

correspondss with a mean prediction error (bias) of -18.3 (95% CI = -45.9; 9.4) and a 

roott mean squared prediction error (precision) of 48.3 (95% CI = 23.9-63.9). 

Conclusion:Conclusion: The earlier derived relationship between thrombocyte nadir and mean 

creatininee clearance is accurate and precise. However, due to the strict inclusion 

criteriaa used to derive and validate this relationship, it cannot be applied on all 5-FC 

treatedd patients. 
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INTRODUCTION N 
Flucytosinee (5-fluorocytosine; 5-flucytosine; 5-FC; figure 1) is an antimycotic agent that 

wass first synthesized in 1957. Initially it was supposed to possess antitumor activity, but 

itt appeared to be ineffective for this purpose.1,2 It was discovered a few years later that 

5-FCC has antimycotic properties and at the end of the 60s 5-FC was used in humans 

forr the treatment of candidiasis and cryptococcosis.3'5 

Thee use of 5-FC as a single agent is limited to some individual cases of 

chromoblastomycosiss and uncomplicated candiduria, due to the development of resistance 

off many fungi to this antimycotic agent.6'7 Most frequently 5-FC is used concomitantly with 

otherr agents, mainly amphotericin B, for the treatment of systemic mycoses.8,9 

Fluorouracill (5-fluorouracil; 5-FU; figure 1) plays a key role in the antimycotic activity 

off 5-FC. 5-FC is taken up by mycotic cells by means of the enzyme cytosine 

permeasee and converted into 5-FU by the specific enzyme cytosine deaminase 

(Figuree 2).6,10'12 Two mechanisms can be distinguished by which 5-FU acts as an 

antifungall agent. The first mechanism involves the subsequent conversion of 5-FU 

throughh 5-fluorouridine monophosphate (FUMP) and 5-fluorouridine diphosphate 

(FUDP)) into 5-fluorouridine triphosphate (FUTP),13"15 which is incorporated into 

fungall RNA in place of uridylic acid that finally results in inhibition of the protein 

synthesis.14'155 The second mechanism is the conversion of 5-FU by the uridine 

monophosphatee pyrophosphorylase into 5-fluorodeoxyuridine monophosphate 

(FdUMP)) which inhibits thymidylate synthetase and consequently DNA biosynthesis 

(Figuree 2).11"13,15 

Therapeuticc drug monitoring (TDM) of 5-FC is routinely performed in many institutions 

forr three distinct reasons: to assure effective 5-FC levels in the individual patient, to avoid 

resistancee and to avoid high 5-FC levels in order to prevent serious dose-limiting toxicity, 

suchh as bone-marrow depression and hepatotoxicity. Several studies have pointed out 

thee development of toxicity when 5-FC levels exceed 100 mg/L9,16'20 Furthermore, 

developmentt of resistance most frequently occurs at drug levels below 25 mg/L.21 

Avoidancee of high 5-FC levels in order to prevent severe toxicity, such as bone-marrow 

depressionn and hepatotoxicity, assumes a relationship between toxicity and 5-FC serum 

levelss or pharmacokinetic parameters. Recently, we demonstrated in a population of 53 

intensivee care unit (ICU) patients that there is a relationship between thrombocyte nadir 

andd creatinine clearance (Clcr).16 The purpose of this study is to investigate and validate 

thee accuracy of the derived relationship within a new group of ICU patients who were 

treatedd for septic mycosis with a combination of intravenous 5-FC and amphotericin B. 
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SUBJECTSS AND METHODS 
Patien tt  Populatio n 
Thee study population consists of 5-FC treated ICU patients in the Academic Medical 

Centerr (Amsterdam, The Netherlands) between January 1, 1997 and January 1, 2000. 

Alll relevant clinical and epidemiological data were collected from the medical records of 

thee individual patients and from the automated hospital system, mostly on a daily basis. 

Thee inclusion criteria for patients were derived from the former study that was used to 

derivee the relationship between thrombocyte nadir and Clcr: ICU patients who develop 

thrombocytopeniaa during 5-FC treatment or who remain within the normal thrombocyte 

rangee and who's individual pharmacokinetic parameters are within certain limits (5-FC 

clearancee (CI5-FC): 0.43-5.86 L/h; volume of distribution (Vd): 16.93-121.05 L; volume 

off distribution, normalized to body weight (Vdbw): 0.242-1.742 L/kg, and area-under-

the-curvee (AUC): 634-4397 mgh/L).16 Furthermore, a minimum of three 5-FC serum 

levelss had to be available in order to be included in the study.16 

AA total of 35 patients received treatment with 5-FC during the investigated time frame 

andd had at least three serum 5-FC levels during their treatment. All patients received 

amphotericinn B as well in a dosage of 0.3-0.7 mg/kg once a day in a 6-hour infusion. 

Serumm Level Monitorin g 
Bloodd for peak serum concentrations was collected half an hour after completion of 

thee intermittent intravenous infusion. Trough levels were sampled half an hour before 

startingg a new infusion. In case of continuous infusion, blood samples were taken at 

aa standard time in the morning (6.00 am; starting on day 2 of treatment). Target 

concentrationss were 25-50 mg/L for trough levels and 50-100 mg/L for peak levels, 

whereass in patients on continuous infusion, a serum level of 50 mg/L was pursued. 

5-FCC levels were measured using a slightly modified HPLC technique with UV 

detectionn as described by Miners et a/.22 

Inn analogy with the initial study, only patients with a minimum of three serum 5-FC levels 

duringg 5-FC treatment were included. Dose adjustments were made by Bayesian 

estimationn using the computer program MVAPHARM (MW\PHARM, version 3.15A, 

Medi\Ware,, Groningen, The Netherlands)23 with an one-compartment model with 

renall excretion.24 
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Toxicit y y 
Inn analogy with the initial study, bone-marrow toxicity was evaluated by means of the 

thrombocytee counts, expressed as the nadir (the lowest number of thrombocytes; normal 

range:: 100-350109 thrombocytes/L; thrombocytopenia: <100-109thrombocytes/L). The 

numberr of leucocytes was not used to evaluate bone-marrow depression since leucocyte 

countss were excluded from analysis in the initial study. This resulted from the fact that the 

vastt majority of patients developed a leucocytosis during 5-FC treatment, most probably 

ass a result of their complex disease state. 

Figur ee 1 . Chemical structures of 

flucytosinee (A) and 5-fluorouracil (B). 

5 . F C ^ ^ ^ 5-FC C 
cytosine e 

deaminase e 

FUMP P FUDP P 
incorporationn inhibition 

FUTPP - * • i n t o RNA ""*" of protein 
synthesis s 

5-FU U 

FdUMP P inhibitionn of 
thymidylatee synthetase 

membrane e 

inhibition n 
" * •• of DNA 

synthesis s 

Figur ee 2 . Intrafungal pathway and mode of action of 5-FC. 

Abbreviations:: 5-FC, flucytosine; 5-FU, 5-fluorouracil; FUMP, 5-fluorouridine monophosphate; FUDP, 

5-fluorouridinee diphosphate; FUTP, 5-fluorouridine triphosphate; FdUMP, 5-fluorodeoxyuridine 

monophosphate. . 



128 8 Chapte rr  VI 

Relationship s s 
Inn the initial study two relationships were derived from the data of the patients who 

developp a thrombocytopenia during 5-FC treatment or who remain within the normal 

thrombocytee range. Firstly, a relationship between Clcr and CI5-FC was derived and 

secondlyy a relationship between CI5-FC and thrombocyte nadir was shown. This resulted 

inn a third relationship between Clcr and thrombocyte nadir:16 

,, , ^ 0.35-(C/cr +0.05) 
thrombocytethrombocyte nadir = — • -

77 0.012 

Thiss relationship was used to predict thrombocyte nadir on basis of the mean Clcr during 

5-FCC treatment in this validation study. 

Statistica ll  Analysi s 
Thee predictive performance of the derived relationship was evaluated by using the 

Student'ss t-test for correlation: 

r>/r7^ 2 2 

VT7 7 

wheree N = number of patients, t = t-fador for N - 2 degrees of freedom, and r = 

coefficientt of correlation. 
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Furthermore,, mean prediction error (me; bias) and root mean squared prediction 

errorr (rmse; precision) as described by Sheiner and Beal were calculated in order to 

evaluatee the magnitude of the systemic error and the precision:25 

predictionprediction error (pe,) = (predicted value i -measured value i) 

11 N 
meanmean prediction error (me) = — XP e< 

11 N 

meanmean squared prediction error (mse) = — ^ ( p e ; )
2 

rooff mean squared prediction error (rmse) = yjmse 

se„„ = Nm^'-Nm^'- Xf Xf 

95%% a (me) = X - t09n(NA)sex < X, < X + f0975(N^se. 

wheree N = pairs of values, X, - pe;, X = mean of all values Xj, t = t-factor for N = 1 

degreess of freedom, X, = true value of X, and 95% CI = 95% confidence interval. 

Calculatingg the 95% CI of the rmse is obtained by calculating 95% CI of the mse (X̂  = 

(pe;)2)) and extracting the square root. 
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RESULTS S 
Thrombocyte s s 
Sixx of the 35 patients (17.1%) developed a thrombocytopenia during 5-FC treatment, 

99 patients (25.7%) remained within the normal thrombocyte range during the period 

off 5-FC treatment and 6 patients (17.1%) developed a thrombocytosis during 5-FC 

therapy.. At the start of the therapy 10 patients (28.6%) presented a thrombocytopenia 

andd 4 patients (11.4%) presented a thrombocytosis (Table 1). The 15 patients who 

developedd thrombocytopenia during 5-FC treatment or who remained within the 

normall thrombocyte range were used for the further analysis. 

Twoo patients out of these 15 were excluded from further analysis since their 

pharmacokineticc parameters were outside of the maximally tolerated ranges as defined 

inn the initial study. Furthermore, two patients had to be excluded from this group since 

theirr serum creatinine values (28 and 42 / JM, respectively) were below the physiologically 

acceptablee lower limit. The remaining 11 eligible ICU patients (Table 2) had a mean 

durationn of treatment of 14.8 days (standard deviation (SD) = 9.7 days; range = 5 .1-

33.44 days). All of these patients received 5-FC for treatment of a systemic Candida 

infectionn (Table 3) and they received 5-FC either by continuous infusion (9 patients; 

81.8%)) or by both continuous as well as intermittent infusion (2 patients; 18.2%). 

AA total of 92 serum concentrations were obtained in these 11 eligible patients 

(meann = 8.4 levels per patient; SD = 5.0 levels per patient; range = 3-21 levels 

perr patient). 

Tabl ee 1 . Summary of the thrombocyte status of the 5-FC treated ICU patients. 

Thrombocytee status 

Thrombocytopenia a 

Normall thrombocyte range 

Thrombocytosis s 
Thrombocytopeniaa before treatment 

Thrombocytosiss before treatment 

No o off patients (%) 

6(17.1) ) 
99 (25.7) 
6(17.1) ) 

10(28.6) ) 

4(11.4) ) 
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Tabl ee 2. Demographic and clinical data of the 11 5-FC treated ICU patients used in the final evaluation. 

Meann  SD Range 

No.. of patients 11 

Genderr (M/F) 7 / 4 

Agee (years) 67.0  7.0 56-75 

Weightt (kg) 84.45  17.63 60-114 

Heightt (cm) 172.09 0 158-185 

BSA(m2)) 1.99 0 1.71-2.30 

Crserumm (^vt) 137  79 65-272 

Clcrr (L/h) 3.05  1.82 1.01 -6.24 

CI5-FCC (L/h) 1.58  0.78 0.74-3.53 

Vd(L)) 48.14 8 32.59-61.32 

Vdbw(LAg)) 0.580 1 0.418-0.712 

AUCC (mgh/L) 1649 2 909-2513 

5-FCmaxx (mg/L) 112.9 3 61.00-210.22 

T5-FCmaxx (days) 4.92  2.62 2.37-9.74 

Typee of infusion (C/l/B) 9 / 0 / 2 

No.. of 5-FC levels 8.4  5.0 3-21 

DD/Clcrr (mg/kg/mL/min) 0.839  0.694 0.241-2.420 

Abbreviations:: BSA, body surface area; Crserum, mean serum creatinine level; CI5-FC, 5-FC clearance; 
Vd,, volume of distribution; Vdbw, volume of distribution, normalized to body weight; AUC, area-under-
the-curve;; 5-FCmax, maximum 5-FC level during therapy; T5-FCmax, time after start of 5-FC treatment 
thatt the highest 5-FC level occurred; C, continuous infusion; I, intermittent infusion; B, continuous and 
intermittentt infusion; DD/Clcr, mean daily dose (normalized to body weight) per creatinine clearance. 

Tabl ee 3. Cultured species in the 11 5-FC treated ICU patients used in the final evaluation. 

Culturedd species Number of patients (%) 

CandidaCandida albicans 4 (36.4) 

CandidaCandida glabrata 3 (27.3) 

CandidaCandida tropicalis ) 

CandidaCandida krusei ) 
CandidaCandida guilliermondi 1 (9.1) 

CandidaCandida albicans + Candida glabrata 1 (9.1) 
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Relationship s s 
Usingg the relationship between Clcr and thrombocyte nadir as derived in the initial study 

predictedd thrombocyte nadir values were calculated for the 11 eligible patients and 

comparedd to the observed thrombocyte nadir values. The relationship between observed 

(Xobs)) and predicted (Yobs) values of the thrombocyte nadir is shown in figure 3 and this 

relationshipp can be described by (r = 0.615): 

YpredYpred = 0.608 • Xobs + 24.330 

Thee t-value that can be calculated from this result is 2.337, and the t-value 

correspondingg with a p-level<0.05 and 9 degrees of freedom is 2.262, which means 

thatt there is a significant relationship between observed and predicted values of the 

thrombocytee nadir. The mean prediction error (bias) corresponding with the predicted 

thrombocytee nadir is -18.3 (95% CI = -45.9; 9.4), whereas the root mean squared 

predictionn error (precision) is 48.3 (95% CI = 23.9-63.9). 

2000 i 

3-- 150 

O O 

100 100 

50 0 

Figur ee 3. Predicted versus 

observedd values of the 

thrombocytee nadir. 

500 100 150 200 

Observedd (109/L) 
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DISCUSSION N 
Treatmentt with the antimycotic agent 5-FC is associated with severe side effects such 

ass hepatotoxicity and bone-marrow depression.9,16"20 In order to avoid these dose-

limitingg toxicities, TDM of 5-FC is routinely performed in many institutions. Recently, we 

demonstratedd a relationship between thrombocyte nadir and creatinine clearance, 

whichh makes it possible to predict 5-FC-related thrombocytopenia.16 However, this 

relationshipp was derived retrospectively and its accuracy has to be investigated and 

validated. . 

Inn this validation study 11 eligible ICU patients met the inclusion criteria as defined in 

thee initial study out of a total group of 35 ICU patients. Using these patients, a 

significantt relationship between observed and predicted thrombocyte nadir values 

couldd be shown. The predictive performance of the relationship between creatinine 

clearancee and thrombocyte nadir is good since it combines a small systemic error, as 

measuredd by the bias, with an acceptable precision. 

AA shortcoming of the derived and validated relationship between thrombocyte nadir 

andd creatinine clearance is the fact that it has been derived by using patients who 

developp thrombocytopenia during 5-FC treatment or who's thrombocyte counts 

remainn within the normal range. The derived relationship is not applicable on patients 

whoo suffer from thrombocytopenia or thrombocytosis prior to 5-FC treatment. 

Furthermore,, patients who develop thrombocytosis during 5-FC treatment were not 

usedd to derive or validate this relationship. However, it is not possible to predict the 

occurrencee of this event prior to 5-FC treatment in case a patient's thrombocyte count 

iss within the normal thrombocyte range at the start of 5-FC treatment. 

Inn conclusion, it was found that the earlier derived relationship between creatinine 

clearancee and thrombocyte nadir makes an easy and accurate prediction of 5-FC-

relatedd thrombocytopenia. This relationship can be used in order to quickly establish 

ann indication about the risk of 5-FC-induced thrombocytopenia in patients treated with 

thiss antimycotic agent. 
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ABSTRACT T 
Thee stability of the antimycotic drug flucytosine (5-FC) and the extent of 5-fluorouracil 

(5-FU)) formation in 5-FC intravenous solution was studied in an accelerated stability 

experiment. . 

5-FCC intravenous solution (10 mg/mL) was heated at 40, 60, 70, 80 and C for a 

maximumm of 131 days. At appropriate time intervals samples were taken and the 

concentrationss of 5-FC and 5-FU were determined using a newly developed, stability 

indicatingg HPLC-UV method. 

Heatingg the 5-FC intravenous solution at 40, 60, 70, 80 and C led to 5-FC 

decompositionn of respectively 0, 8.9, 14.4, 52.5 and 61.6%. The Arrhenius plot of the 

5-FCC decomposition is described by In k(5-FC decomposition) = 80.1892-l/T-0.2396 

andd the 5-FU formation is described by In k(5-FU formation) = -13087-1/T+34.4028. 

Itt is concluded that 5-FC is very stable in intravenous solution at regular storing 

temperaturess and can therefore be stored at ambient temperatures for several years 

beforee the critical border of 95% 5-FC is reached. However, the toxic and teratogen 

degradationn product 5-FU may be present in the product, due to both impurities in the 

raww material and the formation from 5-FC upon sterilization and storage. 



Ann Accelerate d Stabilit y Stud y of Flucytosin e 139 9 

INTRODUCTION N 
Flucytosinee (5-FC) is a systemic antimycotic drug, which is active against mycotic 

infectionss caused by Candida species and Crypfococcus neoformans as well as in 

chromoblastomycosis.11 The drug can be administered both orally and by intermittent 

orr continuous infusion. For the intravenous route of administration 5-FC is marketed 

ass Ancotil® which is an isotonic solution existing of 1.0% 5-FC (10 mg 5-FC/mL) and 

0.805%% NaCI.1 

Att temperatures below C 5-FC is known to precipitate which can be reversed 

byy heating the solution at . The manufacturer advises to heat the solution 

underr these circumstances for a maximum of half an hour. Storage of the solution 

abovee a temperature of C however is known to cause degradation of 5-FC into 

5-fluorouracill (5-FU).1 

5-FUU is a widely used antineoplastic drug mainly prescribed for the palliative treatment 

off carcinoma of the colon, rectum and mammae.1,2 Furthermore, it is known that 5-FU 

iss not only formed as a decomposition product of 5-FC but it is also used as precursor 

inn the synthesis of 5-FC.3 These two reasons might explain the presence of 5-FU 

impuritiess in 5-FC products. As 5-FU is a heavily toxic and teratogen substance its 

concentrationn in 5-FC intravenous solutions must be kept to a minimum in order to 

reducee the exposition of this drug to patients treated with 5-FC. 

Untill so far there have only been shelf life studies with 5-FC in extemporaneously 

compoundedd oral liquids4,5 and according to our knowledge published data for the 

stabilityy of 5-FC in intravenous solutions is lacking. However, for the preparation and 

storagee of 5-FC intravenous solutions at our pharmacy, information about the 5-FC 

stabilityy in infusion fluids is warranted. 

Wee studied the stability of 5-FC in intravenous solutions by an accelerated stability 

testingg experiment and selectively measured the concentrations of 5-FC as well as 

5-FUU in 5-FC intravenous solution. 

MATERIALL AND METHODS 
Drug ss and Chemical s 
5-FCC (Ancotil*) infusion solution was obtained from Roche (Roche Nederland B.V., 

Mijdrecht,, The Netherlands). 5-FU (C4H3FN202) and 5-FC (C4H,FN30) (Figure 1) were 

purchasedd from Sigma Chemical Co. (St. Louis, U.S.A.). 
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Thee ion-pare reagent used for HPLC, 1 -heptanesulfonic acid (sodiumsalt, monohydrate; 

C7H1503SNa.H20)) was obtained from Sigma-Aldrich Chemical Co. (St. Louis, U.S.A.). 

Ammoniumm dihydrogen phosphate ((NH4)H2P04) was purchased from Merck (Merck, 

Darmstadt,, Germany) and distilled water was obtained from Braun-NPBI (Medispoel®, 

Emmer-Compascuum,, The Netherlands). 

Figur ee 1. Chemical structures of 
5-FCC and 5-FU. 

NH,, O 

Flucytosinee (5-FC) Fluorouracil (5-FU) 
Mw== 129.9 Mw= 130.8 

Assay y 
Forr the heating of the 5-FC intravenous solution waterbaths with Type EM Jujabo 

heatingg elements (Jujabo labortechnik, Seelbach, Germany) and two stoves (Model 

4000 Memmert; Memmert GmbH, Schwabach, Germany and Heraeus; Dijkstra B.V., 

Thee Netherlands) were used. 

Thee concentrations of 5-FU and 5-FC were determined using a newly developed HPLC 

methodd with UV detection. A Supelcosil LC-18-DB column (150 mm x 4.6 mm I.D.) 

(Art.. No. 5-8348; Supelco Inc., Supelco Park, Bellefonte, U.S.A.), a Model 7125 

Rheodynee Injector system (Rheodyne Inc., Cotati, U.S.A.), a Shimadzu® LC-6A Liquid 

Chromatographh (Shimadzu Co., Kyoto, Japan) (flow rate 1 mL/min; pressure 120 

kgf/cm2),, a Shimadzu® C-R6A Chromatograph (Shimadzu Co., Kyoto, Japan) and a 

Shimadzu** SPD-6A UV Spectrophotometric Detector (Shimadzu Co., Kyoto, Japan) 

weree used. Absorption was measured at a wavelength of 266 nm. 

Thee mobile phase consisted of 0.03 M (3.45 g/L) ammonium dihydrogen phosphate 

(pHH 3.5) and 0.005 M (1.1015 g/L) 1-heptanesulfonic acid, filtered before use over a 

SM-111177 0.2 fM. filter (Sattorius GmbH, Göttingen, Germany). 

Standardss were prepared by accurately weighting of 5-FU and 5-FC followed by 

dissolvingg in distilled water and dilution to a final concentration of 10 //g/mL and 100 

/ig/mLL for 5-FU and 5-FC, respectively. Five-microliter samples or standard solutions 

weree injected into the HPLC. Concentrations were determined by calculation of 

peakheightt ratios of samples and corresponding standards. 

Calibrationn curves were prepared for 5-FU at concentrations of 1, 5, 10, 15 and 20 

//g/mLL and for 5-FU at concentrations of 20, 40, 60, 80 and 100 /yg/mL. 
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Infusio nn Preparatio n and Samplin g 
Thee procedure for performing an accelerated stability study as described by the Dutch 

Associationn of Hospital Pharmacists was applied.6 Briefly, 5-FC decomposition and 5-FU 

formationn in time are analyzed at five different temperatures {40, 60, 70, 80 and ) 

byy means of a HPLC-UV method. At each of the investigated temperatures two bottles of 

5-FCC intravenous solution were used. At the two lowest temperatures the heating was 

carriedd out with waterbaths, whereas at 70, 80 and C stoves were used. 

Upp to 8 days after starting the heating process samples were taken from all the bottles 

att corresponding time intervals: 0, 0.5, 1, 2, 4, 8, 24, 96 and 192 hours after start of 

thee heating. After this period samples were taken at different time intervals from the 

bottless depending on the applied temperature and the expected rate of 5-FC 

decomposition. . 

Sampless of 1 mL of 5-FC intravenous solution were taken from the bottles with a 1-mL 

syringee and a 19G11/2 (1,1*40 TW.PM) injection needle and transferred to a glass 

test-tube.. From each of the samples four appropriate dilutions were prepared with 

distilledd water for the measurement of the 5-FC concentration and the 5-FU 

concentration,, both in duplicate. Dilutions were chosen as to achieve similar 

peakheightss for the sample of 5-FC infusion solution and the standards. 

Dataa Analysi s 
Thee accelerated stability study is based upon the equation of Arrhenius, which relates 

thee rate of a decomposition (or formation) reaction to temperature:7 

lnklnk = lnA-(--T\ 

wheree A is the frequency factor (no dimension), k is the reaction rate constant 

(mg/mLday'1),, E is the activation energy (J-mol1), R is the gas constant (8.314 

J-mol"1-K'1),, and T is the absolute temperature (K). 

Thee order of the reaction was assessed by the graphical method and by calculation of 

thee coefficients of correlation (R2) for zero- and first-order reaction kinetics. Reaction 

ratee constants (k) at several temperatures were calculated from the slopes of the (linear 

orr logarithmic) concentration-versus-time curves. The linear relationship of In k versus 
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thee reciprocal of absolute temperature offers the opportunity to calculate A and £. 

Thesee values were obtained by regression analysis by the method of the least squares. 

Furthermore,, the reaction rate constant at any desired temperature can be calculated 

fromm the Arrhenius equation by substitution. 

RESULTS S 

Chromatograph y y 

Thee HPLC-UV method used in this accelerated stability study offers the opportunity to 

measuree 5-FU and 5-FC selectively and is stability indicating. 5-FC has a retention 

timee of 8.0 min and a new peak appears at a retention time of 3.8 min as 

decompositionn increases. The peak at 3.8 min was identified as 5-FU by analysis of a 

decomposedd sample with a Photodiode Array Detector (DAD) and by injecting a 

mixturee of 5-FU standard and decomposed sample into the HPLC-UV system. 

Chromatogramss of a fresh and a decomposed sample are depicted in figure 2. 

Thee calibration curves of 5-FU and 5-FC were found linear in the concentration range 

off 1-20 //g/mL and 20-100 ,ug/mL, respectively. The mean coefficients of correlation 

weree 0.9973 (n = 4) and 0.9999 (n = 4) for 5-FU and 5-FC, respectively. 

Figur ee 2. Chromatogram 
off a fresh and a 
decomposedd sample of 
5-FCC intravenous infusion; 
AA = 5-FC (Rt = 8.0 min) 
andd B = 5-FU (Rt = 3.8 
min). . 

L_ _ 
88 lOmin 88 lOmin 
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Stabilit y y 
Thee mean concentrations of 5-FC and 5-FU in the intravenous solution in time are 

presentedd in figure 3. Each mean consists of four separate measurements: two bottles 

off 5-FC intravenous solution from which the samples were injected into the HPLC in 

duplicate. . 

500 100 

Timee (days) 

500 100 

Timee (days) 

150 0 

Figur ee 3. The mean 5-FC and 5-FU concentrations in time during heating at 40 (o), 60 (0) , 

70 (A ) ,, 80 (X) and C (*) . 

Thee mean initial 5-FC concentration was 9.92 mg/mL (range 9.73-10.14). After 

heatingg at C for a total of 131 days no significant decrease in 5-FC concentration 

appearedd while the concentration of 5-FU increased to 103-10'3 mg/mL. When heated 

att C for a total of 103 days the concentrations 5-FC and 5-FU were 9.02 and 

806-10"33 mg/mL for 5-FC and 5-FU, respectively (8.9% 5-FC decomposition). Heating 

att C for a total of 75 days resulted in a 5-FC concentration of 8.41 mg/mL (14.4% 

5-FCC decomposition) and a 5-FU concentration of 1.25 mg/mL. After heating at C 

forr a total of 50 days the 5-FC concentration is 4.82 mg/mL (52.5% 5-FC 

decomposition)) and the 5-FU concentration has increased to 2.93 mg/mL, whereas 

afterr heating at C for a total of 47 days these concentrations are 3.83 and 2.97 

mg/mLL for 5-FC and 5-FU, respectively (61.6% 5-FC decomposition). The percentages 

off 5-FC decomposition at the different temperatures were calculated relatively to the 

correspondingg initial 5-FC concentration. 

Duee to the very low decomposition rate of 5-FC at C the data do not allow 

calculationn of a reliable 5-FC decomposition rate constant at this temperature. For this 
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reasonn the results of the experiment at C are left out of the further analysis in the 

acceleratedd stability study. However, the stability data at C might be considered as 

shelff life stability data to validate the findings of the accelerated stability study. 

Thee mean coefficient of correlation corresponding with the linear presentation of the 

5-FCC concentration-versus-time curves at the investigated temperatures is -0.9933 

(rangee -0.9916 to 0.9952), whereas logarithmic presentation results in a mean 

coefficientt of correlation of -0.9940 (range -0.9930 to 0.9963). Assuming first order 

reactionn kinetics results in the best fit although the differences in the coefficients of 

correlationn between using linear and logarithmic presentation of the 5-FC 

concentrationn are small. 

Logarithmicc regression analysis of k versus 1/7 leads to the Arrhenius plot (R2 = 

0.9592)) and the corresponding Arrhenius equation for 5-FC decomposition: 

\nk(5-FC\nk(5-FC decomposition) = 80.1892 l/T-0.2396 

Byy means of this Arrhenius equation the reaction rate constants of 5-FC decomposition 

att 18, 25 and C were calculated to be respectively 1.0366, 1.0299 and 1.0167 

mg/mL-days'1.. These calculated values are very low indicating that 5-FC is very stable 

att these temperatures. The extrapolation of 5-FC decomposition at C leads to a 

veryy low 5-FC decomposition rate corresponding to the actual findings at this 

temperature. . 

Thee 5-FU concentration-versus-time curves at 80 and C show a linear shape until 

approximatelyy 8 days after start of the heating. From this moment the 5-FU 

concentrationn reaches a plateau. Approximately at the same time the 5-FC intravenous 

solutionn starts to color brownish and a black precipitation is formed in the solution. 

Thee same situation occurs after approximately 53 days of heating at . 

Thee situation at 70, 80 and C was simulated to investigate the possibility that these 

observationss are the result of saturation of the 5-FC intravenous solution with 5-FU. 

Forr this purpose the 5-FC intravenous solution was diluted with normal saline to a 

concentrationn of 7 mg/mL 5-FC and "titrated" with a 50-mg/mL solution of 5-FU until 

aa concentration of approximately 6.5 mg/mL 5-FU. No visible precipitation was 

formedd at C or at room temperature. 

Linearr presentation of the 5-FU concentration-versus-time curves results in a better fit 

inn comparison to logarithmic presentation: the mean coefficient of correlation 
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correspondingg with the linear presentation of the 5-FU concentration-versus-time 

curvess at the investigated temperatures is 0.9994 (range 0.9985-0.9998), whereas 

logarithmicc presentation results in a mean coefficient of correlation of 0.9394 (range 

0.92111 -0.9895). In the cases of heating at 70, 80 en C the results after 53, 8 and 

88 days respectively of heating have been left out of this analysis since after this point in 

timee the 5-FU concentration-versus-time curves lose there linear shape and the 5-FU 

concentrationn reaches a plateau. 

Logarithmicc regression analysts of k versus 1/7 leads to the Arrhenius plot (R2 = 

0.9908)) and the corresponding Arrhenius equation for 5-FU formation: 

Inn k(S-FU formation) = -130871/T+ 34.4028 

Byy means of this Arrhenius equation the reaction rate constants of 5-FU formation at 18 

andd C were calculated to be respectively 2.5710"5 and 7.39*10* mg/mL-days'. 

Fromm these extrapolated reaction rate constants of 5-FU formation at ambient 

temperaturess it can be calculated that a maximum tolerated amount of 0.1 mg/mL 5-FU 

(1%% 5-FU) has been formed after 7.7 and 2.7 years for respectively 18 and , 

whereass it takes 50.3 and 17.5 years before 0.5 mg/mL 5-FU (5% 5-FU) is present in the 

5-FCC intravenous solution (Table 1). 

Att the start of the heating process (t = 0) 5-FU concentrations between 21.56-10"3 

mg/mLL and 28.46*10"3 mg/mL were measured in the various bottles of 5-FC 

intravenouss solution. From the Arrhenius plot of the 5-FU formation it can be calculated 

thatt during the sterilization procedure which is performed by the manufacturer (30 min 

att ) a concentration of 10.52-10'3 mg/mL 5-FU is formed. The small quantity of 

5-FUU which is present in the 5-FC intravenous solution at t = 0 has been taken in 

accountt for the calculation of the values presented in table 1. 

Tabl ee 1 . The period of time during which 0.1 and 0.5 mg/mL 5-FU are formed. 

Temperaturee 0.1 mg/mL 5-FU 0.5 mg/mL 5-FU 

)) (years) (years) 

188 7.7 50.3 

255 2.7 17.5 
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DISCUSSION N 
Thiss study reveals that 5-FC intravenous solution (10 mg/mL) is very stable at ambient 

temperaturess and can be stored for several years before the concentration has 

decreasedd to 95% of the initial concentration. These extrapolated results from the 

acceleratedd stability study are confirmed by the findings from the shelf life experiment 

forr 131 days at . Until so far there have only been shelf life studies with 5-FC in 

extemporaneouslyy compounded oral liquids but the results of our study comply with 

thee scarce stability data of 5-FC in the literature.4,5 

However,, the formation of the toxic decomposition product 5-FU is of great concern 

andd therefore the normally accepted limits of 95-105% cannot be applied. There are 

noo documented or prescribed standards for the maximum tolerated amount of a 

toxicc decomposition product such as 5-FU. A comparison can be made between the 

5-FUU exposition by patients who are being treated with 5-FC and the 5-FU exposition 

byy patients receiving a standard dose of 5-FU as a cytotoxic drug treatment. The 

regularr dose of 5-FC (Ancotil®) intravenous solution is 37.5 mg/kg 4 times a day, 

whichh is equivalent to 10.5 g 5-FC/day for a standard person (70 kg). Assuming a 

treatmentt with 5-FC of 3 weeks (220.5 g 5-FC) and a 5-FU concentration of 0.1 

mg/mLL ( 1 % 5-FC decomposition) a patient would be exposed to 2205 mg 5-FU 

duringg this period. In comparison, a normal dose of 5-FU as an antineoplastic drug 

iss 1000 mg/m2 every three weeks resulting in a cumulative dose of 1730 mg 5-FU 

forr the standard person (1.73 m2). This leads to the conclusion that a patient treated 

withh 5-FC intravenous solution that has been decomposed for 1% is exposed to 

similarr amounts of 5-FU as applied in anticancer therapy. 

Thee amount of 5-FU, which is present in 5-FC intravenous solution, depends on three 

factors:: the 5-FU which is already present in the raw 5-FC material, the 5-FU 

formationn during the sterilization procedure, and the 5-FC decomposition upon 

storage.. Our study shows that the 5-FU formation itself is extremely slow at ambient 

temperaturess and that approximately 35-50% of the initially present amount of 5-FU is 

formedd during the sterilization procedure. The remaining fraction of the initially 

presentt 5-FU (50-65%) probably comes from the raw 5-FC material. Thus, the quality 

off the raw 5-FC material and the sterilization procedure must be carefully monitored 

becausee quantitatively 5-FU in raw 5-FC material and 5-FU formed during sterilization 

aree the most important sources of 5-FU in 5-FC intravenous solution. 

Inn the current study the 5-FU formation proceeds in a linear fashion but bends to a 

plateauu concentration. This situation in not due to saturation of the 5-FC intravenous 
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solutionn with 5-FU as proven by the described simulation experiment, but is probably 

causedd by the degradation of 5-FU into another substance which could not be 

detectedd by the analytical method applied in this study. 5-FU is decomposed by 

ultraviolett light but when protected from light the stability of 5-FU has been reported to 

bee reasonably in aqueous solutions.8 In a few studies the stability of 5-FU has been 

testedd in portable infusion pumps, PVC bags, ambulatory pump reservoirs and in 

plasticc containers used for infusion at home and 5-FU is stable in aqueous intravenous 

solutionss up to 14 days when stored at C and up to at least 16 weeks when stored 

att C in 5% dextrose injection.9'13 Milovanovic ef a/.8 showed that 5-FU is stable in 

amberr glass bottles at 30 and C for eight weeks but they also report that at C 

thee samples withdrawn for analysis were slightly colored. Furthermore, in the study by 

Rochardd ef a/.11 the authors mention the fact that they determined the stability-

indicatingg capability of their method by using solutions of 5-FU which were partly 

decomposedd by heating at . 

Ourr study enables to predict both the amounts of 5-FU formation and 5-FC 

decompositionn in 5-FC intravenous solution at regular storage conditions by using the 

reactionn rate constants of 5-FU formation and 5-FC decomposition. 

CONCLUSIONS S 
5-FCC is very stable at regular storage temperatures and can be stored at ambient 

temperaturess for several years before the critical border of 95% 5-FC is reached, but 

theree must be taken sharp notice of the amount of the toxic and teratogen 5-FU in the 

product. . 
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ABSTRACT T 
Thee objective of this in vitro study is to investigate the rate of active conversion of 

flucytosineflucytosine (5-FC) to 5-fluorouracil (5-FU) by microorganisms in the intestinal microflora. 

Thee active conversion of 5-FC to 5-FU was studied by incubating Escherichia co/i 

(ATCCC 23922) with several 5-FC concentrations (0.1, 1, and 10 mM 5-FC). In 

addition,, the 5-FC conversion by E. co/i exposed to ciprofloxacine prior to 5-FC 

incubationn was also studied in order to investigate whether viability is necessary for the 

conversionn of 5-FC to 5-FU. Furthermore, fecal samples of 3 patients having selective 

bowell decontamination (SBD) were studied for their ability to converse 5-FC. 

Itt was shown that the 5-FC level decreased by an average of 72, 7 1 , and 72% 5-FC 

afterr incubation for 48h of 1010 E. co/i/mL suspensions containing 0 .1 , 1, and 10 mM 

5-FC,, respectively, indicating that this process is described by linear first-order kinetics. 

Furthermore,, a 66% decrease in 5-FC level was shown after 48h of 5-FC incubation of 

E.. co/i that was exposed to ciprofloxacine prior to 5-FC incubation. Investigation of 

fecall samples of 2 patients prior to SBD showed significant 5-FC conversion, whereas 

thiss conversion was not observed in the corresponding fecal samples 1 week after 

startingg SBD. A third patient was used as a negative control and only minor and 

comparablee 5-FC conversion was noted in the fecal samples 1 week and 2 weeks 

afterr starting SBD. 

Inn conclusion, our in vitro experiments using E. co/i and fecal samples from patients 

showedd that extensive 5-FC conversion occurs by microorganisms in the human intestinal 

microflora.. In case the anaerobic part of the microflora is not involved in the 5-FC 

conversion,, oral 5-FC treatment of SBD patients may result in less 5-FC-induced toxicity. 
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INTRODUCTION N 
Initially,, flucytosine (5-fluorocytosine; 5-flucytosine; 5-FC) was supposed to possess 

antitumorr activity, but it appeared to be ineffective for this purpose.1,2 Its antifungal 

propertiess were discovered shortly after and 5-FC treatment of patients with 

candidiasiss and cryptococcosis started a few years later.3"5 Single agent use of 5-FC is 

limitedd due to the development of resistance of various fungi to this antifungal agent.6,7 

Therefore,, 5-FC is often used concomitantly with other agents, mainly amphotericin B, 

forr the treatment of systemic mycoses.8,9 

Forr its antifungal activity 5-FC is taken up by fungal cells by means of cytosine permease 

andd specifically converted into fluorouracil (5-fluorouracil; 5-FU) by cytosine deaminase 

(Figuree l).6-1012 Further metabolism of 5-FU leads to the formation of 5-fluorouridine 

triphosphatee (FUTP) and 5-fluorodeoxyuridine monophosphate (FdUMP). Once 

incorporatedd into fungal RNA, these compounds result in inhibition of protein and 

DNAA synthesis of the fungal cell (Figure l).11"15 Human cells lacking the enzyme 

cytosinee deaminase are unable to convert 5-FC into 5-FU. 

Besidess its good potential as an antifungal agent, 5-FC is also capable of causing dose-

limitingg toxicity, such as bone-marrow depression and hepatotoxicity. Several studies 

havee pointed out that at 5-FC levels exceeding 100 mg/L the risk of toxicity is 

increased.916'200 Although the mechanism of toxicity of this antifungal drug is still not fully 

understood,, it has been postulated that conversion of 5-FC to certain metabolites, 

especiallyy to 5-FU, is involved in the development of 5-FC-associated toxicity.21*23 5-FU 

andd 5-FU catabolites have been detected in urine and serum of 5-FC treated patients, 

althoughh the reports in literature are scarce'U4,25 and it has been documented that 5-FU 

cann cause bone-marrow depression as seen with 5-FC therapy.21,26,27 

Conversionn of 5-FC to 5-FU can occur passively as well as actively. We have found that 

5-FUU can be present in 5-FC intravenous fluid as a result of impurities from 5-FC 

manufacturingg as well as from 5-FU formation during sterilization and storage.28 

Furthermore,, the human intestinal microflora has been shown to be capable of 

convertingg 5-FC to 5-FU in in vitro experiments using a semicontinuous culture system.22 

Inn addition, Malet-Martino and colleagues showed a possible relationship between the 

gutt flora level and the conversion of 5-FC to 5-FU by using fluorine-19 magnetic 

resonancee spectroscopic analysis of the urine of two patients treated with 5-FC and 

amphotericinn B.23 However, it yet remains unknown whether this conversion is due to the 

aerobicc or anaerobic microflora. 
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5-FCC is administered to patients either orally or intravenously depending on the 

individuall patient and the specific microorganism. It may be possible that oral 5-FC 

therapyy results in high 5-FU levels in the gastrointestinal tract as compared to 

intravenouss 5-FC administration. Assuming that 5-FU plays a role in 5-FC-related 

toxicity2'"233 it can be hypothesized that due to the active conversion of 5-FC to 5-FU by 

thee intestinal microflora, oral 5-FC therapy would put a patient at significantly greater 

riskk for developing toxicity instead of intravenous 5-FC therapy. 

Manyy of the 5-FC treated patients also receive antibiotic therapy (for example, 

selectivee bowel decontamination; SBD) and therefore may undergo an alteration in the 

compositionn of their intestinal microflora. As a result the active intestinal conversion of 

5-FCC to 5-FU may be affected and thereby possibly also the occurrence of 5-FC-

relatedd toxicity. 

Inn the present study we describe the results of an in vitro study that was performed in 

orderr to investigate the active conversion of 5-FC to 5-FU by the intestinal microflora. 

Experimentss were performed with viable Escherichia coli as well as E. co/i exposed to 

ciprofloxacinee in order to investigate whether viability is necessary for the active 

conversionn of 5-FC to 5-FU. Furthermore, fecal samples from 3 patients receiving SBD 

weree investigated for their ability to converse 5-FC to 5-FU. In this manner, an 

indicationn of the active rate of conversion of 5-FC to 5-FU by the intestinal microflora 

wass obtained. 

incorporationn inhibition 
FUDPP —*- FUTP  i n t 0 RNA ""*" of protein 

synthesis s 

inhibitionn of inhibition 
thymidylatee synthetase o f D N A 

synthesis s 

cell l 
membrane e 

Figur ee 1 . Intrafungal pathway and mode of action of 5-FC. 

Abbreviations:: 5-FC, flucytosine; 5-FU, 5-fluorouracil; FUMP, 5-fluorouridine monophosphate; FUDP, 

5-fluorouridinee diphosphate; FUTP, 5-fluorouridine triphosphate; FdUMP, 5-fluorodeoxyuridine 

monophosphate. . 

FUMP P 

5.FCC fH^^f,  5-FC - ^ ^ * - 5-FU 
permeasee deaminase 

FdUMP P 
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MATERIALL AND METHODS 
Chemicals ,, Reagent s and Media 
5-FCC (purity >99%) was obtained from Fluka® (Zwijndrecht, The Netherlands). Sodium 

chloridee (NaCI), disodium hydrogen phosphate dihydrate (Na2HP04.2H20), sodium 

dihydrogenn phosphate dihydrate (NaH2P04.2H20) were purchased from Merck* 

(Darmstadtt Germany). Sterilized phosphate buffer solution (PBS) was prepared by 

dissolvingg 82g NaCI, 17g Na2HP04.2H20 and 2.7g NaH2P04.2H20 in 10L 

demineralizedd water (pH = 7.4; sterilization by heating at C for 15 min). 

EscherichiaEscherichia  coli  and 5-FC Conversio n Measurement s 
E.. coli (ATCC 23922) was selected as a common aerobic/facultative anaerobic species 

off the intestinal microflora to investigate the active conversion of 5-FC to 5-FU by the 

humann intestinal microflora. E. coli was cultured overnight at C on nonselective 

bloodd agar plates and resuspended in PBS until a concentration of 1010 cells/mL using 

McFarlandd standard tubes. Three different 5-FC concentrations were investigated (i.e. 

0.11 mM (  13 mg/L) ; 1 mM (  130 mg/L) ; and 10 mM (  1300 mg/L) 5-FC). The 

incubationn temperature was held constant at C in all experiments. 

AA suspension of approximately 1010 viable E. co/i/mL in PBS (450 //L/sample) was 

incubatedd at C in duplicate with 1, 10, and 100 mM solutions of 5-FC in PBS 

(500 ^L/sample) for 0, 1 ,4 , 24, and 48h. Two sets of negative controls were used 

assuringg that no conversion of 5-FC to 5-FU took place in case either E. coli (control 

sett 1) or 5-FC (control set 2) are absent. Controls of set 1 consisted of PBS (450 

//L/sample),, incubated at C in duplicate with 5-FC (1 , 10, and 100 mM 5-FC in 

PBS;; 50 //L/sample) for 1, 24, and 48h. Controls of set 2 consisted of a suspension 

withh 1010 viable E. coli (450 //L/sample) in PBS (50 //L/sample) incubated at C in 

duplicatee for 1, 24, and 48h. 

AA second series of experiments was performed investigating whether viable 

microorganismss are necessary for the active conversion of 5-FC to 5-FU by the 

enzymee cytosine deaminase. A suspension of 1010 E. co///mL is PBS was exposed to 

1000 mg/L ciprofloxacine at C for 4 hours. Afterwards, the E. co/i-ciprofloxacine 

suspensionn was incubated at C in duplicate with 5-FC in a final concentration of 1 

mMM (450 fA. E. co/i-ciprofloxacine suspension and 50 fA. 10 mM 5-FC solution) for 0, 

1,, 4, 24, and 48h. In order to assess the viability of the ciprofloxacine treated E. coli, 

10-//LL samples were taken for subcuituring onto agar plates at 0, 1, 4 , 24, and 48h. 
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Twoo sets of controls were included in this experiment. The positive control consisted of 

aa 1010 E. co///ml_ suspension without ciprofloxacine (450 //L7sample) that was 

incubatedd at C in duplicate with 10 mM 5-FC (50 /^L/sample) for 0, 1,4, 24, and 

48h.. The negative control consisted of PBS (450 /A/sample), incubated in duplicate 

withh 10 mM 5-FC (50 /H/sample) for 0, 1, 4, 24, and 48h. 

Afterr incubation all samples were centrifuged for 3 min (10,200 rpm) and 300 jul of 

thee supernatants was transferred to plastic tubes that were stored at . After 

collectingg all of the samples, 5-FC and 5-FU levels were measured at the department 

off Clinical Pharmacy. 

Fecall  Sample s and 5-FC Conversio n Measurement s 
Fecall samples from 3 patients having SBD while being treated for hematological 

malignanciess at the department of Hematology of the Academic Medical Center were 

usedd in order to assess whether other intestinal microorganisms than E. co/f were able 

too converse 5-FC to 5-FU. Fecal samples were stored at C before starting the 

experiments.. The clinical data and culture results from the patients of whom fecal 

sampless were studied are reported in table 1. 

Fromm patients A and B fecal samples were obtained prior to SBD and a week after starting 

SBD.. Patient C was used as a negative patient control in order to investigate the possible 

influencee of storage of fecal samples at C on the rate of 5-FC conversion. For this 

purposee fecal samples from this patient were derived 1 and 2 weeks after starting SBD. All 

fecall samples were cultured on selective solid media and in enrichment broth for 

coliformicc bacteria, Staphylococcus aureus, Pseudomonas spp., yeasts and fungi. 

Forr investigation of the extent of conversion of 5-FC to 5-FU, fecal suspensions were 

preparedd in PBS (1.5 g/15.0 mL) and 450 /A. of these suspensions was transferred to 

plasticc tubes and incubated in duplicate with 50 /A. 10 mM 5-FC at C for 0, 1,2, 

4 ,, and 6 days. Both negative as well as positive controls were included. The negative 

controlss consisted of PBS (450 //L/sample), incubated at C in duplicate with 50 //L 

100 mM 5-FC for 0, 1 ,2, 4, and 6 days. The positive controls consisted of a 1010 E. 

co///mLL suspension in PBS (450 //L/sample), incubated at C in duplicate with 50 fA. 

100 mM 5-FC for 0, 1, 2, 4, and 6 days. 

Afterr incubation all samples were centrifuged for 3 min (10,200 rpm) and 300 /A. of 

thee supernatants was transferred to plastic tubes that were stored at . After 

collectingg all of the samples, 5-FC and 5-FU levels were measured at the department 

off Clinical Pharmacy. 
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Determinatio nn of 5-FC and 5-FU Level s 

5-FCC and 5-FU levels were measured using a sensitive and precise high-

performancee liquid chromatography (HPLC) technique that was developed at the 

departmentt of Clinical Pharmacy.29 This assay allows simultaneous quantification of 

5-FCC and 5-FU using spectrophotometric diode array detection and 5-methylcytosine 

(5-MC)) and 5-chlorouracil (5-CU) as internal standards for quantification of 5-FC 

andd 5-FU, respectively. The limits of quantitation of this assay are 0.3 mg/L and 

0.055 mg/L for 5-FC and 5-FU, respectively. A representative chromatogram is shown 

inn figure 2. 

Figur ee 2 . Chromatogram showing 

conversionn of 5-FC to 5-FU in an in vitro 

experimentt using £. co/i. 

Thee presented chromatogram shows that 

approximatelyy 15% conversion of 5-FC to 

5-FUU occurred after incubation of 1010 E. coli 

(ATCCC 23922) with 5-FC during 4 hours at 

.. Abbreviations: 5-FC, 5-fluorocytosine; 

5-FU,, 5-fluorouracil; 5-MC, 5-methylcytosine; 

5-CU,, 5-chlorouracil. 

 i i i i i i i i  i l i i i 

0.000 5.00 10.00 
Min n 
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RESULTS S 
Conversio nn of 5-FC by Escherichia  coli 
Thee 5-FC level decreased by an average of 72, 7 1 , and 72% 5-FC after incubation 

forr 48h of TO10 £. co/f/mL suspensions containing 0 .1 , 1, and 10 mM 5-FC, 

respectivelyy (relatively to the mean 5-FC concentration in control set 1 ; table 2). 

Conversionn of 5-FC to 5-FU was not detected in either set of controls (Table 2). The 

decreasee in 5-FC concentration is described by linear first-order kinetics since the 

proportionall decrease of the three 5-FC concentrations, expressed as the mean 

logarithmicc 5-FC concentration per unit of time, is similar. The 5-FC half-life (V/T) of 

activee conversion of 0 .1 , 1, and 10 mM 5-FC is 26.7, 26.8, and 26.2h, respectively. 

Thee mean value of the reaction rate constant for active conversion of 5-FC to 5-FU 

calculatedd from this result is 0.02608 h \ 

Inn order to assess the effect of the viability of £. coli on the 5-FC conversion, E. coli 

weree exposed to 100 mg/L ciprofloxacine. The number of viable £. coli in PBS 

decreasedd to less than 106 cells/mL (>4 log reduction) after ciprofloxacine exposure 

forr 4h, as shown by culturing results on agar plates. After 8h exposure no £. coli 

weree cultured anymore. In the £. coli suspension containing ciprofloxacine the 5-FC 

levell decreased by an average of 66% after 48h, whereas the 5-FC concentration 

decreasedd by 86% in the 1010 viable £. co///mL suspension in PBS. No conversion of 

5-FCC to 5-FU was detected in the negative controls (Table 3). 

Conversio nn of 5-FC in Feces Sample s 
Inn the fecal sample of patient A prior to SBD, the 5-FC level had decreased by 

approximatelyy 50% after 6 days, whereas in the SBD fecal sample no decrease in 5-FC 

levell was noted. In the fecal sample of patient B prior to SBD more than 95% of the 

initiallyy supplemented 5-FC was conversed after 6 days, whilst in the SBD fecal sample 

noo decrease in 5-FC level occurred after 6 days. In addition, 5-FU levels up to 23.88 

mg/LL were measured in the fecal samples of patients A and B prior to SBD, whereas 

5-FUU remained undetected in their fecal samples obtained one week after the start of 

SBD.. In the fecal samples of patient C that was used as a negative patient control, 

comparablee 5-FC concentrations were observed in both SBD fecal samples. 

Furthermore,, small amounts of 5-FU were present in these SBD fecal samples (Table 4). 
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DISCUSSION N 
Besidess assuring effective 5-FC levels and avoiding resistance in the individual patient, 

therapeuticc drug monitoring (TDM) of 5-FC is routinely performed in many institutions 

too avoid high 5-FC levels in order to prevent serious side effects such as bone-marrow 

depressionn and hepatotoxicity. It is known that 5-FC-related toxicity is significantly 

moree frequent in case 5-FC levels exceed 100 mg/L9,16"20 However, the complete 

mechanismm of toxicity of this antifungal drug is still not elucidated. 

Onee of the possible mechanisms of 5-FC-induced bone-marrow depression and 

hepatotoxicityy is the conversion of 5-FC to certain metabolites, especially 5-FU. 5-FU is 

capablee of causing bone-marrow depression similar to that reported in patients 

receivingg 5-FC therapy.21'26,27 Moreover, a therapeutic range of 2 to 3 mg/L has been 

reportedd for 5-FU and toxicity was shown to be related to plasma levels greater than 3 

mg/L.300 Furthermore, scarce literature reports have shown 5-FU and 5-FU catabolites 

inn urine and serum of patients treated with 5-FC.11,24,25 

Besidess passive conversion of 5-FC to 5-FU, also active conversion of 5-FC can occur.22 

Thee present in vitro study using £. co/i and fecal samples from patients having SBD was 

performedd in order to investigate whether microorganisms in the human intestinal 

microfloraa are involved in the conversion of 5-FC into the cytotoxic agent 5-FU. 

Thee in vitro experiments using E. coli revealed that 5-FC is rapidly converted into 5-FU 

andd that this process follows linear first-order kinetics. In addition, it was shown that E. 

colicoli can also converse 5-FC to 5-FU by cytosine deaminase during exposure to 

ciprofloxacine.. In suspensions containing nonviable E. coli during exposure to 

ciprofloxacinee 77% of the extent of 5-FC was conversed as compared to suspension 

containingg only viable E. coli. Furthermore, the fecal samples of the two patients 

havingg SBD showed that 5-FC conversion was strongly reduced since in the SBD fecal 

sampless no decrease in 5-FC level was observed, whereas significant decreases in 5-

FCC concentration occurred in their fecal samples prior to SBD. Storage of fecal 

sampless at C for 1 weak had no significant effect on the rate of 5-FC conversion 

sincee only minor and comparable 5-FC conversion occurred in the fecal samples 

obtainedd from patient C 1 week and 2 weeks after starting SBD. 

Thee influence of the anaerobic part of the intestinal microflora on the conversion of 

5-FCC to 5-FU was not studied since all fecal samples were stored in PBS at C for 

att least 24h, by which the anaerobic bacteria became nonviable. 

Itt was shown in the in vitro experiments using E. coli that 5-FC is converted into 5-FU. 

However,, in the fecal samples the increase in 5-FU levels was always less than the 
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decreasee of the 5-FC levels. These observations may be attributable to the different 

matricess applied in this study. It is not unlikely that in some of the fecal samples 5-FU 

levelss remain low due to binding of this cytotoxic agent to certain compounds present 

inn the feces. Alternatively, 5-FU on its turn may be rapidly metabolized into other 

compounds,, which remain undetected with the HPLC assay applied in this study. 

Inn conclusion, our in vitro experiments using £. coli and fecal samples from patients 

showedd that extensive 5-FC conversion occurs by microorganisms in the human 

intestinall microflora. Consequently, high 5-FU levels may occur putting the 5-FC 

treatedd patient at increased risk for developing 5-FC-related toxicity. Future studies 

shouldd also address the possibility to study the conversion of 5-FC into its metabolites, 

includingg 5-FU, by the anaerobic part of the intestinal microflora. In case this 

anaerobicc part of the microflora is not involved in the 5-FC conversion, oral 5-FC 

treatmentt of SBD patients may result in less 5-FC-induced toxicity. 
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ABSTRACT T 

Thee aim of this study is to investigate whether fluorouracil (5-FU) could be responsible 

forr bone-marrow depression occurring in flucytosine (5-FC) treated patients. 

Sixx 5-FC treated intensive care unit (ICU) patients were included in this pilot study. 

Toxicityy was monitored by means of thrombocyte and leucocyte counts. Serum levels of 

5-FCC and 5-FU were measured using a sensitive and validated high-performance 

liquidd chromatography (HPLC) assay that allows simultaneous determination of both 

compounds.. The limits of quantitation of this assay are 0.3 and 0.05 mg/L for 5-FC 

andd 5-FU, respectively. 

Thee amounts of 5-FU in the 34 serum samples collected from the 6 investigated ICU 

patientss remained below the limit of quantitation, whereas 5-FC levels could be 

detectedd in all samples. Instead, low levels of the 5-FU catabolite ar-fluoro-/*-alanine 

(FBAL)) were detected in several of the investigated serum samples. In case of 3 

patientss thrombocyte counts remained within the normal range during 5-FC treatment, 

whereass 1 patient developed thrombocytopenia (50109 thrombocytes/L) during 

therapy.. Furthermore, one patient developed leucocytopenia (2.6109 leucocytes/L) 

duringg 5-FC therapy, whereas the remaining 5 patients were suffering from 

leucocytosiss prior to 5-FC therapy. 

Inn conclusion, we found non-detectable 5-FU serum concentrations (<0.05 mg/L) in 

ICUU patients treated with intravenous 5-FC making it unlikely that 5-FC-associated 

toxicityy results from 5-FU exposure in patients receiving intravenous 5-FC therapy. These 

findingss may be explained by the fact that our patients received 5-FC intravenously 

insteadd of orally, a situation not allowing active conversion of 5-FC to 5-FU by the 

humann intestinal microflora. 



Flucytosine-Relatedd Bone-Marrow Depression and Fluorouracil 167 7 

INTRODUCTION N 
Initially,, the antifungal agent flucytosine (5-fluorocytosine; 5-flucytosine; 5-FC) was 

supposedd to possess antitumor activity, but it appeared to be ineffective for this 

purpose.1,22 Its antifungal properties were discovered shortly after and 5-FC treatment 

off patients with candidiasis and cryptococcosis started a few years later.3 5 The use of 

5-FCC as a single agent is limited due to the development of resistance.6,7 Therefore, 

5-FCC is most frequently used concomitantly with other agents, mainly amphotericin B, 

forr the treatment of systemic mycoses.8,9 

5-FCC is taken up by fungal cells by means of the enzyme cytosine permease and 

convertedd into 5-FU (5-fluorouracil; 5-FU) by the specific enzyme cytosine deaminase 

(Figuree l).610-12 Further metabolism of 5-FU leads to compounds that, once incorporated 

intoo fungal RNA, result in inhibition of protein and DNA synthesis of the fungal cell 

(Figuree I ) . m s Human cells lack the enzyme cytosine deaminase and are thus unable to 

convertt 5-FC into 5-FU. 

5-FU U  FUPA FBAL L 

FUMP P FUDP P FUTP P 
incorporation n 

intoo RNA 

permease e 
5-FC C 

cytosine e 
deaminase e 

* •• 5-FU 

FdUMP P inhibitionn of 
thymidylatee synthetase 

cell l 
membrane e 

inhibition n 
off protein 
synthesis s 

inhibition n 
off DNA 

synthesis s 

Figur ee 1 . Metabolic pathway of 5-FU and intrafungal pathway and mode of action of 5-FC. 

Abbreviations:: 5-FC, flucytosine; 5-FU, 5-fluorouracil; FUMP, 5-fluorouridine monophosphate; FUDP, 

5-fluorouridinee diphosphate; FUTP, 5-fluorouridine triphosphate; FdUMP, 5-fluorodeoxyuridine 

monophosphate;; FUPA, a-fluoro-/J-ureidopropionic acid; FBAL, a-fluoro-/J-alanine; F', fluoride. 
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Therapeuticc drug monitoring (TDM) of 5-FC is routinely performed assuring effective 

5-FCC levels. Several studies have pointed out an increased risk of toxicity when 5-FC 

levelss exceed 100 mg/L9,16"20 It has been postulated that conversion of 5-FC to 5-FU 

couldd be one of the mechanisms of development of 5-FC-associated toxicity. 5-FU is 

knownn to cause bone-marrow depression as seen with 5-FC therapy.21'23 Furthermore, 

5-FUU and its catabolites have been detected in urine and serum of 5-FC treated 

patients,, although the reports in literature are not conclusive.11,24,25 

Conversionn of 5-FC to 5-FU can occur passively as well as actively. 5-FU was present 

inn 5-FC intravenous fluid as a result of impurities from 5-FC manufacturing and 5-FU 

formationn during sterilization and storage.26 Furthermore, using Escherichia coli (ATCC 

23922)) we were able to show significant and rapid active conversion of 5-FC to 5-FU 

inn in vitro experiments (Figure 2). 

Theree is only a single study showing 5-FU in serum samples of 5-FC treated 

patients.111 In the serum of 2 healthy volunteers 5-FU levels of 0.01-4.0 mg/L were 

foundd during 6 hours following the oral administration of 2 g of 5-FC. 5-FU levels 

weree also measured in serum samples of 7 5-FC treated patients (0.002-3.06 mg/L 

5-FU;; >1 mg/L 5-FU in 20 of 41 samples). In addition, Williams et a/, quantified the 

urinaryy output of a-fluoro-/?-alanine (FBAL) using 9 5-FC treated patients of whom 8 

weree treated orally.24 They found that 8 of the patients taking doses of 3-30 g 5-FC 

perr day excreted 0.01-0.26% of their 5-FC dose as FBAL. One orally treated patient 

excretedd 4.9% of the 5-FC dose as FBAL. Malet-Marino and colleagues also 

investigatedd the conversion of 5-FC to 5-FU using the urine of 2 patients treated with 

bothh intravenous and oral 5-FC and amphotericin B.27 5-FU itself was not detected in 

thee investigated urine samples, but a relationship between certain 5-FU catabolites 

(i.e.. a-fluoro-/?-ureidopropionic acid, FBAL and fluoride) and the gut flora status was 

shown.. Finally, Harris et a/, examined the capacity of the human intestinal microflora 

too convert 5-FC to 5-FU using an in vitro semicontinuous culture system that 

mimickedd the intestinal microflora.28 The authors showed that enzyme(s) responsible 

forr deamination of 5-FC to 5-FU by the intestinal microflora can be induced by 

chronicc 5-FC exposure. 

Althoughh evidence has been presented for the conversion of 5-FC to 5-FU when 5-FC is 

administeredd orally, no such studies have been performed in case of intravenous 5-FC 

administration.. In the present study we describe the results of a pilot study using 6 5-FC 

treatedd intensive care unit (ICU) patients in order to determine 5-FU serum levels in ICU 

patientss treated with intravenous 5-FC and to relate these findings to 5-FC-induced 

bone-marroww depression. 
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Figur ee 2 . Chromatogram showing conversion 

off 5-FC to 5-FU in an in vitro experiment using 

E.E. co/i. 

Thee presented chromatogram shows that 

approximatelyy 15% conversion of 5-FC to 5-FU 

occurredd after incubation of 10'  E. co/i (ATCC 

23922)) wit h 5-FC during 4 hours at . 

Abbreviations:: 5-FC, 5-fluorocytosine; 5-FU, 

5-fluorouracil;; 5-MC, 5-methylcytosine; 5-CU, 

5-chlorouracil. . 

SUBJECTSS AND METHODS 

Patien tt  Populatio n 

Thee study population of this pilot study consists of 6 5-FC treated ICU patients in the 

Academicc Medical Center (Amsterdam, The Netherlands). All relevant clinical and 

demographicc data were collected from the medical records of the individual patients and 

fromm the automated hospital system. All demographic, pharmacokinetic and 5-FC-

relatedd data are summarized in table 1. 

Patientt A is a 41-year-old male, hospitalized with cryptococcal meningitis who received 

intravenouss 5-FC therapy during 2.5 weeks. Patient B, a 52-year-old female suffering 

fromm ataxia telangiectasia (Louis-Bar syndrome), was admitted to the ICU of our hospital 

withh a suspected sepsis. During her admission, an infection with Candida krusei was 

diagnosedd for which intravenous 5-FC treatment was given during 10 days. Patient C is a 

73-year-oldd male who was admitted to our hospital in order to undergo a coronary-

aorta-bypasss graft (CABG). During this procedure, the patient suffered several 

complicationss and was admitted to the ICU. This patient received intravenous 5-FC for a 

shortt period of time (4 days), although only negative cultures were grown. The 64-year-

oldd male patient D who was hospitalized for treatment of esophageal carcinoma, was 

treatedd during 10 days with intravenous 5-FC for a C tropicalis infection. Patient E, a 76-

WLJV—IL L 
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year-oldd male suffering from severe chronic obstructive pulmonary disease (COPD), was 

admittedd to the ICU of our hospital with a double pneumonia. He received intravenous 

5-FCC treatment for 6 days for an infection with C. albicans. Finally, the 67-year-old male 

FF was admitted to the ICU with pneumonia and sepsis. An infection with 7bru/ops(S 

glabrataglabrata was diagnosed and the patient received intravenous 5-FC treatment forr 16 days. 

Besidess 5-FC therapy, all 6 patients received amphotericin B as well in a dosage of 0.4-

0.77 mg/kg once a day in a 6-hour infusion. In patients A and C 5-FC therapy was 

replacedd by treatment with fluconazole and in patient B 5-FC treatment was discontinued 

duee to recovery of the patient. Therapy was stopped for unknown reasons in patient D, 

whereass patients E and F died shortly after discontinuation of 5-FC therapy. 

Tab l ee 1 . Demographic and clinical data of the 6 investigated 5-FC treated ICU patients. 

Characteristic c 

Genderr (M/F) 

Agee (years) 
Weightt (kg) 

Heightt (cm) 

BSAA (m2) 
Microorganism m 

Crserumm (//M) 
Clcrr (mL/min) 

CI5-FCC (L/h) 
Vd(L) ) 

Vdbww (L/kg) 
AUCC (mgh/L) 

5-FCmaxx (mg/L) 

Totall dose (mg) 

Dailyy dose (mg) 

Lengthh of therapy (days) 
T5-FCmaxx (days) 

Infusionn (C/l) 
No.. of 5-FC levels 

DD/Clcrr (mg/kg/mL/min) 

A A 

M M 

41 1 

70 0 

188 8 
1.94 4 

Cr.Cr. neoform. 

90 0 

93.8 8 
4.65 5 

43.98 8 
0.632 2 

2,465 5 

149.68 8 

191,750 0 

11,461 1 

16.7 7 
15.7 7 

1 1 
4 4 

1.756 6 

B B 

V V 

53 3 

50 0 

145 5 
1.40 0 

C.. krus. 
23 3 

152.8 8 
2.80 0 

25.28 8 
0.506 6 

1,450 0 

76.45 5 

40,933 3 

4,060 0 

10.1 1 

9.3 3 
C C 

3 3 
0.531 1 

C C 

M M 

73 3 

60 0 
172 2 

1.71 1 

N.C. . 
59 9 

82.5 5 
1.29 9 

43.11 1 
0.719 9 

4,186 6 

148.96 6 
19,333 3 

5,400 0 

3.6 6 

3.2 2 
C C 

4 4 
1.091 1 

D D 

M M 
64 4 

69 9 

175 5 
1.84 4 

C.. frop. 
78 8 

82 2 
3.53 3 

48.24 4 

0.699 9 
1,416 6 

62.81 1 
50,000 0 

5,000 0 

10.0 0 
2.4 4 

C C 

5 5 
0.884 4 

E E 

M M 

76 6 
75 5 

175 5 

1.90 0 
C.. alb. 

231 1 

24.0 0 

0.93 3 
107.98 8 
1.440 0 
4,779 9 

133.59 9 
27,250 0 

4,449 9 

6.1 1 
2.1 1 

C C 
4 4 

2.472 2 

F F 

M M 
67 7 

60 0 

170 0 
1.69 9 

7".. g/ab. 
97 7 

54.7 7 
2.14 4 

100.33 3 
1.672 2 
1,343 3 

75.94 4 

46,000 0 

2,875 5 

16.0 0 

6.5 5 

C C 
14 4 

0.876 6 

Abbreviations:: BSA, body surface area; Cr. neo., Cryptococcus neoformans; C. krus., Candida krusei; 

N . C ,, negative cultures; C. trap., Candida tropicalis; C. alb., Candida albicans; 1. g/ab., Torulopsis 

glabrata;glabrata; Crserum, mean serum creatinine level; CI5-FC, 5-FC clearance; Vd, volume of distribution; 

Vdbw,, volume of distribution, normalized to body weight; AUC, area-under-the-curve; 5-FCmax, 

maximumm 5-FC level during therapy; T5-FCmax, time after start of 5-FC treatment that the highest 5-FC 

levell occurred; C, continuous infusion; I, intermittent infusion; DD/Clcr, mean daily dose (normalized to 

bodyy weight) per creatinine clearance. 
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Serumm Level Monitorin g 
Bloodd for peak serum concentrations was collected half an hour after completion of the 

intermittentt intravenous infusion (patient A). Trough levels were sampled half an hour 

beforee starting a new infusion. In case of continuous infusion (patients B, C, D, E, and F), 

bloodd samples were taken at a standard time in the morning (6.00 am; starting on day 2 

off treatment). Target concentrations of 5-FC were 25-50 mg/L for trough levels and 50-

1000 mg/L for peak levels, whereas in patients on continuous infusion, a serum level of 

500 mg/L was pursued. 

5-FCC levels were measured using a sensitive and precise high-performance liquid 

chromatographyy (HPLC) technique that was developed at our department.29 This 

HPLCC method consisted of deprotei nation with trichloroacetic acid and 

spectrophotometricc diode array detection for the simultaneous quantification of 5-FC 

andd 5-FU, with 5-methyicytosine (5-MC) and 5-chlorouracil (5-CU) as internal 

standardss for quantification of 5-FC and 5-FU, respectively. The limits of quantitation 

off this assay are 0.3 mg/L and 0.05 mg/L for 5-FC and 5-FU, respectively. 

Dosee adjustments were made by Bayesian estimation using the computer program 

MW\PHARMM (MW\PHARM, version 3.15A, Medi\Ware, Groningen, The Netherlands)30 

withh an one-compartment model with renal excretion.31 

Toxicit y y 
Bone-marroww toxicity was evaluated by means of thrombocyte and leucocyte counts, 

expressedd as the nadir, the lowest number of thrombocytes or leucocytes during therapy 

(normall ranges: 100-350109 thrombocytes/L and 4.2-10.6109 leucocytes/L; 

thrombocytopenia:: <100109 thrombocytes/L; leucocytopenia: <4.2109 leucocytes/L). 

Pharmacokineti cc  Simulatio n 
Inn order to make it possible to simulate the active formation of 5-FU from 5-FC in 

patientss treated with 5-FC in relation to the active conversion rate K12, one-compartment 

pharmacokineticc models simulating the situation of both oral and intravenous 5-FC 

administrationn were built using the computer program Berkeley Madonna (Figure 3).32 

Thee pharmacokinetic parameters entered into the program included 5-FC volume of 

distributionn {Vd5-FC; 50 L), 5-FU volume of distribution (Vd5-FU; 8 L), 5-FC elimination 

ratee constant (Kel5-FC; 0.15 h"1), 5-FU elimination rate constant (Kel5-FU; 2.8 h"1), 
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absorptionn rate constant for 5-FC absorption in case of oral 5-FC therapy ( K ^ ; 2.77 h'1} 

andd 5-FC input. In case of oral 5-FC administration, a situation of 10,5 g 5-FC in 4 daily 

dosess (37.5 mg/kg/day, 4 times daily; average weight of 70 kg) was simulated. In case 

off intravenous 5-FC infusion, two situations, intermittent and continuous 5-FC infusion 

weree investigated. In case of intermittent 5-FC infusion, the 5-FC input was based on a 

patientt treated with 3 g of 5-FC, 4 times daily, administered as a 30-minutes infusion 

withh intervals of 6 hours. In case of continuous 5-FC infusion, the 5-FC input was based 

onn a patient treated with 5 g of 5-FC as a 24-hour infusion (208 mg 5-FC/h) (Figure 3). 

Ann estimation of the active conversion rate constant (K12) was gathered from in vitro 

experimentss using E. coli (ATCC 23922). From these experiments it was shown that the 

conversionn of 5-FC to 5-FU occurs with a conversion rate constant of 0.02608 h ' . In 

casee of oral 5-FC therapy a parameter plot of K12 versus the expected final 5-FU 

concentrationn was built using 20 runs and a range of 0 to 0.05 h"1 for K12. In case of 

intravenouss 5-FC therapy a parameter plot of K12 versus the expected final 5-FU 

concentrationn was built using 20 runs and a range of 0 to 0.002 h"1 for K,2. 

Thee passive conversion rate constant of the conversion of 5-FC to 5-FU was estimated 

fromm the results of an accelerated stability study of 5-FC in intravenous solution.26 It 

cann be calculated from this study that the passive 5-FU formation rate constant is 

4.04310*44 mg/mLdays'1 at . This passive conversion rate constant was not taken 

intoo account in the pharmacokinetic simulations due to the relatively low value and the 

shortt period of 5-FC therapy. 

RESULTS S 
Serumm Drug Level s 
AA total of 34 plasma samples was obtained from the 6 patients and 5-FC levels were 

measuredd in all samples. Four serum levels were obtained from the patient who 

receivedd 5-FC intermittently: 14.3, 33.2, and 35.2 mg/L (trough levels) and 124.9 

mg/LL (peak level). The 5 other patients received continuous 5-FC therapy and in these 

patientss 5-FC serum levels varied between 12.7 and 153.3 mg/L {mean = 75.5 mg/L; 

SDD = 32.2 mg/L; n = 30; table 2). The serum levels of 5-FU all remained below the 

limitt of quantitation of the HPLC assay (<0.05 mg/L). Figure 4 shows a representative 

chromatogramm (serum sample no. 4 of patient A) as well as a serum sample that was 

spikedd with 5-FC and 5-FU. 
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Orall 5-FC input 

KiB S S 

Intravenous s 
5-FCC inpu t - >> 5-FC 

Kel5-FC C 

 5-FU 

Kel5-FU U 

Figur ee 3. Representation of the pharmacokinetic models used to 

simulatee the active formation of 5-FC to 5-FU in humans in case of 

orall or intravenous 5-FC therapy. Abbreviations: 5-FC, flucytosine; 

5-FU,, 5-fluorouracil; Kel5-FC, 5-FC elimination rate constant; 

Kel5-FU,, 5-FU elimination rate constant, K12, conversion rate 

constantt of the conversion of 5-FC to 5-FU; K ^ , 5-FC absorption 

ratee constant. 

Tabl ee 2 . Measured serum levels of 5-FC and 5-FU in the 6 investigated 5-FC treated ICU patients. 

Sample e 
No. . 

1 1 

2 2 
3 3 
4 4 

5 5 
6 6 
7 7 

8 8 
9 9 

10 0 

11 1 
12 2 
13 3 
14 4 

A A 

5-FC/5-FU U 

(mg/L) ) 

14.37<0.05 5 

33.37<0.05 5 
35.27<0.05 5 

124.97<0.05 5 

--
--
--
--
--
--
--
--
--
--

B B 

5-FC/5-FU U 

(mg/L) ) 

54.3/<0.05 5 

52.6/<0.05 5 
58.2/<0.05 5 

--
--
--
--
--
--
--
--
--
--
--

C C 

5-FC/5-FU U 

(mg/L) ) 

70.6/<0.05 5 

121.3/<0.05 5 
138.8/<0.05 5 
153.3/<0.05 5 

--
--
--
--
--
--
--
--
--
--

D D 

5-FC/5-FU U 

(mg/L) ) 

56.6/<0.05 5 
62.9/<0.05 5 

65.8/<0.05 5 
63.5/<0.05 5 
51.9/<0.05 5 

--
--
--
--
--
--
--
--
--

E E 

5-FC/5-FU U 

(mg/L) ) 

140.7/<0.05 5 

84.0/<0.05 5 
98.4/<0.05 5 
114.5/<0.05 5 

--
--
--
--
--
--
--
--
--
--

F F 

5-FC/5-FU U 

(mg/L) ) 

12.7/<0.05 5 
47.2/<0.05 5 

72.5/<0.05 5 
55.9/<0.05 5 
52.2/<0.05 5 
57.6/<0.05 5 

61.8/<0.05 5 
44.0/<0.05 5 
62.1/<0.05 5 
90.6/<0.05 5 

98.1/<0.05 5 
92.6/<0.05 5 
78.6/<0.05 5 

51.2/<0.05 5 

Abbreviations:: P, peak level; T, through level. 
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Toxicit y y 
Patientt A developed a leucocytopenia (2.6-10' leucocytes/L) during 5-FC therapy, 

whereass the number of thrombocytes remained within the normal range (thrombocyte 

nadir:: 100109 thrombocytes/L). Patient B wass suffering from both thrombocytosis and 

leucocytosiss at the time 5-FC treatment was started (659-109 thrombocytes/L and 

12.8-1099 leucocytes/L, respectively). Patient C developed a thrombocytopenia during 

5-FCC therapy (50-109 thrombocytes/L), while suffering from a leucocytosis before 

startingg treatment (11.9-10' leucocytes/L). Patient D suffered from a leucocytosis prior 

too 5-FC therapy (12.4109 leucocytes/L), although the number of thrombocytes 

remainedd normal during therapy with a thrombocyte nadir of 132109 thrombocytes/L. 

Patientt E was suffering from leucocytosis prior to 5-FC therapy (18.9109 leucocytes/L) 

whilee the number of thrombocytes remained within the normal range (thrombocyte 

nadir:: 112-109 thrombocytes/L). Finally, patient F was suffering from thrombocytopenia 

andd leucocytosis at the time 5-FC treatment was started (67-109 thrombocytes/L and 

19.0-1099 leucocytes/L, respectively). Information on the thrombocyte and leucocyte 

countss of the 6 investigated 5-FC treated ICU patients is summarized in table 3. 

Figur ee 4 . 

Chromatogramm of serum 

levell no. 4 of patient A 

(A;; 5-FC = 124.9 mg/L; 

5-FUU = <0.05 mg/L) 

andd an enlarged 

chromatogramm of a 

serumm sample spiked 

withh both 5-FC and 5-FU 

(B;; 5-FC = 98.8 mg/L; 

5-FUU = 1.3 mg/L). 

Abbreviations:: 5-FC, 

flucytosine;; 5-FU, 

5-fluorouracil;; 5-MC, 

5-methylcytosine;; 5-CU, 

5-chlorouracil. . 

II ' 

J J Ui i 
000 5.00 10.00 
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Pharmacokineti cc  Simulatio n 
Inn case of oral 5-FC administration it was simulated that the expected 5-FU 

concentrationn would be 3.53 mg/L at 72 hours after start of 5-FC therapy in case the 

K,22 is 0.02608 h'1 (Figure 5). For continuous intravenous 5-FC administration it was 

simulatedd that a K12 of 0.000813 h"1 would lead to a 5-FU concentration of 0.05 

mg/L,, which is the detection limit of the applied HPLC assay (Figure 5). This value of 

K,22 is 3.12% of the maximal K12 that was calculated from in vitro experiments. In the 

situationn of a patient treated with intermittent intravenous 5-FC it was simulated that a 

K122 of 0.000283 h  would lead to a 5-FU concentration of 0.05 mg/L (Figure 5). This 

valuee of K12 is 1.09% of the maximal K12 that was calculated from in vitro experiments. 

Tabl ee 3. Summary of the thrombocyte and leucocyte counts in the 6 investigated 5-FC treated ICU patients. 

Characteristicc A B C D E F 

Thrombocytee status 

Thrombocytee count (109/L) 

Leucocytee status 

Leucocytee count (109/L) 

Normal l 

100 0 

LP P 

2.6 6 

TTB T T 

(659) ) 

LTBB T 

(12.8) ) 

TP P 

50 0 
L T BT . . 

(11.9) ) 

Normal l 

132 2 

LTT BT' 

(12.4) ) 

Normal l 

112 2 

LTT B X 

(18.9) ) 

TPP BT-

(67) ) 

LTBT--

(19.0) ) 

Abbreviations:: B.T., before start of 5-FC treatment; TP, thrombocytopenia; TT, thrombocytosis; LP, 

leucocytopenia;; LT, leucocytosis. 

0.022 0.04 
K122 (h"1) 

0.06 6 

5-FU U 
(mg/L) ) 

0.0011 0.002 0.003 
K,22 (h-1) 

Figur ee 5. Plots of the active conversion rate constant of 5-FC conversion (K12) versus 

thee expected 5-FU concentration in case of oral (O), continuous intravenous (D), and 

intermittentt intravenous (*) 5-FC administration. 
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DISCUSSION N 
Besidess assuring effective 5-FC levels and avoiding resistance in the individual patient, 

TDMM of 5-FC is routinely performed in many institutions to avoid high 5-FC levels in 

orderr to prevent serious side effects such as bone-marrow depression and 

hepatotoxicity.. It is known that 5-FC related toxicity is significantly more frequent in 

casee 5-FC levels exceed 100 mg/L9,16"20 However, the complete mechanism of toxicity 

off this antifungal drug is still not elucidated. 

Onee of the possible mechanisms of 5-FC-induced bone-marrow depression and 

hepatotoxicityy is the conversion of 5-FC to certain metabolites, especially 5-FU. Indeed, 

somee scarce literature reports have shown 5-FU and its catabolites in urine and serum 

off patients treated with 5-FC.11'2425 5-FU is capable of causing bone-marrow 

depressionn similar to side effects reported in patients receiving 5-FC therapy.21"23 It has 

alsoo been shown that hematological toxicity due to 5-FU is more frequent with 5-FU 

boluss therapy as compared to 5-FU continuous intravenous therapy.22'23 Moreover, a 

therapeuticc range of 2 to 3 mg/L has been reported for 5-FU and hematological 

toxicityy was shown to be related to plasma levels greater than 3 mg/L.33 

Besidess passive conversion of 5-FC to 5-FU20 this process can occur as well in an 

activee manner, which was shown by our group as well as by others28 with in vitro 

experimentss using E. co/i. 

Thiss paper presents the results of a pilot study investigating serum samples of 6 ICU 

patientss treated with intravenous 5-FC in order to assess whether active conversion of 

5-FCC into 5-FU could explain the occurrence of 5-FC-induced bone-marrow toxicity. 

Ourr experiments revealed non-detectable 5-FU concentrations (<0.05 mg/L) in the 34 

availablee serum samples. Monitoring of thrombocyte and leucocyte counts showed 

thatt during 5-FC therapy both thrombocytopenia and leucocytopenia occurred in 1 

patient.. Normal thrombocyte counts were measured in 3 patients and leucocytosis 

priorr to 5-FC treatment occurred in 5 patients, which is in analogy with our earlier 

results.166 This observation makes it less plausible that 5-FU plays an important role in 

thee occurrence of bone-marrow toxicity upon intravenous 5-FC administration. 

Thee only study showing 5-FU in serum of 5-FC treated patients was performed in the 

latee 1970s by Diasio and colleagues.11 The mean duration of 5-FC treatment of these 

patientss is not directly mentioned in that study but can be estimated to be 

approximatelyy 84 days since the authors state that serum samples were collected 

approximatelyy every 2 weeks and the mean number of serum levels is 6. This is in 

contrastt with the relatively short duration of 5-FC treatment in the current study. 
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Furthermore,, our patients all received intravenous 5-FC, whereas the 7 patients 

reportedd by Diasio and colleagues were all treated with oral 5-FC11 and it is known 

thatt conversion of 5-FC to 5-FU can occur by the human intestinal microflora.28 

Thee pharmacokinetic simulations and the estimation of expected 5-FU concentrations 

uponn oral and intravenous 5-FC therapy confirm our findings that the formation of 

5-FUU from 5-FC only plays a significant role in case of oral 5-FC administration. Our 

resultss show for the first time that the cytostatic agent 5-FU plays no role in 5-FC-

relatedd toxicity upon intravenous 5-FC administration, in contrast to oral 5-FC 

administration.. Simulation of a patient treated with oral 5-FC showed that a 5-FU 

concentrationn as high as 3.53 mg/L is to be expected due to the active conversion of 

5-FCC to 5-FU by the gut flora. This 5-FU plasma level is in the range that has been 

shownn to be related to toxicity.33 Furthermore, the scarce data in literature with 

regardd to 5-FU formation in orally treated 5-FC patients who develop toxicity report 

similarr 5-FU serum concentrations.11 

Itt could be argumented that due to its short half-life (8-22 min), 5-FU remained 

undetectedd as a result of metabolism of this cytostatic agent into other compounds 

(Figuree 1). In order to elucidate this possibility, the investigated 5-FC serum samples 

weree analyzed using a different and sensitive HPLC technique with fluorescence 

detectionn that can be used to quantify the amounts of FBAL, the primary 5-FU 

catabolite,, in serum (detection limit: 0.0107 mg/L = 0.10 //M FBAL). This analysis 

showedd that only small amounts of FBAL were present in some of the serum samples 

off the 6 investigated 5-FC treated ICU patients indicating that these patients had 

beenn exposed to small amounts of 5-FU. Unfortunately, to our knowledge no 

accuratee and reliable methods exist to relate serum levels of FBAL to serum levels of 

5-FUU and thus it is not possible to further interpret FBAL concentrations or to quantify 

thee amount of 5-FU that had been present in these serum samples. 

Ourr study shows that 5-FU serum concentrations in ICU patients treated with 

intravenouss 5-FC are non-detectable (<0.05 mg/L). Therefore the 5-FU levels in 

thesee patients are much lower as compared to 5-FU levels that are to be expected in 

casee 5-FU would be responsible for 5-FC-related toxicity. However, reports in 

literaturee as well as our pharmacokinetic simulations have shown that in case of oral 

5-FCC treatment much higher 5-FU levels can be expected, which may cause bone-

marroww toxicity after this route of administration, whereas it is unlikely that 5-FU 

causess 5-FC-associated toxicity in patients treated with intravenous 5-FC. Further 

prospectivee studies comparing the 5-FU exposure in patients using intravenous and 
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orall 5-FC are necessary in order to confirm our findings. Furthermore, these studies 

shouldd also implement the collection of urine for measurement of FBAL since this 

catabolitee is mainly eliminated renally. 

Inn conclusion, we found non-detectable 5-FU serum concentrations (<0.05 mg/L) in 

ICUU patients treated with intravenous 5-FC making it unlikely that 5-FU is responsible 

forr the bone-marrow toxicity in these patients. This is the first report indicating that 5-FU 

formationn and probably 5-FC-related toxicity depend on the route of 5-FC 

administration.. With this regard intravenous 5-FC administration might be preferred 

overr oral 5-FC therapy. 
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GENERALL DISCUSSION 
Deep-seatedd fungal infections are characterized by the presence of highly virulent 

fungii that are capable of spreading throughout the body and that can invade deeply 

intoo tissues of various organs. The number of patients suffering from such severe and 

oftenn fatal fungal infections has increased during the past few decades.1 

Theree are several reasons by which the prevalence of invasive fungal infections has 

beenn increased. The susceptibility for certain fungal infections is enhanced as a result 

fromm rapid advances in modern medicine. Therefore the life-time of patients with 

variouss severe diseases is substantially prolonged and the number of 

immunocompromisedd patients who are at high risk for developing various fungal 

infections,, is considerably increased.2 

Thee available antifungal agents for treatment of invasive fungal infections are restricted 

too 5 major drugs: amphotericin B, flucytosine (5-FC), ketoconazole, fluconazole, and 

itraconazole.. Introduced in 1952, amphotericin B was the first agent that was used for 

treatmentt of invasive fungal infections.3,4 However, the tolerance of therapy with 

amphotericinn B has been limited by the drug's acute and chronic types of toxicity and 

thee need emerged for more effective and less toxic alternatives.3,4 One of these 

alternativess was thought to be 5-FC, synthesized in 1957 and used in humans for 

treatmentt of candidiasis and cryptococcosis at the end of the 1960s.5"7 In addition, in 

thee late 1980s and early 1990s a new class of antifungal agents, the azoles, was 

introduced,, including fluconazole, itraconazole and ketoconazole.1,3 Furthermore, lipid 

formulationss of amphotericin B that show reduced toxicity and allow larger doses of 

amphotericinn B to be administered have become available in the last decade.8 Besides 

thee wide use of 5-FC as treatment of invasive fungal infections, 5-FC was recently 

recommendedd as a possible drug for a new approach in the treatment of colon cancer. 

Althoughh 5-FC possesses good therapeutic potential for the treatment of invasive fungal 

infections,, especially in combination with other antifungal agents such as amphotericin 

B,, it is also capable of causing serious dose-limiting toxicity including bone-marrow 

depressionn and hepatotoxicity. The risk of 5-FC-related toxicity is one of the reasons that 

therapeuticc drug monitoring (TDM) of 5-FC is routinely performed in many hospitals. 

Althoughh TDM of 5-FC is routinely performed the most suitable pharmacokinetic 

modell to assess 5-FC pharmacokinetic parameters and predict 5-FC-related toxicity 

wass not available. As a consequence, different pharmacokinetic models were used in 

thee process of TDM9,10 and nomograms as well as Bayesian estimation were being 
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appliedd for 5-FC dose adjustment in patients who are at risk of developing serious 

sidee effects (i.e. patients with renal dysfunction, patients receiving nephrotoxic agents, 

orr patients experiencing hematological or gastrointestinal toxicity).11'12 

Thee available models to assess the pharmacokinetics of 5-FC were compared in a 

retrospectivee study (Chapter s I I I an d IV). Besides comparing several 

pharmacokineticc models of 5-FC, different methods of population pharmacokinetics 

aree compared by analyzing the available 5-FC data with both parametric (Standard-

Two-Stagee (STS) and Nonlinear Mixed Effects Model (NONMEM)) as well as 

nonparametricc (NonParametric Expectation Maximization; NPEM) methods. 

Pharmacokineticc analysis of the epidemiological and clinical data of 53 5-FC treated 

intensivee care unit (ICU) patients in Chapte r III showed that the population 

pharmacokineticc parameters of 5-FC are best obtained by a NONMEM predicted two-

compartmentt model with renal elimination. However, implementation of the derived 

modelss on an independent validation group of 5-FC treated ICU patients was 

necessaryy to investigate and confirm this hypothesis. 

Afterr performing this validation study using 35 5-FC treated ICU patients (Chapte r IV) it 

wass concluded that a two-compartment model with renal elimination derived by 

NONMEMM or a two-compartment NONMEM covariate model are most suitable for 5-FC 

populationn pharmacokinetic analysis. Furthermore, NONMEM appeared to be the most 

suitablee method for assessment of 5-FC population pharmacokinetic parameters using 

ICUU patients as the models derived with this method offered more reliable and accurate 

resultss as compared to the models derived with NPEM or the STS method. 

Thee mechanism behind the toxicity of 5-FC has not been fully elucidated although it 

hass been postulated that conversion of 5-FC to certain metabolites, especially the 

primaryy metabolite 5-fluorouracil (5-FU), could be one of the responsible 

mechanisms.. Furthermore, although the occurrence of 5-FC-related toxicity is well 

known,, there is relatively little knowledge whether there are certain relationships 

betweenn 5-FC pharmacokinetic parameters and 5-FC-related toxicity. A retrospective 

studyy was initiated in order to explore the possibility of predicting 5-FC-related toxicity 

byy using 5-FC pharmacokinetic parameters (Chapter s V an d VI). 

Initially,, using the data of a population of 53 5-FC treated ICU patients it was found 

thatt thrombocytopenia is associated with a decreased 5-FC clearance (Chapte r V). 

Furthermore,, it was shown using these patients that the lowest thrombocyte level 
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duringg 5-FC therapy, the thrombocyte nadir, is linear related to 5-FC clearance. From 

thesee results, a relationship between thrombocyte nadir and mean creatinine 

clearancee was obtained. However, a comparative study was needed to obtain indefinite 

prooff of the derived relationships. 

Thee validation was performed using a second group of comparable 5-FC treated ICU 

patientss and in this study a comparison was made between the observed thrombocyte 

nadirr as opposed to the thrombocyte nadir that can be predicted by the derived 

relationshipp using mean creatinine clearance (Chapter VI). This validation study 

revealedd a significant relationship between observed and predicted thrombocyte nadir 

values,, confirming the findings of the initial study. Thus the derived relationship is valid 

forr rapid assessment of the risk of 5-FC-induced thrombocytopenia in 5-FC treated 

patients.. However, due to the strict inclusion criteria used to derive and validate this 

relationship,, it cannot be applied to non-ICU patients suffering from thrombocytosis or 

thrombocytopeniaa prior to 5-FC treatment. 

Followingg the evaluation of 5-FC pharmacokinetic parameters and 5-FC-induced 

toxicity,, the possible relationship between 5-FC-related toxicity and the presence of its 

primaryy metabolite 5-FU was explored in Chapters V I I to IX. 

Conversionn of 5-FC to 5-FU is a crucial step in the mechanism of action of 5-FC and 

thiss conversion is performed by the enzyme cytosine deaminase (CD). However, it is 

nott unlikely that this conversion, that can occur both passively as well as actively, also 

playss an important role with regard to 5-FC-related bone-marrow depression and 

hepatotoxicity. . 

Thee passive conversion of 5-FC to 5-FU was investigated using an accelerated stability 

studyy of 5-FC in intravenous injection fluid, the widely used commercially available 

pharmaceuticall formulation of 5-FC (Chapter VII). 5-FC was found to be very stable in 

intravenouss solution at regular storing temperatures and can therefore be stored at 

ambientt temperatures for several years before critical levels of 95% 5-FC or less are 

reached.. However, the cytostatic degradation product 5-FU may be present in the 

formulation,, due to both impurities in the raw material and the formation from 5-FC upon 

sterilizationn and storage. Therefore, the contribution of these two factors in the amount of 

5-FUU present in the intravenous formulation of 5-FC has to be taken into account. 

Thee active conversion of 5-FC to 5-FU by the enzyme CD is explored in in vitro 

experimentss with Escherichia co// and human fecal samples (Chapter VIII) as well as 

usingg 5-FC serum samples obtained from 5-FC treated ICU patients (Chapter IX). In 

orderr to be able to investigate the active conversion of 5-FC to 5-FU and to measure 
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5-FCC and 5-FU levels simultaneously, a validated, sensitive and precise high-

performancee liquid chromatography (HPLC) method was developed (Chapte r II). This 

assayy is capable of measuring both 5-FC and 5-FU at very low levels (limits of 

quantitation:: 0.3 mg/L and 0.05 mg/L for 5-FC and 5-FU, respectively) by using two 

compounds,, 5-methylcytosine (5-MC) and 5-chlorouracil (5-CU), as internal 

standards.. Using this assay 5-FC, 5-FU, 5-MC and 5-CU were found to have retention 

timess of 4.8, 5.8, 7.7 and 11.0 minutes, respectively. 

Thee results of the in vitro experiments using both E. colt as well as human fecal samples 

fromm hematological patients having selective bowel decontamination (SBD) is described 

inn Chapte r VI I I . This chapter investigates the active rate of conversion of 5-FC to 5-FU 

byy the intestinal microflora. These in vitro experiments showed that extensive 5-FC 

conversionn occurs by microorganisms in the human intestinal microflora. Consequently, 

highh 5-FU levels may occur putting the 5-FC treated patient at increased risk for 

developingg 5-FC-related toxicity. Furthermore, in case the anaerobic part of the 

microfloraa is not involved in the 5-FC conversion, oral 5-FC treatment of SBD patients 

mayy result in less 5-FC-induced toxicity. 

Finally,, non-detectable 5-FU serum concentrations (<0.05 mg/L) were found in 

serumm samples taken from a set of ICU patients treated with intravenous 5-FC, 

whereass 5-FC was measured in all of the serum samples (Chapte r IX). In addition, 

usingg a highly sensitive HPLC assay with fluorescence detection low levels of one of 

thee major 5-FU catabolites, namely a-fluoro-^-alanine (FBAL), was found in some of 

thee investigated serum samples, indicating that these patients had been exposed to 

smalll amounts of 5-FU. As a consequence, it is unlikely that 5-FC-related bone-

marroww depression in patients treated with intravenous 5-FC is a result of exposure 

too 5-FU. These findings might be explained by the fact that all of our patients 

receivedd 5-FC intravenously instead of orally, a situation not allowing conversion of 

5-FCC to 5-FU by the human intestinal microflora. 

Inn conclusion, it can be stated that in our population of 5-FC treated ICU patients 

pharmacokineticc analysis of 5-FC is best performed by parametric analysis with a two-

compartmentt model, although different populations may call for different models. 

Despitee of strict TDM of 5-FC, bone-marrow depression and hepatotoxicity still occur 

inn ICU patients and thus TDM remains a necessary tool in order to predict 5-FC levels 

andd to allow appropriate dosage adjustments. In addition, in case of certain 

subpopulationss of ICU patients, 5-FC-related thrombocytopenia can be predicted by 

meann creatinine clearance. 
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Bothh passive as well as active conversion of 5-FC to 5-FU can occur and both play a 

rolee in 5-FC-related toxicity. The passive conversion of 5-FC is slow but has to be 

takenn into account. On the other hand, the active conversion of 5-FC to 5-FU in the 

gastrointestinall tract by microorganisms containing the enzyme CD justifies that 

intravenouss 5-FC administration is to be preferred over oral 5-FC therapy. 
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SUMMARY Y 
Inn Chapte r I the pharmacology, clinical indications, pharmacokinetics, toxicity, and 

drugg interactions of the antifungal agent flucytosine (5-FC) are reviewed. 

Flucytosinee is a synthetic antifungal compound having no intrinsic antifungal activity. In 

orderr to become active, 5-FC has to be taken up by susceptible fungal cells and 

convertedd into 5-fluorouracil (5-FU). Further conversion of 5-FU leads to metabolites 

thatt inhibit RNA and DNA synthesis of the fungal cells. 

Inn combination with amphotericin B, 5-FC is used in the treatment of severe systemic 

mycoses,, such as cryptococcosis, candidiasis, chromoblastomycosis, and aspergillosis. 

Neww developments in the use of 5-FC consist of combinations with newer azole 

antifungall agents. In addition, 5-FC plays an important role in one of the new 

therapeuticc approaches in the treatment of different types of cancer, especially 

colorectall carcinoma. 

Thee severe side effects of 5-FC include hepatotoxicity and bone-marrow depression. In 

mostt patients, hepatotoxicity and bone-marrow depression are concentration-

dependent,, predictable, possibly avoidable with close monitoring of 5-FC levels aimed 

att <100 mg/L, and reversible with drug discontinuation or reduction of dose. 5-FC is 

excretedd mainly by the kidneys and under circumstances of renal dysfunction dose 

adjustmentss have to be implemented. Due to the crucial role of glomerular filtration in 

5-FCC elimination, combination of 5-FC with drugs impairing glomerular filtration will 

decreasee the elimination of 5-FC and thus prolong the half-life of this antifungal drug. 

Inn Chapter s II to IX of this thesis several aspects of the pharmacokinetics and toxicity 

off 5-FC are studied and reported. 

Thee antineoplastic agent 5-FU has been found to play a key role in the antifungal 

activityy of 5-FC. In addition, 5-FU might also be important with regard to the 

developmentt of 5-FC-related toxicity. The validated, sensitive and precise high-

performancee liquid chromatography (HPLC) method, described in Chapte r I I , is the 

necessaryy tool in order to measure simultaneously the amounts of 5-FC and 5-FU. In 

thiss assay, two compounds, 5-methylcytosine (5-MC) and 5-chlorouracil (5-CU), are 

usedd as internal standards for the determination of 5-FC and 5-FU, respectively. 

Plasmaa samples were deproteinized with trichloroacetic acid, chromatographed on an 

odylsilicaa column and the levels of 5-FC and 5-FU were measured using 

spectrophotometricc diode array detection. 5-FC, 5-FU, 5-MC and 5-CU were found to 
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havee retention times of 4.8, 5.8, 7.7 and 11.0 minutes, respectively and the limits of 

quantitationn were shown to be 0.3 mg/L for 5-FC and 0.05 mg/L for 5-FU. 

Assessmentt of the population pharmacokinetic parameters of 5-FC and subsequent 

elucidationn of the predictive performances of the derived pharmacokinetic parameters 

usingg three methods of analysis and two comparable groups of 5-FC treated intensive 

caree unit (ICU) patients is described in Chapter s III an d IV, respectively. 

Inn Chapte r I I I , epidemiological and clinical data of 53 ICU patients treated with 5-FC 

weree used in order to estimate the pharmacokinetic parameters of 3 different 

pharmacokineticc models using both parametric (Standard-Two-Stage (STS) and 

Nonlinearr Mixed Effects Model (NONMEM)) as well as nonparametric (NonParametric 

Expectationn Maximization; NPEM) methods. In this study both NONMEM and NPEM 

revealedd that a two-compartment model with renal elimination is the best predictor of 

5-FCC levels, whereas STS analysis showed that an one-compartment model with renal 

eliminationn best predicts levels of this drug. 

Inn Chapte r IV the predictive performances of the pharmacokinetic models derived 

fromm data in Chapte r III are assessed using the clinical data from 35 ICU patients. 

Thiss validation study showed that the best results were obtained using a two-

compartmentt model with renal elimination as derived by NONMEM or a two-

compartmentt NONMEM covariate model. Furthermore, NONMEM appeared to be 

thee most suitable method for assessment of 5-FC population pharmacokinetic 

parameterss in ICU patients as the models derived from this method offered more 

reliablee and accurate results than the models derived from NPEM or the STS method. 

Inn Chapte r V the possible relationship between 5-FC pharmacokinetic parameters 

andd 5-FC-related toxicity was explored within a group of 53 ICU patients. The results 

showedd that thrombocytopenia is associated with a decreased 5-FC clearance and 

thatt the thrombocyte nadir was linear related to 5-FC clearance. Furthermore, it was 

foundd that thrombocyte nadir and mean creatinine clearance were associated. 

Thee efficacy and accuracy of this relationship in order to predict 5-FC-related 

thrombocytopeniaa was investigated in Chapte r VI . The results in this chapter showed 

aa significant relationship between observed and predicted thrombocyte nadir values in 
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aa population of 35 5-FC treated ICU patients using the relationship derived from the 

resultss reported in Chapte r V. We concluded that the relationship is valid for 

assessmentt of the risk of 5-FC-induced thrombocytopenia in 5-FC treated ICU 

patients.. Since strict inclusion criteria were used, this relationship may however not be 

validd for non-ICU patients suffering from either thrombocytosis or thrombocytopenia 

priorr to 5-FC treatment. 

Inn Chapte r VI I the results from an accelerated stability study of 5-FC in intravenous 

injectionn fluid is reported. 5-FU may be present in the formulation, due to both 

impuritiess in the raw material as well as to the formation from 5-FC upon sterilization 

andd storage. However, our results clearly showed that 5-FC is very stable in 

intravenouss solution at regular storing temperatures. 

Thee active conversion of 5-FC to 5-FU by means of the enzyme cytosine deaminase 

(CD)) is dealt with in Chapter s VII I an d IX. 

Chapte rr  VIM describes the results of in vitro experiments using both Escherichia 

colicoli as well as human fecal samples from hematological patients having selective 

bowell decontamination (SBD). These experiments were performed in order to 

investigatee the active rate of conversion of 5-FC to 5-FU by the intestinal microflora. 

Itt was concluded from the result of these experiments that extensive 5-FC conversion 

occurss by microorganisms present in the human intestinal microflora. Consequently, 

highh 5-FU levels may occur putting the 5-FC treated patient at increased risk for 

developingg 5-FC-related toxicity. It was hypothesized that if the anaerobic part of 

thee microflora is not involved in the 5-FC conversion, oral 5-FC treatment of SBD 

patientss may result in less 5-FC-induced toxicity. 

Inn all serum samples taken from blood of ICU patients treated with intravenous 5-FC 

measurablee 5-FU serum concentrations (<0.05 mg/L) were absent, whereas 5-FC 

wass present (Chapte r IX). These results show that the conversion of 5-FU from 

intravenouslyy given 5-FC is slight. Additionally, low levels of the 5-FU catabolite 

a-fluoro-^-alaninee (FBAL) were found in some of the investigated serum samples 

usingg a highly sensitive HPLC assay with fluorescence detection, indicating that these 

patientss had been exposed to small amounts of 5-FU. These findings make it unlikely 

thatt 5-FC-related bone-marrow depression in patients treated with intravenous 5-FC 

iss a result of exposure to 5-FU. A possible explanation for these results is the fact that 



Summar y y 191 1 

alll of our patients received 5-FC intravenously instead of orally, a situation not 

allowingg conversion of 5-FC to 5-FU by the human intestinal microflora. 

Thee Genera l Discussio n (Chapte r X) outlines the conclusions that can be drawn 

fromm the results described in the different studies presented in this thesis. 

Inn our population of 5-FC treated ICU patients pharmacokinetic analysis of 5-FC is 

bestt performed by parametric analysis with a two-compartment model, although 

differentt patient populations may require different models. 

Despitee strict therapeutic drug monitoring (TDM) of 5-FC, bone-marrow depression 

andd hepatotoxicity still occur in ICU patients and thus TDM remains a necessary tool in 

orderr to predict 5-FC levels and to allow appropriate dosage adjustments. In addition, 

inn case of certain subpopulations of patients, 5-FC-related thrombocytopenia can be 

predictedd by mean creatinine clearance. 

Bothh passive as well as active conversion of 5-FC to 5-FU can occur and both play a 

rolee in 5-FC-related toxicity. The passive conversion of 5-FC is slow but has to be 

takenn into account. On the other hand, the active conversion of 5-FC to 5-FU in the 

gastrointestinall tract by microorganisms containing the enzyme CD justifies that 

intravenouss 5-FC administration is to be preferred over oral 5-FC therapy. 
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SAMENVATTING G 
Flucytosinee (5-FC) is een antimycoticum, een geneesmiddel dat wordt toegepast bij de 

behandelingg van ernstige systemische schimmel- en gistinfecties. Hoofdstu k I 

beschrijftt de achtergronden van 5-FC. Hierbij wordt stilgestaan bij de farmacologie, 

klinischee toepassingen, farmacokinetiek, bijwerkingen en geneesmiddelinteracties van 

ditt geneesmiddel. 

Flucytosinee is een synthetisch antimycoticum dat niet direct werkzaam is tegen 

infectiess met schimmels of gisten. Alvorens 5-FC actief kan worden, dient het te 

wordenn opgenomen door schimmel- of gistcellen om vervolgens te worden omgezet 

tott 5-fluorouracil (5-FU). Verdere omzetting van 5-FU resulteert in de vorming van 

metabolietenn die de RNA en DNA synthese van de schimmel- of gistcel remmen. 

Inn combinatie met het antimycoticum amfotericine B wordt 5-FC toegepast bij de 

behandelingg van ernstige systemische schimmel- of gistinfecties, zoals cryptococcose, 

candidiasis,, chromoblastomycose en aspergillose. Een tweetal nieuwe toepassingen 

vann 5-FC worden steeds intensiever onderzocht en worden in toenemende mate 

belangrijk.. In de eerste plaats betreft het hierbij het combineren van 5-FC met de 

nieuwee azol-type antimycotica zoals fluconazol en itraconazol voor de behandeling 

vann systemische schimmel- en gistinfecties. Ten tweede speelt 5-FC een belangrijke rol 

inn de ontwikkeling van een nieuwe behandelingsmethode van sommige vormen van 

kanker,, waaronder kanker van de dikke darm. 

Levertoxiciteitt en beenmergdepressie zijn de twee ernstigste bijwerkingen van 5-FC. In 

hett merendeel van de patiënten zijn deze twee bijwerkingen concentratieafhankelijk. 

Wellichtt zijn deze bijwerkingen te voorkomen door het geven van doseringsadviezen 

gebaseerdd op gemeten 5-FC concentraties in het bloed van de individuele patiënt. 

Verderr kunnen de bijwerkingen ook teniet worden gedaan door het verminderen van 

dee dosering of het staken van de therapie. 

5-FCC wordt voornamelijk uitgescheiden door de nieren. Glomerulaire filtratie speelt 

eenn cruciale rol in de eliminatie van 5-FC en als gevolg hiervan zullen geneesmiddelen 

diee de werking van dit mechanisme verminderen, de uitscheiding van 5-FC remmen en 

zodoendee de halfwaardetijd ervan vergroten. Doseringsaanpassingen zijn noodzakelijk 

voorr patiënten met een verminderde nierfunctie. 

Inn de Hoofdstukke n II to t en me t IX zijn verschillende aspecten van de 

farmacokinetiekk en toxiciteit van 5-FC bestudeerd. De resultaten van het onderzoek 

zijnn in dit proefschrift beschreven. 
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Hett cytostaticum 5-FU speelt een belangrijke rol in de activiteit van 5-FC Waarschijnlijk 

staatt 5-FU echter ook aan de basis van de bijwerkingen die optreden bij het gebruik 

vann 5-FC. Voor het gezamenlijk meten van de concentraties 5-FC en 5-FU is in 

Hoofdstu kk II een gevoelige en gevalideerde vloeistofchromatografische 

bepalingsmethodee ontwikkeld. Bij deze bepalingsmethode worden een tweetal 

verbindingen,, 5-methylcytosine (5-MC) en 5-chlorouracil (5-CU), als interne 

standaardenn gebruikt voor de bepaling van respectievelijk 5-FC en 5-FU. 

Plasmamonsterss worden onteiwit met trichloorazijnzuur, gescheiden op een octylsilica 

kolomm en de concentraties van 5-FC en 5-FU worden bepaald met behulp van 

ultraviolett detectie. 5-FC, 5-FU, 5-MC en 5-CU hebben retentietijden van respectievelijk 

4.8,, 5.8, 7.7 en 10.0 minuten. De laagste te meten concentratie met behulp van deze 

bepalingsmethodee is voor 5-FC 0,3 mg/l en voor 5-FU 0,05 mg/l. 

Afleidingg en validatie van populatie farmacokinetische parameters van 5-FC met 

behulpp van 3 verschillende methoden van populatiekinetiek en 2 vergelijkbare 

groepenn intensive care (IC) patiënten die met 5-FC werden behandeld staat 

beschrevenn in de Hoofdstukke n II I en IV. 

Inn Hoofdstu k II I zijn de gegevens van 53 met 5-FC behandelde IC patiënten 

gebruiktt om de parameters van 3 verschillende farmacokinetische modellen af te 

leidenn met behulp van zowel parametrische (Standard-Two-Stage (STS) en Nonlinear 

MixedMixed Effects Model (NONMEM)) als ook non-parametrische {NonParametric 

ExpectationExpectation Maximization; NPEM) methoden. Met behulp van NPEM en NONMEM 

kondenn de 5-FC spiegels het beste worden voorspeld aan de hand van een twee-

compartimentenn model met renale eliminatie. De analyse met de STS methode toonde 

aann dat 5-FC spiegels het beste kunnen worden voorspeld aan de hand van een één-

compartimentt model met renale eliminatie. 

Inn Hoofdstu k IV is het onderzoek beschreven naar de praktische toepasbaarheid van 

dee in Hoofdstu k III afgeleide farmacokinetische modellen. In deze studie werd met 

behulpp van een groep van 35 vergelijkbare IC patiënten gevonden dat de beste 

resultatenn worden verkregen met een twee-compartimenten model met renale eliminatie 

afgeleidd door NONMEM dan wel met een twee-compartimenten co-variabele model 

voorspeltt door NONMEM. Tevens bleek in onze populatie van met 5-FC behandelde IC 

patiëntenn NONMEM de meest geschikte methode voor het onderzoeken van de 5-FC 

populatiekinetiekk aangezien de modellen voorspeld door dit programma meer 
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betrouwbaree voorspellingen opleverden dan de modellen die werden voorspeld door 

NPEMM en de STS methode. 

Inn Hoofdstu k V is het bestaan van mogelijke verbanden tussen de farmacokinetische 

parameterss en de toxiciteit van 5-FC onderzocht met behulp van een groep van 53 

mett 5-FC behandelde IC patiënten. De resultaten tonen aan dat het optreden van 

trombopeniee geassocieerd is met een afgenomen 5-FC klaring en dat de laagste 

waardee van het aantal trombocyten gedurende de behandeling met 5-FC (nadir) 

lineairr gerelateerd is aan de mate van de 5-FC klaring. Voorts is uit de resultaten van 

ditt onderzoek af te leiden dat er een verband bestaat tussen de trombocyten nadir en 

dee gemiddelde kreatinine klaring. 

Dee effectiviteit en de praktische toepasbaarheid van dit verband voor het voorspellen 

vann aan 5-FC gerelateerde trombopenie staat beschreven in Hoofdstu k VI . Hierin 

wordtt vermeld dat er een statistisch significant verband bestaat tussen de 

waargenomenn en de voorspelde waarden van de trombocyten nadir zoals die kunnen 

wordenn afgeleid met de in Hoofdstu k V gevonden formule. Dit afgeleide verband 

maaktt het mogelijk om na te gaan welk risico patiënten hebben op het ontwikkelen 

vann trombopenie indien ze met 5-FC worden behandeld. De inclusiecriteria die zijn 

toegepastt bij dit onderzoek zijn echter zodanig dat het niet mogelijk is om de 

afgeleidee formule toe te passen bij met 5-FC behandelde patiënten die voorafgaand 

aann deze therapie een trombopenie of trombocytose hebben. 

Hoofdstu kk VI I beschrijft de resultaten van een onderzoek naar de houdbaarheid van 

5-FCC in infuusvloeistof. De aanwezigheid van 5-FU in de infusievloeistof kan het 

gevolgg zijn van onzuiverheden in het ruwe materiaal en van vorming uit 5-FC 

gedurendee sterilisatie en bewaring. Met de resultaten van dit onderzoek is het mogelijk 

omm snel de passieve omzetting van 5-FC naar 5-FU kwantitatief vast te stellen. Uit dit 

stabiliteitonderzoekk kan worden geconcludeerd dat 5-FC infusievloeistof bijzonder 

stabiell is indien het wordt bewaard onder normale bewaaromstandigheden. 

Dee actieve omzetting van 5-FC naar 5-FU onder invloed van het enzym cytosine 

deaminasee (CD) wordt behandeld in de Hoofdstukke n VI I I en IX. 

Inn Hoofdstu k VI I I worden de resultaten beschreven van in vitro experimenten met 

behulpp van Escherichia co// alsmede met faecesmonsters van hematologische 
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patiëntenn bij wie selectieve darm decontaminatie (SDD) werd toegepast. De 

experimentenn laten zien dat omzetting van 5-FC naar 5-FU in substantiële mate 

plaatsvindtt onder invloed van bacteriën die aanwezig zijn in de menselijke 

maagdarmkanaall microflora. Als gevolg hiervan kunnen in het bloed van met 5-FC 

behandeldee patiënten hoge 5-FU concentraties voorkomen waardoor het risico voor 

hett krijgen van aan 5-FC geassocieerde bijwerkingen wordt verhoogd. 

Inn Hoofdstu k IX tenslotte wordt uitgebreid stilgestaan bij de omzetting van 5-FC 

naarr 5-FU bij IC patiënten die werden behandeld met intraveneus 5-FC. Met behulp 

vann deze patiënten werd onderzocht of er een verband bestaat tussen het al dan niet 

optredenn van aan 5-FC gerelateerde toxiciteit en de concentratie van 5-FU in het 

bloed.. In de serummonsters van alle patiënten werd 5-FC gemeten, terwijl geen 5-FU 

werdd gemeten (<0,05 mg/l). In de monsters van een aantal patiënten werd in geringe 

matee a-fluoro-/?-alanine (FBAL), één van de belangrijkste 5-FU metabolieten, 

aangetoond.. Dit is een aanwijzing dat in deze patiënten toch (een kleine hoeveelheid) 

5-FUU is gevormd. Onze bevindingen maken het onwaarschijnlijk dat de met 5-FC 

geassocieerdee trombopenie het gevolg is van blootstelling van patiënten aan 5-FU. 

Wellichtt is dit een gevolg van het feit dat alle patiënten intraveneus 5-FC kregen 

toegediend.. In tegenstelling tot orale 5-FC therapie vindt er bij intraveneuze 

toedieningg geen actieve omzetting van 5-FC naar 5-FU plaats onder invloed van de in 

hett maagdarmkanaal aanwezige micro-organismen. 

Inn de General  Discussion  (Hoofdstu k X) worden de belangrijkste conclusies 

besprokenn van het in de voorgaande hoofdstukken beschreven onderzoek. 

Inn onze populatie van IC patiënten kunnen farmacokinetische analyses van 5-FC het 

bestee worden verricht met behulp van een parametrische analyse met een twee-

compartimentenn model. Het is echter niet ondenkbaar dat in het geval van andere 

dann de door ons aangewende IC patiënten een andere aanpak met afwijkende 

farmacokinetischee modellen vereist is. 

Ondankss het meten van de concentraties 5-FC in het bloed van patiënten en het 

verstrekkenn van onderbouwde doseringsadviezen komen beenmergdepressie en 

levertoxiciteitt nog steeds voor bij de met 5-FC behandelde patiënten. Het meten van 

dezee 5-FC concentraties blijft dan ook een noodzaak om het mogelijk te maken het 

concentratieverloopp te kunnen voorspellen zodat de dosering kan worden aangepast. 

Dee omzetting van 5-FC naar 5-FU, die zowel passief als actief kan plaatsvinden, speelt 

eenn belangrijke rol in de toxiciteit die vaak gepaard gaat met het gebruik van dit 
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antimycoticum.. De passieve omzetting verloopt bijzonder traag maar dient niet te 

wordenn onderschat. De actieve omzetting van 5-FC naar 5-FU daarentegen leidt in 

hett geval van orale 5-FC therapie tot aanzienlijke 5-FU concentraties als gevolg van 

dee omzetting van 5-FC naar het toxische 5-FU onder invloed van het enzym CD van 

bacteriënn die aanwezig zijn in de menselijke maagdarmkanaal microflora. Deze 

omzettingg zal niet plaatsvinden indien 5-FC intraveneus wordt gegeven waardoor de 

5-FCC omzetting tot 5-FU beperkt blijft. Intraveneuze 5-FC toediening verdient wellicht 

omm die reden de voorkeur boven orale toediening. 
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DANKWOORD D 
Omm een tweetal redenen is het dankwoord zonder enige twijfel één van de belangrijkste 

onderdelenn van het proefschrift. In de eerste plaats wordt hiermee de promovendus in 

dee gelegenheid gesteld blijk te geven van zijn waardering voor de talrijke groep 

personenn zonder wie de totstandkoming van dit werk niet te verwezenlijken zou zijn 

geweest.. Daarnaast wordt dit onderdeel van het proefschrift in de meeste gevallen 

daadwerkelijkk gelezen. Hiermee neemt het een eenzame positie in. Gezien deze niet 

geringee waarde en functie is bedachtzaamheid gedurende het schrijven een vereiste en 

kann geenszins worden volstaan met gealfabetiseerde opsommingen. 

Vanzelfsprekendd wil ik als eerste mijn promotor, prof. dr. J. Dankert, oprecht 

bedankenn aangezien zonder zijn brede kennis, grote toewijding en exceptionele 

vriendelijkheidd dit proefschrift nooit het daglicht had kunnen zien. 

Opp slechts luttele zinnen afstand wil ik mijn co-promotor, dr. H.-J. Guchelaar, 

bedanken.. Beste Henk-Jan, jouw optimisme, vertrouwen en talrijke momenten van 

begeleiding,, ondersteuning en advisering hebben vanaf onze eerste kennismaking als 

eenn bijzonder motiverende aansturing gefungeerd. Ik zou een iedere toekomstige 

promovenduss een co-promotor van hetzelfde kaliber willen toewensen. 

Voortss ben ik de overige leden van de promotiecommissie, prof. dr. J.R.B.J. Brouwers, 

dr.. R.P. Koopmans, dr. C. Neef, prof dr. DJ . Rich el, prof. dr. G.T.B. Sanders en prof. 

dr.. P. Vermeij, zeer erkentelijk voor de tijd die zij hebben geïnvesteerd in de 

beoordelingg van dit proefschrift. 

Dee groep van apothekers, assistenten, analisten, farmaceutisch personeel en overige 

medewerkerss van de ziekenhuisapotheek van het Academisch Medisch Centrum 

(AMC)) te Amsterdam is te omvangrijk om een ieder persoonlijk te noemen en te 

bedanken.. Daarom sta ik bij deze stil bij een ieder die heeft bijgedragen aan de 

gastvrijheidd en vriendelijkheid binnen de apotheek. De bijdrage van een aantal 

personenn wil ik echter in het bijzonder benadrukken. 

Dee laboratoriumapotheker, drs. HJ.M. van Kan, ben ik veel verschuldigd. Beste Erik, 

bedanktt voor de gastvrijheid op het laboratorium van de apotheek, je inzet bij het volgen 

vann de patiënten en je goede ideeën. In jouw kielzog volgen de projectapothekers en 

ziekenhuisapothekerss (in opleiding): beste Arno, Heleen, Irma, Kirsten, Lous, Patrick, 

Petra,, Pim en Suzan, bedankt voor jullie hulp bij het volgen van de patiënten, voor jullie 

interessee in mijn onderzoek en voor het verzorgen van de noodzakelijke afleiding. 
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Bijzonde rr  veel dank ben ik verschuldig d aan ing . J. Sastre Torarïo , researchanalis t van 

hett  laboratoriu m van de apotheek . Beste Javier , zonde r jouw uitmuntend e 

vaardighede nn op het analytisch e vlak zoude n het tweede , achtst e en negend e 

hoofdstu kk van di t proefschrif t nooi t kunne n zijn voltooi d en opgeschreven . De ander e 

analisten ,, Claudia , Elsa, Jan , Jassmina , Lilian , Marlies , Mina en Yin-Yee, wi l ik bi j deze 

bedanke nn voo r het verzorge n van de broodnodig e dagelijks e porti e vrolijkhei d en de 

uitgebreid ee moeit e die zij hebbe n genome n om "mijn "  talrijk e monster s te analyseren . 

Eenn onmisbar e bijdrag e aan het tot stand kome n van dit proefschrif t is gelever d doo r de 

imme rr  vrolijk e en uiters t geduldig e applicatiebeheerder s van de apotheek . Beste René, 

Woute rr  en Wouter , bedank t voo r julli e hulp , advieze n en onstuitbar e gezelligheid . 

Lastt  but certainly  no least:  onze secretaresse . Lieve Eda, je hoord e vaak mij n geleute r 

enn gemo r aan en je zorgd e ontelbar e keren voo r reddin g bi j praktisch e zaken . Jouw 

goedlachsheid ,, eerlijkhei d en vrolij k karakte r werke n inspirerend . 

Behalv ee de medewerker s van de apothee k waren ook vele andere n binne n en buite n 

dee mure n van AMC betrokke n bi j mij n onderzoek . Bij deze wil ik hen allen mij n 

oprecht ee dank betuigen . 

Inn het bijzonde r ben ik veel dank verschuldig d aan dr . R.A.A. Mathot . Beste Ron, het is 

ondenkbaa rr  dat de Hoofdstukke n III en IV een substantiël e vor m hadde n aangenome n 

zonde rr  je uitgebreid e kenni s van de populatiekinetie k en de energi e die je in dit 

onderzoe kk hebt gestopt . 

Dee medisc h microbiologen , analiste n en overig e medewerker s van de afdelin g 

Medisch ee Microbiologi e van het AMC ben ik erg dankbaa r voo r hun gastvrijhei d en 

hulp .. De nadru k lig t hierbi j ontegenzeggelij k op dr . E.J. Kuijper . Beste Ed, bedank t 

voo rr  je hul p bij het microbiologisch e denk - en veldwer k dat ten grondsla g heeft 

gelege nn aan Hoofdstu k VIII. Vele uren heb je in het onderzoe k gestoke n en altij d nam 

jee de tij d voo r me als ik onverwacht s voo r je deur stond . 

Mett  betrekkin g tot Hoofdstu k IX gaat mij n dank uit naar het Laboratoriu m Genetisc h 

Metabol ee Ziekten , maar in het bijzonde r naar mw. ing . A.E.M. Stroome r en dr . A.B.P. 

vann Kuilenburg . Beste Lyda en André , mij n hartelijk e dank voo r het inbrenge n van 

julli ee kenni s en ervarin g en voo r het uitvoere n van de noodzakelijk e analyses . 

Tenslotte ::  de statistiek . Voor velen een eeuwi g mysterie . Beste dr . Heisterkamp , mij n 

hartelijk ee dank voo r uw hul p bi j het analysere n van de data beschreve n in de 

Hoofdstukke nn III en IV. 
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Hett ondernemen van een poging tot het opnoemen van een lijst met vrienden, 

kennissenn en aanverwanten vergroot alleen maar de kans dat iemand, met alle 

rampzaligee gevolgen van dien, buiten de spreekwoordelijke boot valt. Het is daarom 

datt ik bij deze een ieder uit mijn persoonlijke omgeving wil bedanken voor het 

aanhorenn van mijn frustraties, het verlenen van de noodzakelijke ontspanning en het 

gevenn van wijze adviezen. Een drietal kan echter niet onbenoemd worden gelaten. 

Bestee "Arnie", jou vrolijkheid en optimisme doen boze wolken verdwijnen. Ik hoop en 

verwachtt nog vele decennia met heldere blauwe luchten. 

Lievee "Base-Flyer", de lengte van onze vriendschap zegt voldoende over onze 

wederzijdsee gevoelens. Een intelligentere vriend en meer uitmuntende drinkbroeder 

kunnenn weinigen zich wensen. 

Lievee Clemens, het doet mij bijzonder veel plezier om jou in dit dankwoord te mogen 

noemen,, gezien het feit dat jou grote wijsheid en liefde mij op een groot aantal 

momentenn hebben bijgestaan. 

Paranimfenn dienen als de wasverzachter van een promotieonderzoek: bij afwezigheid 

ervann lukt het ook wel, maar het is onmisbaar voor een fonkelend resultaat. 

Lievee Charles en Thomas, zoals jullie beiden maar al te goed beseffen, heb ik jullie 

niett zonder weldoordachte redenen tot mijn paranimfen gebombardeerd. Jullie 

vriendschappenn maken talloze sombere dagen weer goed en het is voor mij een grote 

eerr dat jullie deze begeleidende en ondersteunende taak, die mijns inziens symbolisch 

iss voor jullie functie in mijn leven, op jullie hebben willen nemen. 

Allerliefstee Eszter en Istvan, het middelpunt van mijn leven. Waar zou ik zonder jullie 

zijn?? Niets is belangrijker geweest voor de totstandkoming van dit proefschrift dan 

julliee geloof in mij, jullie ondersteuning, wijsheid en onuitputtelijke liefde. Het vervult 

mijj van onbeschrijfelijk geluk dat ik dit proefschrift mede aan jullie heb kunnen 

opdragenn en dat jullie beiden de voltooiing van deze prestatie kunnen aanschouwen. 

Anouk,, Dropje, meisje van mijn dromen en kameraad in mijn levensstrijd. De laatste 

woordenn zijn aan jou gericht. Ere wie eer toekomt. Het feit dat dit proefschrift mede 

aann jou is opgedragen zegt niet alles, maar wel voldoende. 

Amsterdam,, 10 oktober 2000 
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Andróss Vermes was born on the 19th of December 1973 in Pecs (Hungary). After 

movingg to The Netherlands in 1979, he received his High School degree in 1992 from 

thee Carmellyceum in Oldenzaal. Afterwards, he studied at the Faculty of Medicine of 

thee Catholic University of Leuven (Belgium) for the period of one year. 

Inn September 1993, he started with the Pharmacy study at the Faculty of Pharmacy of 

thee University of Utrecht. During his study he completed a ten-month research training 

att the department of Clinical Pharmacy of the Academic Medical Center in 
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stabilityy of flucytosine in intravenous solutions, he also wrote his doctoral thesis on the 
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Afterr finishing the Pharmacy study, he worked at the departments of Clinical Pharmacy 
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researchh presented in this thesis. 
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Stellingenn behorend bij het proefschrift 

FLUCYTOSINE E 
Ann Exploration of Pharmacokinetics and Toxicity 

Andrass Vermes 

Amsterdam,, 10 oktober 2000 



Stellingen n 

1.. Een twee-compartimente n mode l met renal e klarin g beschrijf t het 

bestt  de farmacokinetie k van flucytosine  bi j intensiv e care patiënte n 

diee met di t antimycoticu m worde n behandeld . 
DitDit proefschrift 

2.. Flucytosin e kan ernstige , concentratiegereiateerd e toxicitei t 

veroorzaken ,, zich onde r meer uiten d in trombocytopeni e en 

hepatotoxiciteit . . 
DitDit proefschrift 

3.. Het optrede n van trombocytopeni e doo r flucytosin e bi j intensiv e care 
patiënte nn laat zich voorspelle n met behul p van de kreatinin e klaring . 
DitDit proefschrift 

4.. Fluorouraci l kan in relatie f hog e concentratie s aanwezi g zijn  in de 

intraveneuz ee toedieningsvor m van flucytosine . 
DitDit proefschrift 

5.. Escherichia  coli,  een resident e bacteri e van de maagdarmkanaa l 

microflora ,, kan het antimycoticu m flucytosin e omzette n to t het 

cytostaticu mm fluorouracil . 
DitDit proefschrift 

6.. Intraveneuz e flucytosin e toedienin g verdien t de voorkeu r bove n oral e 

therapi ee aangezie n in dat geva l de gastro-intestinal e omzettin g van 

flucytosin ee tot fluorouraci l beperk t is . 
DitDit proefschrift 



Andró ss Vermes 

7.. Bij de behandelin g van ernstig e systemisch e mycose n is 

combinatietherapi ee met flucytosin e en amfotericin e B effectieve r dan 

monotherapi ee met deze antimycotica . 
AA  Polak.  Mycoses  1999; 42 (5-6): 355-370. 

8.. "Les s negative  is bette r tha n mor e negative , as it is mor e likely . 

Positiv ee is bette r still. " 
R.R. W. Jolliffe,  personal  communications 

9.. Veel geneesmiddele n make n deze naam niet waar . 

10.. Het best e antwoor d op twijfel s omtren t de haalbaarhei d van een 

projec tt  is de voltooiin g ervan . 

11 .. Zelfs in het geva l van de theoretisc h oneindig e verkeersopstopping , 

heef tt  het eigen al dan niet gemotoriseerd e vervoe r één niet te 

onderschatte nn voordee l bove n all e vorme n van openbaa r vervoer : 

menn heeft volstrekt e zekerhei d dat men zit . 

12.. Kortstondig e eerlijkhei d geef t meer voldoenin g dan langdurig e 

huichelachtigheid . . 
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