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Abstract 

 

Introduction: The effect of renal impairment (RI) on systemic exposure is assessed in 

phase I with RI studies and/or in phase III with population pharmacokinetic analysis. 

Regulatory review has indicated that the estimated effect of RI from the two methods 

may differ.  

Aim: To map the estimated effect of RI on systemic exposure based on phase I and III 

data, to investigate if the estimated effect based on the two data sources differ and to 

investigate causes to this potential discrepancy.  

Methods: Marketing authorisation applications (MAA) were scrutinised with focus on 

impact of RI on systemic exposure estimated based on phase I and III data. In addition, 

a simulation-estimation study was performed to explore causes to discrepancies. Phase I 

and III data were simulated and analysed with non-compartmental analysis (NCA) and 

population analysis. The phase III data were simulated under several alternative 

conditions thought to be potential sources for discrepancies,  such as uncertainty in 

creatinine clearance (CLCR) measurements and varying number of subjects.  

Results: Six examples were found in MAAs in which a discrepancy was observed, 

where phase III tended to estimate a lower effect of RI compared with phase I. In the 

simulation-estimation study, the NCA of phase I data over-predicted the effect of RI on 

systemic exposure, while the population analysis of phase III data estimated the effect 

of RI without bias. Uncertainty in CLCR measurement in the phase III data resulted in 

under-prediction of the effect of RI on systemic exposure.  

Conclusions: A discrepancy in the estimated effect of RI on systemic exposure between 

phase I and III was observed in existing MAAs. The NCA of phase I RI study and 

uncertain CLCR measurements were identified as possible reasons to the discrepancy. 
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Popular scientific abstract (in Swedish) 

 

Effekten av njurskada på läkemedelsexponering uppskattas i specifika 

njurfunktionsstudier i läkemedelsutvecklingens första fas (fas I) under och/eller med 

hjälp av modellering av data, eller så kallad populationsfarmakokinetisk analys i 

läkemedelsutvecklingens tredje fas (fas III). Erfarenhet inom området avslöjar att dessa 

två metoder inte alltid ger samma resultat. Syftet med denna studie var att kartlägga 

skillnader i uppskattningen av effekten av nedsatt njurfunktion enligt fas I och fas III 

samt att utreda möjliga orsaker till eventuell skillnad.  

Dokumentation tillhörande läkemedelsansökningar för nya kemiska substanser insända 

2009-2013 granskades med avseende på uppskattning av effekt på 

läkemedelsexponering vid nedsatt njurfunktion baserat på fas I och III. En simulerings-

estimeringsstudie utfördes också för att fastställa möjliga orsaker till skillnad mellan fas 

I och III i uppskattningen av läkemedelsexponering vid nedsatt njurfunktion. Fas I och 

fas III-data simulerades och analyserades på samma sätt som inom 

läkemedelsutveckling. Fas III-data simulerades under flera olika förhållanden såsom 

osäkerhet i tider för provtagning samt färre antal individer i studierna för att undersöka 

orsaker till skillnad i uppskattningen av läkemedelsexponeringen vid nedsatt 

njurfunktion.  

Sex exempel hittades i läkemedelsansökningarna där fas III tenderade att underskatta 

ökningen av läkemedelsexponering vid nedsatt njurfunktion jämfört med fas I. Enligt 

simulerings-estimeringsstudien var det fas I som överskattade effekten av nedsatt 

njurfunktion jämfört med fas III. Osäkerhet i mätningar av njurfunktionen resulterade i 

en underskattning av läkemedelsexponering vid nedsatt njurfunktion. Skillnad mellan 

fas I och fas III i uppskattning av läkemedelsexponering visade sig vara ett befintligt 

fenomen inom läkemedelsutveckling. Analysen av njurfunktionsstudier i fas I och 

osäkerhet i mätningen av njurfunktion identifierades som möjliga orsaker till skillnad i 

uppskattningen.  
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Introduction 

Population pharmacokinetic (PopPK) modelling and modelling in general has a broad 

application area and is used in basically all steps in drug development, including 

estimation of effect of renal impairment on pharmacokinetics (PK), which will be in 

focus here (1). The population analysis approach was first introduced in 1972 as an aid 

for choice of dosage using a computer program and is an application of non-linear 

mixed effects modelling (2,3). Some population PK models are developed to predict 

future scenarios by simulation of data while other population PK models aim to describe 

relationships with all available data taken into account (1). With population analysis it is 

possible to obtain useful information on basic PK parameters from large clinical trials, 

with many subjects even though the data for each individual is sparse. This is an 

advantage compared to non-compartmental analysis techniques (NCA), discussed 

further below (4). Patient factors commonly tested for influence on the parameters in the 

population PK models are weight, age, sex, renal and hepatic function, concomitant 

medication and genotype (1). When data on systemic exposure in combination with 

patient factors are described by the model it will have the unique property of 

quantitating and explaining variability within and between subjects. This information is 

valuable to drug developers and is one reason for the increased use of population 

models in drug development during past years. Both the European and US authorities 

have published guidelines concerning PopPK, discussing how it should be presented 

and what it can be used for (5,6). 

When performing a PopPK analysis, the data is presented to a computer program that 

fits a model to the data. Data is in the form of concentration-time profiles of a drug for a 

number of individuals and includes the dose information. The most widely used 

computer program for this task is NONMEM (7). When running data through 

NONMEM (i.e. when performing a NONMEM run), the user defines a model that 

NONMEM fits the data to. When the run is finished, the user obtains the objective 

function value (OFV) and the parameter estimates. The OFV is a measure of how well 

the model fits the data and is used as a statistic to compare alternative models, i.e. which 

model fits the data best. The parameter estimates are NONMEM’s estimation of the 

parameters included in the user-defined model. A simple example would be a one-



UPPSALA UNIVERSITET Critical evaluation of methods for estimation of increase in 

systemic drug exposure for renally impaired patients.  

  

 2013-06-10  

 

 

7 

compartment model with administration of an intra-venous bolus dose where clearance 

(CL) and volume of distribution (V) are the model parameters required to explain the 

drug disposition in a typical individual (fixed effects). Further, parameters are included 

to the model that describes the variability in the population (random effects). These 

parameters refer to those quantitating the inter-individual variability in CL and V, and 

the residual variability, i.e. describing the remaining variability in the data not 

accounted for by inter-individual variability in CL and V. In addition to the structural 

(CL and V) and stochastic (variability related parameters) parts of the population PK 

model, it is also possible to have a covariate model. For example, relationships between 

CL and covariates, such as weight or creatinine clearance (CLCR), are incorporated in 

the model and the user obtains estimates on the parameters related to this. 

In addition to estimation, NONMEM is capable of simulation which can be seen as a 

reverse estimation. The user defines a model to simulate data from, just as for 

estimation but the user must also provide the model parameter values to NONMEM. 

This results in what is the starting material during estimation, namely concentration-

time data for a number of individuals.  

When applying for approval of new drugs, a wide range of documentation is needed (8). 

The clinical documentation includes information on efficacy and safety as well as 

clinical pharmacology, including PK. PK information is useful for extrapolation of 

safety and efficacy to subpopulations, such as children and renally impaired patients. 

The effect of renal impairment on drug exposure is one part of the PK documentation 

needed for a new drug approval, particularly for drugs that are affected by renal 

impairment, in essence drugs that are mainly excreted by the kidneys (9). The 

information on how renal function affects PK can be obtained from both phase I and III 

trials. Both types of study can provide information on the matter but differ with respect 

to study design and analysis of data. Phase I renal impairment studies are conducted on 

few, otherwise healthy, individuals with different stages of renal impairment under 

controlled conditions with frequent plasma concentration sampling. The results are 

analysed using non-compartmental analysis techniques (NCA), which involves 

derivation of PK parameters such as maximum concentration and area under the plasma 

concentration versus time curve (AUC) directly from the raw data (4). This approach 
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requires rich and complete data for each individual. The number of patients in this type 

of study should be enough to show clinically relevant alterations and typically around 8 

subjects per renal function class are included (9). The classification according to 

guidelines is listed in Table 1. 

Table 1 Classification of renal function. GFR = glomerular filtration rate. 

Group Description GFR (mL/min/1.73 m
2
) 

1 Normal renal function >80 

2 Mild renal impairment 50-80 

3 Moderate renal impairment 30-<50 

4 Severe renal impairment <30 

 

The effect of renal impairment may also be evaluated in the large phase III studies 

where the plasma concentration sampling is more sparse than in phase I studies. 

However, by employing the population approach, useful information on the effect of 

renal impairment can still be gained. These types of studies are particularly important 

because they are performed in patients, i.e. the target population. Experience from 

reviewing marketing authorisation applications reveals that the magnitude of the 

estimated effect of renal impairment based on phase I and phase III data, respectively, is 

not always in agreement (Brogren, Jacob. Conversation with: Robin Svensson. 2013 

Feb 12.). This investigation will focus on elucidating causes for this discrepancy.     

There are several ways to estimate renal function in patients or healthy individuals (10). 

Estimating glomerular filtration rate (GFR) is the most common way to quantify renal 

function and the most common method is by quantifying creatinine. Creatinine is an 

endogenous substance which makes it easy to measure in plasma. Creatinine is 

eliminated by both glomerular filtration and tubular secretion but the latter is negligible 

in most cases but leads to overestimation of kidney function when the degree of renal 

impairment increases, i.e. when GFR decreases. High serum concentrations of 

creatinine indicate renal impairment and vice versa. Together with weight, age and sex, 

serum creatinine can be used to calculate CLCR, which is a crude measure of GFR, 
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which in turn is a measurement of renal function. An example on such an equation is the 

Cockroft-Gault formula (Equation 1):  

 

where age is the age in years, weight is the weight in kg, crea is serum creatinine in 

µmol/L and X is 1 for men and 0.85 for women. CLCR is in the unit mL/min. 

Estimation of CLCR is simple but usually results in overestimations of GFR, compared 

to thorough measurement methods. The gold standard for measuring GFR is estimation 

of inulin clearance. Inulin is eliminated only via glomerular filtration but inulin is not 

endogenous and must be administered as a constant intravenous infusion over several 

hours to maintain stable concentrations while urine is collected, which usually requires 

several hours. This makes the method complicated and time consuming (10).  

GFR varies between individuals and is known to be low in certain populations, e.g. 

elderly and smokers (10). It can also vary within an individual, e.g. depending on 

disease states, diet and age. In addition, between-day variability is abundant, that is 

independent of above described reasons. This variability can partially be explained by 

the uncertainty of the analysis method but even with the most accurate methods, a 

difference of about 10% is observed with just one day between measures (10).   

Aim 

The aim of this study was to map the estimated effect of renal impairment on systemic 

exposure for medicinal products based on phase I and III data, respectively, to 

investigate if there is a difference in the magnitude of effect for the two data sources, as 

well as to investigate the causes to this potential discrepancy. 

Methods 

The methods section is divided in two parts, each designed to address the questions 

brought up under the aim section. The first was to investigate if a difference in the 

estimated effect of renal impairment on systemic exposure from phase I or III data 

      
                

               
   Equation 1 
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exists, which was done by performing a review of dossiers of medicinal products 

submitted to the Swedish Medical Products Agency (MPA). The estimate of effect from 

renal impairment from phase I data were collected and compared with similar estimates 

that was collected from phase III data.  

Secondly, causes to the potential discrepancy in the estimated effect of renal impairment 

between phase I and III data was investigated. This was accomplished by performing a 

simulation-estimation study. Pharmacokinetic data reflecting a phase I renal impairment 

study were simulated in 200 replicates. Each simulated study data were analysed by 

NCA and by PopPK within NONMEM. Similarly, pharmacokinetic data reflecting 

those obtained in phase III studies were simulated and each study analysed by PopPK 

within NONMEM. The setup for the phase III study was varied resulting in the 

investigation of factors potentially influencing the estimated effect of renal impairment 

on systemic exposure. Each study setup (scenario) was simulated and estimated for 200 

replicates. The results from each scenario, in terms of the estimated effect of renal 

impairment, were compared, with particular focus on the comparison between phase I 

NCA analysis and phase III Population PK analysis. 

Review of marketing authorisation applications 

A search in the dossier related to marketing authorisation applications was performed at 

the Swedish MPA. All drug applications for new chemical entities (NCE), submitted 

between 2009 and 2013 through the centralised procedure were identified and included 

in the review. For all applications, the influence of renal function on systemic exposure 

and fraction excreted unchanged by the kidneys (fe) was identified if available. Drugs 

that had renal excretion to an extent of less than 30% (fe<0.3) were excluded from 

further review. The dossiers that were lacking a phase I renal impairment study or a 

PopPK analysis of phase III data evaluating renal impairment were excluded, as well as 

drugs with more than one active component and drugs intended for veterinary use.  

For all drugs meeting the criteria, the method used to estimate GFR in the phase I RI 

study and in the phase III study was noted. From the phase I data, information about 

mean estimated GFR and geometric mean AUC was collected for normal controls, mild, 
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moderate and severe renal impairment groups. The increase in AUC in % for each renal 

impairment group was compared with normal controls using Equation 2. 

 

Where AUCRI is estimated AUC for renally impaired groups and AUCNormal is estimated 

AUC for normal controls. When required, the equation was dose adjusted if any one 

renal function group received a reduced dose, by inserting a correction factor in the 

numerator. For the PopPK analysis, the mean, standard deviation and range of CLCR in 

the PopPK data were collected. A very brief description of the PopPK analysis was 

gathered, e.g. if the RI study was included in the model or not, sparsity of data and any 

other points of concern. 

The estimated impact of renal function on systemic exposure from the RI study was 

compared with the estimated effect from the PopPK analysis. The estimated increase in 

AUC from the PopPK analysis was calculated from CL/F for typical individuals which 

was calculated for midpoints of the different renal function classes, i.e. CLCR was 

assumed to be 100, 65, 40 and 20 mL/min for normal, mild, moderate and severe renal 

function classes, respectively. If assumptions were required, the typical patient was 

assumed to be a male, caucasian patient weighing 70 kg, with a BMI of 22 and a body 

surface area (BSA) of 1.73 m
2
. The increase of AUC in % for different renal function 

classes was calculated through Equation 3. 

   

Where CL/FNormal is CL/F for normal subjects and is given in L/h. CL/FRI is CL/F for 

renally impaired patients. The ratio of increase in AUC from phase I RI:phase III 

PopPK analysis was used as an aid in the comparison of the estimates, which was 

defined as the discrepancy ratio. 

                   
     

         
    Equation 2 

                   
          

      
    Equation 3 
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Simulation-estimation study 

A simulation-estimation study was performed for the exploration of causes to 

discrepancies in the estimated effect of renal impairment, given the data source used 

(phase I NCA analysis or phase III PopPK). The simulations aimed to be based on 

realistic study designs regarding e.g. sampling times, distribution of CLCR, random 

variability in the population pharmacokinetic parameters and number of individuals, as 

described below.   

Software 

When performing a simulation-estimation study, different software serves important 

purposes. NONMEM 7.2 was used for non-linear mixed effects modelling employing 

first-order estimation method with interaction (FOCE-I) for all estimations (7). Perl-

speaks-NONMEM (PsN) was used as a tool to perform Stochastic Simulation and 

Estimation (SSE) within NONMEM (11,12).  

The statistical software R (The R Project for Statistical computing) version 2.15.2 was 

the programming software used during this study (13). In addition to intrinsic functions 

in R, the lattice package was used. R was used to create datasets including doses, dosing 

and sampling times, CLCR distributions etc., all which was handled in R with various 

programming tools, such as uniform, normal and log-normal distributions. The NCA 

was performed by a user-defined R-script (Appendix 1). R was also used to perform 

statistical summaries and create graphs. 

Population pharmacokinetic models 

A theoretical model was set up for four drugs with different extent of renal elimination. 

fe was set to 1, 0.7, 0.5 and 0.3 for a subject with normal renal function for the drugs, 

referred to as drug A, B, C and D, respectively. All drugs shared the same structural, 

stochastic and covariate model with specific covariate parameter values for each drug. 

From the model, both phase I and III data were simulated.  

The structural model was a one-compartment model with first-order absorption and 

elimination. The typical values for oral central volume of distribution (V/F) and 

absorption rate constant (KA) was set to 75 L and 1 h
-1

, respectively. For all drugs, the 
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typical value for oral clearance (CL/F) was set to 10 L/h for an individual with normal 

renal function defined as an individual with a CLCR of 120 mL/min.  

The covariate model consisted of a parameter-covariate relationship between the typical 

value for CL/F (TVCL) and CLCR. It was a “hockey-stick” model with linear 

relationship for CLCR of 0 to 150 mL/min, after which a plateau was introduced. The 

model was centred at a CLCR of 80 mL/min, see Equation 4 and Equation 5.  

 

where CL80 is CL/F for a typical individual with a CLCR of 80 mL/min, and kCL is the 

fractional change in CL/F per mL/min different from 80 mL/min. kCL can also be 

described as the slope for the impact of CLCR on CL/F. Covariate models are usually 

centred around a value close to the typical value, why this covariate model was centred 

around 80 mL/min. TVCL and CLCR from Equation 4 and Equation 5 for drug A are 

plotted in Figure 1. 

                              Equation 4 

                                        Equation 5 
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Figure 1 TVCL versus CLCR for drug A. 

Values for CL80 and slope that was used are shown in Table 2. 

Table 2 Parameter estimates that were used for each drug. 

Drug fe 
CL80 

(L/h) 

kCL 

(L/h / mL/min CLCR) 

A 1 6.67 0.013 

B 0.7 7.67 0.0076 

C 0.5 8.33 0.0050 

D 0.3 9.00 0.0028 

 

The parameter values were calculated from the fe for each drug. The stochastic model 

included inter-individual variability (IIV) on CL/F, V/F and KA, with covariance 

between CL/F and V/F. The parameters were assumed to be log-normally distributed. 
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The variances, ω
2
, were set to 0.1 for all IIVs and the covariance was set to 0.05, 

corresponding to coefficient of variation of 32% and a correlation of 0.5, respectively. 

In order to avoid negative predictions during simulation of data at any time point, log-

transformation of the dependent variable was used. The residual unexplained variability 

(RUV) (i.e the residual error model) was a combined (additive and proportional) error 

model (Equation 6 and Equation 7). 

 

Yij is the log-transformed simulated concentration (non-transformed concentrations 

have the unit ng/mL) for the j
th
 observations in the i

th
 individual, IPREDij is the 

individually predicted concentration for the j
th
 observations in the i

th
 individual and ij is 

the residual random effect for the j
th

 observations in the i
th

 individual. Equation 7 

defined the coefficient of variation, RUV, of the residual variability, where σ
2

prop is the 

proportional error (CV unit) on the normal scale, σ
2

add is the additive error (SD) on the 

normal scale and kcorr is a correction factor used to avoid simulation of very high Y-

values when very low IPRED-values were predicted from the model. The additive error 

was set to 0.24 ng/mL, the proportional error to 0.1 and kcorr to 0.5. The parameters were 

assigned values to give an overall coefficient of variation of 20% at the limit of 

quantification (LOQ). LOQ was 0.2 ng/mL. One of the model files used is shown in 

Appendix 2. 

Phase I design 

The phase I study included 32 patients with 8 subjects in each renal function group. The 

datasets were similar for all four drugs with a few exceptions with respect to sampling 

times and dose. A single oral dose of 20 mg was given to each subject, except for drugs 

A and B, where the severe renal impairment groups received a 2 mg dose. The 

following sampling times were common for all drugs: 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 

7, 8, 10, 12, 18, 24, 48, and 72 hours post-dose. Drug A (fe=1) had additional sampling 

                     Equation 6 

                  
     

       
             

  

 

 Equation 7 
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times at 96 and 144 hours post-dose, where the latter time point only was used for 

severe renal impairment. Uniform CLCR distributions were simulated within each renal 

function group. The lower CLCR limit in the severe group was set to 10 mL/min and 

the highest in the normal group was set to 125 mL/min, other limits are according to 

guidelines (Table 1). An extract of a simulated phase I dataset is shown in Appendix 3. 

Phase III design 

The reference phase III design was a trial for an oral drug with once daily dosing and a 

study length of 96 weeks with a total sample size of 1 000 patients.  In the trial, 50% 

received comparator and remaining 50% got treatment of interest and for the purpose of 

the work at hand, only this treatment arm was simulated. An oral dose of 20 mg once 

daily was given to each patient, except for drug A and B, where severe renal impairment 

groups received 2 mg each day.  

Each patient came in for visits at week 24, 48 and 72, i.e. a total of three visits. During 

each visit, three blood samples were collected and the patient administered the daily 

dose. The first sample was drawn before the dose was taken and the other two samples 

were drawn after administration of the dose. The sample time points were simulated to 

occur uniformly within three time windows: 0 - 2 hours pre-dose, 0.5 - 2.5 and 2.55 - 

4.55 hours post-dose. The second post-dose sampling interval is 0.05 hours later than 

the first post-dose sampling interval to avoid that the sampling times were identical. 

Figure 2 illustrates the study design with respect to generation of time points within one 

visit. 

 

Figure 2 Schematic explanation of each visit for a patient.  

A log-normal CLCR distribution was used, which is given in Equation 8. 
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where η is a normally distributed random variable with a mean of 0 with an SD of 0.3. 

The log-normal distribution is centred at 70 mL/min. Patients with CLCR lower than 10 

mL/min were excluded. No covariates except CLCR were simulated. An extract of a 

simulated phase III dataset is shown in Appendix 4. 

Scenarios 

Multiple phase III trials and two phase I trials were simulated where each scenario 

reflected different realistic situations. Scenarios were categorised into types related to 

aspects under investigation. The types were uncertainty aspects, study design aspects 

and combination of scenarios. See Table 3 for a summary of study design and 

uncertainty aspect scenarios. 

Scenarios 1 to 3 evaluated the impact of uncertainty in the exact recording of the time 

for collection of the plasma concentration sample. This was accomplished by adding a 

uniformly distributed random error to sampling times used during the estimation step 

(in the simulation step, the true sampling time was used). For scenario 1, a uniformly 

distributed random error of 15 minutes were included on all sampling times; in 

scenarios 2 and 3, a uniformly distributed random error of 30 and 60 minutes, 

respectively, was added to pre-dose sampling times only. 

For scenarios 4 to 6, the magnitude of the residual error was altered to investigate the 

effect of an overall low quality in the collected data.  

Scenarios 7 to 9 explored the effect of not taking into account a between occasion 

variability in the measurement of CLCR. For the scenario 7, a uniformly distributed 

between occasion variability in CLCR of 20% was added to occasion 2 and 3 in the 

simulation step, but for estimation the CLCR from the first occasion was used at all 

occasions. The two subsequent scenarios were similar to scenario 7 but a log-normally 

distributed random between occasion variability was added to CLCR for occasion 2 and 

             Equation 8 
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3 in the simulation step. The log-normal random error was generated according to 

Equation 9. 

 

where CLCRSIM is the CLCR used for simulation for occasion 2 and 3. CLCRSIM,OCC1 is 

CLCR at the first occasion and is used for estimation during all occasions. η is a 

normally distributed variable with a mean of 0 and an SD of 0.1 and 0.2 for scenario 8 

and 9, respectively. A log-normally distributed random error was applied to these 

scenarios in order to explore the consequences of this kind of error.  

Similarly, a log-normal error was generated for scenarios 10 to 12, but this error was 

added as an overall uncertainty to CLCR in the estimation step, aiming to simulate 

uncertainty in CLCR measurements, due to measurement error in serum creatinine at 

low levels (error increases at high CLCR values). To investigate this further, scenario 

11 was also applied to the phase I study with NCA. 

The remaining uncertainty aspect scenarios were compliance related (scenarios 13 to 

15). In these scenarios, varying degrees of non-compliance were generated in the 

simulation step whilst it was assumed that compliance was 100% during estimation. 

Non-compliance was implemented as a lowered bioavailability for affected patients 

where a low compliance is proportional to low bioavailability.  

The 11 subsequent scenarios (17 to 27) examined the consequence of study design 

aspects. The first two scenarios (scenarios 17 and 18) had altered exclusion criteria; 

CLCR limits were set to no less than 30 and 50 mL/min, respectively. The number of 

occasions was reduced to two and 1one for scenarios 19 and 20, respectively. For the 

four subsequent scenarios (scenarios 21 - 24), the number of subjects was reduced. The 

three remaining scenarios (scenarios 25 - 27) of this type had reduced number of 

samples per individual.  

                       
  Equation 9 
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Table 3 Summary of uncertainty and study design aspect scenarios estimated with hockey-stick model. 

Scenario Deviation from phase III reference study 

1 Uniformly distributed random error of 15 minutes for all estimation sampling times. 

2 Uniformly distributed random error of 30 minutes added to pre-dose sampling times. 

3 Uniformly distributed random error of 60 minutes added to pre-dose sampling times. 

4 Increased proportional error to 0.15 CV. 

5 Increased proportional error to 0.2 CV. 

6 Increased proportional error to 0.3 CV. 

7 
A Uniformly distributed random error of  20% on CLCR measurements added to 

occasion 2 and 3. 

8 
A log-normally distributed random error added to CLCR measurements for occasion 

2 and 3 with CV=0.1. 

9 
A log-normally distributed random error added to CLCR measurements for occasion 

2 and 3 with CV=0.2. 

10 Log-normally distributed random error added to CLCR measurements with SD=0.1. 

11* Log-normally distributed random error added to CLCR measurements with SD=0.2. 

12 Log-normally distribution random error added to CLCR measurements with SD=0.3. 

13 80% compliance for 20% of subjects, remaining 100% compliance. 

14 80% compliance for 50% of subjects, remaining 100% compliance. 

15 50% compliance for 20% of subjects, remaining 100% compliance. 

16 50% compliance for 50% of patients, remaining 100% compliance. 

17 CLCR <30 mL/min excluded. 

18 CLCR <50 mL/min excluded. 

19 Reduced number of occasions to 2. 

20 Reduced number of occasions to 1. 

21 Number of subjects reduced to 400. 

22 Number of subjects reduced to 300. 

23 Number of subjects reduced to 200. 

24 Number of subjects reduced to 100. 

25 Removal of the late post-dose sample. 

26 Removal of both post-dose samples. 

27 
Pre-dose samples collected in 50% of subjects and post-dose samples collected in 

50% of patients. 

*This scenario was also applied to the phase I RI study. 
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Two combination scenarios were investigated (scenarios 28 and 29). Scenario 28 was a 

combination of scenario 11 and scenario 17 (Table 3). Scenario 29 was a combination 

of scenario 11 and scenario 18. Scenario 28 and 29 aim to investigate uncertainty in 

CLCR measurements in combination with altered exclusion criteria for CLCR. 

Simulation and estimation 

For each study scenario (phase I and reference and investigation scenarios for phase III), 

an SSE was performed. The SSE involves simulation of study data (number of 

replicates = 200 for each scenario) followed by estimation using the same model and/or 

an alternative model for each simulated data set (that contains the study data). The SSE 

was performed on phase I data to check consistency of results with respect to the 

method of data analysis used for phase III data. For a schematic illustration of the SSE 

and simulation and analysis of data, see Figure 3. 

 

Figure 3 Schematic illustration of simulation, estimation and analysis of data. 
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When the standard errors for the parameters were obtained in the NONMEM 

estimation, the relative standard error (RSE) for each parameter was calculated as 

NONMEM standard error/NONMEM parameter estimate. For each studied scenario, 

the estimated population PK parameters and the RSE were statistically summarised 

including average, median, standard deviation, minimum and maximum. In addition, the 

relative bias and root mean squared error (RMSE) was calculated for the parameter 

estimates. Bias is calculated with Equation 10: 

 

where Est is the estimated parameter (or increase in AUC) and True is the true 

(theoretical) value that the simulations were based on. Bias can be negative or positive, 

where for example a positive value indicates overestimation in the parameter and a 

negative bias indicates underestimation. Bias gives information on the accuracy of the 

estimated parameter. RMSE is calculated from Equation 11:  

 

where Est and True are the same as for Equation 10. In contrast to bias, the differences 

are squared and rooted so RMSE can only take on a positive value. A high RMSE 

indicates that the parameter is estimated with low precision and a low value would 

indicate that the parameter is estimated with good precision and is centred around one 

point, i.e. the true value.  

To evaluate the estimated effect of renal impairment, the increase in AUC for renal 

function groups had to be calculated from the estimated population PK parameters. The 

estimated parameter estimates were inserted in Equation 4 to give typical values for 

CL/F for the midpoints of each renal function class, i.e. for CLCR 20, 40, 65 and 100 

mL/min. From the CL/F values, the increase in AUC for mild, moderate and severe 

renal impairment compared to normal controls was calculated according to Equation 3 

and statistically summarised, as described above. 

           
              

    
 Equation 10 

           
                 

     
 Equation 11 
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NCA analysis of phase I data 

The simulated datasets from the SSE were analysed using NCA (4). AUC was 

calculated for each simulated individual in every SSE replicate using the linear 

trapezoidal method (Equation 12). 

 

This gives AUC from time=0 to tlast, the last time point with a measureable 

concentration. Each trapezoid was calculated from the two concentrations, Ci and Ci+1, 

multiplied by the time difference, Δt, between them. n is the number of concentrations, 

Ci is the i
th
 concentration and Ci+1 is always the subsequent concentration. Log-linear 

regression of the terminal slope was calculated to give the extrapolated AUC (Equation 

13): 

 

 which gives the extrapolated AUC from Clast (the last measurable concentration from 

the concentration-time curve) to infinity. λz is the log-linear slope of the terminal part of 

the concentration-time profile. In this case, it was calculated from the last three time 

points on the concentration-time curve for each subject. 

For each SSE replicate, the geometric mean for mild, moderate and severe groups were 

compared with the geometric mean for normal controls to estimate the increase in AUC, 

using Equation 2 (with dose adjustment for drug A and B for the severe groups). The 

average, median, standard deviation, minimum and maximum were calculated for the 

increase in AUC as well as bias and RMSE. No parameters are generated from NCA 

why only statistical summary on the increases in AUC was performed. 

     
       

       
 

 

   

    Equation 12 

         
   

     
  

 Equation 13 
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Results 

Review of marketing authorization applications 

From the 208 available applications, 173 were intended for human use. Of those 173 

applications, 37 were protein or peptide drugs and 19 were vaccines. Of the remaining 

117 applications, 11 were combination drugs and 7 were biotechnological cell cultures, 

DNA drugs, radio labelers for indirect use or similar. For four of the remaining drug 

applications, information about fe was not available. This resulted in a total of 95 small 

molecule drugs where 85 of the drugs were renally excreted to a minor extent (fe<0.3). 

Of the remaining 10 applications, 6 included a renal impairment study and were 

reviewed further. For a schematic diagram see Figure 4.  
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Figure 4 Flow chart of inclusion-exclusion process. 

Presented here are the most important results found. For all examples below, the 

increase in AUC observed in the renal impairment study and the estimated increase in 

the PopPK analysis for mild, moderate and severe renal impairment together with the 

discrepancy ratio are listed in Table 4. For more detailed summaries of the examples, 

the reader is referred to Appendix 5. 
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Example 1 – fe 0.57 

The discrepancy ratios were quite similar across classes and were overall low. All 

discrepancy ratios were above one, suggesting that the model slightly under-predicted 

change in AUC compared to the renal impairment study. In this example, the RI study 

was included in the PopPK and the range of CLCR in the population was 9 to 150 

mL/min. The larger phase III studies for this example had rich sampling. The drug was 

a single dose intravenously administered drug.  

Example 2 – fe 0.82 

The results indicate that the model over-predicted AUC for mild and moderate renal 

impairment groups but the discrepancy was not pronounced. For the severe renal 

impairment group however, the discrepancy ratio was 2.10, i.e. the model predicted the 

increase in AUC to be less than half of what was seen in the renal impairment study. 

For this example, the RI study was included in the PopPK analysis and the range of 

CLCR in the PopPK data was 9 to 150 mL/min. The phase III data was rich with 

sampling times evenly distributed between dose events.  

Example 3 – fe 0.36 

In this example, the discrepancy was evident across all groups. Estimates of increase in 

AUC from the renal impairment study were about twice as high compared to the 

population analysis. For moderate renal impairment, the estimate was even higher, with 

a discrepancy ratio of 3.73. The RI study was included in the PopPK and the overall 

judgment was that the sampling was sparse. Distribution of CLCR for PopPK data was 

not available. 

Example 4 – fe 0.9 

In this example, the difference between the estimates of change in AUC was several-

fold, from almost 5 for moderate and up to around 8 for severe and mild groups. The 

distribution of CLCR within the groups in the renal impairment study was not available, 

nor was the distribution in the phase III trials. However, the RI study was included in 

the PopPK analysis.  
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Example 5 - fe 0.3 

For example 5, the model predictions were in best agreement for moderate followed by 

severe renal impairment group but a discrepancy was still observed. The largest 

difference was seen for the mild group with a discrepancy ratio of 5.66, indicating a 

quite distinct under-prediction by the model. The RI study was not included in the 

PopPK analysis which was based on phase II data. The sampling was quite sparse but 

covered up a wide range of times. The CLCR range was from 39.9 up to 140 mL/min.  

Example 6 – fe 0.67 

In example 6, there was a discrepancy. For moderate and severe groups, estimates from 

the RI study was about 2.5 fold compared to the prediction and for the mild group the 

RI study estimate was even higher with a discrepancy ratio of 3.75. The RI study was 

not included in the PopPK analysis and the phase III data was very sparse. The CLCR in 

the phase III population ranged from 29.9 to 170.10 mL/min. 
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Table 4 Increases in AUC compared to normal controls for example 1 to 6. 

Example fe Renal function AUC%increase 
Discrepancy 

ratio
1
 

   RI study (%) PopPK (%)  

1 0.57 Mild 40.17 31.88 1.26 

  Moderate 83.76 70.76 1.18 

  Severe 141.03 123.48 1.14 

2 0.82 Mild 13 18.66 0.70 

  Moderate 29 36.9 0.79 

  Severe 118 56.11 2.10 

3 0.36 Mild 27.06 10.27 2.63 

  Moderate 86.59 23.24 3.73 

  Severe 115.12 44.73 2.57 

4 0.9 Mild 75.26 9.95 7.56 

  Moderate 104.66 22.35 4.68 

  Severe 298.62 42.53 7.02 

5 0.3 Mild 37.31 7.85 4.75 

  Moderate 42.31 28.7 1.47 

  Severe 122.69 65.63 1.87 

6 0.67 Mild 71.17 18.98 3.75 

  Moderate 111.93 45.14 2.48 

  Severe 250.52 94.04 2.66 

1AUC%increaseRI study:AUC%increase PopPK 

Summary of examples 

The PopPK analysis estimation of change in AUC with renal impairment was lower 

than that estimated by NCA in all but one case, and for the severe group this was true in 
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all 6 cases. One example had discrepancy ratios close to one for all renal impairment 

groups, and one had very high ratios for all groups. For the remaining 4 examples, there 

was a difference but to a varying extent. No particular renal function class could be 

assigned to have higher or lower discrepancy ratios compared to other classes.  

A description of all examples except example 4 follows, since this example was 

considered an outlier; the discrepancy between phase I and III data was very extensive 

and no information about CLCR was available. For mild renal impairment three out of 5 

examples had discrepancy ratios above 2.0 and for moderate, two examples had ratios 

above 2.0 and for severe RI, three examples showed a discrepancy above 2.0. The 

average discrepancy ratios were 2.64, 1.97, 2.1 for mild, moderate and severe groups, 

respectively, indicating a consistent under-prediction by PopPK analysis compared with 

renal impairment studies. 

Simulation estimation study 

Initially, the NCA results are compared with the PopPK results from both phase I and 

III. Special emphasis is put on the comparison between phase I NCA and phase III 

PopPK because this would be the most relevant comparison from a realistic regulatory 

perspective. It was also this comparison that was in focus from the review of marketing 

authorisations. In this section, the estimated increases in AUC from NCA and phase I 

and III PopPK are compared with each other but also with the theoretical increase in 

AUC. The theoretical increase in AUC was calculated from the true parameter values 

for TVCL. 

After that, results from uncertainty aspect scenarios and study design aspect scenarios 

are scrutinised separately and lastly, combination of scenarios are analysed. Here, the 

scenarios are compared to the reference scenarios (NCA and phase III PopPK analysis). 

Not only the accuracy and precision of the increase in AUC are compared, the accuracy 

and precision of the parameter estimates are also discussed. 

Bias and RMSE for the increase in AUC for scenarios 1 to 29 and the phase III 

reference study and phase I NCA and phase I PopPK analysis are listed in Table 8, page 

54. 
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Illustration of simulated data 

A random simulated dataset was chosen from the simulated phase I data as well as a 

random simulated dataset from phase III data. Figure 5 is an illustration of a 

representative dataset from the phase III reference study. Figure 6 is an illustration of a 

representative dataset from the phase I study. The CLCR distributions of a random 

phase I dataset and a random phase III dataset are shown in Figure 7 and Figure 8, 

respectively. 

 

Figure 5 Plasma concentration versus time for a random dataset from the phase III reference study for occasions 

1 to 3 for normal, mild, moderate and severe rena limpairment. 
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Figure 6 Plasma concentration versus time for a random dataset from the phase I study for normal, mild, 

moderate and severe rena limpairment. 
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Figure 7 CLCR distributions from a random simulated phase I dataset. 

 

 

Figure 8 CLCR distributions from a random simulated phase III reference study dataset. 
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NCA and phase I and III PopPK analysis 

The theoretical AUC increase for drugs A to D for mild, moderate and severe renal 

impairment and the mean of estimates from NCA, phase I PopPK and phase III PopPK 

are listed along with the bias for the AUC increase in Table 5. 

Table 5 Estimated increase in AUC and bias in the estimate for phase I and III PopPK and NCA. PH1 = phase I 

PopPK, PH3 = phase III PopPK. 

   NCA PH1 PH3  

 

Drug 

 

 

fe 

 

Renal 

function 

AUC 

increase 

(%) 

 

 Bias 

(%) 

AUC 

increase 

(%) 

 

Bias 

(%) 

AUC 

increase 

(%) 

 

Bias 

(%) 

 

Theoretical 

(%) 

A 1 Mild 62.28 15.66 53.95 0.20 53.94 0.18 53.85 

  Moderate 160.45 6.97 150.64 0.43 150.58 0.38 150.00 

  Severe 466.50 16.62 405.73 1.43 405.05 1.26 400.00 

B 0.7 Mild 36.54 21.55 30.02 
-

0.15 
30.21 0.50 30.06 

  Moderate 72.85 11.00 66.04 0.62 66.12 0.75 65.63 

  Severe 120.91 7.94 114.47 2.20 113.31 1.16 112.01 

C 0.5 Mild 23.95 26.57 19.00 0.42 19.07 0.80 18.92 

  Moderate 42.94 14.51 38.22 1.91 37.90 1.07 37.50 

  Severe 63.26 10.71 59.41 3.96 57.94 1.40 57.14 

D 0.3 Mild 13.95 37.47 10.35 2.00 10.29 1.41 10.15 

 
 

Moderate 22.68 20.97 19.65 4.82 19.08 1.74 18.75 

 
 

Severe 30.73 15.23 28.76 7.84 27.22 2.06 26.67 

 

NCA had low accuracy in estimation of AUC increase compared to the theoretical 

increase. The (relative) bias estimate was positive for drug A to D for all renal 

impairment groups, i.e. the effect of renal impairment was over-estimated. 

The estimated AUC increases had higher accuracy for phase I and III PopPK with 

considerably low bias values in all cases. 
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The imprecision (RMSE) for the estimated increase in AUC from all three types of 

analyses are shown in Figure 9. The imprecision was high for NCA compared to phase I 

and III PopPK for all drugs and renal function classes. The imprecision was higher for 

phase I PopPK when compared to phase III PopPK in all cases (not visible in Figure 9 

for drug A due to small difference). The difference in imprecision between phase I and 

III PopPK became more pronounced with decreasing fe. The imprecision for NCA 

decreased with increasing renal impairment, the opposite was observed for phase I and 

III PopPK. 

 

Figure 9 RMSE of increase in AUC for drug A-D versus renal function. PH3POP = phase III PopPK analysis, PH1POP 

= phase I PopPK analysis, PH1NCA = phase I NCA. 

All population PK parameters were accurately estimated except the additive residual 

error which was under estimated for phase I and phase III, the bias ranged from -4.5% 

to -20.1%.  
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The imprecision was low for all population PK parameters except for the additive 

residual error and kCL. The RMSE for the additive error ranged from 57.4% to 76.5% 

for phase III and from 50.3% to 59.7% phase I. The imprecision for kCL was higher for 

phase I compared to phase III. The RMSE increased with decreasing fe, an effect that 

was more pronounced for phase I compared to phase III (Figure 10). The remaining 

population parameters are summarized in Table 6. For a graphical comparison of 

estimations of increases in AUC from phase III reference scenario, phase I PopPK and 

phase I NCA, see Figure 11.  

Table 6 RMSE and bias for CL80, V, KA and the proportional residual error for phase III and phase I PopPK. Prop. 

error = proportional residual error. 

Population 

parameter 

Phase III Phase I 

RMSE (%) Bias (%) RMSE (%) Bias (%) 

CL80 1.54 – 1.64 -0.21 – 0.14 6.97 – 7.03 -0.26 – 0.32 

V 1.63 – 1.69 0.54 – 0.55 5.47 – 5.90 -0.13 – 0.34 

KA 2.58 – 2.54 -1.80 – -1.67 5.96 – 5.90 -0.31 – 0.04 

Prop. error 4.61 – 6.47 4.37 – 6.33 3.75 – 3.36 -0.17 - -0.12 

 

 

Figure 10 RMSE for kCL in % versus drug. PH3POP = phase III PopPK, PH1POP = phase I PopPK. 
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Figure 11 Boxplots for phase I PopPK, phase III PopPK and NCA of AUC estimations for drug A-D for mild, 

moderate and severe renal impairment versus method of analysis. PH1POP = phase I PopPK, PH3POP = phase III 

PopPK, PH1NCA = phase I NCA. The solid line in the middle of the box represents the median, the length of the 

box is the inter-quartile range. The upper whisker represent the largest value that is  the upper quartile times 

1.5, and the lower whisker represent the lowest value that is  the lower quartile times 1.5. 
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Uncertainty aspect scenarios 

Effect of uncertainty in sampling time 

Scenarios 1 (±15 minutes on all sampling times), 2 (±30 minutes on pre-dose sampling 

times) and 3 (±60 minutes in pre-dose sampling times) estimated increase in AUC with 

higher accuracy and less imprecision compared with NCA. The accuracy and 

imprecision for the increase in AUC were similar to the accuracy and imprecision 

observed in the phase III reference study. 

No marked difference was observed in accuracy for the population parameter estimates 

for scenarios 1 to 3 compared with the phase III reference study, except for the additive 

and proportional residual errors. The observed bias for the additive residual error for 

scenarios 1, 2 and 3 ranged from 254.3% to 285.2%, 77.5% to 93.0% and 239.7% to 

306.6%, respectively. The RMSE for the additive residual error ranged from 474.6% to 

597.6%, 103.3% to 118.7% and 261.1% to 322.8% for scenarios 1, 2 and 3, 

respectively. The proportional residual error was barely increased for scenarios 2 and 3, 

and for scenario 1, the RMSE ranged from 17.9% to 27.2%. 

As an illustration, boxplots for NCA, phase III reference study and scenarios 1 to 3 for 

drug A are shown in Figure 12. 

 

Figure 12 increase in AUC for phase I NCA, phase III reference study and scenario 1-3. PH3 = phase III reference 

study, SC = scenario. The solid line in the middle of the box represents the median, the length of the box is the 

inter-quartile range. The upper whisker represent the largest value that is  the upper quartile times 1.5, and the 

lower whisker represent the lowest value that is  the lower quartile times 1.5.  
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Effect of varying overall uncertainty in data quality 

Scenarios 4 to 6 (increased proportional residual error) had greater accuracy and lower 

imprecision for the AUC increases compared to NCA. The accuracy and imprecision for 

the increase in AUC were similar to the results obtained from the phase III reference 

study. 

The accuracy and precision of the population parameter estimates for scenarios 4 to 6 

was in the same order as for the phase III reference scenario except for the proportional 

error, where improved accuracy and precision was observed.  

Effect of not taking inter-occasion variability in CLCR into count 

Scenarios 7 to 9 estimated increase in AUC more accurately compared to NCA, but to a 

varying degree. For scenarios 7 (uniform variability) and 8 (log-normal variability), a 

negative negligible bias was observed for drug A to D.  Scenario 9 (log-normal 

variability) had both negative and positive bias was observed. For drug A, the bias 

ranged from -5 to -15%, for drug B it ranged from 2 to 7%. Drug C had a small negative 

bias and drug D had a small positive bias. The imprecision was lower for scenario 7, 8 

and 9 when compared to NCA for drug A to D and all renal function classes.  

The observed accuracy in increase of AUC was similar for the phase III reference study 

and scenario 7 and 8. Scenario 9 was less accurate for drug A and B compared to the 

phase III reference. The imprecision was higher for all three scenarios compared to the 

phase III reference. For a graphical comparison of the scenarios, see Figure 13. 
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Figure 13 AUC increases for phase I NCA, phase III reference study and scenarios 7 to 9 for drugs A to D for mild, 

moderate and severe renal impairment. NCA = phase I NCA, PH3 = phase III PopPK, SC= scenario. The solid line in 

the middle of the box represents the median, the length of the box is the inter-quartile range. The upper whisker 

represent the largest value that is  the upper quartile times 1.5, and the lower whisker represent the lowest 

value that is  the lower quartile times 1.5. 
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The accuracy and precision for the estimated parameters for scenarios 7 to 9 was not in 

total agreement with the phase III reference. Large deviations were observed for the 

residual error model parameters. The estimated proportional residual error was 

moderately increased for all scenarios, with a bias ranging between 6.4% and 40.0% for 

the three scenarios compared with 4.4% and 6.3% for the phase III reference. The 

additive error was markedly increased for scenarios 7 to 9. The mean parameter 

estimates for the additive errors are shown in Figure 14. Similarly, compared with the 

phase III reference, a moderate increased imprecision in the proportional residual error 

and a more pronounced imprecision for the additive residual error.  

 

 

Figure 14 Mean of estimated additive residual error versus drug for scenario 7 to 9 and phase III reference study. 

PH3POP = phase III PopPK, SC = scenario. 
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Effect of uncertainty in CLCR measurements 

Boxplots of estimated increase in AUC for scenarios 10 to 12 compared to NCA, NCA 

scenario 11 and reference phase III study including drug A to D and renal function 

groups are shown in Figure 15. 

Scenarios 10 to 12 under-predicted increase in AUC compared to NCA to varying 

degrees. A negative bias ranging from -7.0% to -61.2% was observed for all scenarios 

for drug A to D and all renal function groups (Table 8). Scenario 10 was more accurate 

than NCA. The observed absolute bias for scenario 10 was in general lower than NCA. 

Scenario 11 was about as accurate as NCA, the absolute bias was in similar ranges for 

both NCA and scenario 11. Scenario 12 was less accurate than NCA with higher 

absolute values for bias at almost all places. The imprecision was more pronounced for 

NCA compared to scenarios 10 to 12. 

The observed accuracy was much lower for scenarios 10 to 12 compared to the phase III 

reference study in all cases. The observed imprecision was much more pronounced for 

scenarios 10 to 12 compared to the phase III reference (Table 8).  

The population PK parameters for scenarios 10 to 12 had similar accuracy as the phase 

III reference study with two exceptions: CL80 and kCL. CL80 had a noticeable negative 

bias for scenario 11 and 12 for the high fe drugs (drug A and B). The bias for CL80 was 

not considerable for scenario 11 and 12 for the low fe drugs (drug C and D), which was 

also the case for the complete scenario 10. The other deviation from the phase III 

reference was less accuracy of kCL. The bias of kCL are shown in Figure 16.  
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Figure 15 Boxplots of scenario 10 to 12 compared to phase I NCA and phase III reference study including drug A to 

D and mild, moderate and severe renal impairment. NCA = phase I NCA, PH3 = phase III PopPK, SC = scenario. The 

solid line in the middle of the box represents the median, the length of the box is the inter-quartile range. The 

upper whisker represent the largest value that is  the upper quartile times 1.5, and the lower whisker represent 

the lowest value that is  the lower quartile times 1.5. 
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Figure 16 Bias for kCL for scenario 10 to 12 and phase III reference. SC = scenario, PH3 = phase III reference. 

Scenario 11 was also applied to the phase I RI study (analysed with NCA). Scenario 11 

NCA under-predicted increase in AUC compared to the NCA reference. The bias was 

about the same between scenario 11 NCA and the NCA reference in absolute values. 

The precision was similar between scenario 11 NCA and the NCA reference. 

The accuracy of scenario 11 phase III in increase of AUC was in agreement with 

scenario 11 NCA, only small differences in bias was observed (Figure 17, Table 8). The 

major deviation from scenario 11 phase III was the precision, which was much lower 

for scenario 11 NCA.  
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Figure 17 Bias of increase in AUC versus renal function for drug A to D for scenario 11 phase I NCA and scenario 11 

phase III PopPK. SC11PH3 = scenario 11 phase III PopPK analysis, SC11PH1 = scenario 11 phase I NCA. 

Effect of non-compliance 

Scenarios 13 to 16 had greater accuracy and precision in estimation of increase in AUC 

compared to NCA (Table 8). Furthermore, precision and accuracy of increase in AUC 

for scenarios 13 to 16 showed no marked differences compared with the accuracy and 

precision of the increase in AUC for the phase III reference scenario. 

The accuracy and precision of the parameter estimates for scenarios 13 to 16 compared 

to the phase III reference revealed differences in the parameters CL80 and V. These 

parameters were over-predicted. The bias of CL80 was 4.7%, 11.2%, 14.8% and 38.3% 

for scenario 13, 14, 15 and 16, respectively. The bias of V was 5.0%, 11.5%, 15.0% and 

38.7% for scenario 13, 14, 15 and 16, respectively. RMSE was 5.0%, 11.3%, 15.0% and 

38.4% for CL80 and 5.2%, 11.6%, 15.1% and 38.8% for V for scenario 13, 14, 15 and 

16, respectively. 
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Study design aspect scenarios 

Effect of exclusion criteria on CLCR 

Scenarios 17 (<30 mL/min excluded) and 18 (<50 mL/min excluded) had higher 

accuracy and lower imprecision than NCA for increase in AUC (Table 8). The accuracy 

for increase in AUC for scenarios 17 and 18 were similar to the phase III reference 

study. The imprecision for the increase in AUC was increased very slightly for scenario 

17, increased further for scenario 18, where a moderate increase was observed, 

compared to the phase III reference study. Boxplots of the increase in AUC are shown 

in Figure 19. 

For scenarios 17 and 18, the population parameters were estimated with similar 

accuracy as for the phase III reference study. The observed imprecision for scenarios 17 

and 18 was similar to the phase III reference with the exception for kCL. Figure 18 

shows how the imprecision for kCL varied between the scenarios and the reference. 

 

 

Figure 18 RMSE for kCL versus drug for phase III reference study and scenario 17 and 18. PH3 = phase III PopPK, SC 

= scenario. 
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Figure 19 Boxplots for phase I NCA, phase III reference study, scenario 17 and scenario 18 including drug A to D 

and mild, moderate and severe renal impairment. NCA = phase I NCA, PH3 = phase III PopPK, SC = scenario. The 

solid line in the middle of the box represents the median, the length of the box is the inter-quartile range. The 

upper whisker represent the largest value that is  the upper quartile times 1.5, and the lower whisker represent 

the lowest value that is  the lower quartile times 1.5. 
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Effect of reducing number of occasions for sampling 

Scenarios 19 (two occasions) and 20 (one occasion) had higher accuracy and precision 

of the estimation of increase in AUC, compared to NCA (Table 8). No difference was 

observed for either the accuracy or the imprecision when scenarios 19 and 20 were 

compared with the phase III reference study. 

Scenario 19 was similar to the phase III reference scenario for both accuracy and 

precision of the population parameters. The case was similar for scenario 20 with the 

exception that the accuracy was very low and the imprecision was very high for the 

additive residual error.  

Effect of reducing number of subjects 

Scenarios 21 to 24 were more accurate and precise in estimation of increase in AUC 

compared to NCA (Table 8). The observed accuracies for the increase in AUC for the 

scenarios were in agreement with the phase III reference study but the imprecision was 

higher for scenarios 21 to 24 and increased with decreasing number of subjects (Table 

8). For scenario 24 the RMSE was doubled compared to the phase III reference for drug 

A to D for all renal impairment groups. Boxplots of increases in AUC for scenarios 21 

to 24 are displayed in Figure 20. 

The population parameters for scenarios 21 to 24 were estimated with similar accuracy 

but with higher imprecision than for the phase III reference scenario. RMSE for the 

parameters CL80, V, KA and the proportional and additive residual errors are listed for 

scenarios 21 to 24 in Table 7 RMSE for kCL are shown in Figure 21.  
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Figure 20 Boxplots of estimates of increase in AUC from phase I NCA, phase III referency study and scenarios 21 to 

24. NCA = phase I NCA, PH3 = phase III PopPK, SC = scenario. The solid line in the middle of the box represents the 

median, the length of the box is the inter-quartile range. The upper whisker represent the largest value that is  

the upper quartile times 1.5, and the lower whisker represent the lowest value that is  the lower quartile times 

1.5. 
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Table 7 Range of RMSE for CL80, V,KA and the proportional and additive residual errors for scenarios 21 to 24. 

Prop. error = proportional residual error, Add. error = additive residual error, PH3 = phase III reference study. 

 CL80 V KA Prop. error Add. error 

Scenario RMSE (%) RMSE (%) RMSE (%) RMSE (%) RMSE (%) 

PH3 1.54 – 1.64 0.54 – 0.55 2.54 – 2.58 4.61 – 6.47 57.42 – 76.53 

21 1.77 – 1.85 1.87 – 1.85 2.18 – 2.27 4.74 – 6.72 59.68 – 69.80 

22 2.13 – 2.21 2.11 – 2.16 2.32 – 2.45 4.87 – 6.95 66.66 – 78.71 

23 2.65 – 2.74 2.59 – 2.65 2.77 – 3.08 4.83 – 6.79 71.93 – 91.07 

24 3.52 – 3.65 3.36 – 3.43 4.01 – 4.36 5.31 – 7.27 90.28 – 133.73 

 

 

 

Figure 21 RMSE for kCL versus drug for phase III reference study and scenarios 21, 22, 23 and 24. PH3 = phase III 

PopPK, SC = scenario. 

Effect of reducing number of plasma samples 

Scenario 25 (only one post-dose sample) and scenario 27 (50% only post-dose, 50% 

only pre-dose) resulted in more accurate estimates of AUC increase than NCA whilst 
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the accuracy for scenario 26 (no post-dose samples) was similar to NCA accuracy. The 

imprecision of the AUC increases were smaller for scenarios 25 to 27 compared to 

NCA (Table 8). 

The observed accuracy for AUC increases of the phase III reference study was similar 

to the observed accuracy for scenarios 25 and 27. Scenario 26 had low accuracy and a 

considerable positive bias was observed compared to the phase III reference. Scenarios 

25 to 27 had higher imprecision for the AUC increases compared to the phase III 

reference. The difference was most pronounced for scenario 26 where the RMSE was 

around twice as big in all cases (Table 8). Boxplots of the increases in AUC for 

scenarios 25 to 27 together with boxplots on increases in AUC for NCA and the phase 

III references are shown in Figure 22. 

The accuracy of the population parameters were in agreement with the phase III 

reference for scenarios 25 and 27, except for the additive residual error where bias 

ranged from -20 to -30% for the scenarios. For scenario 26, CL80 and V had a bias 

ranging between 11.4% and 60.1%, the bias for KA was extremely high (>10
20

%), kCL 

had a bias ranging from 5.8% to 29.97%, the residual error parameters had a bias 

ranging from 0.8% to 2.1% and -0.1% to -5.4% for the proportional and additive 

residual errors, respectively. 

The imprecision observed from the AUC increases was consistent for the parameter 

estimates as well: For scenarios 25 and 27, imprecision was similar to phase III 

reference and for scenario 26 the imprecision was much larger than the imprecision of 

the phase III reference, especially for KA. 
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Figure 22 Boxplots of estimates of increase in AUC for phase I NCA, phase III reference study and scenarios 25 to 

27. NCA = phase I NCA, PH3 = phase III PopPK, SC = Scenario. The solid line in the middle of the box represents the 

median, the length of the box is the inter-quartile range. The upper whisker represent the largest value that is  

the upper quartile times 1.5, and the lower whisker represent the lowest value that is  the lower quartile times 

1.5. 
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Influence of exclusion criteria on CLCR in combination with uncertainty in CLCR 
measurements 

The inaccuracy in increase in AUC for scenario 28 (<30 mL/min excluded and 

uncertainty in CLCR measurements) compared to NCA were of the same magnitude but 

in opposite direction; the bias for scenario 28 was ranging from -19.4% to -44.5% 

(Table 8). Scenario 29 (<50 mL/min excluded and uncertainty in CLCR measurements) 

had a bias ranging between -101.61% and -103.0%. The observed imprecision for the 

increase in AUC was larger for NCA compared to scenario 28, but scenario 29 had 

greater imprecision than NCA (Table 8). 

The accuracy of increases in AUC for scenario 28 (<50 mL/min excluded and 

uncertainty in CLCR measurements) compared to the phase III reference was not in 

agreement, since scenario 28 under-predicted increase in AUC to a considerable extent. 

The bias of scenario 28 together with the bias of the phase III reference study, the NCA 

and scenario 11 and 17 are shown in Figure 23. The observed imprecision for the 

increase in AUC for scenario 28 was much greater compared to the phase III reference. 

Scenario 28 had a RMSE of around 20 to 30%. Scenario 29 deviated from the phase III 

reference very much with a bias of more than -100% and RMSE of more than 100% 

(Table 8). The estimates of increase in AUC from scenario 28, the phase III reference 

study and phase I NCA together with scenario 11 and scenario 17 are presented as 

boxplots in Figure 24. 

The accuracy of population parameter estimates for scenario 28 was in agreement with 

the phase III reference except for CL80 and kCL. CL80 was slightly under-predicted for 

the high fe drugs (not noticeable for the low fe drugs). kCL differed more than CL80, with 

a bias ranging from -16.9% to -18.8%. Scenario 29 under-predicted CL80 to a minor 

extent compared to the phase III reference, but kCL was heavily underestimated with a 

bias of more than -100%.  

The imprecision of the population parameters for scenario 28 was mostly similar to the 

phase III reference study except for CL80 and kCL. The imprecision of CL80 deviated 

slightly whilst kCL was more different with an RMSE ranging between 17.2% and 

24.5%. Scenario 29 had a slightly higher imprecision for CL80 and a marked higher 

imprecision for kCL (>-100%). 
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Figure 23 Bias of increase in AUC versus renal function for phase III reference PopPK analysis, phase I NCA, 

scenario 11, scenario 17 and scenario 28 for drug A to D. PH3 = phase III PopPK, NCA = phase I NCA, SC = scenario. 
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Figure 24 Boxplots of estimates of AUC increases for phase I NCA, phase III reference study, scenario 17, scenario 

11 and scenario 28. NCA = phase I NCA, PH3 = phase III PopPK, SC = Scenario. The solid line in the middle of the 

box represents the median, the length of the box is the inter-quartile range. The upper whisker represent the 

largest value that is  the upper quartile times 1.5, and the lower whisker represent the lowest value that is  the 

lower quartile times 1.5. 
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Table 8 Bias and RMSE for drug A to D for scenarios 1 to 29 including NCA, phase I PopPK reference and phase III reference study. 
 Drug A Drug B 

Scenario Mild Moderate Severe Mild Moderate Severe 

 Bias (%) RMSE (%) Bias (%) RMSE (%) Bias (%) RMSE (%) Bias (%) RMSE (%) Bias (%) RMSE (%) Bias (%) RMSE (%) 

NCA 15.66 48.35 6.97 25.89 16.62 27.08 21.55 79.89 11.00 45.38 7.94 33.99 

PH I PopPK 0.20 3.30 0.43 5.35 1.43 10.83 -0.15 15.26 0.62 19.53 2.19 25.73 

PH III PopPK 0.18 2.99 0.38 4.90 1.26 10.11 0.50 5.78 0.75 7.42 1.16 9.62 

1 0.36 2.93 0.67 4.81 1.83 10.02 0.47 5.52 0.70 7.06 1.08 9.12 

2 -0.26 3.19 -0.32 5.14 -0.11 10.21 -0.54 6.26 -0.56 7.92 -0.49 10.09 

3 0.25 3.10 0.50 5.05 1.52 10.41 -0.01 6.43 0.14 8.17 0.41 10.48 

4 0.16 3.05 0.36 4.98 1.24 10.29 0.49 5.82 0.75 7.47 1.16 9.69 

5 0.12 3.09 0.30 5.05 1.12 10.44 0.45 5.88 0.70 7.54 1.10 9.79 

6 0.06 3.20 0.20 5.22 0.95 10.78 0.33 6.01 0.55 7.71 0.92 10.00 

7 -0.85 4.39 -1.18 6.99 -1.40 13.97 -0.43 7.21 -0.37 9.14 -0.17 11.72 

8 -2.07 6.04 -2.99 10.00 -3.60 24.96 -1.31 9.04 -1.38 11.68 -1.27 15.46 

9 -5.74 6.82 -8.88 10.52 -15.78 18.97 2.23 15.33 3.76 22.17 7.05 36.33 

10 -6.97 7.70 -10.76 11.84 -19.05 20.81 -6.92 9.32 -8.52 11.51 -10.45 14.19 

11 -13.35 13.69 -19.95 20.39 -33.05 33.57 -14.82 15.77 -18.04 19.13 -21.86 23.07 

11 NCA -13.12 42.87 -16.93 26.70 -23.62 28.12 -15.46 69.40 -20.69 41.86 -27.49 38.46 

12 -32.80 32.95 -44.18 44.32 -61.21 61.30 -34.03 34.42 -39.57 39.95 -45.52 45.87 

13 -0.01 2.78 0.07 4.52 0.54 9.18 -0.09 5.51 0.00 7.01 0.17 9.00 

14 0.07 2.77 0.20 4.51 0.81 9.19 0.29 5.51 0.47 7.04 0.78 9.08 

15 0.13 3.02 0.30 4.96 1.12 10.34 0.15 5.71 0.31 7.29 0.58 9.40 

16 0.17 2.96 0.37 4.84 1.22 9.94 0.61 5.81 0.90 7.45 1.35 9.66 

17 0.28 3.55 0.58 5.79 1.85 12.00 0.63 6.58 0.95 8.42 1.47 10.90 

18 0.12 5.55 0.51 9.25 2.96 21.32 0.21 8.48 0.53 10.98 1.12 14.51 

19 0.10 3.05 0.26 4.99 1.04 10.25 0.39 5.83 0.61 7.47 0.98 9.67 

20 -0.27 3.11 -0.35 5.04 -0.18 10.17 -0.39 5.80 -0.38 7.39 -0.29 9.49 

21 0.16 3.25 0.36 5.31 1.30 10.94 0.47 6.39 0.75 8.19 1.20 10.61 

22 0.01 3.88 0.17 6.33 1.15 13.05 0.22 7.63 0.48 9.74 0.96 12.58 

23 0.07 4.69 0.34 7.69 1.92 16.27 0.41 9.32 0.83 11.96 1.59 15.61 

24 0.15 6.12 0.63 10.05 3.44 22.06 0.65 12.64 1.39 16.29 2.76 21.51 

25 -0.27 3.21 -0.34 5.14 -0.15 10.13 -0.49 6.21 -0.49 7.85 -0.41 9.97 

26 4.82 7.31 8.42 12.81 21.06 33.26 11.53 17.20 15.80 23.80 22.52 34.60 

27 0.01 3.72 0.16 6.06 1.07 12.50 -0.28 7.77 -0.15 9.89 0.16 12.73 

28 -20.00 20.33 -28.80 29.18 -44-52 44.88 -20.29 21.21 -24.36 25.37 -29.04 30.12 

29 -102.06 102.10 -101.24 101.26 -100.61 100.61 -102.05 102.19 -105.55 101.63 -101.18 101.23 
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 Drug C Drug D 

Scenario Mild Moderate Severe Mild Moderate Severe 

 Bias (%) RMSE (%) Bias (%) RMSE (%) Bias (%) RMSE (%) Bias (%) RMSE (%) Bias (%) RMSE (%) Bias (%) RMSE (%) 

NCA 26.57 114.51 14.51 65.70 10.71 49.29 37.47 195.32 20.97 112.64 15.23 84.56 

PH I PopPK 0.42 28.00 1.91 32.64 3.96 38.28 2.00 55.89 4.82 60.95 7.84 66.58 

PH III PopPK 0.80 8.93 1.07 10.40 1.40 12.00 1.41 15.83 1.74 17.18 2.06 18.44 

1 1.03 8.82 1.33 10.22 1.69 11.74 1.16 14.47 1.42 15.64 1.69 16.74 

2 -0.73 9.61 -0.68 11.06 -0.58 12.60 -1.09 16.89 -0.93 18.15 -0.93 19.32 

3 0.47 9.30 0.70 10.80 0.99 12.43 0.28 14.98 0.49 16.14 0.71 17.21 

4 0.80 8.99 1.07 10.47 1.40 12.08 1.41 15.93 1.74 17.29 2.07 18.57 

5 0.77 9.05 1.04 10.54 1.37 12.16 1.38 16.05 1.71 17.42 2.04 18.71 

6 0.64 9.23 0.90 10.75 1.22 12.40 1.27 16.32 1.60 17.71 1.93 19.02 

7 0.37 9.54 0.59 11.09 0.88 12.78 0.67 16.48 0.95 17.82 1.24 19.08 

8 -1.54 9.98 -1.60 11.52 -1.61 13.19 -1.76 15.59 -1.69 16.71 -1.61 17.73 

9 -2.44 14.43 -2.44 16.74 -2.33 19.34 0.42 14.61 0.63 15.79 0.85 16.90 

10 -6.90 11.85 -7.73 13.44 -8.55 15.09 -7.09 18.47 -7.36 19.76 -7.58 20.94 

11 -15.45 17.52 -17.33 19.58 -19.21 21.63 -15.93 21.61 -16.80 22.78 -17.56 23.80 

11 NCA -14.45 101.40 -18.57 58.29 -24.59 48.62 -8.68 177.28 -12.00 100.18 -20.07 79.68 

12 -34.18 35.07 -37.42 38.31 -40.50 41.37 -33.91 36.70 -35.48 38.27 -36.83 39.62 

13 -0.17 8.57 -0.07 9.90 0.08 11.33 -0.41 15.32 -0.24 16.51 -0.07 17.62 

14 0.46 8.59 0.67 9.96 0.93 11.44 0.86 15.34 1.13 16.59 1.40 17.75 

15 0.15 8.85 0.32 10.26 0.54 11.77 0.08 15.77 0.28 17.04 0.52 18.22 

16 1.01 9.07 1.31 10.56 1.68 12.17 1.79 16.13 2.15 17.50 2.52 18.80 

17 1.02 10.08 1.36 11.71 1.78 13.49 1.90 17.76 2.31 19.25 2.73 20.66 

18 0.34 12.08 0.66 14.16 1.09 16.50 0.61 20.24 1.01 22.10 1.42 23.88 

19 0.69 9.00 0.94 10.47 1.26 12.06 1.30 15.97 1.62 17.33 1.95 18.60 

20 -0.90 9.02 -0.89 10.42 -0.84 11.92 -0.43 15.77 -0.25 17.04 -0.06 18.23 

21 0.85 10.04 1.17 11.70 1.56 13.51 1.42 17.55 1.79 19.03 2.17 20.41 

22 0.42 11.91 0.75 13.79 1.16 15.84 0.80 21.27 1.25 22.97 1.71 24.58 

23 0.70 14.57 1.20 16.97 1.85 19.65 1.25 26.08 1.93 28.31 2.63 30.46 

24 1.19 20.08 2.12 23.48 3.34 27.40 2.20 36.46 3.51 39.72 4.88 43.02 

25 -0.87 9.58 -0.84 11.00 -0.76 12.50 -1.69 17.01 -1.59 18.23 -1.46 19.36 

26 14.27 22.79 17.49 27.89 21.35 34.09 25.80 31.78 17.93 35.48 20.05 39.23 

27 -0.57 12.27 -0.39 14.18 -0.12 16.26 -1.17 23.81 -0.85 23.81 -0.50 25.45 

28 -19.99 22.03 -22.27 24.45 -24.51 26.81 -19.35 25.23 -20.35 26.50 -21.22 27.60 

29 -102.29 102.63 -101.90 102.15 -101.61 101.80 -102.97 104.12 -102.63 103.63 -102.33 103.21 
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Discussion 

Application review 

The results from the review of marketing authorisation applications suggest that there is 

a discrepancy between phase I RI and PopPK data where the latter method seems to 

under-predict the increase in AUC compared to the former method. In certain cases, 

possible reasons for discrepancy can be hypothesised, as for example 5 and 6 where the 

CLCR range does not cover severe renal impairment and extrapolations were made. It 

might not be appropriate to do these kinds of extrapolations, there could be processes 

involved at low CLCR values, such as tubular secretion that could not be detected due 

to exclusion of subjects. One way to include information about the PK in severe renal 

impairment is to include the RI study in the PopPK analysis, which is the case for the 

other examples. By doing so, it may be possible to draw conclusions about lower CLCR 

values. However, a RI study typically only includes 8 subjects with severe renal 

impairment, which is a small number compared to large phase III studies. In these 

situations it could be inappropriate to draw conclusions about exposure in patients with 

severe renal impairment on such a vague basis.  

Suspicion could be directed towards some RI studies as well. In example 2, fe is 0.82 

and larger increases than what has been observed is expected but evaluation of RI-

studies to such an extent is beyond the scope of this study. Possible reasons could lie in 

the RI study design and/or determination of fe. 

The number of cases and the method of comparison are insufficient to provide a 

measure of statistical significance. The fact that the review of cases was not exhaustive 

enough makes it hard to draw solid conclusions, but a qualitative conclusion can be 

drawn. 

Simulation-estimation study 

NCA and phase I and III PopPK analysis 

NCA was over-predicting increase in AUC compared to the true increase, with less 

precision compared to PopPK (phase I and III). This does not correspond with the 
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notion that NCA is more accurate compared to phase III PopPK. Recommendations 

regarding dose adjustments in renal impairment are often based on the NCA of the RI 

study. The linear trapezoidal rule was used for calculation of AUC during the NCA, 

which could contribute to some bias in the estimation of increase in AUC but not nearly 

enough to explain the bias observed in this study. Another, more likely explanation is 

that log-transformation of the dependent variable (simulated concentrations) caused the 

observed bias (14). Log-transformation of simulated data is known to result in over-

predictions when the NCA approach is employed. Furthermore, in drug development, 

models may be more complex than the one used for this study and could comprise 

several compartments, have non-linear elimination etc. Also, the phase III data to be 

analysed with the PopPK approach can be more complex than the simulated data used 

here, for example with respect to several covariates, data below LOQ and non-linearity. 

In the end, the modeler could sometimes end up with several assumptions that will 

make it more comfortable to rely on RI data instead. However, PopPK analysis should 

be performed in almost all cases for better assessment of impact of renal impairment on 

systemic exposure not only for phase III data but phase I data as well. If the knowledge 

about the disposition of the drug is deficient, it could lead to incorrect conclusions. 

Phase I data analysed with PopPK was more accurate and had higher precision 

compared to NCA, hence a PopPK approach should be considered when analysing 

phase I RI data. 

An observation that could be made for the comparison of phase I and III PopPK 

analysis is that the precision was lower for the former both for increase in AUC and the 

population parameters. This is however expected; when the amount of data decreases, 

so does the precision. This was extra apparent for kCL, which was difficult to estimate in 

the phase I PopPK for the low fe drugs. 

Another observation made for phase III PopPK was that the precision was lower for the 

low fe drugs even though the amount of data is the same. This can be explained by 

looking at the parameter estimates; all parameters are estimated with identical precision 

between drugs A to D, except kCL. Low values of kCL seem to be difficult to estimate, 

which is to be expected. 
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Uncertainty aspect scenarios 

Scenarios 1 to 3 did not affect the estimation of parameters except for the additive 

residual error, which is reasonable because of the nature of the added error. The added 

uncertainty in time is randomly uniformly distributed and will result in overestimations 

and underestimations of parameters in equal amounts. It can be regarded a random 

effect that becomes incorporated in the residual error model. Another interesting point is 

that when the error was added specifically to the pre-dose sampling times (scenarios 2 

and 3) it gives similar results as when the error was added to all sampling times 

(scenario 1). Uncertainty in the data can always cause problems and give uncertain and 

erroneous estimates, but if the amount of data is big and the uncertainties are random 

(i.e. a net change of zero), it will probably result in an increased residual error.  

For scenarios 7 to 9, similar results were obtained, i.e. an increased additive residual 

error, but when a log-normal error was added (scenarios 8 and 9), under-predictions of 

both AUC increases and parameters were observed in a few cases but over-predictions 

occurred as well in a non-consistent manner. Log-normal distributions are skew 

compared to uniform and normal distributions with upward tailing. This type of error is 

expected to result in under- or over-predictions in either increase of AUC and/or 

population parameters. Many physiological parameters are assumed to be log-normally 

distributed which can also be the case for distribution of measurement errors, why this 

type of error was considered relevant to investigate. The relevance of this effect in drug 

development is unknown.  

Scenarios 10 to 12 aimed to study impact of uncertainty in CLCR measurements 

(measurement error) and resulted in underestimations of increase in AUC. The added 

uncertainty was log-normally distributed and over- or under-predictions are more likely 

to occur compared to if a uniform or log-normal error was added. These scenarios 

suggest that kCL is the population parameter of most importance when it comes to 

accurate estimations of increase in AUC for PopPK analysis. The added uncertainty was 

proportional, i.e. higher CLCR have larger errors than low CLCR, which was thought to 

be realistic with respect to analysis of serum creatinine. Measurement of low serum 

levels of creatinine (high CLCR) will be more uncertain than high serum levels of 

creatinine (low CLCR). Scenario 11 was applied to phase I data, which also 
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underestimated the increase of AUC. However, it is still possible that this could be one 

cause to discrepancy between RI studies and phase III PopPK analysis. During phase I, 

CLCR measurements are likely to be performed by a few individuals and analysed with 

the same equipment, leading to low variability in the results. This is not always the case 

for phase III where many personnel are responsible for CLCR measurements and 

different laboratories are analysing the samples, leading to greater variability. However, 

this has to be evaluated further. 

Scenarios 13 to 16 was compliance related, and suggest that CL80 and V are parameters 

of less importance regarding estimation of increase in AUC. When the bioavailability is 

changed, only CL80 and V are affected, kCL remains unchanged. 

Study design aspect scenarios 

Scenarios 17 and 18 did not deviate from the phase III reference study, which is an 

indication that the model used for this study is simple and/or the data are rich. 

Excluding subjects with CLCR below 50 mL/min barely had an impact on the results, 

an observation that is highly unlikely in drug development. This seems to be the case 

for scenarios 19 and 20 as well. Removal of one and even two occasions does not affect 

the results to any relevant extent, which indicates that the data is rich and/or that a 

simple model was used.  

When the number of subjects was reduced for scenarios 21 to 24, the imprecision 

increased which is expected when the amount of data decreases. The precision however, 

was still higher than NCA, even for scenario 24 which had only 100 subjects. 

For scenarios 25 and 27, the number of plasma samples was reduced, which did not 

result in any difference in precision. This is not really expected, a reduced amount of 

data results in imprecision, which is not the case here. This suggests that the data are 

rich and that the model is simple. Scenario 26 was over-predicting increase in AUC 

compared to the phase III reference and the imprecision was very high. However this 

scenario is not relevant for drug development since the PopPK approach is not used for 

only pre-dose samples.  
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Influence of exclusion criteria on CLCR in combination with uncertainty in CLCR 
measurements 

Scenario 28 was a combination of uncertainty in CLCR measurements and exclusion of 

subjects with CLCR of 30 mL/min. This resulted in a synergistic effect of the accuracy 

of the increase in AUC. Scenario 17 (only exclusion criteria) did not result in any 

deviation from the reference scenario. Scenario 28 had lower accuracy in increase of 

AUC compared to scenario 11 (only uncertainty in CLCR measurements). It seems that 

CLCR exclusion criteria in combination with uncertainty in CLCR measurements is 

important for accuracy of increase in AUC and could be a cause for discrepancy 

between phase III PopPK and phase I RI study in drug development. 

Scenario 29 had uncertainty in CLCR measurements and exclusion of subjects with 

CLCR of 50 mL/min. This scenario resulted in very low accuracy and precision of 

increase in AUC. It was because kCL was impossible to estimate correctly. The 

relevance of this in drug development is unknown, or perhaps, it is possible that the 

added uncertainty in CLCR measurements was too large. 

Summary of simulation estimation study 

One of the most interesting findings was the observed over-prediction of increase in 

AUC by NCA. However, the relevance to drug development may not be important but 

caution should be exercised. The model used for this study is possibly a bit simple and 

the data is probably too rich for the findings to be fully relevant for drug development 

so the findings should be regarded with care. It is also recommended that phase I and III 

data are simulated without log-transformation of data to explore the impact this had on 

the phase I NCA results. 

Most of the scenarios did not result in any large difference in AUC increase. Many of 

the uncertainty aspect related scenarios resulted in altered residual errors and many of 

the study design aspect scenarios resulted in decreases in precision. Effect of 

uncertainty in determination of CLCR was identified as a possible cause for discrepancy 

between phase III PopPK and phase I RI study. The reason for this is unknown and 

further investigation of this area is needed. 
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The results found here are based on knowledge of the true, theoretical increase, which is 

known in this case because the model that all data were simulated from was user-

defined. In drug development, the true model describing a drug will never be 

completely known and the observed data in drug development can be regarded as a 

random sample that is drawn from a distribution centered round the true values. 

Concluding remarks 

The results from the review of marketing authorisation applications suggests that phase 

I NCA is predicting higher increases in AUC compared to phase III PopPK, which is in 

agreement with the results from the simulation-estimation study. The review of 

marketing authorisation applications did not concern the reasons for discrepancy but the 

results from the two sources point in the same direction, which shall be considered a 

strength of the study.  

This study shall be regarded as hypothesis generating. One limitation of this study is 

that the application review included few examples that was not scrutinised enough. 

Another limitation can be found in the simulation-estimation study where the model 

used was simple and the simulated data was probably too rich to be entirely realistic. 

To guide drug developers in the future, more work is required. The examples from the 

application review must be scrutinised further and more examples must be found. 

Extended simulation-estimation investigations are required as well. In future work, 

more complex models should be investigated (i.e. several compartments and more than 

one covariate relationship) and the impact of conclusions based on simulations with and 

without log-transformation of the dependent variable should be investigated.  

Conclusions 

From the review of marketing authorisation applications, the conclusion is that a 

discrepancy in the estimated effect of renal impairment is seen between phase III 

PopPK and the more traditional phase I, NCA-based evaluation, but the occurrence is 

unknown. From the simulation-estimation study the conclusions are that the NCA of 

phase I and uncertainty in CLCR measurements are two possible reasons for the 

observed discrepancy between results based on phase I and III data. 
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Appendix 

Appendix 1 – User-defined NCA R-script 

## ---------------------- NCA script -------------------- ## 
## Calculation of NCA parameters using trapezoidal method  
## with linear interpolation, 0.5*(C1+C2)*(t2-t1) 
## terminal slope calculated using linear regression on 
## 3 last time points (untransformed data) 
## Exclude NA   

NCA.lin <- function(dat) { 
  # Zero conc are included, to exclude it, change to: dat <- 
dat[!is.na(dat$cp) & dat$cp != 0,] 
  dat <- dat[!is.na(dat$cp),] 
  AUC.0.t <- with(dat, 
                  sum( 
                    0.5*(cp[-length(cp)]+cp[-1])*(t[-1]-t[-
length(t)]) 
                    ,na.rm = TRUE) 
  ) 
  cmax <- max(dat$cp) 
  #Changed from cp to log(cp) because lambda should be the slope on 
the logged scale 
  reg <- lm(log(cp)~t,dat[(nrow(dat)-2):nrow(dat),]) 
  k <- -coef(reg)[2] 
  tlast <- data.frame(t=dat[nrow(dat),]$t) 
  pred.tlast <- exp(predict(reg,tlast)) 
  AUC.extr <- pred.tlast/k 
  AUC.inf <- AUC.0.t + AUC.extr 
  perc.extr <- 100*AUC.extr/AUC.inf 
  out <- list(cmax=cmax, 
              AUC.inf=AUC.inf, 
              AUC.0.t=AUC.0.t, 
              tlast=tlast, 
              perc.extr=perc.extr, 
              k=k, 
              pred.tlast=pred.tlast) 
  return(out) 
}  
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Appendix  4 – Model file 

$PROB Drug properties of Drug A 
$INPUT ID DOSEDAY EVID II SS CLCR TIME BQL AMT MDV DV GRP TAD OCC 
$DATA SimPH3ab.csv IGNORE=@ 
IGNORE=(BQL=1.0000E+00) 
$SUBS ADVAN2 TRANS2 ;1-comp po with V, CL and KA 
$PK 
    CREA=CLCR 
    IF(CLCR.GT.150) CREA=150 
    TVCL = THETA(1)*(1+THETA(4)*(CREA-80)) 
    TVV  = THETA(2) 
    TVKA = THETA(3) 
    CL = TVCL*EXP(ETA(1)) 
    V  = TVV *EXP(ETA(2)) 
    KA = TVKA*EXP(ETA(3)) 
    S2 = V/1000 
$ERROR (ONLY OBSERVATION) 
    IF (F.EQ.0) THEN 
      IPRED = 0 
    ELSE 
      IPRED = LOG(F) 
    ENDIF 
    IRES  = DV – IPRED 
    W = SQRT(THETA(5)**2 + (THETA(6)*(1-F/(THETA(7)+F)))**2) 
    IF(W.EQ.0) W = 1 
    IWRES = IRES/W 
    Y = LOG(F) + W*EPS(1) 
    LOQ = LOG(0.2) ; ng/mL 
    IF(ICALL.EQ.4.AND.Y.LT.LOQ.AND.AMT.EQ.0) BQL=1 
$THETA 
    (0,6.67)    ;1CL at CLCR=80 in L/h 
    (0,75)    ; 2V in L 
    (0,1)    ; 3KA in 1/h 
    (-0.006129082,0.0125,0.02131232)    ; 4Slope of CLCR effect on 
CL 
    (0,0.1)    ; 5Proportional residual error 
    (0,0.242)   ; 6Additive residual error in ng/mL 
    (0.5 FIX)     ; 7Constant to avoid high late predictions 
$OMEGA BLOCK (2) 
    (0.1)    ; IIV for CL 
    (0.05) (0.1) ; Covariance for CL and V, IIV for V 
$OMEGA 
    (0.1)    ; IIV for KA 
$SIGMA 
    (1 FIX) 
$SIMULATION  (1337) ONLYSIM 
$ESTIMATION METHOD=1 INTER MAX=9999 NOABORT 
$COV 
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Appendix 3 – Simulated phase I data 

ID TIME AMT DV EVID CLCR GRP BQL OCC 
1 0 2 0.00 1 25.66 4 0 1 
1 0.5 0 2.18 0 25.66 4 0 1 
1 1 0 2.64 0 25.66 4 0 1 
1 1.5 0 3.02 0 25.66 4 0 1 
1 2 0 3.10 0 25.66 4 0 1 
1 2.5 0 3.02 0 25.66 4 0 1 
1 3 0 3.32 0 25.66 4 0 1 
1 3.5 0 3.35 0 25.66 4 0 1 
1 4 0 3.29 0 25.66 4 0 1 
1 5 0 3.34 0 25.66 4 0 1 
1 6 0 3.36 0 25.66 4 0 1 
1 7 0 3.40 0 25.66 4 0 1 
1 8 0 3.18 0 25.66 4 0 1 
1 10 0 3.24 0 25.66 4 0 1 
1 12 0 3.24 0 25.66 4 0 1 
1 18 0 3.08 0 25.66 4 0 1 
1 24 0 3.16 0 25.66 4 0 1 
1 48 0 2.32 0 25.66 4 0 1 
1 72 0 1.87 0 25.66 4 0 1 
1 96 0 1.47 0 25.66 4 0 1 
1 144 0 0.60 0 25.66 4 0 1 
2 0 2 0.00 1 27.00 4 0 1 
2 0.5 0 2.79 0 27.00 4 0 1 
2 1 0 2.97 0 27.00 4 0 1 
2 1.5 0 3.25 0 27.00 4 0 1 
2 2 0 3.32 0 27.00 4 0 1 
2 2.5 0 3.32 0 27.00 4 0 1 
2 3 0 3.25 0 27.00 4 0 1 
2 3.5 0 3.15 0 27.00 4 0 1 
2 4 0 3.07 0 27.00 4 0 1 
2 5 0 3.02 0 27.00 4 0 1 
2 6 0 3.07 0 27.00 4 0 1 
2 7 0 3.04 0 27.00 4 0 1 
2 8 0 2.93 0 27.00 4 0 1 
2 10 0 3.01 0 27.00 4 0 1 
2 12 0 2.76 0 27.00 4 0 1 
2 18 0 2.36 0 27.00 4 0 1 
2 24 0 2.40 0 27.00 4 0 1 
2 48 0 1.03 0 27.00 4 0 1 
2 72 0 -0.08 0 27.00 4 0 1 
2 96 0 -1.20 0 27.00 4 0 1 
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Appendix 4 – Simulated phase III data 

ID DOSEDAY EVID II SS CLCR TIME BQL AMT MDV DV GRP TAD OCC 
1 167 1 24 1 70.54 4008 0 20 1 0.00 2 0.00 1 
1 167 0 0 0 70.54 4030.1 0 0 0 4.88 2 22.14 1 
1 168 1 0 0 70.54 4032 0 20 1 0.00 2 0.00 1 
1 168 0 0 0 70.54 4033.6 0 0 0 5.77 2 1.65 1 
1 168 0 0 0 70.54 4036 0 0 0 5.83 2 4.02 1 
1 335 1 24 1 70.54 8040 0 20 1 0.00 2 0.00 2 
1 335 0 0 0 70.54 8064 0 0 0 4.78 2 23.97 2 
1 336 1 0 0 70.54 8064 0 20 1 0.00 2 0.00 2 
1 336 0 0 0 70.54 8065.8 0 0 0 5.68 2 1.81 2 
1 336 0 0 0 70.54 8068.1 0 0 0 5.82 2 4.13 2 
1 503 1 24 1 70.54 12072 0 20 1 0.00 2 0.00 3 
1 503 0 0 0 70.54 12095 0 0 0 4.86 2 22.63 3 
1 504 1 0 0 70.54 12096 0 20 1 0.00 2 0.00 3 
1 504 0 0 0 70.54 12098 0 0 0 5.71 2 2.19 3 
1 504 0 0 0 70.54 12099 0 0 0 5.81 2 3.32 3 
2 167 1 24 1 89.68 4008 0 20 1 0.00 1 0.00 1 
2 167 0 0 0 89.68 4030.5 0 0 0 4.27 1 22.51 1 
2 168 1 0 0 89.68 4032 0 20 1 0.00 1 0.00 1 
2 168 0 0 0 89.68 4033.5 0 0 0 5.20 1 1.46 1 
2 168 0 0 0 89.68 4035.1 0 0 0 5.16 1 3.05 1 
2 335 1 24 1 89.68 8040 0 20 1 0.00 1 0.00 2 
2 335 0 0 0 89.68 8062.9 0 0 0 4.21 1 22.92 2 
2 336 1 0 0 89.68 8064 0 20 1 0.00 1 0.00 2 
2 336 0 0 0 89.68 8064.8 0 0 0 4.72 1 0.76 2 
2 336 0 0 0 89.68 8068.1 0 0 0 5.31 1 4.13 2 
2 503 1 24 1 89.68 12072 0 20 1 0.00 1 0.00 3 
2 503 0 0 0 89.68 12095 0 0 0 4.32 1 22.62 3 
2 504 1 0 0 89.68 12096 0 20 1 0.00 1 0.00 3 
2 504 0 0 0 89.68 12098 0 0 0 5.13 1 2.04 3 
2 504 0 0 0 89.68 12100 0 0 0 5.15 1 4.30 3 
3 167 1 24 1 44.64 4008 0 20 1 0.00 3 0.00 1 
3 167 0 0 0 44.64 4031.2 0 0 0 5.42 3 23.18 1 
3 168 1 0 0 44.64 4032 0 20 1 0.00 3 0.00 1 
3 168 0 0 0 44.64 4033.9 0 0 0 5.95 3 1.94 1 
3 168 0 0 0 44.64 4035.1 0 0 0 6.29 3 3.12 1 
3 335 1 24 1 44.64 8040 0 20 1 0.00 3 0.00 2 
3 335 0 0 0 44.64 8063.1 0 0 0 5.25 3 23.15 2 
3 336 1 0 0 44.64 8064 0 20 1 0.00 3 0.00 2 
3 336 0 0 0 44.64 8065.1 0 0 0 6.04 3 1.07 2 
3 336 0 0 0 44.64 8066.6 0 0 0 6.22 3 2.56 2 
3 503 1 24 1 44.64 12072 0 20 1 0.00 3 0.00 3 
3 503 0 0 0 44.64 12096 0 0 0 5.39 3 23.79 3 
3 504 1 0 0 44.64 12096 0 20 1 0.00 3 0.00 3 
3 504 0 0 0 44.64 12097 0 0 0 5.96 3 1.14 3 
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Appendix 5 – Example summaries 

Table 9 Summary of example 1 

 Example 1 fe 0.57  

CLCR estimation method Cockroft-Gault for both studies 

Renal impairment study 

 CLCR distribution 

Renal function class Mean (mL/min) SD (mL/min) 

Normal 97 17.8 

Mild 60 8.7 

Moderate 35 6.4 

Severe 19 3.2 

Population pharmacokinetic analysis 

CLCR distribution 

Mean (mL/min) SD (mL/min) Range (mL/min) 

81.51 32.4 9 - 150 

Comments 
RI study included in PopPK analysis. Single dose iv drug with 

rich phase III sampling 

Increase in AUC compared to normal controls 

Renal function class 
RI study 

AUC increase (%) 

PopPK 

AUC increase (%) 

Mild 40.17 31.88 

Moderate 83.76 70.76 

Severe 141.03 123.48 

Assumptions made for calculation of CL/F from PopPK: 

70 kg person, caucasian, patient 
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Table 10 Summary of example 2 

 Example 2 fe 0.82  

CLCR estimation method Cockroft-Gault for both studies 

Renal impairment study 

 CLCR distribution 

Renal function class Mean (mL/min) SD (mL/min) 

Normal 94.2 10.9 

Mild 66.8 8.9 

Moderate 40.5 7.1 

Severe 21.7 7.2 

Population pharmacokinetic analysis 

CLCR distribution 

Mean (mL/min) SD (mL/min) Range (mL/min) 

n/a n/a 9 – 150 

Comments 
RI study included in PopPK analysis. Somewhat rich phase III 

data. 

Increase in AUC compared to normal controls 

Renal function class 
RI study 

AUC increase (%) 

PopPK 

AUC increase (%) 

Mild 13 18.66 

Moderate 29 36.9 

Severe 118 56.11 

Assumptions made for calculation of CL/F from PopPK: 

70 kg male 
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Table 11 Summary of example 3 

 Example 3 fe 0.36  

CLCR estimation method 

Creatinine collection in urine over 24 hours and blood sample for 

RI study. Cockroft-Gault or creatinine collection over 24 houts if 

available for PopPK analysis. 

Renal impairment study 

 CLCR distribution 

Renal function class Mean (mL/min) SD (mL/min) 

Normal 121 37.9 

Mild 65.9 6.57 

Moderate 37.6 6.97 

Severe 20 6.06 

Population pharmacokinetic analysis 

CLCR distribution 

Mean (mL/min) SD (mL/min) Range (mL/min) 

n/a n/a n/a 

Comments 
RI study included in PopPK analysis. Sparse sampling in the 

larger phase III studies. 

Increase in AUC compared to normal controls 

Renal function class 
RI study 

AUC increase (%) 

PopPK 

AUC increase (%) 

Mild 27.06 10.27 

Moderate 86.59 23.24 

Severe 115.12 44.73 

Assumptions made for calculation of CL/F from PopPK: 

No concomitant medication, BSA of 1.73 m
2
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Table 12 Summary of example 4 

 Example 4 fe 0.9  

CLCR estimation method Cockroft-Gault for both studies. 

Renal impairment study 

 CLCR distribution* 

Renal function class Mean (mL/min) SD (mL/min) 

Normal n/a n/a 

Mild n/a n/a 

Moderate n/a n/a 

Severe n/a n/a 

Population pharmacokinetic analysis 

CLCR distribution 

Mean (mL/min) SD (mL/min) Range (mL/min) 

n/a n/a n/a 

Comments RI study included in the PopPK analysis 

Increase in AUC compared to normal controls 

Renal function class 
RI study 

AUC increase (%) 

PopPK 

AUC increase (%) 

Mild 75.26 9.95 

Moderate 104.66 22.35 

Severe 298.62 42.53 

Assumptions made for calculation of CL/F from PopPK: 

Male, patient, age of 55 years. 

*Distribution of CLCR for RI study was not available in the dossier. 
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Table 13 Summary of example 5 

 Example 5 fe 0.3  

CLCR estimation method Cockroft-Gault used for both studies 

Renal impairment study 

 CLCR distribution 

Renal function class Mean (mL/min) SD (mL/min) 

Normal 91.74 11.29 

Mild 66.91 5.49 

Moderate 37.19 2.93 

Severe 19.54 4.81 

Population pharmacokinetic analysis 

CLCR distribution 

Mean (mL/min) SD (mL/min) Range (mL/min) 

101 25.3 39.9 – 140 

Comments 

RI study not included in PopPK analysis. Sparse sampling evenly 

distributed between doses. PopPK analysis was performed on 

phase II trials. 

Increase in AUC compared to normal controls 

Renal function class 
RI study 

AUC increase (%) 

PopPK 

AUC increase (%) 

Mild 37.31 7.85 

Moderate 42.31 28.7 

Severe 122.69 65.63 

Assumptions made for calculation of CL/F from PopPK: 

Age of 55 years, Caucasian, male, weight of 70 kg 
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Table 14 Example of example 6 

 Example 6 fe 0.67  

CLCR estimation method Cockroft-Gault used for both studies. 

Renal impairment study 

 CLCR distribution* 

Renal function class Mean (mL/min) SD (mL/min) 

Normal 
98.17 (mild), 100.67 

(moderate), 102.03 (severe) 

10.54 (mild), 30.72 (moderate), 

15.77 (severe) 

Mild 63.83 10.27 

Moderate 46.67 3.39 

Severe 17.22 6.29 

Population pharmacokinetic analysis 

CLCR distribution 

Mean (mL/min) SD (mL/min) Range (mL/min) 

75.51 22.84 29.9 – 170.1 

Comments 
RI study was not included in the PopPK analysis. Phase III had 

very sparse sampling. 

Increase in AUC compared to normal controls 

Renal function class 
RI study 

AUC increase (%) 

PopPK 

AUC increase (%) 

Mild 71.17 18.98 

Moderate 111.93 45.14 

Severe 250.52 94.04 

Assumptions made for calculation of CL/F from PopPK: 

Weight of 70 kg 

*In this example, a matched control group was assigned to each renal impairment class, why there 

are multiple means and standard deviations. 

 


