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INTRODUCTION

Under normal physiological conditions, the renal excretion 
clearance of drugs/metabolites is the net result of a three-step 
process that includes glomerular filtration, tubular reabsorp-
tion, and tubular secretion. Glomerular filtration occurs due to 
the pressure gradient in the glomerulus whereby solutes and 
water are filtered out of the blood.1 The filtrate is collected 
in the renal tubules, and as the filtrate moves through these 
tubules, ions, water, and nutrients are actively or passively 
reabsorbed from the filtrate to the interstitial fluid (tubular 
reabsorption). In contrast, some toxins and drugs/metabolites 
are actively transported from the interstitial fluid into the fil-
trate. Once the filtrate reaches the distal convoluted tubule, 
most of the urine and solutes have been reabsorbed. Some un-
desirable products like metabolic waste products, urea, uric 
acid, and certain drugs/metabolites are excreted by tubular 
secretion. Glomerular filtration rate (GFR) is the volume of 

glomerular filtrate formed per minute by the kidneys and is 
an important indicator of renal function.

An impaired renal function, including acute and chronic 
kidney disease and end-stage renal disease (ESRD), can be 
the result of other conditions, such as hypertension, athero-
sclerosis, diabetes, or inherited diseases, and may also occur 
as a result of smoking or the use of some medications. Aging 
is shown to be associated with significant changes in the 
structure and function of the kidneys, even in the absence of 
comorbidities with the diseases mentioned above.2

In patients with renal impairment (RI), renal clearance, as 
well as absorption, bioavailability, and plasma protein binding 
of drugs/drug metabolites can be altered. Additionally, RI is 
also associated with decreased activity of several hepatic and 
gastrointestinal drug-metabolizing enzymes and transporters. 
As a consequence, the pharmacokinetics (PKs) of drugs or drug 
metabolites may change and result in the need for an altered 
dose to avoid a loss of therapeutic effect and/or an increase in 
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safety risks.3,4 It is therefore imperative that the impact of vary-
ing degrees of RI on the PKs of a new drug and its metabolite(s) 
be investigated to be able to define a safe and efficacious dose 
for these patients. This tutorial aims to provide an overview 
of the global regulatory landscape and practical guidance for 
successfully designing and conducting clinical RI trials. On the 
other hand, RI trials may not always be necessary or feasible to 
conduct under certain circumstances. In such cases, modeling 
and simulation methods may be applied as alternate methods, 
which are also discussed further in this tutorial.

Out of scope of this tutorial is augmented renal clearance 
in critically ill patients5 or patients requiring renal replacement 
therapy (such as dialysis, hemofiltration, hemodiafiltration, and 
kidney transplantation)6 although patients with ESRD requiring 
dialysis are mentioned. Any differences in renal function in the 
pediatric population are also out of scope. The reader is referred 
to a recently published tutorial on pediatric studies.7

GLOBAL REGULATORY 
LANDSCAPE

On September 4, 2020, the US Food and Drug Administration 
(FDA) announced the availability of a revised draft guidance on 

“Pharmacokinetics in Patients with Impaired Renal Function—
Study Design, Data Analysis, and Impact on Dosing”8 which 
was published to collect additional public comments prior to 
its finalization. This revised draft of the FDA Guidance8 and 
the current European Medicines Agency guideline9 provide a 
deeper understanding on the approaches to evaluate the potential 
impact on the PKs of drugs/new chemical entities in the subjects 
with RI. They also describe the approaches pharmaceutical com-
panies should follow when developing posology instructions for 
administering drugs in subjects with varying degree of RI. No 
specific guidelines by other major regulatory authorities are 
available. Personal communication with applicants has indicated 
that Japan (Pharmaceutical and Medicines Devices Agency) and 
China (National Medical Products Administration) have infor-
mally adopted the FDA Guidance while Australia (Therapeutic 
Goods Administration) has formally adopted the EMA guide-
lines. A close review of global regulatory documents revealed 
that, although these guidelines are quite similar, there are subtle 
differences in agency-specific requirements around the timing 
of the study, the methodology of GFR assessment, specific lan-
guage for biologics, and topically administered drugs. Some of 
these differences in the agency guidelines have been reviewed 
previously (Paglialunga et al.).10 A comparison of the key as-
pects of the guidelines is provided in Table 1.

T A B L E  1   Comparison of the key guidelines for renal impairment study as per FDA and EMA guidance

FDA Guidance8 EMA Guidance9

Timing of study No specific details mentioned If dosing adjustment is required in patients 
with impaired renal function, a 
recommendation is provided to conduct 
the study in phase III

Large molecules/biologics RI study not necessary for large molecules such as cytokines or 
cytokine modulators with MW > 69 kDa

Large proteins with MW > 60 kDa, such as 
monoclonal antibodies are not expected 
to undergo glomerular filtration, and 
therefore do not require a full RI study

GFR assessment methods Recommends the use of eGFR assessment from the MDRD or 
CKD-EPI methods for renally eliminated drugs.

Recommends the use of absolute GFR and 
the GFR normalized to a body surface 
area of 1.73 m2 for renally eliminated 
drugs

ESRD definition ESRD definition has been modified in the current draft version 
and now refers to kidney failure (i.e., patients with renal 
function < 15 ml/min or dialysis patients on non-dialysis days)

ESRD is defined as subjects with absolute 
GFR < 15 ml/min and requiring 
dialysis

Topically administered 
and hepatically 
eliminated drugs

A dedicated study may not be important for locally acting drugs 
(i.e., topical products) with limited systemic absorption

Waiver for conducting the RI study for 
both topically administered as well 
as hepatically cleared drugs without 
relevant systemic absorption

Data analysis Model-based analyses to establish a relationship between renal 
function (i.e. creatinine clearance CLcr or eGFR) and relevant 
PK parameters (AUC, Cmax , CL/F, t1/2, and renal clearance 
CLR)

Both graphical and model-based analysis 
to establish a relationship between the 
parameters defining renal elimination 
capacity and the PK parameters

Abbreviations: AUC, area under the plasma-concentration-time curve; BSA, body surface area; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; 
CLcr, creatinine clearance; CL/F, apparent clearance; CLR, renal clearance; Cmax, maximum plasma concentration; eGFR, estimated glomerular filtration rate; EMA, 
European Medicines Agency; ESRD, end-stage renal disease; FDA, US Food and Drug Administration; GFR, glomerular filtration rate; MDRD, Modification of Diet 
in Renal Disease; MW, molecular weight; PK, pharmacokinetic; RI, renal impairment; t1/2, terminal half-life.
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ASSESSMENT OF RENAL FUNCTION

Renal function is generally measured by assessing GFR, 
which is the rate or the volume per unit of time at which renal 
ultrafiltrate is formed by glomerulus and the normal measure 
is ~ 120 ml formed per minute. The GFR is a direct measure 
of renal function; however, measuring this rate is a labori-
ous process. A useful and practical surrogate marker for the 
GFR is creatinine clearance (CrCL).11 The CrCL measured 
over 24 h is used as a measure of renal function. However, 
this method may be inconvenient for routine measurement 
during clinical trials as accurately timed urine collection is 
needed.12 Exogenous markers, such as iohexol, EDTA, or in-
ulin (preferred in the EMA guideline) can be used to provide 
an accurate estimation of the GFR8,9 but cannot be routinely 
applied in clinical studies. Therefore, various mathematical 
equations can be used to estimate CrCL and GFR. Table 2 
describes the classification of RI based on the GFR or CrCL. 
As per EMA guidance,9 for renally cleared drugs, the renal 
elimination capacity is not body size-adjusted and rather re-
ferred to as “absolute GFR” in ml/min. The FDA guidance,8 
suggests individualization of GFR for drug dosing by multi-
plying the standardized GFR by the individual’s body surface 
area (BSA) and dividing by 1.73, therefore, now expressed in 
ml/min as opposed to ml/min/1.73 m2 unit.

Methods for GFR estimation and when to use a 
specific method

Cockcroft-Gault (CG) calculation of GFR (Equation 1)13: 
this is the traditional method and has been extensively used 
in the past to estimate the renal function via CrCL estima-
tion. However, creatinine is not only filtered but also secreted 

via active secretion process. Although this method adjusts for 
age, weight, and gender differences, it is less accurate than 
the Modification of Diet in Renal Disease (MDRD) equation 
(Equation 2)14 or the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) equation (Equation 3),15,16 which 
could result in an incorrect estimation of dosage.

Equation 1 (CG):

where, CrCL is creatinine clearance (ml/min) and Scr is serum 
creatinine (mg/dl).

CG tends to overestimate renal function at lower levels, 
for instance when a patient is obese or fluid overload exists. 
As a result, the increase in weight does not reflect an increase 
in muscle mass.17 The FDA guidance8 suggests that for sub-
jects who are overweight or obese, alternative body weight 
metrics, such as ideal body weight or adjusted body weight, 
may be used when calculating CrCL. However, alternative 
methods exist to overcome this disadvantage as well. The 
MDRD14 and CKD-EPI15 equations are two other common 
equations for calculating estimated GFR (eGFR) in adults 
18 years of age and older. Particularly, the MDRD method 
has been increasingly applied in dosing recommendations of 
approved new drug labels.18

Equation 2 (MDRD):

Factor is 0.742 (female) and 1.210 (African American).
The MDRD equation is adjusted based on body size and 

avoids the inclusion of weight, the formula is less prone to 

(1)CrCL(ml∕min) = ((140 − Age(years) × Weight(kg))∕(72 × Scr)) × [0.85(if female)],(1)
CrCL(ml∕min) = ((140 − Age(years) × Weight(kg))∕(72 × Scr)) × [0.85(if female)],

(2)GFR (ml∕min∕1.73 m2) =186× (SCr)−1.154

×(Age)−1.154× Factor,

Stage Description Renal functiona,b  (ml/min) GFRd  (ml/min)

1 Control (normal renal 
function)7

≥90 ≥90

2 Mild 60–89 60 to <90

3 Moderate 30–59 30 to <60

4 Severe 15–29 <30 (dialysis not 
required)

5 Kidney failurea,c ; 
ESRDd 

<15 or dialysis patients on 
non-dialysis days

<15 requiring 
dialysis

Abbreviations: EMA, European Medicines Agency; ESRD, end-stage renal disease; FDA, US Food and Drug 
Administration; GFR, glomerular filtration rate.
aAs stated in the FDA guidance.
bEstimate of GFR based on an estimation equation and expressed in ml/min. To convert ml/min/1.73 m2 to ml/
min multiply by the individual’s body surface area calculated using an appropriate formula and divide by 1.73.
cThis classification is strictly for the purposes of conducting a dedicated renal impairment study and should not 
be used for the purposes of classifying kidney disease.
dAs stated in the EMA guidance.

T A B L E  2   Classification of renal 
function based on FDA and EMA 
guidances8,9
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errors from fluid overload and obesity. There are several 
variations to the equation for the calculation of eGRF using 
MDRD. One disadvantage of the MDRD method is that it is 
not sensitive in estimating the GFR in patients with chronic 
kidney disease (CKD) with normal SCr level nor in ESRD.

Equation 3 (CKD-EPI):

Factor is 1.018 (female) and 1.159 (African American); 
k is 0.7 (female) and 0.9 (male); a is −0.329 (female) and 
−0.411 (male); min indicates the minimum of SCr/k or 1, and 
max indicates the maximum of SCr/k or 1.

To estimate GFR accurately in patients with CKD , this 
equation was proposed. Although kidney disease research 
initiatives, such as Kidney Disease: Improving Global 
Outcomes (KDIGO) are promoting eGFR calculation using 
CKD-EPI equation, there are no specific recommendations 
in the regulatory guidances. Using the CKD-EPI equation for 
measuring GFR in phase I studies may help in harmonizing 
CKD staging, population PK (PopPK) analyses, and dosing 
by estimated renal function.18 For more information, the 
reader is referred to a recent paper19 that found a widespread 
dosing discordance rate among the CG, MDRD, and CKD-
EPI equations in patients.

WHEN TO CONDUCT A CLINICAL 
RI STUDY

An RI study aims to study the effect of mild, moderate, and 
severe RI on the PKs of a drug and its active metabolite(s), to 
inform a dose recommendation for this population in the drug 
label. Regulatory guidelines (i.e., FDA8 and EMA9) provide 
recommendations on when a study is needed for market 

registration. Figure 1 summarizes the recommendations for 
conducting an RI study and enlist the situations when it may 
not be necessary.

If RI is expected to significantly alter the PKs of the drug 
or metabolite (i.e., renal excretion is the main route of elim-
ination for the drug or metabolite, as defined by the FDA as 
the fraction of systemically available drug or active metabolite 
that is eliminated unchanged in the urine [fe] is 0.3 or greater 
and by the EMA as renal excretion/metabolism is greater than 
or equal to one-third of total elimination), it is recommended 
to perform a clinical PK study in patients with RI. However, 
all drugs that are intended for use in patients with RI or drugs 
with a narrow therapeutic window may likely require PK eval-
uation for dose recommendation independent of whether this 
drug is renally excreted or not.20,21 Alternatively, for drugs with 
a narrow therapeutic window, therapeutic drug monitoring or 
monitoring of exposure based on clinical markers for efficacy 
and/or safety may be additionally considered. In contrast, if the 
maximum tolerated dose and therapeutic window are known 
through early studies, they may provide a large enough margin 
for the safety of the approved dose and not require a clinical PK 
study in patients with RI.22

It is recognized in the regulatory guidances8,9 that impaired 
renal function is associated with decreased activity of several 
hepatic and gastrointestinal drug-metabolizing enzymes, such 
as cytochrome p450 enzymes, as well as UGT, NAT2, and trans-
porters.23 In a recent study,24 the effect of metabolism of drugs 
specifically by CYP1A2, CYP2C8, CYP2C9, and CYP2C19, 
and the transport of drugs specifically by OATP as a function of 
CKD was assessed. The outcome suggests a decrease in clear-
ance of OATP and CYP2C8 substrates as a function of CKD, 
although there was some overlap in the substrates, which calls 
the need for further investigation. In comparison, the effect on 
the other CYPs was variable and more modest.

The accumulation of uremic toxins in patients with RI or 
ESRD results in altered transcription and/or direct inhibition 
of CYP enzymes and transporters.4,23 In addition, plasma 

(3)
GFR(ml∕min∕1.73 m2) =141×min(SCr∕k, 1)a

×max(SCr∕k, 1)−1.209

×0. 993age×Factor.

F I G U R E  1   Overview of criteria/
conditions when an RI study may or may 
not be recommended. CL, clearance; 
FDA, US Food and Drug Administration; 
EMA, European Medicines Agency; PK, 
pharmacokinetic; RI, renal impairment
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protein binding of drugs or drug metabolites can be altered in 
patients with RI. So even for drugs that are mainly hepatically 
cleared and have a high protein binding, RI may have a sig-
nificant impact on the PKs of the drug or drug metabolite as 
has been previously shown and summarized in literature.23,25

If the PK evaluation in patients with RI shows little or no 
effect of RI on the PKs of the drug, it may still be required to 
study the effect of dialysis on the PK in patients with ESRD.8 
Patients with ESRD who need dialysis for therapeutic pur-
poses should be regarded carefully in terms of dose selection, 
particularly for drugs and active metabolites with extensive 
renal excretion.9 Dose reduction in these patients is often rec-
ommended to avoid adverse drug reactions. However, a drug 
or active metabolite can also be removed significantly by di-
alysis, in which case a dose adjustment would be required to 
ensure therapeutic efficacy.9 It is therefore essential to have 
knowledge of the impact of dialysis on the elimination of 
drugs and their metabolites.3 Study design and examples are 
discussed elsewhere in this tutorial.

Situations when an RI study may not be needed in-
clude when the drug is a therapeutic protein with a mo-
lecular weight greater than 69 kDa, or gaseous or volatile 
in nature and excreted by the lungs, or for locally acting 
drugs (i.e., mainly topically administered drugs), or drugs 

that do not enter the systemic circulation.8,9 Additionally, 
supportive (pre)clinical safety and elimination data in the 
case of a single-dose administration of a drug may sug-
gest minimal impact in RI and may not require a dedicated 
clinical study.8,9

CLINICAL RI STUDY DESIGN

The RI study design is primarily intended to compare 
the drug PKs in subjects with impaired renal function to 
the subjects with normal renal function. Usually, either a 
stand-alone/full study design or a reduced/staged study de-
sign is applied. In some cases, a reduced design is followed 
by a full design.

Considerations for selection of the study design depends 
on factors, such as the expected effect of impaired renal func-
tion on the drug PK (i.e., whether the change in PKs is ex-
pected to be clinically relevant based on preclinical studies 
and/or mechanistic predictions), the expected impact of RI 
on drug pharmacodynamics (i.e., concentration-response 
relationship), therapeutic window, and safety profile of the 
drug, the predominant route of elimination (renal vs. nonre-
nal) and the hemodynamic instability in case of patients with 

F I G U R E  2   Decision Tree (adapted from Appendix 1 from the FDA guidance8) to assess the need and type of renal impairment study. ESRD, 
end-stage renal disease; NME, new molecular entity; PK, pharmacokinetic; RI, renal impairment
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severe RI. A decision tree based on these considerations that 
shows when a full RI study or a reduced RI study should be 
conducted is shown in Figure 2.

Stand-alone/full study design

The stand-alone/full study design is a dedicated phase I PK 
study using subjects with varying degrees of RI. A stand-
alone study design involves comparing the PKs of the drug 
in patients with varying degrees of RI (mild, moderate, and 
severe; see Table 2) to the control renal function group. The 
selection of subjects for a full RI study should ensure ad-
equate representation of each degree of RI and control sub-
jects. A parallel-group study design is used. The number of 
subjects enrolled in each group should be adequate to detect 
the expected differences in the PKs between the groups to en-
able dosage recommendations for each group. As per EMA 
guidelines,9 at least 6–8 subjects per RI group is considered 
adequate. In contrast to the previous version, the current draft 
version of the FDA guidance has added some recommenda-
tions around sample size selection. Although the FDA guid-
ance8 does not unequivocally provide a specific number, it 
provides some details and approaches around selection of 
adequate sample size. It thereby provides the example, an 
approach of prospectively targeting 95% confidence inter-
val within 60% and 140% of the geometric mean estimate of 
relevant PK parameters for the drug in each renal function 
group with at least 80% power. Consideration should also be 
given to matching demographic factors, such as age, weight, 
sex, and ethnicity. Other factors, such as smoking habits 
and comedication, also require consideration. A 1:1 match-
ing strategy, where individual subjects in each test group are 
matched with individuals in the control group can be used. A 
mean matching strategy is sometimes used, especially when 
the number of patients in each test group is a limiting fac-
tor. An example of the application of this study design is in 
phase I, open-label, nonrandomized, parallel-group trial for 
fulacimstat (BAY1142524).26 This trial was conducted with 
the matching of healthy subjects for age, body weight, and 
gender (male/female) to the groups with RI (N = 36). The 
RI experimental groups included in the study design were 
patients with mild, moderate, and severe renal impairment, as 
classified in Table 2. As a single oral dose of the study drug 
(i.e., 25  mg immediate-release tablet fulacimstat) was ad-
ministered to evaluate the drug PKs in subjects with normal 
renal function versus patients with mild, moderate, or severe 
renal impairment. Another example is a study conducted for 
lesogaberan (AZD 3355),27 a GABAB agonist drug. One-to-
one match RI phase I study was conducted with 23 subjects 
to assess the PKs of the drug in healthy as well as patients 
with renal impairment (moderate or severe) after a single oral 
dose of 130 mg lesogaberan.

A single dose study can be used when the drug and its ac-
tive metabolite(s) show linear PKs and no time-dependent PKs 
at the concentrations that would be expected in patients on rec-
ommended doses. With single-dose studies, the same dose is 
usually given to both the test and control groups. A multiple-
dose study will be more appropriate with nonlinear or time-
dependent PKs. However, with multiple dose studies, careful 
consideration should be given to patient groups with higher 
degrees of RI. Lower doses may be warranted in groups with 
higher degrees of RI to avoid toxicity. Modeling tools to predict 
doses appropriate in higher degrees of RI may be useful here.

Reduced/staged study design

The reduced/staged study design is an adaptive two-stage study de-
sign often used to evaluate the initial PK effects in subjects at the 
extremes of renal function, and establish if a full study design is 
necessary. It may be considered for drugs that are predominately 
nonrenally eliminated (i.e., for hepatically metabolized and biliary 
excreted drugs). Under such circumstances, a full study design can 
be bypassed initially. This study design is also referred to as the 
“worst-case scenario” as the PKs are compared between patients 
with extremes of renal function, meaning normal RI versus patients 
with severe RI, typically not yet on dialysis. Stage I involves com-
paring the drug PKs in severely impaired (test group) to the patients 
with normal renal function (control group). If the results indicate 
that the RI study has no clinically significant impact on drug PKs, 
no further study is warranted, and no dosing adjustment required. 
However, if the results indicate otherwise, a stage II study is war-
ranted. In stage II, the intermediate renal function groups (mild and 
moderate impairment) should be further compared with patients 
with normal renal function. Stage II can be achieved by performing 
a full RI study or by alternative methods, such as a PopPK analysis 
of data from the phase II/III clinical studies. A description of such 
PopPK methodology is given later in this tutorial.

Subject inclusion in stage I of the reduced study design 
should ensure a match between the test group (subjects with 
ESRD) and the control group (patients with normal renal 
function). The principles described for dosing in the full 
study design apply to this study design as well. A reduced 
RI study was conducted for vismodegib28 to include subjects 
with normal renal function (n = 9) and subjects with severe 
RI (n = 3). This was essentially an RI subgroup study within 
the indication (i.e., in a small number of patients with locally 
advanced or metastatic basal cell carcinoma).

Study design for patients with ESRD 
requiring dialysis

It is recommended by both the FDA8 and the EMA9 to investigate 
the PKs of drugs that are to be used in patients with ESRD requiring 
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dialysis and the impact of the dialysis on the clearance of these drugs. 
The FDA guidance8 specifically refers to intermittent hemodialysis 
(IHD) as this is the most common dialysis method used also briefly 
refers to the common therapies—intermittent dialytic as well as con-
tinuous dialytic therapies used in patients with ESRD in the United 
States. Dosage adjustments may be warranted if a significant frac-
tion of the drug or its active metabolites are removed during the dial-
ysis process. For drugs that are unlikely to be affected by the dialysis 
process, such as those with a large molecular weight, those that are 
tightly bound to plasma proteins, or those that are primarily nonre-
nally excreted, PK studies during dialysis may be omitted.

The objective of the PK studies in patients with ESRD on 
dialysis is to determine the extent to which the dialysis process 
could impact the elimination of the drug both during dialysis 
as well as in between dialysis sessions. It is therefore necessary 
to conduct the PK studies under dialysis and non-dialysis (be-
tween dialysis) conditions. There are some recent examples in 
the literature where this impact on PKs was characterized for 
various drugs or drug combinations.29–31 In addition, the FDA 
guidance8 describes the need and approach for evaluating the 
PKs of critical care medications likely to be used in patients 
on continuous renal replacement therapy (CRRT). The find-
ings from the IHD studies may not be sufficient for patients on 
CRRT and hence may require a specific study and study design.

The FDA guidance gives recommendations regarding the 
sample collection and data analysis for the accurate determina-
tion of drug clearance during dialysis (IHD, continuous dialysis, 
or peritoneal dialysis). First, pre-dialysis blood samples must be 
collected and during the dialysis process, blood samples from 
both the arterial and venous sides of the dialyzer must be col-
lected at appropriate intervals. Next, the volume of the entire di-
alysate should be recorded, and a sample should be used for drug 
concentration measurement. In addition, the model and make 
of the dialyzer, blood flow, and dialysate flow during dialysis 
should be recorded. Then, drug concentrations and, if applicable, 
active metabolite concentrations in the blood (entering dialyzer) 
and dialysate must be determined. After calculating the amount 
of drug retained in the dialysate, the following equation can be 
used to determine the drug clearance during dialysis (CLD):

CL
D
= Amount of drug recovered∕AUC

t0−tl

Where, t0 is the start of the hemodialysis, and tl is the end 
of the hemodialysis.

Significant clearance of the drug by the dialysis may war-
rant dosage adjustments in these patients.

Characterizing the impact of renal function in 
phase II and phase III trials

The FDA guidance underpins the utility of PopPK analysis 
as an extremely informative tool to assess impact of renal 

function on drug exposure quite early in the process of drug 
development for the population intended for the clinical use 
of the drug. Given the clinical studies have well characterized 
PopPK analyses available from phase II and/or phase III clini-
cal trials, accompanied by adequate representation of patients 
with varying degree of renal function in the dataset, PopPK 
can be highly recommended to provide appropriate dosing 
recommendations in labeling for the impaired renal function 
population. If under certain circumstances, patients with se-
vere RI were not enrolled in sufficient number, a reduced RI 
design is recommended to cover the impact of RI on drug 
exposure. In addition, guidance suggests evaluating renal 
function as an independent predictor of the drug exposure-
response relationship whenever possible. Following are the 
key considerations for PopPK analysis – sufficient num-
ber of patients with representation over the range of renal 
function, adequate number of samples collection times with 
sufficient number of samples per patient, accurate dosing 
records, information of unbound drug concentration as well 
as active metabolite/parent drug levels (when appropriate). 
Furthermore, it is recommended to use same measures of 
estimated renal function, particularly when data is pooled 
across multiple phase II and/or phase III studies. If exposure-
response analysis is conducted and available from the pooled 
studies across phase II/III must be used as an independent 
predictor of response to account for impact of RI.

DATA ANALYSIS IN RI STUDIES

The objectives of the data analysis in RI studies are to deter-
mine whether the PKs of drugs differ between patients with 
normal renal function and those with different degrees of RI 
and to make dosage recommendations (if warranted) in pa-
tients with diminished renal function. The recommendation 
for dosing is based on the understanding of the relationship 
between a measure of renal function and relevant PK param-
eters. Figure 3 illustrates the workflow that can be used to 
achieve these objectives.

Step 1 Estimation of PK parameters

As with all PK studies, plasma concentration data obtained 
in the RI studies are used to estimate PK parameters, using 
either noncompartmental or compartmental analysis. In ad-
dition, urinary excretion data may also be analyzed. The 
key PK parameters estimated in RI studies include apparent 
clearance (CL/F), renal clearance (CLR), apparent volume of 
distribution (Vd/F), and elimination terminal half-life (t1/2), 
as well as exposure parameters, such as the area under the 
plasma-concentration-time curve (AUC), maximum plasma 
concentration (Cmax), or minimal plasma concentrations 
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(Cmin), depending on the drug itself and parameters that can 
be used as markers for efficacy or toxicity.

Step 2 Modeling the effect of different 
degrees of RI on the PKs of the drug

This step in the data analysis involves the development of 
mathematical models that can quantitatively relate the change 
in the specific PK parameter of the drug with the degree of RI 
as reflected by CrCL or eGFR. Effective models will enable 
the successful prediction of the relevant PK parameter of the 
drug, given the renal function status in the patient. Modeling 
approaches may include linear regression on noncompart-
mental analysis (NCA) of PK parameters of interest (e.g., 
CL/F) to determine the relationship between the parameter in 
healthy subjects and patients with RI. PopPK analysis, using 
nonlinear mixed effects modeling and covariate analysis can 
also be used to determine the impact of RI (using a covariate 
such as CrCL) on the parameter of interest. Models can use 
the renal function (CrCL or eGFR) as a categorical variable, 
such as normal, mild, moderate, or severe. Alternatively, re-
gression analysis can be used, where the renal function and 
PK parameters are continuous variables. The latter approach 
is the preferred method.

Graphical presentation can be useful and is aimed at de-
scribing the relationship between elimination capacity (e.g., 
the measures of GFR and CrCL) as a continuous variable 
against PK variables, such as CL/F, AUC, Cmax, and Cmin 
(whenever appropriate).

Model-based relationships can be assessed to provide a 
rational quantitative basis for dose adjustment in subjects 
with RI. The developed models should confidently predict 
the PK parameters of drug in a defined RI. In most cases, 
the regression approach is utilized to develop commonly used 
linear models between GFR and CL/F of the drug. However, 
other approaches, such as mechanistic modeling, can be used 
if adequately supported.

The estimated results should include the model predicted 
PK parameter estimates as well as measures of their preci-
sion (i.e., standard error or confidence interval). In addition, 
the prediction error estimates of drug/active metabolite clear-
ance (such as confidence bounds for the prediction estimates) 
over a range of define renal function parameters (as CrCL or 
eGRF).

Step 3 Making dosage recommendations based 
on PK changes

The objective of this part of the analysis is to use the model 
developed in the previous step to make recommendations on 
the dose of the drug that can be used in patients with a spe-
cific degree of RI (as indicated by CrCL or eGFR) to achieve 
drug exposure (e.g., AUC or Cmax) that is similar to that ob-
served in patients with normal renal function. Typically, a 
dosage recommendation may include an adjustment in the 
amount/dose of drug administered or the dosing interval or 
both. The application of the above model in the simulation 
of drug exposure with the different recommended doses in 

F I G U R E  3   Translation from current to alternative approach: matching exposure-efficacy/safety relationship between renal impairment and 
reference groups. AUC, area under the plasma-concentration-time curve; GMR, geometric mean ratio

(a) (b)

(c)
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different degrees of RI is a useful aid in verifying and sup-
porting the dosage recommendations.

There is a myriad of approaches to dosage selection/rec-
ommendation for patients with impaired renal function. One 
such approach is utilizing PK simulations that project sys-
temic exposures that fall within the 5th and 95th percentiles 
of those achieved in the reference group. This can serve as 
boundaries for appropriate dose selection. Another approach 
is to establish no-effect boundaries, which represent an inter-
val band within which a change in systemic exposure due to 
varying degree of RI is deemed not significant enough and 
therefore warrant no further clinical action or dose modifi-
cation. An alternate approach could be leveraging the model-
ing and simulation to determine the renal function threshold 
below which dosing adjustment is recommended.

Current approach

A generalized dose or dosing interval recommendation for 
a drug in patients with RI stems from matching the expo-
sures to the reference group (i.e., subjects with normal renal 
function) enrolled in the clinical trial. As per the current ap-
proach, both dose and dosing interval are adjusted to match 
the plasma concentration/exposure of drug or active metab-
olite in subjects with RI to the subjects with normal renal 
function.32

Limitations of current approach
Although this method serves its utility in making judicious 
decisions around phase III dose selection or in early dose rec-
ommendation for the label (Table 3), this method may have 
a few disadvantages. The late-stage clinical trials generally 
include patients with mild impairment and at times patients 
with moderate impairment, but may lack subjects with severe 
RI and thereby any exposure matching to normal function 
may not represent the clinical experience. Furthermore, these 
trials also exclude patients with comorbidity and patients tak-
ing co-medications with an intent to maintain a well-defined 

patient population with minimum variability. These exclu-
sions could in turn significantly shroud the treatment effect, 
create an “evidence gap” that limits the utility of these clini-
cal trials in making generalized dosing recommendations in 
the patients with RI.

This has recently been the topic of discussion at an FDA 
Pharmaceutical Science and Clinical Pharmacology Advisory 
Committee Meeting.32

Alternative approach

This calls for availability of information on the drug me-
tabolism, disposition, and elimination in the renally impaired 
subgroups in the early phase drug development. Inclusion of 
patients with severe RI/ESRD in the late-stage clinical trials 
would be more informative; this would enable a robust deci-
sion making strategy for dosing recommendation in the RI 
population via modeling and simulation-based approaches. 
Late-stage trials for various scenarios (such as dose ranging 
studies, phase III dose selection, registrational trials, etc.) 
often use sparse PK sampling collection, which can be aptly 
utilized to assess the impact of RI on drug PK using modeling 
approaches.

Translation from current to alternative approach: 
Matching exposure-efficacy/safety relationship 
between RI and reference subset population

Specific dosing recommendations as per both current and al-
ternate approaches are based on the overall understanding of 
the relationship among renal function, drug exposure, and the 
exposure-efficacy/safety relationship.32

For exposure-matching, we perform a hypothesis testing 
of whether the exposure-response relationships for efficacy 
and safety are similar in the various degrees of RI subgroups 
(when available) for which the dosing is being derived and 
the reference exposure group.8 Traditionally, the “reference 

T A B L E  3   Example of dose adjustment recommendation based on (a) exposure matching of group mean or (b) matching to point estimates

Stages of RI

(a) Exposure matching (b) Matching point estimate

Fold increase in AUC 
(compared to reference)

Phase III dose 
evaluated

Labeled dose 
recommended

GMR for AUC (compared 
to reference)

Labeled dose 
recommended

Normal (= reference) 1× A mg A mg — A mg

Mild impairment 1.3×a  A mg A mg 1.3 A mg

Moderate impairment 1.5×a  A mg A mg 2.5 A/2 mg

Severe impairment 2×b  Excluded A/2 mg 3.8 A/4 mg

(a) Compares the mean AUC between renal impairment and reference groups; (b) compares the point estimates (i.e., geometric mean ratio for AUC between groups).
Abbreviations: AUC, area under the plasma-concentration-time curve; RI, renal impairment.
a<2-fold of reference AUC.
b≥2-fold reference AUC.
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group” is defined as the subgroup of patients with normal 
renal function. However, in certain situations, the defini-
tion of reference group appears somewhat ambiguous. The 
late-stage clinical trials may/may not include the patients 
with varying extents of RI. More often, patients with mild to 
moderate RI are included, that too with/without prospective 
dose adjustment. Under such circumstances, this definition of 
reference group appears vague for the purpose of exposure-
matching. It becomes unclear whether reference group 
should always be the normal renal function subgroup, or in-
stead selecting the patients with most proximal range of renal 
function and an acceptable benefit-risk profile selected from 
the current trial would be more appropriate to unequivocally 
define the reference group. For drugs with a wide therapeutic 
range, changes in the drug PK due to renal function may not 
always result in a dosage adjustment for patients with RI. In 
such cases, for drugs with wide therapeutic range, subjects 
with normal function and mild impairment can be considered 
as reference (Figure 3a). There is still a need to establish a 
best practice guideline around selection of reference group in 
RI studies across the pharmaceutical industry.32

Exposure-response matching approaches

The documentation of the FDA Advisory Committee32 in-
cludes a summation and explanation of the commonly ap-
plied approaches, which are (1) matching to a point estimate 
whereby the exposure matching is based on deriving doses 
for RI subgroups based on the geometric mean ratio (GMR) 
in the AUC; (2) matching the confidence interval of GMR of 
exposure (i.e. AUC, Cmax or Cmin) to predefined “no-effect 
boundary,” and (3) matching to the range of exposures ob-
served for the reference group.

Overall, matching to a point estimate is generally applied 
to the results of stand-alone RI studies. An example of the 
application of this approach is given in Table 3 whereby the 
GMR for the RI subgroup relative to normal is two and the 
dose in the RI group is therefore reduced by half relative to 
the dose for individuals with normal renal function.

Matching the confidence interval of GMR, the “no-
effect boundary” is determined based on the understanding 
of the dose-exposure-response relationships. In the absence 
of reliable exposure-response information, a totality of evi-
dence or a conservative standard of bioequivalence principle 
(0.8–1.25) is invoked to determine the no-effect boundary. 
Exposure matching is based on ensuring the 90% confidence 
interval of the expected AUC with dose adjustment falls 
within the no-effect boundary.8 This approach is further ex-
plained in Figure 3b.

When matching to the range of exposures observed for 
the reference group, the range of exposures observed in the 
registration trials is considered to have an acceptable benefit/

risk profile. Dose adjustment in the RI subgroups is obtained 
through ensuring that the predicted exposures fall within this 
range. For example, dosing in patients with RI that result in 
exposures that fall within the 5th and 95th percentile of those 
observed in the reference group in clinical trials (Figure 3c).

IMPACT ON LABELING

The FDA8 and EMA9 guidances summarizes specifically 
which information is required to be incorporated in the 
label. Details of the results of the RI study and its clinical 
relevance to drug usage in patients with different degrees 
of RI are presented in the PK subsection of the Clinical 
Pharmacology section of the drug label (Section 4 in the EU 
Summary of Product Characteristics and Section 12 in the 
US Highlights of Prescription).33,34 For drugs with specific 
dosage recommendations in different subgroups of patients 
with RI, such information is included in other relevant sec-
tions of the label, such as “Use in specific populations,” 
“Dosage and Administration,” “Warnings and Precautions,” 
and “Contraindications.”8,33,34 One of the pivotal concerns 
that stems from the current approach of dosing recommenda-
tion is that the late-stage clinical trials exclude patients with 
severe RI and ESRD. As a consequence, the dosing informa-
tion in the label is often provided for mild and moderate RI 
subgroups only. These dosing recommendations more often 
translate to the labeling language as a statement – “No dose 
adjustment is needed in mild and moderate RI, however, the 
impact of severe RI, on safety, efficacy, or drug’s pharma-
cokinetics is unknown.” Examples of such language can be 
found in the paper by Xiao et al.22 Furthermore, for patients 
with severe RI, the label is often observed to have the lan-
guage statement as—"Dosing recommendations cannot be 
provided,” or “Patients with severe RI were not included in 
phase III studies, and the impact on the pharmacokinetics in 
this population subgroup is unknown.”22

APPLICATION OF MODELING AND 
SIMULATION TOOLS TO ASSESS 
IMPACT OF RI ON DRUG PKS

Modeling and simulations (M&S) have been used to facilitate 
regulatory risk/benefit assessments and support drug labeling 
with increasing frequency.35–38 Regulatory authorities, such 
as the FDA, now support and facilitate the development and 
application of robust models to enhance the regulatory evalu-
ation process.39

There may be situations where a dedicated RI study is not 
feasible, for example, in the event that there are some safety 
concerns with administering the study drug to healthy indi-
viduals, as with some anticancer drugs, a study in patients 
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with RI and healthy matched controls may not be feasible. 
Another example is when a drug is administered as a long-
acting formulation, as with some psychotropic drugs, which 
would result in a very long study duration, making it chal-
lenging to conduct a study in healthy subjects and patients 
with RI. During the development of drugs with break-through 
therapies, the need for rapid progression of the clinical devel-
opment may warrant foregoing or deferral of a dedicated RI 
study. In such cases, M&S tools may be needed to guide dos-
ing recommendations in the target patient population with RI. 
In the absence of adequate patient numbers for inclusion in 
a dedicated RI PK study, modeling tools may enable the use 
of data from various clinical trials during the development 
of the drug to evaluate the impact of RI on the PKs of the 
drug. Dose selection for different degrees of RI can also be 
challenging when designing either reduced or full RI clinical 
trials. Dose predictions using M&S can be useful here.

Modeling tools based on exposure-response analysis, 
PopPK modeling and physiologically-based pharmacokinetic 
(PBPK) modeling approaches are frequently used. PopPK 
analyses are based on models developed using observed clin-
ical data (top-down approach), whereas PBPK modeling is 
based on a mechanistic understanding of physiological and 
biochemical processes (bottom-up approach), and observed 
data may be used for verification and enhancement of the 
modeling (middle out approach). PopPK analyses are well-
established in drug development and numerous examples of 
its application to drugs in RI are available in the literature. 
In the early stages of drug development, when limited infor-
mation is available on the PK of the drug, in vitro data and 
information generated in preclinical studies can be used with 
PBPK modeling to predict the PKs of the drug in humans. 
Such predictions can be used to inform initial dosing in the 
RI studies as well as the study design. Both PopPK and PBPK 
modeling can be useful in understanding the drug disposition 
in patients with RI.

Exposure-response analysis

Understanding the relationship between drug exposure and 
response (both efficacy and safety) is critical for identifying 
the optimal dose to strike a balance between drug efficacy 
and safety profile. Exposure-response analysis has been in-
creasingly used as an essential part of model-based drug de-
velopment; more often for justification of label dose and in 
decision making when to conduct an RI study, in early phases 
of clinical development or as postmarketing study. In a situa-
tion when the drug is renally cleared and has exhibited a steep 
exposure-safety curve (i.e., a small change in PKs leading to 
a safety event), an RI study is highly warranted in the early 
stages of clinical development to guide dose recommenda-
tion across varying degrees of RI. On the other hand, if the 

drug has demonstrated a statistically significant increase in 
the exposure in patients with RI in a previous analysis (say, 
PopPK analysis), but this increase in exposure with higher 
degree of RI does not translate to clinically relevant change 
in exposure-safety analysis, an RI study may be deemed un-
warranted and no dosing adjustment will be needed for pa-
tients with RI.

In totality, the similarity of the exposure-response rela-
tionship is assessed between normal (reference) versus the RI 
group to make a decision on RI study and dose adjustment. 
One such example is Crizotinib (Xalkori), a kinase inhibitor. 
Exposure-response analysis was conducted to establish cor-
relation between drug exposure (trough concentration) and 
renal function measure (CrCL), and was presented in the 
Summary Basis of Approval for Clinical Pharmacology and 
Biopharmaceutics Review.40 The regression and categori-
cal analysis indicated that steady state trough concentration 
(Ctrough) in patients with mild and moderate RI were similar 
to those in patients with normal renal function.

Population pharmacokinetics modeling in 
RI studies

PopPK is a well-established technique used in drug devel-
opment for more than 3 decades and has been extensively 
reviewed.41–43 PopPK analyses can be used to analyze com-
bined sparse sampling data sets from different clinical studies 
to estimate PK parameters and the impact of specific vari-
ables (covariates) on the PK parameters. RI studies usually 
have limited patient numbers, whereas other clinical trials 
(efficacy and safety) used throughout the clinical develop-
ment of the drug may collectively account for rich and in-
formative data on drug behavior in patients. PopPK can be 
used to analyze data from an RI study together with data from 
phase I, II, and III studies, to evaluate the impact of a meas-
ured covariate, such as CrCL on the specified PK parameter 
of a drug. A nonlinear mixed effect modeling technique can 
be used to build a correlation between various covariates 
(age, weight, gender, and CrCL) and PK parameter. CrCL 
is generally used as a measure of renal function and may be 
correlated to the CL/F as a function to drug PKs.

As discussed, positive results observed in an RI study with 
a reduced study design (normal vs. patients with ESRD) re-
quires the conduct of a full RI study. This can be averted by 
using PopPK analyses if adequate numbers of patients with 
mild and moderate RI have been included in the phase II and 
III clinical trials. PopPK analyses on the collective data from 
all these studies can be used to estimate PK changes and rec-
ommend dosing. Duloxetine is an example where PopPK anal-
yses together with the reduced RI study was used to support 
the label.44 This drug is metabolized predominantly hepatically 
by CYP1A2 and CYP2D6. A reduced RI study showed greater 
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than 100% increase in AUC in the patients with ESRD. PopPK 
analyses on data from phase II and phase III studies showed no 
significant difference between patients with normal renal func-
tion and those with mild or moderate RI. As a consequence, 
the label for this drug states that the drug should be avoided in 
patients with severe RI but refers to the PopPK analysis for the 
statement on mild to moderate degrees of RI to have no signif-
icant effect on duloxetine apparent clearance.

The PopPK analysis for axitinib, a kinase inhibitor, is another 
example.45 For this drug, the recruitment of adequate patient 
numbers for a stand-alone RI study may have been difficult. A 
review of the summary basis of approval revealed that a PopPK 
analysis was performed on data obtained from patients with a 
range of renal functions to evaluate the impact of RI on drug PK. 
The FDA accepted the PopPK analysis-supported evidence and 
waived the requirement to conduct a dedicated RI study.

It is recommended that when PopPK analyses are used to 
support labeling, the following aspects should be carefully 
considered:

Adequate numbers of individuals within the different de-
grees of RI should be included to ensure that any PK differ-
ences between the groups can be adequately detected and dose 
adjustments can be predicted where necessary, active metab-
olites should be analyzed when appropriate, and unbound 
drug concentrations should be modeled when appropriate.

PBPK modeling to predict drug PK changes 
in RI

Utilization of PBPK modeling in the prediction of PK dif-
ferences and potential dosage adjustments associated with 

RI is on the increase, as evident from the number of sub-
missions to regulatory authorities35 as well as publications 
in the literature.46–48 Details on the general principles and 
application of PBPK modeling have been described exten-
sively previously.49–53 In generating a virtual RI population 
in the PBPK software, key differences in specific parame-
ters that differ from the healthy population are incorporated 
into the mechanistic framework. Some of the fundamental 
physiological and biochemical parameters that have been 
quantified include GFR, the fraction of drug unbound in 
plasma (fu), hematocrit, gastric emptying time, and CYP 
enzyme activity. The changes in GFR during different 
states of RI are shown in Table  4. Hyperalbuminuria as-
sociated with RI results in reduced albumin in the plasma. 
Consequently, the fraction of drug bound to albumin is 
decreased. In addition, anemia is evident in CKD, result-
ing in reduced hematocrits.53 In addition, gastric emptying 
time is prolonged with renal RI. Finally, measured hepatic 
enzyme expression data in subjects with RI are not avail-
able. Rowland-Yeo et al.54 extrapolated CYP abundance 
values using clinical data from patients with mild, moder-
ate, and severe RI. Sayama et al.55 reported a meta-analysis 
of data for 151 drugs in subjects with moderate and severe 
RI to derive scalars for changes in nonrenal CL via CYP 
and UGT-mediated metabolism and other undisclosed 
mechanisms. Scalars of 0.68 and 0.65 were reported for 
changes in CYP-mediated hepatic metabolism for patients 
with moderate and severe RI relative to healthy subjects, 
respectively. The values that are applied for albumin con-
centration, hematocrit, and the gastric emptying time used 
for patients with moderate and severe RI are summarized 
in Table 4 in addition to the changes in CYP abundances 

T A B L E  4   Changes in the virtual population for RIa

Control (normal renal 
function)

Moderate RI (GFR 30 
– 59 ml/min/1.73 m2)

Severe RI (GFR <30 ml/
min/1.73 m2)

WomenMales Females Males Females Males

Albumin (g/l) 50.3 49.4 41.0 39.8 37.0 31.2

Hematocrit (%) 43 38 37.8 36.4 32.9 31.3

Gastric emptying time (h) 0.4 0.55 0.65

Extrapolated CYP abundance (pmol/mg protein)

CYP1A2 52 28.4 27.4

CYP2C8 24 20 13

CYP2C9 73 63 29

CYP2C19 14 5.5 2.3

CYP2D6 8.0 4.6 2.1

CYP3A4 137 95.2 87.3

Abbreviations: GFR, glomerular filtration rate; RI, renal impairment.
Note: All the CYP abundances is referring to the EM group.
aThese include mean values used in the Simcyp population-based simulator (Certara UK division) as described by Rowland et al.54 as well as parameters reported by 
Sayama et al.55
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related to the degree of RI, which can be included in PBPK 
models of subjects with RI.54,55

Several studies have shown that RI affects both CLR and 
non-renal clearance (CLNR) of drugs.56,57 PBPK models for 
RI therefore consider both CLR and CLNR.

With evidence of changes in CYP enzyme expressions in 
RI (Table 4), drug clearance by all organs involved in met-
abolic clearance of the drug is likely to be changed. Hence, 
drugs that may not have a renal elimination pathway may also 
show altered clearance during RI.

The kidneys play a crucial role in drug disposition. The 
elimination may involve metabolites and/or unchanged drug. 
Factors that influence the GFR, active secretion, or the tubular 
reabsorption of drug/metabolite impact the extent of elimina-
tion via the kidneys. The effects of chronic renal disease and 
uremia on drug metabolism, transport, and elimination and the 
potential mechanisms involved in these changes, have been re-
viewed.24,58 Some of these factors include the ionization or 
lipophilicity of the molecule, the plasma protein and eryth-
rocyte binding, as well as affinity for transporter proteins in 
the kidneys.56,57 These factors are used in the PBPK model to 
calculate the CLR and hence it is evident that the changes in RI 
that relate to GFR, renal blood flow, plasma protein binding, 
and blood-to-plasma ratio would affect the CLR of the drug.

Information on transporters and CLR during RI (such as 
potential changes in expression and/or abundance) that is 
required for the development of reliable PBPK transporter 
models in RI is limited, resulting in lower confidence in 
transporter-related predictions in RI. Transporters signifi-
cantly influence active secretion by the kidneys. Transporters 
on the basolateral (between blood and cells) and apical (be-
tween the cells and urine) membranes in the proximal tubules 
facilitate the uptake and efflux, respectively, of substances 
into the urine and thereby impact the disposition of drugs by 
the kidneys. Another equation can be used to scale the trans-
porter contribution to clearance (CLint,T), to that relevant to 
the whole kidney (CLR,T).46

Using PBPK modeling, Hsu and coworkers46 were able 
to define the transporter-mediated renal secretion and 
demonstrate that there is likely to be a greater than or equal 
to 10-fold reduction in the functional proximal tubule cells 
per gram kidneys (i.e., the scaling factor PTCPGK) in se-
vere RI, leading to decreased active secretion of their test 
drugs (oseltamivir carboxylate, cidofovir, and cefuroxime). 
In another study, seven renally excreted drugs that were 
substrates of organic anion transporters (OATs) were se-
lected for PBPK modeling and evaluation of predictive 
performance.59 It was shown that PBPK models that con-
sidered the effects of RI on tubular secretion, hepatic elim-
ination, and inhibition of OATs by uremic solutes (which 
increase in RI), described the PK of the drugs reasonably 
in different stages of RI.

PBPK modeling for predictions of the exposure of 
drugs during different stages of RI is evolving contin-
uously, as more data becomes available to improve the 
understanding of physiological and biochemical changes 
in these disease states. PBPK modeling is especially 
useful in predicting the impact of RI on drugs that are 
not predominantly excreted by the kidneys. PBPK mod-
eling was used to predict the PK of drugs cleared mainly 
by CYP enzymes, such as telithromycin, sildenafil, and 
repaglinide,60 rivaroxaban,61 and clarithromycin62 in RI 
patients. Another useful application of PBPK modeling 
is the prediction of drug-drug interactions in patients 
with RI, such as those with clarithromycin or metopro-
lol.62 A recent report on regulatory submissions states 
that 4% of all the PBPK submissions between 2008 and 
2017 involved PBPK models for RI.18 The authors high-
light the current lack of confidence in the predictive 
performance of such models due to limited experience 
and the sparsity of quantitative data on specific changes 
in different degrees of RI, that enable the construction 
of reliable models. Studies that contribute to our knowl-
edge of quantitative changes that impact on the PK of 
drugs during severe RI are warranted.

OTHER CONSIDERATIONS/
APPROACHES

Other studies that may be performed or other considerations 
could also support the decision to perform a clinical PK RI 
study and/or dose selection for patients with RI. They are 
summarized here, but the reader is referred to another article 
for more details and examples.22

Hepatic impairment study

This could serve as a surrogate for a reduced RI PK study 
for drugs with minimum renal elimination but neverthe-
less have a different PK exposure in patients with RI 
attributed to elevated uremic toxins that affect expres-
sion and/or the activity of drug metabolic enzymes and 
transporters.

Drug-drug interaction study

Drug-drug interaction (DDI) data around uremic toxins that 
cause changes in the expression and/or activity of drug me-
tabolizing enzymes and transporters can be used to assess 
impact of RI on drug PK in patients. Lack of clinically sig-
nificant DDI from an enzyme/transporter inhibitor or inducer 
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can be construed as uremic toxic having no impact on the 
PKs of the drug under study.22

CONCLUSIONS

Physiological changes observed in patients with RI may 
have an impact on the overall PK of a drug and/or its 
metabolite(s). This may result in a loss of efficacy or lead 
to an increased safety risk. It is therefore important to in-
vestigate the impact of varying degrees of RI on the PKs 
of a new drug and its metabolite(s) and adjust the dosing 
recommendation in these patients if warranted. Guidelines 
from regulatory agencies (e.g., the FDA and EMA) as well 
as ample literature examples are available to help in the 
design of such an RI study. There are also examples on 
investigating the effect of dialysis on the PK in patients 
with ESRD for whom dose recommendation should be 
carefully evaluated, particularly for drugs that are exten-
sively renally excreted. However, full clinical PK trials in 
patients with RI may not always be necessary or feasible 
to conduct. In such cases, M&S methods, such as PopPK 
or PBPK modeling, may be applied. Whatever approach 
is taken, the results will be translated into a dose recom-
mendation in the label for patients with RI that is safe 
and efficacious. This is generally the case for patients with 
mild and moderate RI but is still lacking for patients with 
severe RI and patients with ESRD. Therefore, the chal-
lenge for the future will be to address these evidentiary 
and labeling gaps.

In the coming years, we anticipate to see a shift in the 
renal function assessment methods in clinical practice, which 
would drive utility toward the use of MDRD and CKD-EPI 
methods for accurate assessment of GFR in clinical setting. 
Furthermore, we also expect to see more acceptance in the 
clinical community toward use of 24-h urine collection for 
the healthy match subject, in the cases where MDRD or CG 
assessment methods fails to accurately capture GFR.

In addition, recently, the FDA Pharmaceutical Science and 
Clinical Pharmacology Advisory Committee Meeting has put 
forth the best practices considerations for translating PK in-
formation into dose individualization instructions. By far, this 
document most eloquently outlines the current and alternate par-
adigm/approaches along with delicately covering the niche area 
of translation from current to alternate approach. Furthermore, 
this shares an elaborate discussion centered around identify-
ing the key issues in current practices, such as enrollment of 
subjects with RI in the early phases (phase II and III) of clin-
ical drug development, choice of appropriate reference group, 
and proposing high-level mitigation strategies to address these 
issues. Last, the ultimate utility of this information lies in the 
translation recommendation via the use of exposure-response 
relationship to build a better correlation between efficacy/safety 

and drug exposure in the patients with varying degree of RI. 
We anticipate more information will surface in this field in the 
coming years and perhaps an updated position on the FDA draft 
guidance will cover some of these most relevant best practices 
discussed here. Undoubtedly, these recent advancements in this 
field will emphasize the need for all the stakeholders across in-
dustry, regulatory agencies, and Clinical Research Organisations 
to develop the study protocols and design encompassing these 
newly proposed alternate approaches in an attempt to evaluate 
dosing regimen for inclusion in labeling with the full range of 
renal functions.
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