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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). 
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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 
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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). 



Comparisonn of the Pharmacokinetic Models of Flucytosine 83 3 

G-e-s s 
II  A A 

-15 5 15 5 25 5 

NONMEM-two-comp. . 

NONMEM-mixed d 

NONMEN-renal l 

NPEM-two-comp. . 

NPEM-mixed d 

NPEM-renal l 

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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