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Outline

– Model based approach to evaluate the effect of 
renal impairment (RI) on drug behavior 

– Overview of predictive performance of PBPK for 
intended purposes

– Towards establishing predictive performance of 
PBPK for RI predictions
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Current labeling practice for RI

 Silence
• No studies conducted, no recommendations

 Data from dedicated studies
• Gold standard, majority of recently approved drugs
• Issues: Small “n”, large variability  informativeness?

 Data from population PK (PopPK) studies 
• Getting popular 
• Issues: informativeness?  Predictability for untested situations?

 Prospective predictions (e.g., PBPK)
• Hardly used in the label
• Issues: Predictive performance not established
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Model based approach

FDA EMA
“There may be a sufficient range of renal function” to 
allow the use of PopPK

Considerations:
• Sufficient number of subjects and a sufficient 

representation of a range of renal function 
• Measurement of unbound concentrations when 

appropriate 
• Measurement of potentially active metabolites as well 

as parent drug

“…if evaluation of effects of renal function on an 
investigational drug is indicated (see section 4), a 
phase I study should be conducted, if possible”

Considerations:
• Pre-planned, sufficient number of patients and a 

representative range of renal function 
• Results of the population analysis should not be 

extrapolated outside the studied range

http://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformati
on/guidances/ucm072123.pdf

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guid
eline/2009/09/WC500003122.pdf
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• Evolving field, foreseen to be useful particularly for drugs predominantly renally eliminated 
• Need more knowledge on the effect of RI on metabolism, transport and protein binding or non-

renally eliminated drugs

PopPK models

PBPK models (EMA only)
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Predictive methods

Should be able to prospectively predict RI
• Scenario 1.  No RI information for drug of interest
• Scenario 2.  Some RI information available (e.g. data in severe 

RI), other conditions not (clinically) tested

 Require information on drug AND physiology of RI
• Drug : absorption and disposition

• Physiology/disease: (quantitative) effect of RI on drug 
absorption/disposition pathways
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PBPK supporting dosing recommendations in US prescribing 
information (38 cases 2009-2016)

Greater confidence in predicting DDIs
DDIs: Drug-drug Interactions 

As of June, 2014 As of Aug, 2016

n = 96 (60% DDI) n = 217 (60% DDI)
Sinha, MHRA Workshop, 2014 Zhao, EMA Workshop, 2016

PBPK submissions to the FDA since 2004
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Clin Pharmacokinet 2015

Clin Pharmacol Ther, 2014

Clin Pharmacokinet 2016

Can PBPK PROSPECTIVELY predict the effect of CYP modulation?
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CYP Inhibition 

(Vieira, 2014)

CYP Inhibition 

(Wagner/Pan, 2015)

CYP3A Induction 

(Wagner, 2016)

Substrates evaluated 4 15 11

DDI cases to predict (external verification) 20 26 13

Organization FDA 9 sponsors 6 sponsors

Substrate model predicts base PK

(≤2-fold of observed clearance)
100% 87% 91%

0.80 ≤ Rpred/obs ≤ 1.25 72% AUC; 70% Cmax 81% AUC; 77% Cmax 77 % AUC; 83% Cmax

0.50 ≤ Rpred/obs ≤ 2.00 100% 100% 77% AUC; 92% Cmax

Rpred/obs > 2.00 0 0 23% AUC; 8% Cmax

Cut-off values are arbitrary

Can PBPK PROSPECTIVELY predict the effect of CYP modulation?

• Under-prediction of induction using rifampicin model 
• Rifampicin induces non-CYP3A pathways

𝑹𝑹𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑/𝒐𝒐𝒃𝒃𝒃𝒃
= 𝑷𝑷𝒑𝒑𝒑𝒑𝒑𝒑.𝑬𝑬𝑬𝑬𝒑𝒑𝒐𝒐𝒃𝒃𝑬𝑬𝒑𝒑𝒑𝒑 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝒐𝒐

𝑶𝑶𝒃𝒃𝒃𝒃.𝑬𝑬𝑬𝑬𝒑𝒑𝒐𝒐𝒃𝒃𝑬𝑬𝒑𝒑𝒑𝒑 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝒐𝒐
Exposure ratio: AUC or Cmax ratio (w/wo modulator)
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Established predictive performance allows the use 
of PBPK to predict the effect of CYP modulation

Substrate Model
Build: in vitro + human single dose PK
Verify: other PK; Consider nonlinearity

Inhibitor/inducer Model
Build: DDI mechanisms 
Verify: DDI with probes

Predict interactions 
Prioritize, plan and design the critical study

Verify and modify (if necessary)  substrate 
model

Predict untested scenarios
Support dose recommendations

Wagner, CPT-PSP, 2015
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PBPK applications: current status
Applications Status

Drug-drug 
Interactions

Drug as enzyme 
substrate

• Substrate/inhibitor models verified with key clinical 
data can be used to simulate untested scenarios and 
support labeling

Drug as enzyme 
perpetrator

• Use to confirm the lack of enzyme inhibition
• Additional evidence needed to confirm predictive 

performance for positive interactions

Transporter-based
• In vitro-in vivo extrapolation not mature 
• Complicated by transporter-enzyme interplay
• Predictive performance yet to be demonstrated

Specific 
populations

Organ impairments 
(hepatic and renal)

• Predictive performance yet to be improved
• System component needs an update

Pediatrics
• Allometry is reasonable for PK down to 2 years old
• Less than 2 years old ontogeny and maturation need 

to be considered

Others with 
limited 

experience

Pregnancy, ethnicity, geriatrics, obesity, disease states
Food effect, formulation change, PH effect (including DDIs on gastric PH)
Tissue concentration
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Five-year view:
• Possible to extrapolate this (PBPK) approach to patients with RI
• Further research into the effect of RI on system parameters will “hopefully aid in the 

development of more robust models”

EMA RI guideline on PBPK (2014)
• Evolving field, foreseen to be useful particularly for drugs predominantly renally eliminated 
• Need more knowledge on the effect of RI on metabolism, transport and protein binding or 

non-renally eliminated drugs
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003122.pdf

Implementing known changes during RI in PBPK models
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• Intact nephron hypothesis: proportional decrease in active 
secretion (CLsec) and filtration (GFR) or  

𝑪𝑪𝑪𝑪𝒃𝒃𝒑𝒑𝒔𝒔 𝑹𝑹𝑹𝑹
𝑪𝑪𝑪𝑪𝒃𝒃𝒑𝒑𝒔𝒔 𝒏𝒏𝒐𝒐𝒑𝒑𝒏𝒏𝑹𝑹𝒏𝒏

=
𝑮𝑮𝑮𝑮𝑹𝑹 𝑹𝑹𝑹𝑹

𝑮𝑮𝑮𝑮𝑹𝑹 𝒏𝒏𝒐𝒐𝒑𝒑𝒏𝒏𝑹𝑹𝒏𝒏

Is “intact nephron hypothesis” sufficient?

Changes relevant to renal clearance
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Input parameters

Physicochemical 
MW, LogP, pKa

In vitro ADME
fu,p, B/P, Peff,man, 

enzyme/transporter kinetics

Human PK
ka, fa, CLiv, Vss, CLr

Proximal 
Tubule cells BloodUrine

Apical membrane Basolateral membrane

Passive 
diffusion (CLpd)

Passive 
diffusion (CLpd)

Net effluxb - Teff
(CLint, T,eff)

Net uptakeb - Tup
(CLint, T,up)

A
rterial B

lood

Lung

Liver

Bone

Adipose

Skin

Brain

Muscle

Heart

Generic

Spleen Portal Vein
Gut

V
enous B

lood

Kidneya
intravenous

oral

Changes relevant to renal clearance

• In the model, glomerular filtration rate (GFR) in severe RI subjects is ~1/6 of that in healthy 
subjects

• PTCPGK: (functional) proximal tubule cells per gram kidney, a system parameter, in severe RI 
needs to be 1/6-1/60 of that in healthy subjects
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Changes relevant to renal clearance

Is “intact nephron hypothesis” sufficient?

Fx = [ 𝑪𝑪𝑪𝑪𝒃𝒃𝒑𝒑𝒔𝒔 𝑹𝑹𝑹𝑹
𝑪𝑪𝑪𝑪𝒃𝒃𝒑𝒑𝒔𝒔 𝒏𝒏𝒐𝒐𝒑𝒑𝒏𝒏𝑹𝑹𝒏𝒏

]÷[ 𝑮𝑮𝑮𝑮𝑹𝑹 𝑹𝑹𝑹𝑹

𝑮𝑮𝑮𝑮𝑹𝑹 𝒏𝒏𝒐𝒐𝒑𝒑𝒏𝒏𝑹𝑹𝒏𝒏
]

=1: intact nephron hypothesis

<1 other factors (OAT substrates in severe RI)
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Changes relevant to non-renal clearance

• Derive universal scaling factors (SFs) in 
CLr, unbound hepatic intrinsic 
clearance (CLu,int,H), and fup in moderate 
and severe RI

• SFs were used in PBPK models to 
predict the effects on drug PK

Median SF values (% of control) for CLu,int,H are similar within category despite 
varying mechanisms of hepatic metabolism

Moderate RI Severe RI

All 68 62

CYP substrates 68 65

UGT substrates 67 59

Others 68 60

Modified from Table 2, Sayama et al, AAPS J, 2014
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Verify drug model for healthy 
adult subjects 

Establish model for RI 
populations

Does model account for changes 
relevant to ADME processes of 
the investigational  drug?

Does drug model account for 
key ADME processes of the 
investigational drug?

No

Yes

Predict drug PK in RI

No

Drug model Physiological model

Proposed workflow to predict drug PK 
in a RI population using PBPK

Renally cleared drugs: Yee et al, manuscript submitted
Renally cleared OAT substrates: Hsueh et al, 2017 ASCPT Poster, manuscript submitted
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Summary

• Confidence of PBPK predictions varies, depending 
on predictive performance for intended purposes

• Establishing confidence in physiology (drug 
independent) model is crucial for effective use of 
PBPK to predict drug PK in RI

• Progress has been made towards prospective 
prediction of the effect of RI on PK of certain class 
of drugs using PBPK
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