
SUPPLEMENTARY METHODS 

Population pharmacokinetic modelling 

Population PK analysis was performed with nonlinear effects modelling approach in NONMEM® 

version 7.3 (ICON, Development Solutions, MD, USA). Pirana software version 2.9.5b (Certara, NJ, USA) 

was used as a modeling environment, and data were further handled in R studio version 3.6.1 (R 

Foundation for Statistical Computing, Vienna, Austria). The first-order conditional estimates method 

with interaction (FOCE+I) was used for parameter estimation(1, 2). Initially a one-compartment model 

was fitted to the pembrolizumab concentration-time data. Subsequently, more complex models were 

fitted to the data. Improvements of the fit and evaluation of the models was done quantitatively 

through parameter precision, change in objective function value (OFV), shrinkage, conditional number, 

and changes in interindividual and residual variability. The Likelihood ratio test was used, which 

assumes the difference in OFV between hierarchical models Chi square distributed. A decrease of 3.84-

points in OFV for one degree of freedom with a p-value of < 0.05 was considered a significant 

improvement of fit. Model improvement was evaluated visually through goodness-of-fit plots (GoF), 

quantile-quantile (QQ) plots and visual predictive checks (VPC). Both constant and proportional error 

models were evaluated for interindividual variability (IIV). A proportional error model was used for the 

residual variability.  

After finalization of the structural model, the covariate model was built. The evaluation of covariates 

was done through iterative forward inclusion (p-value < 0.05) and backwards elimination (p-value < 

0.01). Missing covariate values were replaced by the median covariate value of the population. Missing 

categorical covariates were excluded, however none were present. The continuous covariates BSA, 

albumin, creatinine, weight, renal function and LDH were tested on CL and volume of distribution (Vd). 

Continuous covariates were implemented as shown in equation 1. Similarly, the categorical covariates 

gender, WHO performance status and primary tumor type were tested on CL and Vd. Categorical 

covariates were implemented as shown in equation 2. The robustness of the parameter estimates was 

evaluated using a non-parametric bootstrap procedure (n=1,000). A VPC was performed for internal 

validation of the model. 

Eq.1  𝑃𝑖 = 𝛳𝑝𝑜𝑝 ∗  ( 𝐶𝑂𝑉𝑚𝑒𝑑𝑖𝑎𝑛 𝐶𝑂𝑉)𝛩𝐶𝑂𝑉 ∗ 𝑒𝑥𝑝(𝜂𝑖 )   
Eq.2   𝑃𝑖 = 𝛳𝑝𝑜𝑝 ∗ 𝛩𝐶𝑎𝑡𝐹𝐿𝐴𝐺 ∗ 𝑒𝑥𝑝(𝜂𝑖 )    
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Pi is the individual parameter estimate, 𝛳𝑝𝑜𝑝 is the population estimate. COV is the continuous 

covariate, Θcov is the estimated exponent parameter of the continuous covariate. 𝛳𝑐𝑎𝑡  is the estimated 

parameter of the categorical covariate. FLAG is used to switch the categorical covariate estimate ON 

(FLAG=1) or OFF (FLAG=0). 𝜂𝑖  is the individual deviation from the population estimate.  

 

Statistical analysis 

Descriptive statistics comprised of frequency, median, range or inter-quartile range (IQR) of covariates. 

Descriptive statistics were shown for all patients and after stratification by tumor type. All patients 

were included in the PK model. Univariate and multivariate Cox regression was performed to 

investigate the relationship between systemic drug clearance (quartiles of CL based on the final PK 

model) and clinical outcome (PFS and OS), correction for known prognostic factors was applied that 

meet a p-value of < 0.10. Importantly, differences in the clinical outcome of different cancer type were 

considered by including tumor type as a test parameter (NSCLC, melanoma, malignant pleural 

mesothelioma (MPM) or urothelial cell carcinoma [UCC]). Separate OS analyses were performed on 

NSCLC, melanoma, MPM and UCC. The survival curves and distribution of CL (L/day) over BOR groups 

was visualized in separate tumor types with a sufficient number of patients (being NSCLC and 

melanoma). Lastly, the relationship between systemic pembrolizumab clearance and irAEs was 

assessed using independent samples t-tests. Generally, a two-sided p-value < 0.05 was considered 

significant. 
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SUPPLEMENTARY DATA 

Supplementary Fig. S1. Visual predictive check of the final PK model 

 

Supplementary Fig. S1: Prediction corrected visual predictive checks, showing the fit of predicted serum 

concentrations of pembrolizumab (µg/mL) versus the observed concentrations of the final model over 

time. The predictions are in line with the observed data. However, the lower boundary of the confidence 

interval of the model prediction is rather low with respect to the observations. This is also the case for 

median, especially between 5000-1000 h. The red solid line indicates the median observed 

concentrations and the surrounding opaque red area the simulation based 95% interval for the median. 

The red dashed lines indicate the observed 2.5% and 97.5% percentiles and the surrounding opaque 

blue areas show the simulated 95% confidence intervals for the corresponding predicted percentiles. 

One extreme predicted corrected observation value was excluded from graph.  
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Supplementary Fig. S2. Relationship between pembrolizumab CL and clinical outcome  
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Supplementary Fig. S2: Graphs showing the relationship between drug clearance and clinical outcome 

measures for NSCLC (upper part) and melanoma (lower part). Kaplan-Meier curves are stratified by 

quartiles of clearance: Q1 represents the first quartile (lowest clearance) – Q4 represents the fourth 

quartile (highest clearance). A) overall survival (OS; in months), B) progression-free survival (PFS; 

months) and C) best overall response (BOR) of patients with non-small cell lung cancer (NSCLC); D) OS, 

E) PFS and F) BOR of patients with melanoma. Bars indicate the 95% confidence interval of the mean. 

Abbreviations: progressive disease (PD), stable disease (SD), partial response (PR) and complete 

response (CR).   
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Supplementary Table S1. Baseline characteristics by tumor type 

Categorical characteristics NSCLC Melanoma MPM UCC 

 n n n n 

Gender     

   Male 25 32 11 12 

   Female 17 19 2 3 

Treatment     

   Pembrolizumab (dose 2 mg/kg Q3W) 2 51 - - 

   Pembrolizumab (dose 200 mg Q3W) 40 - 13 15 

Prior systemic treatment     

   None 27 34 0 1 

   1 14 15 10 11 

   2 1 2 3 3 

WHO Performance Status     

   0 6 30 1 5 

   1 24 15 5 10 

   2 9 1 1 - 

   Unknown 3 5 6 - 

Continuous characteristics Median (IQR) Median (IQR) Median (IQR) Median (IQR) 

Age (yr) 69.5 (61-72) 67 (55-77) 70 (61.5-74.5) 68 (55-74) 

Body Surface Area (m2) 1.9 (1.7-2.0) 2.0 (1.8-2.2) 2.0 (1.9-2.2) 2.1 (1.8-2.3) 

Albumine (g/L) 40 (36-44) 43 (41-46) 42 (40.3-43) 43 (41-45) 

LDH (U/L) 258 (212-350) 256 (198-331) 203 (157-225) 200 (165-244) 

 

Supplementary Table S1: Table showing the baseline patient characteristics, stratified by tumor type. 

Abbreviations: lactate dehydrogenase (LDH), non-small cell lung cancer (NSCLC), urothelial cell 

carcinoma (UCC), number (n), interquartile range (IQR), every three weeks (Q3W). 
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Supplementary Table S2. Distribution of clinical outcome (BOR, PFS and OS) and irAEs 

 NSCLC Melanoma MPM UCC 

 median (SE) median (SE) median (SE) median (SE) 

OS (months) 22.7 (2.5)a 29.9 (2.2)a 7.2 (1.2) 16.4 (6.3) 

PFS (months) 11.0 (5.7) 8.5 (6.6) - - 

 n (%) n (%) n (%) n (%) 

BOR 

   PD 

   SD 

   PR 

   CR 

   NE 

 

14 (33.3) 

7 (16.7) 

15 (35.7) 

2 (4.8) 

4 (9.5) 

 

16 (31.4) 

6 (11.8) 

17 (33.3) 

8 (15.7) 

4 (7.8) 

 

- 

- 

- 

- 

- 

 

- 

- 

- 

- 

- 

irAEs 

   Grade >3 

   Grade <3 

   Unknown 

 

9 (21.4) 

28 (66.7) 

5 (11.9) 

 

7 (13.4) 

44 (86.3) 

- 

 

2 (15.4) 

11 (84.6) 

- 

 

3 (20) 

12 (80) 

- 

 

Supplementary Table S2: The table shows the clinical outcome measures for separate patient groups 

after treatment of pembrolizumab, stratified by tumor type. Best overall response (BOR) evaluation 

was performed by RECIST v1.1. Abbreviations: non-small cell lung cancer (NSCLC), malignant pleural 

mesothelioma (MPM), urothelial cell carcinoma (UCC), standard error (SE), number (n), progression-

free survival (PFS), overall survival (OS), progressive disease (PD), stable disease (SD), partial response 

(PR), complete response (CR), non-evaluable by RECIST v1.1 (NE). aThe mean (SD of the mean) was 

shown, as the median OS was not reached for this group. 
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Supplementary Table S3. Parameter estimates 

 Covariate effect on CL Covariate effect on V 

Estimates dOFV Estimates dOFV 

Categorical variables     

Female vs. male 0.72 -16.4*** 1.02 -0.03 

Melanoma 0.89 -2.22 1.08 -0.78 

MPM 1.26 -3.31 0.51 -20.9*** 

UCC  1.28 -4.86* 1.02 -0.01 

NSCLC 0.94 -0.56 1.17 -2.90 

SCLC 0.42 -4.12* 1.02 -0.002 

Continuous variables     

Age (yr) -0.11 -0.26 -0.28 -1.75 

Body Weight (kg) 0.70 -15.74*** 0.28 -1.61 

Body Surface Area (m2) 1.38 -19.43*** 0.33 -0.68 

Creatinine (μmol/L) 0.188 -2.72 0.20 -2.04 

CKD (mL/min) -0.04 -0.11 0.13 -0.62 

Total Protein (g/L) 0.46 -0.76 -0.74 0.75 

Albumine (g/L) -1.22 -10.45*** -0.72 -1.98 

LDH (U/L) 0.002 -0.001 0.39 -20.9*** 

 

Supplementary Table S3: Effect and estimate of the individual categorical and continuous covariates 

when implemented on the CL and V of the structural model. * p < 0.05; ** p < 0.01; *** p < 0.001.  

Abbreviations: change in objective function value (dOFV), non-small cell lung cancer (NSCLC), 

mesothelioma (MPM), urothelial cell carcinoma (UCC), body surface area (BSA), CKD-EPI renal 

clearance (CKD), lactate dehydrogenase (LDH).  
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Supplementary Table S4. Correlation of LDH with volumetric tumor burden and peripheral PD-1 

expression on lymphocytes 

Parameter  Test variables   

  Volumetric tumor 

burden 

Fraction PD-1 positive 

CD4 lymphocytes 

Fraction PD-1 positive 

CD8 lymphocytes 

LDH levels Pearson correlation 0.63 0.19 -0.56 

 P-value (2-sided) 0.001** 0.38 0.005** 

 N 24 24 24 

 

Supplementary Table S4: Correlation matrix of lactate dehydrogenase (LDH) levels at baseline versus 

volumetric tumor burden, the fraction PD-1 positive CD4 T cells and the fraction PD-1 positive CD8 T 

cells (peripheral). The volumetric tumor burden of all primary or metastatic lesions was determined in 

a separate cohort of 24 stage IV NSCLC patients, as previously reported. Pearson correlation test was 

performed, significance of <0.01 was indicated by **. 
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Supplementary Table S5.  

 

irAEs 

 

Grade 3 

n 

Grade 4 

n 

 

(%) 

Gastrointestinal toxicity 

Immune-related skin toxicity 

Immune-related endocrinopathies 

Immune-related hepatotoxicities 

Immune-related pneumonitis 

Neurological toxicity 

Renal toxicity 

Rheumatological toxicity 

9 

4 

2 

3 

3 

1 

1 

1 

- 

- 

1 

- 

- 

- 

- 

- 

(36) 

(16) 

(12) 

(12) 

(12) 

(4) 

(4) 

(4) 

 

Supplementary Table S5: A total of 21 patients (17%) had grade 3 or 4 immune-related adverse 

events (irAEs). As more than one irAE may be reported for an individual patient, a total of 25 irAEs 

were reported, the majority being gastrointestinal toxicity.
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Appendix I. Syntax of PK model for pembrolizumab 

Appendix I:  

$PROBLEM PK model Pembrolizumab 

 

$INPUT   

  CENSOR  

  ID  

  DROP  

  TIME  

  TAD 

  AMT  

  RATE  

  DV  

  EVID  

  MDV 

  AGE 

  HT 

  WT 

  BSA 

  GNDR 

  CYCLE 

  TVS=DROP 

  CREAT 

  CKD 

  TPRO 

  ALB 

  LDH 

  LEU 

  TMR 

   

$DATA pembro_db_140420.CSV IGNORE=C  

 

$SUBROUTINES  

  ADVAN1 TRANS2  ; 1-compartment iv data 

 

$PK 

 

  ; Flags for different tumor types for implementation into covariate analysis 

  FLAG1 = 0 

  FLAG2 = 0 

  FLAG3 = 0 

  FLAG4 = 0 

  FLAG5 = 0 

  FLAG6 = 0 

 

  IF(TMR.EQ.1)FLAG1 = 1     ; Melanoma 

  IF(TMR.EQ.2)FLAG2 = 1     ; Mesothelioma 

  IF(TMR.EQ.3)FLAG3 = 1     ; NSCLC 
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  IF(TMR.EQ.4)FLAG4 = 1     ; SCLC 

  IF(TMR.EQ.5)FLAG5 = 1     ; UCC 

  IF(TMR.EQ.6)FLAG6 = 1     ; Unknown  

 

  ; Continuous covariates centered around median. Missing values replaced by median. 

  IF(BSA.EQ.-99) THEN  

 BSAX = 1.96 

  ELSE 

 BSAX = BSA 

  ENDIF 

   

 IF(WT.EQ.-99) THEN  

 WTX = 80 

  ELSE 

 WTX = WT 

  ENDIF 

   

  IF(ALB.EQ.-99) THEN  

 ALBX = 43 

  ELSE 

 ALBX = ALB 

  ENDIF 

   

  IF(LDH.EQ.-99) THEN  

 LDHX = 78 

  ELSE 

 LDHX = LDH 

  ENDIF 

   

  TVCL = THETA(3)* (BSAX/1.96)**THETA(6)* (ALBX/43)**THETA(7)* THETA(9)**FLAG5 

  CL = TVCL*EXP(ETA(1)) 

 

  TVV = THETA(4) * THETA(5)**FLAG2* (LDHX/78)**THETA(8)   V = TVV* EXP(ETA(2)) 

 

  S1 = V  

 

$THETA    

  (0, 0.15)  ;1 prop 

  (0 FIX)   ;2 add 

  (0, 0.01)   ;3 CL 

  (0, 7)     ;4 V 

  (-1, 1)  ;5 Meso 

  (-1, 1)  ;6 BSA 

  (-10, 1) ;7 ALB 

  (-1, 1)  ;8 LDH  

  (-1, 1)  ;9 UCC 

   

$OMEGA BLOCK(2) 

  0.03       ; IIV-CL 

  0.01 0.03   ; IIV-V 

 

$SIGMA 
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  1 FIX   

 

$ERROR    

  IPRED = F 

  IRES = DV-IPRED 

  W = IPRED*THETA(1)+THETA(2) 

  IF (W.EQ.0) W = 1 

  IWRES = IRES/W 

  Y= IPRED+W*ERR(1) 

 

$EST METHOD=1 MAXEVAL=99999 SIG=3 PRINT=5 NOABORT POSTHOC INTERACTION  

$COV PRINT=E UNCONDITIONAL 
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