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ABSTRACT

Introduction: The incidence of kidney dysfunction increases with age and is highly prevalent among
patients with hypertension. Since many therapeutic compounds are primarily eliminated through the
kidneys, impaired renal function can have negative consequences on drug disposition, efficacy and
safety. Therefore, regulatory agencies such as the Food and Drug Administration (FDA) and European
Medicines Agency (EMA) have issued detailed guidelines for new drug applications to determine
posology requirements for patients with renal impairment.

Areas covered: The current review highlights and contrasts agency requirements for pharmacokinetic
renal impairment clinical studies. While many of the guidelines are similar among the two agencies,
glomerular filtration rate (GFR) determination and reporting differ. Design considerations for a reduced,
full or dialysis renal impairment study, as well as modifications to the FDA’s draft guidance are
discussed. Furthermore, scenarios where pharmacokinetic modelling analysis can benefit a drug devel-
opment program are also reviewed. Moreover, practical solutions for patient recruitment challenges are
addressed.

Expert commentary: We summarize how ‘one size does not fit all' for GFR assessment, and recom-
mend when to use certain modalities. Finally, we highlight the need for the pharmaceutical industry to
engage therapeutic experts to assist in protocol development for renal impairment studies, as these
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experts understand the nuances of this special population and recommended guidelines.

1. Introduction

The kidney is involved in a number of physiological func-
tions, such as body fluid and electrolyte balance, release of
hormones that regulate blood pressure and red blood cell
production, as well as the removal of waste products from
the body including drugs. The kidney is a resilient organ and
is able to adapt to injury, however chronic insults such as
hypertension, atherosclerosis, diabetes, and smoking, as well
as inherited diseases can contribute to renal dysfunction. To
this end, an estimated 10% of the world population is
affected by chronic kidney disease (CKD) [1]. Reduced glo-
merular filtration rate (GFR) is the hallmark of CKD, and the
degree of renal impairment based on GFR is categorized as
mild, moderate, severe and end-stage renal disease (ESRD)
(see Table 1). In addition, normal aging can also impair renal
function with a decline in both the upper and lower refer-
ence limit for GFR.

As the kidneys represent a major organ for the elimination
of many drugs, impairment of renal function can alter the
pharmacokinetics of drugs and consequently, systemic expo-
sure. In general, most polar compounds and those not bound
to plasma proteins tend to undergo glomerular filtration or
tubular secretion. Kidney damage can disturb glomerular
impermeability of proteins, drugs and metabolites. Therefore,
patients with impaired kidney function may be at significant

risk of prolonged drug exposure or toxic effects as a result of
impaired renal clearance mechanisms. Illustration for the need
of dose adjustment in a renal impaired population is evi-
denced by elevated systemic exposure through increases in
the pharmacokinetic parameter area-under-the curve (AUC)
[4]. A main factor influencing systemic exposure is the percent
of the drug that remains unchanged (i.e. not metabolized). For
instance, if a drug has high renal clearance as a percentage of
total body clearance in an unchanged form, then mild or
moderate renal impairment could alter AUC by twofold or
more [5,6]. Conversely, where the percent unchanged drug
(or active metabolite) excreted in urine is low, then severe
renal impairment may have no effect [7]. In addition, altera-
tions in drug absorption, bioavailability, and plasma protein
binding capacity can also occur in a renal impaired population
(review in [8]), further affecting drug exposure. Moreover,
renal impairment can also influence hepatic metabolism of
certain drugs by modifying CYP enzymes activity and trans-
porter function [4,9,10]. Therefore, it is imperative that new
drug applications (NDA) include information on the impact of
renal clearance in terms of total drug clearance and whether
posology adjustments are required for patients with impaired
renal function [10].

Both the US FDA and European Medicines Agency (EMA)
have issued detailed guidelines outlining when and how a
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Table 1. Renal function stages.

Stage GFR description eGFR (mL/min/1.73 m?) CLer (mL/min) Absolute GFR? (mL/min)

1 Control (normal) 290 >90 290

2 Mild decrease 60-89 60-89 60 to <90

3 Moderate decrease 30-59 30-59 30 to <60

4 Severe decrease 15-29 15-29 <30 not requiring dialysis

5 ESRD <15 not on dialysis <15 not on dialysis <15 requiring dialysis treatment

Or requiring dialysis

Or requiring dialysis

GFR ranges indicated in the EMA guidelines.

Cler: creatinine clearance; GFR: glomerular filtration rate; eGFR: estimated GFR; ESRD: end-stage renal disease.

Table adapted from FDA [2] and EMA [3] guidelines.

pharmacokinetic renal impairment study should be included
as part of a NDA. The FDA released draft guidelines in 2010 [2],
and an advisory committee meeting proposed several recom-
mendations to this guidance that same year [11]. Meanwhile,
the EMA published full guidelines in 2016 [3]. The aim of this
review is to compare and contrast current FDA and EMA
guidelines regarding renal impairment study design and key
study considerations as well as provide practical solutions to
study challenges based on prior experience.

2. Examining renal function for drug labeling
requirements

The goal of a pharmacokinetic renal impairment study is to
estimate the impact of varying degrees of renal impairment on
the systemic availability (as typically measured by AUC and
maximal plasma concentration [Cp,,,]) of the drug and/or
relevant metabolites. Where significant alterations in AUC
and C,ax are detected, a recommendation for dose adjust-
ment may be necessary in one or more stages of renal impair-
ment. Conversely, if a degree of impairment has not been
studied then a warning that there is no information to guide
a dosage adjustment recommendation in said population may
be required in the drug label. For example, this type of warn-
ing was issued for Tagrisso™ (osimertinib) [12], a non-small
cell lung cancer tyrosine kinase inhibitor.

Table 2. Summary of agency guidelines necessitating a renal impairment study.

2.1. When and when not renal impairment studies may
be necessary

Both the FDA and EMA guidelines outline when a renal impair-
ment study may be required for market registration (NDA or
Marketing Authorization Application), and when these ana-
lyses are not compulsory or practical. Table 2 compares guide-
line recommendations regarding the utility of a renal
impairment study from both agencies.

If the kidney is the major organ for drug or metabolite
elimination, then a renal impairment study will likely be
deemed necessary. Renal elimination of a drug is defined
when the compound or principal active metabolite in the
urine represents >30% of the administered dose. In an ADME
(absorptivity, distribution, metabolism, excretion) study, this is
referred to as fe, the percentage of drug excreted unchanged
in urine. A well-known example of a renal eliminated drug is
the diabetes medication sitaglipitin. Sitagliptin is a dipeptidyl
peptidase-4 (DPP-4) inhibitor which promotes incretin func-
tion and insulin sensitivity. Findings from an ADME study
indicate 80% of sitagliptin is excreted in urine [4], therefore
warranting further investigation in a renal impairment popula-
tion, and dose adjustment instructions.

Drugs intended for chronic use in CKD patients would
ultimately require a pharmacokinetic renal impaired study.
Since CKD is associated with hypertension, blood pressure
medications are an example of a drug class necessitating

When a renal impairment study should be
considered

Comments: FDA guidelines

Comments: EMA guidelines

Drug/metabolite renal excreted

Drug/metabolite metabolized or secreted in bile

Administered to a renal impaired population

Drug/metabolite could be affected by dialysis
process

Cytokine or cytokine modulator

When a renal impairment study may not be necessary
Gaseous or volatile drugs
Monoclonal antibodies
Single-dose administration

otherwise
Other

Molecular weight <69 kDa

Unless clinical concerns dictate

Dose excreted in urine is >30%

See guidelines for antibody-drug conjugates or drug-protein
conjugates

If prolonged elimination is not a safety concern

1) Administered agents without relevant systemic absorption

2) Hepatically eliminated drugs which safety data were
available indicating that dose adjustments are not necessary
even at a markedly increased exposure of the drug

3) Hepatically eliminated drugs where increases in exposure
due to renal impairment can be monitored in clinical practice

4) Drug cannot be safely administered to healthy subjects and a
study in patients is not feasible or justifiable.




pharmacokinetic evaluation with renal impaired subjects.
Furthermore, compounds that may be administered acutely
to renal impaired subjects may also require pharmacokinetic
evaluation to determine specific dosing information. Examples
of acute therapeutic agents could include antibiotics, heart-
burn or motion-sickness medication. Even if there is likely little
or no effect on a drug’s pharmacokinetic profile in a renal
impaired population, special consideration should be given for
patients on dialysis. The dialysis process may remove certain
drugs, therefore dose adjustment could be required. Further
discussion on the effect of dialysis in renal impairment studies
is addressed in Section 3.3.

Although drugs can undergo nonrenal mechanisms of elim-
ination such as biliary excretion of hepatically metabolized
compounds, some metabolites can potentially be reabsorbed
in a process termed enterohepatic cycling, and may ultimately
be eliminated in urine. Therefore, both regulatory agencies
require that most drugs intended for chronic or repeat use
undergo evaluation in renal impaired cohort(s), whether renal
or nonrenal elimination mechanisms predominate [2,3]. To
highlight this point, an FDA survey of NDAs found that
approximately 25% of compounds not primarily eliminated
via the kidney demonstrated a twofold or greater increase in
plasma concentration AUC in patients with renal dysfunction
[4]. Rosuvastatin, a cholesterol-lowering agent, is one such
example. Although only 6% of rosuvastatin is eliminated via
urine, plasma concentrations were reported to be increased
threefold in patients with severe renal impairment, requiring
dose adjustment [4].

Many therapeutic proteins undergo rapid renal clearance [13],
necessitating investigation in a renal impaired population. As
such, the FDA has suggest investigation of renal impairment for
cytokines <69kDa, whereas the EMA has suggested evaluation for
protein—drug conjugates, which can potentially be impacted by
renal impairment [2,3]. Conjugating biomolecules with a poly-
ethylene glycol (PEG) moiety, termed PEGylation, is one approach
to increase the hydrodynamic radius and size (molecular weight),
extending the drugs circulating half-life. A 10kDa PEG can increase
the structural radius of a molecule akin to a 65.4 kDa protein [14].
A prime example is filgrastrim, a recombinant granulocyte-colony
stimulating factor (G-CSF), which stimulates neutrophil prolifera-
tion during myelosuppression due to chemotherapy. Filgrastrim
(19 kDa) has a short half-life of approximately 4 h due to extensive
renal clearance [15], requiring daily administration. On the other
hand, its PEGylated form, pedfilgrastrim (39 kDa, Neulasta®), is
only administered once per chemotherapy cycle [16].
Pedfilgrastim clearance is predominantly nonrenal and was
demonstrated to not require dose adjustment in renal impaired
subjects [17]. Furthermore, unlike smaller biological agents,
monoclonal antibodies are too large for glomerular filtration and
are typically eliminated through proteolytic degradation or target-
mediated process [18].

Both agencies agree there are certain situations when a
pharmacokinetic renal impairment study may not be required
(Table 2) [2,3]. These circumstances include drugs that are
gaseous or volatile in nature and excreted by the lungs.
Single-dose administration of a drug may also negate the
need for a renal study if (pre)clinical safety and elimination
findings support no effect on kidney function.
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The EMA guidelines also include stipulations for drugs
without relevant systemic absorption (i.e. topically adminis-
tered) as well as those hepatically eliminated with supporting
safety and clinical data indicating dose adjustments are not
necessary even at a high exposure threshold [3].

2.2. Role of modeling in lieu of renal impairment studies

In certain drug development scenarios, the conduct of a dedi-
cated phase | renal impairment investigation with otherwise
healthy, renal impaired subjects and healthy-matched control
subjects is deemed not feasible; perhaps due to safety con-
cerns of administering the investigational compound to
healthy individuals. Moreover, for drugs classified as break-
through therapies, the urgency in advancing the drug through
clinical development may warrant by-passing or deferral of a
dedicated renal impairment study. In such cases, modeling
and simulation techniques may be useful to guide dosing
recommendations in the target population with comorbid
renal impairment. Common modeling and simulation methods
can be broadly classified as top-down or bottom-up methods.
Top-down methods rely on modeling of some available data,
whereas bottom-up approaches take advantage of prior
knowledge of anatomy and physiology of the biological sys-
tem along with biochemical processes and physicochemical
properties of the drug being studied. Both approaches have
advantages and limitations, which to describe in detail, are
outside the scope of the current review. However, the applica-
tions for each approach are not mutually exclusive in that they
can be employed in a complementary manner throughout the
drug development life-cycle.

Population pharmacokinetic analysis, a bottom-down
approach, employing nonlinear mixed-effect modeling techni-
ques, allows for the potential to estimate the effect of pre-
dictor variable(s) on important pharmacokinetic parameters
such as total systemic clearance. In the context of renal impair-
ment studies, the impact of renal function can be tested as a
significant covariate on clearance and when sufficient data is
available, the effect can be quantified at the different stages of
degrees of renal function.

For axitinib (Inlyta®), an advanced kidney cancer medica-
tion, no dedicated renal impairment trial was performed to
support the initial approval by the FDA. To address the objec-
tive of testing the impact of renal impairment on drug clear-
ance, a population pharmacokinetic analysis was performed
on data obtained in patients with a range of renal function. In
this particular case, no significant difference in axitinib clear-
ance was observed in patients with preexisting mild to severe
renal impairment [19,20].

Similarly, no dedicated renal impairment study for XALKORI
(crizotinib), a small-molecule kinase inhibitor for advanced
non-small cell lung cancer, was performed to support the
dosing information for renal impaired patients [21]. Rather,
as part of the clinical pharmacology assessment, the FDA
reviewer(s) conducted an analysis relating trough concentra-
tions in patients treated with crizotinib to measures of renal
function (i.e. creatinine clearance [CLcr], see Section 5.2).
Regression and categorical analysis were presented in the
summary basis of approval with the clinical pharmacology
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and biopharmaceutics review demonstrating that steady state
trough concentrations in patients with mild (CLcr 60-90 mL/
min, N = 47) and moderate renal impairment (CLcr 30-60 mL/
min, N = 27) were similar to those in patients with normal
renal function (CLcr >90 mL/min, N = 33) [22]. Since limited
data (N = 1) were available in patients with severe renal
impairment, and no data were available in patients with end-
stage renal disease, no specific dosing recommendation was
made for these degrees of impairment [22].

As a bottom-up approach, physiologically based pharma-
cokinetic (PBPK) modeling tools can also be leveraged to
inform the impact of varying degrees of renal impairment on
systemic exposure of renal-cleared drugs. PBPK offers a
mechanistic means of accounting for changes in physiologic
and anatomic processes associated with normal development
and pathophysiologic changes. Within the last year, the EMA
has published a draft guideline on the qualification and
reporting of PBPK modeling and simulation for application in
drug-drug interactions and pediatric drug development [23].
Similarly, reviews by Zhao et al. [24], Wagner et al. [25] and
Jamei [26] illustrate the contribution of PBPK modeling and
simulation in several FDA approvals for a variety of novel
compounds. Although to date, no specific waiver of a dedi-
cated renal impairment study based on a PBPK model has
been reported, the following case is presented to illustrate
the value of mechanistic modeling to inform clinical develop-
ment in patients with comorbid renal impairment.

3. Types of studies

There are three general protocol designs for a renal impair-
ment trial; a reduced, full or dialysis study. The decision to
proceed with one schematic over the other can depend upon
the degree of renal clearance, pharmacokinetic impact in a
group of subjects with renal dysfunction as well as the safety
profile of a drug. A reduced study design is intended to
evaluate the initial pharmacokinetic effects in subjects at the
extremes of renal function, and determine if a full study
scheme is necessary. The reduced model may be considered
when a drug is predominately eliminated through nonrenal
processes [2,3], i.e. hepatic metabolism or biliary excretion. A
full study design is mandatory when renal impairment is
anticipated to result in clinically relevant increases in drug
exposure [3]; or if a reduced study demonstrated over 50%
increase in systemic exposure in ESRD or severe renal impaired
subjects; or if an exposure-response relationship indicate the
need for further analysis [2]. In addition, for safety reasons,
drugs that may cause hemodynamic instability in severely
impaired renal subjects may justify evaluation in a full study
model in subjects with mild to moderate renal impairment. A
dialysis study is intended to examine the amount of drug
removed by the dialysis process, as well as the pharmacoki-
netic and safety profile of the treatments in ESRD patients.

3.1. Reduced study design

The reduced study is often referred to as a ‘worst case sce-
nario’ since it compares the pharmacokinetic profile in
patients with little to no renal function with a control group.

Renal function is based on GFR and the modality of measure-
ment varies between the agencies (Table 1). Operational defi-
nitions of renal function by agency are further addressed in
Section 5. The reduced design includes subjects with low GFR,
typically ESRD patients not yet on dialysis as well as a suitable
control group. The controls should represent the intended
(phase 1lI) population with ‘normal’ renal function (see
Section 6.5 for more details on control subjects). For example,
a drug developed for Alzheimer treatment should be evalu-
ated in a cohort with advanced age. However, since GFR
declines by ~7.5 mL/min per decade of life [27], an elderly
control group would not reflect a normal renal function refer-
ence value (GFR =90 ml/min). Therefore, depending on the
intended study population, subjects with slightly reduced
renal function (GFR =75 ml/min) may comprise a study’s con-
trol group [28].

One main challenge facing the reduced study design is the
recruitment of ESRD patients not yet on dialysis. This group
typically reflects a transition state before being placed on
dialysis or requiring kidney transplant, and represents a very
small subgroup of CKD patients. A Veteran's Affair survey
found that only 0.11% of CKD patients fit these ESRD criteria
[1]. To address this concern, the EMA guidelines propose the
enrollment of patients with as low GFR as possible (preferably
not greater than 20 mL/min) but not requiring dialysis [3].

The FDA has also modified their definition of ESRD from
GFR <15 to GFR <30 mL/min. This position was discussed
during an advisory committee meeting for pharmaceutical
science and clinical pharmacology in March 2010 [11].
Recommendations to the draft guidelines included the
engagement of dialysis patients on nondialysis days or
patients with GFR <30 mL/min (severe renal impairment) for
a reduced study design, since from a clinical practice point-of-
view, a patient presenting with a GFR <30 mL/min would be
recommended to begin dialysis [11]. To this end, Zhang et al.
suggests the recruitment of ESRD patients on nondialysis days
for renal cleared drugs and patients with severe kidney impair-
ment for drugs with a nonrenal clearance [29]. If results from a
reduced study show no pharmacokinetic differences among
the ESRD/severely decreased GFR patients and control group,
no further action is required [2,3].

3.2. Full study design

A full pharmacokinetic study design includes evaluating
patients with various stages of renal dysfunction (Table 1).
The FDA recommends the same control group as the reduced
study to be used in the full trial [2]. If this is not feasible, then
control subjects for the full study should display similar renal
function as well as intrinsic factors such as gender, age, ethni-
city, body composition as the reduced study reference group.
The full study should enroll approximately equal number of
subjects per stage and subjects should be comparable in these
intrinsic factors. While the EMA suggests 6-8 subjects per
group [3], the FDA draft guidance does not provide an exact
number of renal impaired patients needed for such a study,
however the sample size must be sufficient to determine a
meaningful pharmacokinetic difference between patients and
controls [2].



3.3. Dialysis studies

In clinical practice, the majority of ESRD patients are on
dialysis. Hemodialysis (HD) transfers uremic solutes from
blood into a dialysate, a fluid solution housed outside of
the body, by pumping blood through a semi-permeable
membrane. Typically, this process takes 2-4 h and is per-
formed up to three times per week. Ultimately, drugs that
will be administered to ESRD patients on dialysis should
undergo a dialysis study. The dialysis process may remove
a drug or metabolite affecting pharmacokinetic and drug
efficacy, therefore dose adjustment may be needed such as
administration of a supplemental dose. In addition, a phar-
macokinetic dialysis study may provide valuable information
regarding dialysis treatment for drug overdose. The agency
guidelines specify a dialysis pharmacokinetic study may not
be required if the dialysis process is not likely to remove the
drug [2,3]. This would be the case for drugs with a large
molecular weight and those tightly bound to plasma pro-
teins. A dialysis study may also be omitted if the process
would result in <10% of drug or active metabolite elimina-
tion; this can occur with drugs not renal cleared or if the
volume of distribution is >360 L [2].

3.3.1. Study design and sample collection

If a dialysis study is deemed necessary, then pharmacokinetic
analysis should be conducted on both nondialysis and dialysis
days. One strategy is to dose patients immediately following
their normal scheduled dialysis (for nondialysis assessment),
and just prior to initiating the dialysis process [30]. Since
intermittent HD using a high-flux dialyzer is the most common
method used for ESRD patients, this modality is highly recom-
mended for pharmacokinetic studies. To examine drug clear-
ance during dialysis; blood samples before and during the
dialysis process as well as the dialysate are collected to deter-
mine drug concentration. During dialysis, both arterial and
venous sides of the dialyzer should be sampled at a given
interval. According to the FDA guidelines, plasma protein drug
binding should also be examined in pre- and post-dialysis
blood samples. The fraction of the drug recovered in the
dialysate can be calculated to determine the need for supple-
ment drug dose administration to HD patients [2]. Data collec-
tion should include blood flow rates and dialysate flow rate as
well as the make and model of the dialyzer. If different dialyzer
models are used for a study, results can be standardized using
the Renkin equation [31].

As HD can result in rapid changes in fluid balance, perito-
neal dialysis and continuous renal replacement therapy
(CRRT) are alternative dialysis methods in patients with
unstable hemodynamics. Peritoneal dialysis employs the
same principles as HD yet a sterile cleansing fluid is used
for diffusion and the peritoneum lining of the peritoneal
cavity acts as a membrane. CRRT is typically deployed for
critically ill patients with acute kidney injury, in a hospital
setting. Extrapolation of HD results onto these other dialysis
modalities can be difficult therefore, peritoneal dialysis and
CRRT pharmacokinetic studies might be considered if the
drug is likely to be influenced by these processes and admi-
nistered to patients on these regimens.
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4. Dose selection and regimen

For safety purposes, it is recommended that the lowest effec-
tive dose be administered for renal impairment studies. Since
the drug to be evaluated in the renal impaired patient popu-
lation is not intended to treat the renal patient, other factors
to consider include comorbidities, drug-drug interaction and
drug safety limits as well as bioanalytical method limitations
(e.g. limits of detection).

The majority of reduced or full studies will administer a
single dose of the investigational product. Prior findings
must support that a single dose accurately reflects the
drug’s pharmacokinetic profile. This is often observed when
a parent drug or metabolite displays a linear and time-
independent profile. For compounds with a nonlinear or
time-dependent pharmacokinetics, evaluating following mul-
tiple doses may be required. Multiple-dose studies should be
of sufficient duration to achieve steady state. A loading dose
strategy might be considered to expedite reaching steady
state if the elimination half-life is relatively long, necessitat-
ing repeat dosing for several weeks. However, if a drug with
a long half-life can achieve clinically relevant concentrations
following single dose administration, administering a load-
ing doses or assessing the pharmacokinetic impact at
steady-state may not be necessary [32]. In addition, a load-
ing dose could be considered for drugs intended to be
administered as an IV infusion [33]. Moreover, lower doses
or less frequent dosing may be an important consideration
for the renal impaired patient to avoid drug or metabolite
accumulation and potential toxic side-effects during a
reduced or full study.

5. Operational definition of renal impairment

GFR is an ideal index to assess kidney function as it calculates
nephron plasma volume filtration per unit time during urine
formation (milliliters per minute). Reference GFR ranges are
based on BSA-normalization and are approximately 105 mL/
min per 1.73 m? [34]. A key difference between the two
agency guidelines is their requirements for how GFR is deter-
mined. The EMA guidelines recommend that for the classifica-
tion of renal function in clinical studies, an exogenous marker
(ex. inulin) be used to assess GFR. Conversely, the FDA
acknowledge that exogenous methods for GFR determination
are not usually employed or available in a clinical research
setting, and therefore allows for estimates of GFR (eGFR)
based on endogenous markers.

5.1. Inulin clearance

Inulin clearance is often considered the gold standard for
assessment of renal excretion. Inulin is an inert polysaccharide
exclusively eliminated by glomerular filtration. For GFR assays,
inulin or sinistrin (a more water soluble analog) is continuously
infused intravenously while timed urine samples are collected.
Although heralded as the reference standard, this assessment
is not particularly practical for patients, therefore variations in
the procedure were developed to remove the need for multi-
ple urine samples to assess systemic inulin clearance in
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plasma. Unfortunately, these results showed poor correlation
to the reference method [35]. Moreover, the inulin methodol-
ogy is associated with other drawbacks including the feasibil-
ity of acquiring inulin or sinistrin, a lengthy infusion period,
and although generally considered safe, one case of anaphy-
laxis was observed upon sinistrin infusion [36].

Other exogenous GFR markers include radiolabeled >'Cr-
EDTA, *°mTc-DTPA or '*l-iothalamate, as well as nonradiola-
beled contrast agents. The strengths and limitations of these
measured GFR approaches are summarized elsewhere
(reviewed in [37-39]). The chief criticism to these direct meth-
odologies is that they are expensive and time-consuming.
Another disadvantage is the discrepancy in results between
exogenous measurements and estimations of GFR based on
endogenous metabolites at baseline and end of study
respectively.

5.2. Serum creatinine

Phosphocreatine is metabolized in the muscle to generate
creatinine at a fairly constant rate. Creatinine is freely filtered
by the glomerulus and is completely cleared by renal excre-
tion. Approximately 10-20% of excreted creatinine is secreted
by the proximal tubules, which can overestimate GFR when
measured by creatinine clearance (in urine). Before the used of
isotope dilution mass spectrophotometry (IDMS) calibration,
the creatinine measurement was commonly afflicted by up to
20% assay error [34]. In addition, assay interferences such as
bilirubin, glucose and uric acid are also known. Furthermore,
serum creatinine is influenced by gender, age, ethnicity, mus-
cle mass and dietary protein intake, factors which can affect
assay accuracy. Therefore, serum creatinine alone is not
recommended for diagnosis or to evaluate kidney dysfunction.
However, mathematical formulas have been developed to
overcome these compounding factors and improve eGFR
accuracy.

The Cockcroft-Gault (CG) equation was first described in
1976 [40] and was historically used in drug labeling to provide
guidance on dose adjustment for the renal impaired patient.
CG adjusts for age, weight and gender according to the fol-
lowing formula:

CLcr(mL/min) = [(140 — Age(years) X Weight(kg))/(72xS¢)]

x(0.85 if Female); where CLc, is creatinine clearance and S, is
serum creatinine (mg/dL)

Since minor increases in serum creatinine concentrations can
result in an underestimation of GFR, an alternative formula
was proposed. The Modification of Diet in Renal Disease
(MDRD) eGFR formula was developed to adjust for body sur-
face area and ethnicity, as well as considerations such as age
and gender [41].

GFR(mL/min per 1.73m?) = 186)((50)71'154X(Age)7°'203
x(0.742 if Female) x (1.210 if African American)

In many ways the MDRD is superior to the CG calculation as it
is more precise and reliable in predicting GFR (reviewed in
[42]). However, the MDRD estimation holds limited accuracy

for CKD patients with a normal serum creatinine level as well
as those with advanced renal failure [42].

Despite these limitations, the majority of CKD patients
maintain the same recommended drug dose adjustments
regardless of the equation used to estimate kidney function.
Parks et al. compared the performance of MDRD to CG for
classification of renal function [43]. Their analysis revealed that
only 12% of subjects requiring dose adjustment differed by a
higher or lower dosing category with MDRD compared to the
CG estimation. Variables such as low body weight, advanced
age and mild serum creatinine elevation were all factors for
the discordant dose category [43]. Although kidney disease
research initiatives such as KDIGO (Kidney Disease: Improving
Global Outcomes) are promoting eGFR calculation using the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation [44], at this time neither agency provides guidance
regarding the use of this formula.

CKP — EPI = 141 x min(Scr/k, 1) x max(Scr/k,1)"'2%

x 0.993%9¢ x 1.018][if Female] x 1.159[if African American;
where k is 0.7 for females and 0.9 for males, a is — 0.329
for females and — 0.411 for males, min indicates the minimum
of Scr/k or 1,and max indicates the maximum of Scr/k or 1.

5.3. Urine creatinine clearance

Twenty-four hour urine creatinine clearance rates are typically
used in medical settings and not clinical research since this
method tends to overestimate GFR due to creatinine secretion
in the proximal renal tubules. This eGFR assessment is subject
to urine collection alone errors, diurnal variation in creatinine
concentration and day-to-day changes in creatinine excretion.
Therefore, only under certain circumstances can 24-hour crea-
tinine urine collection be assessed for clinical research studies.
The FDA grants limited use of this measurement only for
conditions that can influence creatinine levels in diet such as
a vegetarian diet or creatinine supplementation, or factors
affecting muscle mass (muscle wasting, amputation) [2].

5.4. Agency guidelines for reporting GFR

Renal impairment must be defined by an accurate (exogen-
ous) method for consideration by the EMA. Estimated GRF
should also be presented from results obtained during a
pharmacokinetic study from serum creatinine or creatinine
clearance measurements. The EMA guidelines indicate that
all GFR values should be in absolute units, which are not
adjusted for body surface area (1.73 m?). While either equation
can be used to categorize the stages of renal impairment,
current FDA guidelines suggest that both CLcr and MDRD
eGFR be calculated [2]. In addition, the FDA draft guidelines
also recommend that urine and plasma estimates of creatinine
clearance results be reported.

6. Subject inclusion/exclusion criteria

Complications due to diabetes, hypertension, renal inflam-
mation (glomerulnephritis) or inherited diseases such as
polycystic kidney disease or Alport syndrome are all



associated with renal dysfunction. Hypertension and dia-
betes are highly prevalent in a CKD population. A 2012
survey found that approximately 61% and 36% of CKD
patients >60 years of age reported these comorbidities,
respectively [1]. Therefore, study inclusion criteria should
reflect these conditions with allowances for high blood
pressure limits and elevated HbA1c levels, as well as con-
comitant medications. In contrast, other complications asso-
ciated with CKD such as anemia, malnutrition, bone disease,
and neuropathy are typically exclusionary for pharmacoki-
netic studies. CKD is medically defined as renal damage or
reduced GFR over 3 months or more [34]. For most clinical
studies, CKD patients should display stable renal function
with no clinically significant change in status at least
1 month prior to study initiation. GFR inclusion criterion is
typically based on the mean of two measurements at base-
line usually 14 days to 2 months apart. In addition, inclu-
sion/exclusion criteria related to age, weight,
cardiodynamics and smoking status can substantially differ
from a typical health participant study.

6.1. Age

The average age range for CKD patient enrollment in a phar-
macokinetic renal impairment study is typically between 18
and 80 years old. With age, the number of viable nephrons
gradually declines and is paralleled by an increased incidence
of kidney damage such as nephrosclerosis and glomerulo-
sclerosis [45]. Therefore, it is estimated that half of adults
>70 years displayed age-related loss in renal function, asso-
ciated with eGFR <60 mL/min resulting in CKD diagnosis [46].
In subjects with advanced age, overestimation of eGFR as a
result of declining serum creatinine, due to age-related loss of
muscle mass, can be overcome by standardizing GFR to meta-
bolic rate rather than body surface area [47]. However, this
approach is not addressed in either FDA or EMA guidelines.

6.2. Weight

Body mass index (BMI) is a measure of weight relative to
height, and is usually preferred over weight alone as an inclu-
sion/exclusion criterion for many clinical studies. Obesity
(>30 kg/m?) and a higher BMI are considered independent
risk factors for CKD and progression to ESRD requiring dialysis
[48-51]. Therefore, a BMI range between 18 and 40 kg/m? is
typical for CKD patient enrollment in a renal impairment study.
Since weight is a component of CG eGFR, for subjects with
elevated BMI the use of lean body weight is preferred over
actual body weight to improve accuracy and reduce bias [43],
or an alternative approach is to determine eGFR with the
MDRD model.

6.3. Cardiac function

Abnormal measures of cardiac function in a CKD cohort are
thought to be related to the increased age of this population
and the negative impact of years of hypertension. It is not
uncommon to detect prolonged QT, QRS, and PR intervals
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during electrocardiogram readings in patients with renal dys-
function. Furthermore, corrected QT (QTc) prolongation signif-
icantly increases across disease stage severity [52]. In addition,
the hemodialysis process can also contribute to increased QTc
intervals in CKD patients associated with changes in serum
potassium and calcium levels [53]. Therefore, accommodations
for baseline QTc >450 ms may be warranted for a renal
impairment clinical study, if deemed safe by the principle
investigator and medical monitor.

6.4. Smoking status

Tobacco smoke elevates blood pressure [54], increases urine
albumin excretion [55] and negatively impacts renal hemody-
namics [56]. Approximately 12% of Stage 4 CKD patients in the
US are current smokers, and this value almost triples for Stage
1 CKD patients [1]. Furthermore, within distinct ethnic groups,
smoking tobacco has been implicated as an independent risk
factor for the development and progression of CKD [49,57,58].
From a pharmacology perspective, tobacco smoke induces
several hepatic drug metabolizing enzyme isoforms such as
CYP1A1, CYP1A2, and CYP2E1 [59,60], and therefore may have
an effect on pharmacokinetic profiles. CYP modulation is not
just limited to tobacco use, as marijuana consumption is also
implicated in altering CYP activity. For instance, cannabidiol, a
component of marijuana, is a potent inhibitor of CYP2D6 [61].
Although CYP2D6 represents approximately 2% of total hepa-
tic P450 content [62], it is responsible for the metabolism of a
number of drug classes [63]. As the legalization of marijuana
continues to expand, this will become a relevant issue for
clinical research. Therefore, inclusion/exclusion criterion for
smoking (tobacco and/or marijuana) status is an important
consideration for clinical studies.

6.5. Healthy control matching strategies

Regardless of the design employed (i.e. reduced or full), both
EMA and FDA guidelines require pharmacokinetic exposure
comparison between the varying degrees of renal impairment
to control subjects. The matched control group should exhibit
renal function consistent with the typical patient population
for whom the drug in question is likely to be prescribed (e.g.
elderly cohort for Alzheimer medication), and are similar in
terms of demographic and anthropometric characteristics.
Two commonly applied matching schemes are the 1:1 pairing
[30] and matching to the reference group mean [64,65]
(Figure 1).

6.5.1. One-to-one matching

Matching 1:1 implies each renal impaired subject recruited
into the trial is paired with a corresponding control subject
with the same gender. With the impaired subject treated as
the reference subject, the control is matched for demographic
and anthropometric measures such as race, age, body weight
and/or BMI to be within some reasonable range of the refer-
ence individual. Neither the EMA nor FDA guidelines codify a
particular range for age and weight; however, our experience
matching controls to the reference impaired age +10 years
and BMI £5-20% is reasonable to recruit and have supported
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1:1 Matching

Renal Impaired Patients

Control Subjects

Advantages:
Parallel patient and control enroliment

Disadvantages:

Difficult to match for uncommon patient

characteristics

Mean Matching

Advantages:
Fewer control subjects required

Disadvantages:
Must wait until patient enrollment is
complete

Figure 1. Methods for assignment of matching healthy controls in renal impaired pharmacokinetic studies.

labeling [32,66] Use of tobacco products, when permitted by
protocol, should also be considered when matching control
subjects to impaired, as smoking in particular, has been
demonstrated to influence GFR in both healthy and renal
impaired individuals, as address in Section 6.4.

One-to-one matching also provides an operational benefit in
that, renal impaired and paired control subjects can be recruited
in parallel as some sites employ a priori matching of control and
impaired subjects within the recruiting database. This method
allows for timelier enrollment and completion of the trial. A
limitation of this approach is when an impaired subject presents
with intrinsic characteristics which are inherently difficult to
match (e.g. an uncommon race or ethnicity for the study cen-
ter's typical population), potentially leading to a delay in enroll-
ment and study completion.

6.5.2. Mean matching

Matching to the reference group mean, entails awaiting com-
pletion of one or more impaired cohorts and enrolling
matched control subjects which fall within a prespecified
range relative to the group for one or more demographic
and/or anthropometric characteristics.

Ultimately this approach is intended to spare the number
of control match subjects required and in the full-study design
(including dialysis cohorts). This approach could result in a net
reduction of up to 24 subjects, and thus have a significant
impact on the total cost of the study. However, enrollment of
matched controls can only occur after the completion of the
impaired cohorts to calculate the mean and corresponding
range. In a reduced design, mean matching poses a challenge
in that the control subjects can only be matched to the
completed impaired cohorts. As described earlier, full designs

are typically conducted in a sequential manner and conduct-
ing a subsequent impaired cohort could result in control sub-
jects falling outside the prespecified range when the two
impaired cohorts are pooled. Enrolling further control subjects
with demographic and anthropometric factors closer to the
mean of the pooled impaired group is one way to overcome
this limitation.

7. Conclusion

The current draft FDA [2] and full EMA [3] guidelines describe
how pharmaceutical companies should develop posology
instructions for renal impaired subjects. While the guidelines
are quite similar, agency-specific requirements such as meth-
odology for GFR assessment differ. Furthermore, the FDA has
modified their definition of ESRD to meet the growing chal-
lenges of ‘worst case scenario’ patient identification and
recruitment [11]. It is anticipated that the FDA full guidelines
will include this new position and will address the use of
updated GFR estimates (e.g. CKD-EPI), currently recommended
by numerous kidney research organizations and initiatives.

8. Expert commentary

The methods of assessing renal function for renal pharmaco-
kinetic studies have substantially changed over the last
20 years as seen by the evolution from 24-h urine collection
for creatinine clearance to Cockroft-Gault formula, and now
MDRD (with a small number of physicians applying the CKD-
EPI equation, which yields similar results to MDRD). A weak-
ness in CG is that it can overestimate GFR and hence misclas-
sify ‘true’ severe renal impaired subjects as moderate subjects.



While MDRD is most accurate to assess ‘true’ moderate and
severe subjects, it is not as sensitive in identifying healthy
subjects, especially >80 or 90 mL/min. Normal renal function
was typically considered >80 mL/min; however, since KDOQI
staging renal function into five categories [67], normal has
been pushed up to >90 mL/min making it considerably more
difficult to find matching controls to the older, heavier renal
impaired subjects. Since the goal of these studies is to address
posology in moderate or severe renal impaired subjects, our
opinion is the preferential use of MDRD. Since most physicians
in practice and labs commonly report renal function as eGFR
(from MDRD), use of this formula is easy to implement to
facilitate proper dosage adjustment for their patients.

For the reduced renal study design, the FDA considers both
ESRD on HD as well as severe and ESRD not on HD as accep-
table representatives of a worst case scenario [11]. From our
experience conducting and reviewing the data from renal
pharmacokinetic studies, it seems that both groups show
similar results; sometimes the ESRD subjects on HD are slightly
worse, and other times the severe or ESRD patients not on HD
are slightly worse. In practice, we prefer the reduced study
design to enroll ESRD patients on HD, as a larger pool of
subjects are available and the subjects tend to be younger
and overall healthier with minimal concomitant diseases. In
addition, vital HD data can be obtained to help support
whether HD removes a drug as an overdose treatment option.
Furthermore, there is less risk of the investigational product
worsening renal function in this population, as this is a con-
cern with severe and ESRD patients not yet on HD. The scarcity
of severe and ESRD subjects not on HD, often leads to recruit-
ment of older and more fragile subjects, thereby also contri-
buting to an increase in risk.

Another issue in the current state of practice is the lack of
industry awareness regarding appropriate study design and
subject criteria. As a result, the inclusion and exclusion criteria
initially written in a protocol may not be realistic for this
special population. This can result in prolonged participant
enrollment times as well as protocol amendments. The most
successful renal pharmacokinetic studies are those where the
pharmaceutical sponsor and/or clinical research organization
(CRO) involve the nephrology expert, often the Principal
Investigator, in the design of the protocol, especially with
respect to inclusion and exclusion criteria for both realistic
criteria and safety of the subjects in this special population
group.

Finally, there seems to be some confusion about what the
regulatory agencies want. The last published FDA guidance
was in 1998 and a draft guidance was posted in 2010. The
FDA advisory committee met immediately after the release of
the draft guidance and voted down some of the recommen-
dations in the document [11]. While, the subcommittee min-
utes are not as easy to find, the FDA has also expressed its
view through various national meetings such as the DIA
[68,69] and publications [29], which are summarized in this
article. But some sponsors feel they need to mimic the
recommendations in the 2010 published draft guidance and
are reluctant to vary from that document. The EMA has also
published guidance and seems to favor Cockcroft-Gault
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assessment and asks for a measurement by another external
marker, but in practice this is only happening in a minority of
studies. Regulatory guidance documents are published infre-
quently and it is important to seek current and expert advice
when designing and implementing renal impaired pharma-
cokinetic studies.

9. Five-year view

The current methods to categorize renal function (CG and MDRD)
suffer from limitations and lack of accuracy over the entire range
of renal function. The future of renal research will be to develop
new formulas to calculate eGFR over the range from normal to
ESRD as well as to identify alternative biomarkers of renal func-
tion. Over the next 5 years, our opinion is that for renal impaired
pharmacokinetic studies, the utility of eGFR formulas will switch
from CG to MDRD and we could possibly see an increase in the
use of CKD-EPI. Moreover, we anticipate more research nephrol-
ogists will opt to use 24-h urine collection for the healthy match
subjects, if CG or MDRD does not truly reflect GFR.

A recent advancement in this field is the attempt of phar-
maceutical sponsors and CROs to develop templates for pro-
tocol design or engage people with expertise to provide
uniformity in procedural development. However, even with a
template or standardized study design, investigational drugs
may have different toxicities and pharmacokinetic properties
so expert input is needed to customize these protocols for this
special patient population.

Key issues

® Renal impaired pharmacokinetic studies are necessary to
determine if a therapeutic compound will require dose adjust-
ment in patients with renal dysfunction or are contraindicated
for patients with certain stages of chronic kidney disease.

® Both the FDA and EMA have issued detailed guidelines for
renal impaired pharmacokinetic studies, while many of the
requirements are similar between the two agency instruc-
tions, GFR methodology and reporting differ.

® An updated position on the FDA draft guidelines redefines
end-stage renal disease as <30 mL/min, and states this
patient population is suitable for a ‘worst case scenario’
reduced study.

® Under certain circumstances, population pharmacokinetic
and PBPK modeling analysis may provide sufficient informa-
tion to instruct renal impairment labeling
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