Clinical Pharmacokinetics
Title: 
Model-Based Alternative Dosing Strategies for Subcutaneous Nivolumab to Improve Cost-Effectiveness 

[bookmark: _Hlk210038109]Author: Y. Wang1, L.H. Bukkems1, R. ter Heine2, J.G.C. van Hasselt3, S.L.W. Koolen4,5, J.J.M.A Hendrikx6,7, T. van der Hulle8, E. Kapiteijn8, J. Zwaveling1, A. Becker9, M.M. van den Heuvel10, W.S.M.E. Theelen11, T.H. Oude Munnink12, E.F. Smit13, H.J. Guchelaar1, D.J.A.R. Moes1 

Affiliations:
(1) Department of Clinical Pharmacy and Toxicology, Leiden University Medical Center, The Netherlands
(2) Department of Pharmacy, Pharmacology and Toxicology, Radboudumc, Nijmegen, The Netherlands
(3) Leiden Academic of Drug research, Leiden, The Netherlands
(4) Department of Medical Oncology, Erasmus MC Cancer Institute, Rotterdam, the Netherlands.
(5) Department of Hospital Pharmacy, Erasmus University Medical Center, Rotterdam, the Netherlands.
(6) Department of Pharmacy & Pharmacology, Netherlands Cancer Institute, Amsterdam, The Netherlands
(7) Department of Nuclear Medicine, Netherlands Cancer Institute, Amsterdam, The Netherlands
(8) Department of Medical Oncology, Leiden University Medical Center, Netherlands
(9) Department of Pulmonology, Amsterdam University Medical Center, Netherlands
(10) Department of Pulmonology, University Medical Center Utrecht, The Netherlands
(11) Department of Thoracic Oncology, Netherlands Cancer Institute, Amsterdam, The Netherlands
(12) Department of Clinical Pharmacy and Pharmacology, University Medical Center Groningen, The Netherlands
(13) Department of Pulmonology, Leiden University Medical Center, The Netherlands

*Corresponding author: 
Dirk Jan A. R. Moes (E-mail: d.j.a.r.moes@lumc.nl)
D.J.A.R. Moes PharmD PhD
Department of Clinical Pharmacy & Toxicology, Leiden University Medical Center, Leiden, The Netherlands. Albinusdreef 2, 2333 ZA Leiden. D.J.A.R.Moes@lumc.nl, Tel: +31 715262790


Supplements
Figure S1. Simulation of Nivolumab Maximum Concentration at Steady State (Cmax,ss). The black line represents the median value, the box extend from 25th to 75th percentages.
IV, Intravenous; Q2W,  every 2 weeks; Q4W, every 4 weeks; Q7W, every 7 weeks; SC, Subcutaneous; Q6W, every 6 weeks; Q5W, every 5 weeks; NSCLC, non-small cell lung cancer; Cmax,ss, maximum concentration at steady-state; N, the number of patients; GM, Geometric mean; CV, Coefficient of Variation.

Figure S2: Simulation of Nivolumab Maximum Concentration at first cycle (Cmax,1st). The median black line shows the median, the box extend to 25th and 75th percentiles.
IV, Intravenous; Q2W,  every 2 weeks; Q4W, every 4 weeks; Q7W, every 7 weeks; SC, Subcutaneous; Q6W, every 6 weeks; Q5W, every 5 weeks; NSCLC, non-small cell lung cancer; Cmax,1st, maximum concentration after first dose; N, the number of patients; GM, Geometric mean; CV, Coefficient of Variation.

[bookmark: _Hlk209192859]Figure S3: Predicted nivolumab plasma concentration and time curve based on the modeling simulation results in the regimen of Intravenous (IV) 1200mg in every 7 weeks (Q7W). The solid black line represent for the median of the nivolumab concentration of the simulated population and the grey shaded areas represent the 95% prediction interval (PI). The red dotted line represent the 2.5mg/L in concentration. 
IV, Intravenous; 95% PI, 95% prediction interval; Q7W, every 7 weeks.





Table S1: Estimated cost saving of weight adjusted alternative subcutaneous regimen(1200mg in every 7, 6 or 5 weeks) in three weight groups.
	Weight (kg)
	Dosing Interval (weeks)
	Annual drug costs per patient
(€)
	Cost saving (€) (vs. SC 1200mg Q4W)
	[bookmark: _Hlk209187331]Cost saving (€) (vs. IV 3mg/kg Q2W)

	<60kg
	7
	39,354
	29,516 (-43%)
	25,063 (-39%)

	60-90kg
	6
	45,914
	22,957 (-33%)
	18,504 (-29%)

	>90kg
	5
	55,096
	13,774 (-20%)
	9,321 (-14%)


Q2W, every 2 weeks; Q4W, every 4 weeks.



Table S2: Prediction of Ctrough and AUC for approved regimens and proposed alternative regimens of SC nivolumab.
	
	GM Ctrough1st,
(%CV)
	GM
Ctrough,ss,
(%CV)
	GM AUC1st/Week
(%CV)
	GM AUCss/Week,
(%CV)
	GM Caverage,ss,
(%CV)
	Annual drug costs
(€)

	IV 3mg/kg Q2W
	14.37
mg/L
(32%)
	50.88
mg/L
(49%)
	162.59
mg*day/L
(27%)
	476.44
mg*day/L
(42%)
	68.06
mg/L
(42%)
	64,417.23

	SC 1200mg Q4W
	45.56
mg/L
(42%)
	105.10
mg/L
(64%)
	453.96
mg*day/L
(39%)
	1035.75
mg*day/L
(51%)
	147.96
mg/L
(51%)
	68,870.36

	SC 1200mg Q7W (<60kg), Q6W (60-90kg) and Q5W (>90kg)
	26.71
mg/L
(56%)
	50.07
mg/L
(75%)
	386.16
mg*day/L
(39%)
	659.01
mg*day/L
(48%)
	94.14
mg/L
(48%)
	44,525.67

	SC 1200mg Q10W (melanoma)
	12.25
mg/L
(106%)
	18.34
mg/L
(128%)
	310.76
mg*day/L
(39%)
	413.30
mg*day/L
(49%)
	59.04
mg/L
(49%)
	27,548.14


	IV 1200mg Q7W (rHuPh20)
	24.22
mg/L
(92%)
	43.11
mg/L
(112%)
	558.24
mg*day/L
(33%)
	816.64
mg*day/L
(47%)
	116.66
mg*day/L
(47%)
	39,354.49



IV, Intravenous; Q2W,  every 2 weeks; Q4W, every 4 weeks; Q7W, every 7 weeks; SC, Subcutaneous; Q6W, every 6 weeks; Q5W, every 5 weeks; Q10W, every 10 weeks; Ctrough,ss, steady-state trough concentration; Caverage,ss, average concentration at steady state; GM, Geometric mean; CV, Coefficient of Variation; Ctrough1st, Trough Concentration after the First Dose; AUC1st, Area Under the Curve after the First Dose; AUCss, Area Under the Curve at Steady State; rHuPh20, recombinant Human Hyaluronidase PH20.



Table S3 Comparison of IV 1200mg Q7W (rHuPh20) Dosing with IV 3 mg/kg Q2W for FDA Criteria in NSCLC
	
	GM 
Ctrough1st,
(%CV)
	GM
Ctrough,ss,
(%CV)
	GM 
AUC1st /Week
(%CV)
	GM AUCss/Week,
(%CV)
	GM 
Caverage,ss,
(%CV)

	IV 3mg/kg Q2W
	14.37
mg/L
(32%)
	50.88
mg/L
(49%)
	162.59
mg*day/L
(27%)
	476.44
mg*day/L
(42%)
	68.06
mg*day/L
(42%)

	IV 1200mg Q7W (rHuPh20)
	24.22
mg/L
(92%)
	43.11
mg/L
(112%)
	558.24
mg*day/L
(33%)
	816.64
mg*day/L
(47%)
	116.66
mg*day/L
(47%)

	GM Ratio 
	1.69
	0.85
	3.43
	1.71
	1.71


NSCLC, Non-small cell lung cancer; IV, Intravenous; Q2W,  every 2 weeks; Q7W, every 7 weeks; Ctrough,ss, steady-state trough concentration; GM, Geometric mean; CV, Coefficient of Variation; Ctrough1st, Trough Concentration after the First Dose; AUC1st, Area Under the Curve after the First Dose; AUCss, Area Under the Curve at Steady State; rHuPh20, recombinant Human Hyaluronidase PH20.




NONMEM code for subcutaneous nivolumab (1200mg every 4 weeks)
Nivolumab POPPK model control stream

;; 1. Based on: NIVOSIM04LC
;; 2. Description: SC 1200mg Q4W FIXED
;; x1. Author: user
$PROBLEM    NIVOLUMAB APPROVED SC 1200 
$INPUT  RN ID AGE SEX WT HEIGHT TIME AMT CMT MDV EVID DV RATE   
$DATA      NIVOLUMABSCREG.csv IGNORE=@
IGNORE(EVID.EQ.2)
$SUBROUTINE ADVAN13 TOL=9
$MODEL   
COMP=(DEPOT)   ;CMT=1
COMP=(CENTRAL) ;CMT=2
COMP=(PERIPH)  ;CMT=3
COMP=(AUCSS)   ;CMT=4
COMP=(AUC1)    ;CMT=5
COMP=(AUCCUM)  ;CMT=6

$PK 
BGFR=90*((WT/70)**0.75)*EXP(ETA(7))
BBWT=WT
ROUTEN=1
COADN=0
BLDH=200 ; DUMMY NEEDED
IF (SEX.EQ.1) SEXN=1
IF (SEX.EQ.2) SEXN=2
PS=1 ; PERFORMANCE STATUS
RACEN=1 ; WHITE
TTYPEN2=1 ;  NSCLC

;F1=1200 ;  1200 FIXED DOSE

D1=0.001 ; INFUSION TIME OF <1 MINUTES, unite in day

$PK 
; Define fixed effects parameters
 ACL = THETA(1)
 AV2 = THETA(2)
 AQ = THETA(3)
 AV3 = THETA(4)
 AEMAX = THETA(15)
 AT50 = THETA(16)
 HILL = THETA(17)

 AERR = THETA(5)
 PERR = THETA(6)  

 AKA = THETA(21)
 AF1 = THETA(22)
 
; Define IIV parameters
 ZCL = ETA(1)
 ZV2 = ETA(2)
 ZV3 = ETA(3)
 ZEMAX = ETA(4)
 ZKA = ETA(5)
 ZF1 = ETA(6)

 

; Impute covariate values and define effects
 MVAL = -99

; Impute covariate values and define effects
 MVAL = -99

;BBWT
 BBWT_R = 80 ; refernce value, kg
 BBWT_I = BBWT
 IF (BBWT_I .EQ. MVAL) BBWT_I = BBWT_R ; imputation to reference (~median)
;
 CL_BBWT = (BBWT_I/BBWT_R)**THETA(7) 

;GFR
 BGFR_R = 90 ; reference value, mL/min
 BGFR_I = BGFR
 IF (BGFR_I .EQ. MVAL) BGFR_I = BGFR_R; GFR imputation to median
 CL_BGFR = (BGFR_I/BGFR_R)**THETA(8)

; SEX
 SEX_I = SEXN
 IF (SEX_I .EQ. MVAL) SEX_I = 1; male
 CL_FEMALE = THETA(9) ; effect of female:male
 KA_FEMALE= THETA(24)
  F1_FEMALE=THETA(26)

; PS
 PS_I = PS
 IF (PS .EQ. MVAL) PS_I = 1 ; impute missing PS to 1 
 CL_PS_1 = THETA(10); effect of PS 1+:0
 KA_PS_1= THETA(25)
 F1_PS_1= THETA(27)

; KA
 KA_COADN= THETA(28)

;F1
 F1_COADN= THETA(29)

; Tumor type
 TTYPE_I = TTYPEN2
 IF(TTYPE_I .EQ. MVAL) TTYPE_I = 3 ; other
 IF(TTYPE_I .EQ. 2) TTYPE_I = 3 ; other/prior mel
 IF(TTYPE_I .EQ. 4) TTYPE_I = 3 ; other/prior rcc
 IF(TTYPE_I .EQ. 5) TTYPE_I = 3 ; other/prior nsclc_1l
 IF(TTYPE_I .EQ. 6) TTYPE_I = 3 ; other/prior bc
 IF(TTYPE_I .EQ. 8) TTYPE_I = 3 ; other/prior schn
 IF(TTYPE_I .EQ. 9) TTYPE_I = 3 ; other/prior sclc


 CL_OTH = THETA(11)
 CL_GC = THETA(14)
 CL_CHL = THETA(20)

; Race
 RACE_I = RACEN
 IF (RACE_I .EQ. MVAL) RACE_I = 1; White
 CL_RAAA = THETA(18) ; effect of African American: White/Other
 CL_RAAS = THETA(19) ; effect of Asian:White/Other

; VC
 V2_BBWT = (BBWT_I/BBWT_R)**THETA(12)
 V2_FEMALE = THETA(13)

; Time-varying CL
 EMAX = AEMAX + ZEMAX
 T50 = AT50

 CL_TIME = EXP(EMAX*TIME**HILL/(T50**HILL+TIME**HILL))

;
 KA_BBWT = (BBWT_I/BBWT_R)**THETA(23) 

; Define model parameters: add covariate effect
 TVKA= AKA*KA_BBWT
 IF (ROUTEN.EQ.1.AND. SEX_I .EQ. 2) TVKA = TVKA * EXP(KA_FEMALE) ; reference is SEX=1 (Male)
 IF (ROUTEN.EQ.1.AND. PS_I .GE. 1) TVKA = TVKA * EXP(KA_PS_1) ; reference is PS=0
 IF(COADN.EQ.0) TVKA=TVKA*EXP(KA_COADN)
 IF(COADN.EQ.2) TVKA=1

 TVCL = ACL * CL_BBWT * CL_BGFR * CL_TIME
 IF (SEX_I .EQ. 2) TVCL = TVCL * EXP(CL_FEMALE) ; reference is SEX=1 (Male)
 IF (PS_I .GE. 1) TVCL = TVCL * EXP(CL_PS_1) ; reference is PS=0

 IF (TTYPE_I .EQ. 3) TVCL = TVCL * EXP(CL_OTH); reference is TTYPE=1 (NSCLC_2L) 
 IF (TTYPE_I .EQ. 7) TVCL = TVCL * EXP(CL_GC); reference is TTYPE=1 (NSCLC_2L)
 IF (TTYPE_I .EQ. 10) TVCL = TVCL * EXP(CL_CHL); reference is TTYPE=1 (NSCLC_2L)

 IF (RACE_I .EQ. 2) TVCL = TVCL * EXP(CL_RAAA) ; reference is White/Others
 IF (RACE_I .EQ. 3) TVCL = TVCL * EXP(CL_RAAS) ; reference is White/Others

;  
 TVV2 = AV2 * V2_BBWT
 IF (SEX_I .EQ. 2) TVV2 = TVV2 * EXP(V2_FEMALE) ; reference is SEX=1 (Male)
 
TVF1= AF1
 IF (ROUTEN.EQ.1.AND.SEX_I .EQ. 2) TVF1 = TVF1 *(F1_FEMALE) ; reference is SEX=1 (Male)
 IF (ROUTEN.EQ.1.AND.PS_I .GE. 1) TVF1 = TVF1 * (F1_PS_1) ; reference is PS=0

 IF(COADN.EQ.0) TVF1= TVF1*(F1_COADN)
 IF(COADN.EQ.2) TVF1=1


; Calculate PK parameters
  KA =TVKA*EXP(ZKA)
; TVF1 =AF1+ZF1
  LOGITF1= LOG(TVF1/(1-TVF1))+ZF1
  F1 = 1200*EXP(LOGITF1)/(1+EXP(LOGITF1))
  CL = TVCL*EXP(ZCL)
  V2 = TVV2*EXP(ZV2)
  Q  = AQ   
  V3 = AV3*EXP(ZV3)
  S2 = V2


; Calculate alpha and beta half-life
 KE = CL/V2
 K12 =KA
 K23 = Q/V2
 K32 = Q/V3
 AA = KE+K23+K32
 ALPH = (AA+SQRT(AA*AA-4*KE*K32))/2
 BETA = (AA-SQRT(AA*AA-4*KE*K32))/2

 K20=KE
 
$DES
DADT(1)=-K12*A(1)
DADT(2)=-K20*A(2)-K23*A(2)+K12*A(1)+K32*A(3)
DADT(3)=-K32*A(3)+K23*A(2)

C2=A(2)/V2

FLAAUCSS=0
IF (T.GE.168) FLAAUCSS=1

FLAAUC1=0
IF (T.LE.28) FLAAUC1=1

DADT(4)=C2*FLAAUCSS
DADT(5)=C2*FLAAUC1
DADT(6)=C2
$ERROR 
 REWT = SQRT(F**2*PERR**2 + AERR**2) ;combined error model

 IPRED = F
 IRES = DV - IPRED
 IWRES = IRES/REWT
 Y = IPRED + REWT*EPS(1)
  
AUCSS=A(4)  
AUCFIRST=A(5)
AUCCUM=A(6)

$THETA 
 (0, 0.2592) ; CL [L/day] ; theta1
 (0, 4.27) ; VC [L] ; theta2
 (0, 0.7824) ; Q [L/day] ; theta3
 (0, 2.63) ; VP [L] ; theta4
  0 FIX ; AERR [ug/mL] ; theta5
 (0, 0.204) ; PERR [-] ; theta6
; EMASTER COVARIATES
 (0.588) ; CL_BBWT ; theta7
 (0.142)  ; CL_GFR ; theta8
 (-0.162)  ; CL_SEX ; theta9
 (0.176) ; CL_PS ; theta10
 (0.0218) ; CL_OTH ; theta11
 (0.626) ; VC_BBWT ; theta12
 (-0.139)  ; VC_SEX ; theta13
 (0.184) ; CL_GC ; theta14

 (-0.303) ; CL_EMAX ; theta15
 (59.17) ; CL_T50 ; theta16 (day = 1420 hour)
 (2.97)    ; CL_HILL; theta17

 (0.0546)   ; CL_RAAA; theta18
 (-0.0790) ; CL_RAAS; theta19
 (-0.323) ; CL_CHL; theta20

 (0.396)  ; KA ; theta21 (day)
 (0.767)   ; F1 ; theta22
 (0 FIX) ; KA_BBWT; theta23
 (-0.235) ; KA_SEX; 24
 (-0.203) ; KA_PS; 25
 (0.842) ; F1_SEX; 26
  (0.952) ; F1_PS; 27
 (-.625) ; KA_COADN; 28
 (1.01) ; F1_COADN; 29

$OMEGA BLOCK(2)
 0.113 ; ZCL [-]
 0.0364 0.126 ; ZVC [-]
$OMEGA
 0.225 ; ZVP [-]
 0.0516 ; ZEMAX [h]
$OMEGA BLOCK(2)
 0.0946  ; ZKA
 0.177   0.462 ; F1
$OMEGA
 0.09 ; BGFR

$SIGMA  1  FIX  ;     Sigma1
$SIMULATION ONLYSIM SUBPROBLEMS=1 (2252) (74292)
$TABLE ID AGE SEX WT HEIGHT TIME AMT F1 CMT MDV EVID DV RATE PRED
IPRED AUCSS AUCFIRST TVCL FLAAUCSS FLAAUC1 AUCCUM NOAPPEND NOPRINT ONEHEADER
FILE=sdtabSC01.tab




