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BackgroundBackground
♪♪ DefinitionDefinition
♪♪ PopulationPopulation PK PK isis thethe studystudy ofof thethe sourcessources andand correlatescorrelates ofof

variabilityvariability in drug in drug concentrationsconcentrations amongamong individualsindividuals whowho are are thethe
targettarget patientpatient populationpopulation receivingreceiving clinicallyclinically relevantrelevant dosesdoses ofof a drug a drug 
ofof interestinterest..
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BackgroundBackground
♪♪ AimsAims

♪♪ ToTo describe describe thethe pharmacokineticspharmacokinetics ofof a a givengiven drug in drug in 
thethe targettarget populationpopulation
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♪♪ ¿¿WhatWhat isis thethe mean mean populationpopulation PK PK behaviourbehaviour??
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♪♪ ¿¿WhichWhich factorsfactors influenceinfluence thethe mean mean populationpopulation PK PK behaviourbehaviour??
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♪♪ ¿¿WhatWhat isis thethe uncertaintyuncertainty degreedegree associatedassociated toto thethe mean mean 
populationpopulation PK PK behaviourbehaviour??
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AdvantagesAdvantages
•• ItIt allowsallows::

•• SimultaneousSimultaneous PK PK analysisanalysis ofof concentrationconcentration--time data time data ofof
parentparent compoundcompound andand metabolitesmetabolites, , plasmaticplasmatic andand urineurine
concentrationsconcentrations, , severalseveral dosesdoses, , severalseveral administrationadministration
routesroutes

•• SparseSparse data  (2/3 data  (2/3 samplingsampling time time perper subjectsubject / / patientpatient))
♪♪ ObservationalObservational datadata
♪♪ ClinicalClinical studiesstudies phasephase II/IIIII/III
♪♪ SpecialSpecial populationspopulations ((neonatesneonates, , childrenchildren, , 

geriatricsgeriatrics……..transplanttransplant, VIH) , VIH) 
♪♪ DrugsDrugs toto be be monitoredmonitored (ex. (ex. AntiepilepticAntiepileptic drugsdrugs))

•• HighHigh numbernumber ofof patientspatients withwith lowlow restrictionsrestrictions concerningconcerning toto
inlcusioninlcusion andand exclusionexclusion criteriacriteria

•• Non Non balancedbalanced studiesstudies; ; differentdifferent numbernumber ofof samplessamples perper
subjectsubject

•• IntensiveIntensive samplingsampling studiesstudies ((richrich data) data) andand studiesstudies wherewhere
subjectssubjects are are characterizedcharacterized extensivelyextensively..



DisadvantagesDisadvantages

♪♪ ComplexityComplexity andand long long runingruning times times 
sometimessometimes!!!!!!!!



SparseSparse vsvs richrich data data analysisanalysis
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ApplicabilityApplicability
♪♪ PreclinicalPreclinical andand clinicalclinical developmentdevelopment ::

♪♪ BetterBetter KnowledgeKnowledge duringduring thethe differentdifferent stepssteps ofof drug drug developmentdevelopment::

♪♪ PK PK modelmodel ((concentrationconcentration--time time profileprofile))

♪♪ PD PD modelmodel (Response(Response--concentrationconcentration))

♪♪ PK/PD PK/PD modelmodel (Response (Response ––time profile)time profile)

♪♪ ClinicalClinical practicepractice ((drugsdrugs ofof narrownarrow therapeutictherapeutic indexindex ))

♪♪ PredictionPrediction ofof thethe PK PK behaviourbehaviour ofof thethe drug in drug in subpopulationssubpopulations (renal (renal 
andand hepatichepatic impairment,agedimpairment,aged populationspopulations, , neonatesneonates): ): ¿¿DoseDose
tailoringtailoring??

♪♪ PredictionPrediction ofof PK PK behaviourbehaviour ofof thethe drug drug administeredadministered withwith otherother
drugsdrugs ((InteractionsInteractions):):¿¿DoseDose tailoringtailoring??

♪♪ SimulationSimulation ofof newnew scenariosscenarios , , dosagedosage regimensregimens, , samplingsampling designsdesigns, , 
patientpatient characteristicscharacteristics……., etc.  ., etc.  
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MPA, MPAG MPA, MPAG PharmacokineticsPharmacokinetics
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MPA, MPAG, MPA, MPAG, AcMPAGAcMPAG
PharmacokineticsPharmacokinetics
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MPA MPA exposureexposure variabilityvariability??

♪♪ ChangesChanges in in AlbuminAlbumin concentrationsconcentrations

♪♪ ChangesChanges in Renal in Renal functionfunction (CLCR)(CLCR)

♪♪ ImmunosuprresiveImmunosuprresive coco--medicationmedication

♪♪ GeneticGenetic polymorphismpolymorphism, MRP2, UGT, MRP2, UGT



MPA MPA PharmacodynamicsPharmacodynamics

Excreción biliarExcreción biliar

MPA is widely used for maintenance immunosuppressive therapy andMPA is widely used for maintenance immunosuppressive therapy and prevention of renal allograft prevention of renal allograft 
rejection in renal transplant recipients. MPA inhibits rejection in renal transplant recipients. MPA inhibits inosineinosine monophosphatemonophosphate dehydrogenasedehydrogenase
(IMPDH), an enzyme involved in the two novo synthesis of (IMPDH), an enzyme involved in the two novo synthesis of purinepurine nucleotides, thus suppressing both nucleotides, thus suppressing both 
TT--cell and Bcell and B--cell cell proliferationproliferation..

The The pharmacodynamicspharmacodynamics depends depends 

on the free MPA concentrationson the free MPA concentrations

and also the adverse eventsand also the adverse events
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SYMPHONY: SYMPHONY: 
Comparison of Comparison of 

3 low3 low --toxicity regimens toxicity regimens 
with standard with standard 

immunosuppressionimmunosuppression
POPULATION PHARMACOKINETICS OF MYCOPHENOLIC POPULATION PHARMACOKINETICS OF MYCOPHENOLIC 

ACID AND ITS METABOLITES IN COMBINATION WITH FREE ACID AND ITS METABOLITES IN COMBINATION WITH FREE 
OR REDUCED DOSES OF CALCINEURIN INHIBITORS DURING OR REDUCED DOSES OF CALCINEURIN INHIBITORS DURING 
THE RENAL POSTTHE RENAL POST --TRANSPLANT PERIOD: THE SYMPHONY TRANSPLANT PERIOD: THE SYMPHONY 

STUDY.STUDY.
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SYMPHONYSYMPHONY Pharmacokinetic (PK) SubPharmacokinetic (PK) Sub --Study Study 

115050--300 ng/ml for 3 months300 ng/ml for 3 months
100100--200 ng/ml thereafter 200 ng/ml thereafter 

Low doseLow dose Ciclosporin (CsA)Ciclosporin (CsA)

Normal dose Normal dose Ciclosporin (CsA)Ciclosporin (CsA)

DaclizumabDaclizumab

MMFMMF
SteroidsSteroids

B
5050––100 100 ng/mlng/ml

Low dose Low dose SirolimusSirolimusD
MMFMMF
SteroidsSteroids

DaclizumabDaclizumab44--8 ng/ml  8 ng/ml  

Low dose Low dose TacrolimusTacrolimus
MMFMMF
SteroidsSteroids

DaclizumabDaclizumab33--7 ng/ml7 ng/ml

C

MMFMMF
SteroidsSteroids

A

♪ PK sampling on Day 7 and 1, 3, 6 and 12 months post-
transplant

♪ Sampling times: before dosing and at 20, 40, 75 min, 2, 3, 6, 8, 
10 and 12 h post-dosing

♪ Patients were genotyped for C24T SNPs in MRP2 (CC, CT,TT )

♪♪ PatientsPatients fromfrom 9 9 sitessites in in SpainSpain andand 1 in 1 in BelgiumBelgium

BackgroundBackground



BackgroundBackground
Standard dose of Ciclosporin
Low dose of Ciclosporin
Low dose of Tacrolimus
Low dose of Sirolimus
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BackgroundBackground
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AimAim

♪♪ ToTo developdevelop a a populationpopulation PK PK modelmodel in in orderorder toto::

♪♪ Describe Describe relationshiprelationship amongamong MMF MMF dosesdoses andand total MPA, total MPA, 
free free MPA,totalMPA,total MPAG MPAG andand total total acylMPAGacylMPAG exposuresexposures

♪♪ IdentifyIdentify potentialpotential predictivepredictive patientspatients’’ demographicdemographic andand
clinicalclinical characteristicscharacteristics forfor dosedose tailoringtailoring duringduring thethe postpost--
transplanttransplant immunosuppresiveimmunosuppresive treatmenttreatment. . 



MethodsMethods
PPatients’ characteristics

Units Median (range)
Number of patients - 56

Standard Cyclosporine (A) n 11
Low Cyclosporine (B) n 17
Low Tacrolimus ( C) n 10
Low Sirolimus (D) n 18

Creatinine clearance* mL/min 59.51 (8.43 - 134.9)
Albumin g/L 42.0 (28.0 - 67.0)
Patients with low graft function (y/n) n 4/56
Cyclosporine Daily Doses mg

Standard dose group (A) 150 (50 - 300)
Low dose group (B) 100 (40 - 225)

Cyclosporine trough concentrations ng/mL
Standard dose group (A) 175 (47 - 500)

Low dose group (B) 87 (26 - 480)
MRP2 Polymorphisms

C24T (CC/TT/CT) n 36/ 1/ 19

* CLCR values estimated according to Cockroft-Gault

Patients with low graft function   (y): CLCR ? 25 mL/min 

                                               (n): CLCR >25 mL/min 

CC: non carrier, TT:homozygous T carrier, CT:heterozygous carrier



Methods:PopulationMethods:Population PK  PK  

PharmacoPharmaco--statisticalstatistical modelmodel

Structural Model

Statistical Model

Final Model

Inclusion of covariates

B
a
s
e
 M
o
d
e
l

Base Intermediate Final

PK Model and error model (IIV and RE) Base model+covariates

BPV, BPV, exponentialexponential error error modelmodel

RE, RE, proportionalproportional error error modelmodel

fMPAfMPA andand tMPAtMPA (linear (linear andand non non 

linear linear proteinprotein bindingbinding))

MPAG, EHCMPAG, EHC

AcMPAGAcMPAG

Albumin concentrations , 
MPAG concentrations, CLCR,

low graft function (CLCR<25 mL/min), 

cyclosporine doses

and trough concentrations , 
C24T SNP of MRP2…

NONMEM VI  ver 6.2NONMEM VI  ver 6.2



Methods:ModelMethods:Model evaluationsevaluations

♪♪ ModelModel evaluationsevaluations

♪♪ Non Non hierarchicalhierarchical modelsmodels: AIC : AIC valuesvalues

♪♪ HierarchicalHierarchical modelsmodels ∆∆MOFVMOFV (7.879 (7.879 unitsunits, p<0.005), p<0.005)

♪♪ ParameterParameter precisionprecision (RSE%)(RSE%)

♪♪ GoodnessGoodness--ofof--fitfit plotsplots

♪♪ ReductionReduction ofof BPVBPV

♪♪ CovariateCovariate modelmodel backwardbackward eliminationelimination (10.8 (10.8 unitsunits, p<0.001), p<0.001)

♪♪ InternalInternal modelmodel validationvalidation

♪♪ VPC, visual VPC, visual predictivepredictive checkcheck

♪♪ PPC, posterior PPC, posterior predictivepredictive checkcheck
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ResultsResults: : fMPAfMPA
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ResultsResults: : tMPAGtMPAG
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ResultsResults: : tAcMPAGtAcMPAG
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ResultsResults
Base PK Base PK modelmodel

MPA Peripheral
Compartment

Bound MPAfree MPA 

VcMPA

Total Plasma MPA Concentration

Gut

CLMPAG

CLAcMPAG

MPA Central Compartment

kPB

CbMPA=KPB·CfMPA

MPA free fraction, f u=1/(1+KPB)

Bile Duct

MRP2

EHC CL fMPAG=fm·CLMPA

CLMPA=CL fMPAG

CL fAclMPAG =(1-fm)·CLMPA

+CLfAclMPAG

ciclosporin
__

KA

tlag

CBMPA=
BBmaxmax··CCfMPAfMPA

KKDD ++CCfMPAfMPA
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ResultsResults
CovariateCovariate PK PK modelmodel

Albumin concentration

MPAG concentration
KPB 

CLMPAG  

CLAcylMPAG

CLCR, CsA trough concentrations

C24T SNPs MRP2

CLMPA 
CsA trough concentrations
C24T SNPs MRP2

CbMPA=KPB·CfMPA



CLCLMPAGMPAG, , CLCLAcMPAGAcMPAG, , CLCLMPAMPA
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ResultsResults
CovariateCovariate PK PK modelmodel

CsA=1, Std and low CsA
CsA=0, Macrolides

C24T=1, CT/TT carriers
C24T=0, CC non carriers

Course=1, Day7
Course=0, months 1, 3, 6, 12

Model Ref. Model Covariate relationships ����MOFV

1 Base model

2 1
+TVCLMPAG=�9·(CLCR/59.51) 

�15 -1556.11

3 2 +TVCLAcMPAG=�12·(CLCR/59.51) 
�16 -654.23

4 3 +TVCLMPAG=�9·(CLCR/59.51) 
�15
 ·(1-�17·CCSA) -95.63

5 4 +TVCLMPAG=�9·(CLCR/59.51) 
�15
 ·(1-CSA·�17·CCSA)·(1+(1-CSA)·�18·C24T) -28.11

6 5 +TVCLAcMPAG=�12·(CLCR/59.51)
�16
·(1+(1-CSA)·�21·C24T) -299.48

7 6 +TVCLMPA=�1·(1+�22· CSA·CCSA) -45.61

8 7 +TVCLMPA=�1·(1+�22· CSA·CCSA)· (1+�23·(1-CSA)·C24T) -24.78

9 8 +TVCLMPA=�1·(1+�22· CSA·CCSA)· (1+�23·(1-CSA)·C24T) ·(1+�24·COURSE) -17.53



ResultsResults

Final PK Final PK ModelModel

+TVCLMPAG=Η9·(CLCR/59.51) 
Η15 ·(1-CSA·Η17·CCSA)·(1+(1-CSA)·Η18·C24T) 

Final model +TVCLAcMPAG=Η12·(CLCR/59.51)
Η16
·(1+(1-CSA)·Η21·C24T)

+TVCLMPA=Η1·(1+Η22· CSA·CCSA)· (1+Η23·(1-CSA)·C24T)

CsA=1, Std and low CsA
CsA=0, Macrolides

C24T=1, CT/TT carriers
C24T=0, CC non carriers

AUCAUC~~ D/CLD/CL



ResultsResults
Final Final modelmodel ParametersParameters

Parameter Units Final model parameter BPV,%
estimate (RSE%) (RSE%)

fMPA
CLMPA L/h 414 (9.3)· (1+CSA·0.000966(69.1) ·CCsA)·(1+(1-CSA)·0.158(88.0) ·C24T) 28.9 (32.6)

VCMPA L 21.9 (28.5) 67.4 (42.2)

CLDMPA L/h 1030 (7.3) -

VPMPA L 19800 (48.2) -

fm - 0.874 (fix) -
KPB - 44.7 (6.2) 28.2 (21.4)

KA h -1
1.26 (28.6) -

LT h 0.132 (24.1) -
MPAG -

CLMPAG L/h 0.959 (10.2)· (CLCR/59.51)
0.904(15.7)

· 40.6 (34.2 )

VCMPAG L (1-CSA·0.000687(34.6) ·CCsA)·(1+(1-CSA)·0.242(69.8) ·C24T) -

CLDMPAG L/h 1.34 (67.9) -

VPMPAG L 11.5 (49.0) -
AcMPAG 3.44 (25.4) -

CLAcMPAG L/h 10.6 (10.6)·  (CLCR/59.51)
0.788(19.7)  (1+(1-CSA)·1.31(31.9) ·C24T) 62.4 (30.3 )

VCAcMPAG L 5.36 (26.3) -

Residual error -
fMPA % 71.9 (14.0) -
tMPA % 48.6 (13.9) -
MPAG % 31.0 (20.3) -

AcMPAG % 77.3 (19.9) -

CsA: categorical covariate expressing cyclosporine administration or not. Patients treated with Cyclosporine CSA=1, Patients not treated with 

Cyclosporine CsA=0. CCSA = cyclosporine trough concentrations

C24T=1 for CT/TT carriers; =0, for CC non carriers

CLCR=creatinine clearance in mL/min, estimated according to Crokroft-Gault
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ConclusionsConclusions
♪♪ AnAn integratedintegrated populationpopulation PK PK modelmodel toto describe describe thethe relationshipsrelationships amongamong MMF MMF andand fMPAfMPA, , tMPAtMPA, , 

MPAG , MPAG , AcMPAGAcMPAG concentrationsconcentrations has has beenbeen developeddeveloped..

♪♪ EHC has EHC has notnot beenbeen describeddescribed by by thethe currentcurrent modelmodel

♪♪ TheThe developpeddevelopped modelmodel diddid notnot allowallow toto evaluateevaluate thethe impactimpact ofof changeschanges in in albuminalbumin
concentrationsconcentrations andand renal renal functionfunction onon tMPAtMPA andand fMPAfMPA exposuresexposures. . 

♪♪ Renal Renal functionfunction givengiven by CLby CLCRCR isis a a predictorpredictor ofof bothboth CLCLMPAG MPAG andand CLCLAcMPAGAcMPAG..

♪♪ CyclosporineCyclosporine troughtrough concentrationsconcentrations are are predictorspredictors ofof CLCLMPA,andMPA,and CLCLMPAGMPAG andand C24T C24T SNPsSNPs ofof
MRP2 are MRP2 are predictorspredictors ofof CLCLMPA,MPA,andand CLCLMPAGMPAG andand CLCLAcMPAGAcMPAG

♪♪ TheThe developeddeveloped modelmodel allowsallows toto predictspredicts fMPAfMPA exposuresexposures fromfrom tMPAtMPA concentrationsconcentrations..

♪♪ AccordingAccording toto thisthis modelmodel andand forfor patientspatients belongingbelonging toto thethe studiedstudied population,patientspopulation,patients underunder
macrolidesmacrolides andand non non carrierscarriers ofof thethe C24T SNP C24T SNP wouldwould requirerequire lowerlower dosesdoses thanthan thosethose underunder
cyclosporinecyclosporine oror thosethose underunder macrolidesmacrolides andand CT/TT CT/TT carrierscarriers ofof thethe C24T SNP.C24T SNP.

♪♪ PK PK DifferencesDifferences betweenbetween dayday 7 7 andand thethe remainingremaining occasionsoccasions havehave toto be be explainedexplained in in futurefuture
analysesanalyses



CentersCenters participatingparticipating in in thethe
SymphonySymphony PK PK substudysubstudy

♪♪ Spain:Spain:
♪♪ Dr. J.M. Dr. J.M. GrinyGrinyóó. Hospital . Hospital UniversitariUniversitari de de BellvitgeBellvitge , Barcelona. , Barcelona. 

♪♪ Dr. F. Dr. F. OppenheimerOppenheimer. Hospital . Hospital ClinicClinic i Provincial de Barcelona, i Provincial de Barcelona, BarcelonaBarcelona

♪♪ Dr. J. Dr. J. SanchezSanchez--PlumedPlumed. Hospital  Universitario La Fe, Valencia.. Hospital  Universitario La Fe, Valencia.

♪♪ Dr. Dr. M.AM.A Gentil. Hospital Virgen del Gentil. Hospital Virgen del RocioRocio, Sevilla., Sevilla.

♪♪ Dr. D. HernDr. D. Hernáández. Hospital ndez. Hospital UniersitarioUniersitario de Canarias, Tenerife.de Canarias, Tenerife.

♪♪ Dr. F. ValdDr. F. Valdéés.  Hospital  Juan s.  Hospital  Juan CanalejoCanalejo, La Coru, La Coruñña.a.

♪♪ Dr.  M. Dr.  M. GonzalezGonzalez-- Molina. Hospital Carlos Haya, Molina. Hospital Carlos Haya, MalagaMalaga..

♪♪ Dr. R. Dr. R. LauzuricaLauzurica. Hospital . Hospital GermansGermans TriasTrias i Pujol, Badalona.i Pujol, Badalona.

♪♪ Dr. M. Arias. Hospital Universitario Marques de Dr. M. Arias. Hospital Universitario Marques de ValdecillasValdecillas, Santander., Santander.

♪♪ BelgiumBelgium::
♪♪ Dr. Dr. D.RD.R. . KuypersKuypers. . UniversityUniversity ofof Leuven, Leuven, LeuvenLeuven..
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