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Abstract
Liposomal irinotecan is a liposomal formulation of irinotecan, which prolongs circu-
lation of irinotecan and its active metabolite SN- 38. A population pharmacokinetic 
(PK) model was developed based on data from seven studies (N = 440). Adequacy of 
the model was assessed using multiple methods, including visual predictive check. 
Associations between PK exposure and  the  incidence of diarrhea  (grade ≥3) and 
neutropenia adverse events  (AEs)  (grade ≥3) at  first event  in patients with meta-
static pancreatic ductal adenocarcinoma (mPDAC) were investigated using logistic 
regression based on data from two studies (the phase III NAPOLI- 1 [N = 260] and 
phase I/II NCT02551991 [N = 56] trials). The PKs of total irinotecan was described 
by a two- compartment model with first- order elimination, with SN- 38 formed di-
rectly by a first- order constant from the central compartment of irinotecan or after 
using a transit compartment. Clearance was 17.9 L/week (0.107 L/h) and 19,800 L/
week (118 L/h) for total irinotecan and SN- 38, respectively. The UGT1A1*28 7/7 ho-
mozygous genotype had no significant impact on SN- 38 clearance. Model evaluation 
was satisfactory for both irinotecan and SN- 38. The incidence of diarrhea (grade ≥3) 
at first event was significantly higher with increasing average concentrations of total 
irinotecan and SN- 38; there was no significant association between an increased risk 
of neutropenia AEs (grade ≥3) at first event and average SN- 38 concentrations. In 
summary, the PKs of total irinotecan and SN- 38 after administration of liposomal 
irinotecan were well- described by the model. The UGT1A1*28 status had no signifi-
cant impact on the PKs of liposomal irinotecan.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Liposomal  encapsulation  prolongs  the  circulation  of  irinotecan  and  its  active 
metabolite SN- 38, and previous population pharmacokinetic (PK) analyses have 
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INTRODUCTION

Worldwide,  pancreatic  cancer  is  the  seventh  most  com-
mon  cause  of  cancer- related  death  and  remains  an 
exception  to  the  general  trend  for  improvements  in 
cancer- related  mortality.1,2  Current  recommendations 
for  the  first- line  (1L)  treatment  of  metastatic  pancreatic 
cancer  include gemcitabine- based therapy and, more re-
cently, the FOLFIRINOX regimen (5- fluorouracil [5- FU]/
folinic acid [leucovorin (LV)]/irinotecan/oxaliplatin).3,4

Liposomal  irinotecan  (ONIVYDE;  historical  names  in-
clude nal- IRI, MM- 398, and PEP02),  in combination with 
5- FU/LV,  is a  recommended  treatment option  for patients 
with metastatic pancreatic ductal adenocarcinoma (mPDAC) 
following  progression  with  gemcitabine- based  therapy, 
based on the results of the phase III NAPOLI- 1 trial.4,5 The 
active drug, irinotecan, and its metabolite, SN- 38, which is 
100-  to 1000- fold more active than irinotecan, bind revers-
ibly to the topoisomerase 1 DNA complex and prevent re- 
ligation of the single- strand breaks, causing double- strand 
DNA  damage  and  preventing  replication,  thereby  arrest-
ing  uncontrolled  cell  growth.6– 8  SN- 38  is  cleared  via  glu-
curonidation in the liver, primarily by the enzyme uridine 
diphosphate  glucuronosyltransferase  1A1  (UGT1A1),  and 
then by biliary excretion.6,7 Studies in patients treated with 
non- liposomal irinotecan suggest that UGT1A1*28 7/7 ho-
mozygosity (prevalence, 13% and 5% in the White and Asian 

populations, respectively9) is associated with increased SN- 
38 concentrations, which are linked to higher incidence of 
hematological toxicity than other genotypes, and that these 
associations are dose- dependent.10– 13

With liposomal irinotecan, a lipid bilayer vesicle encap-
sulates  irinotecan,  protecting  it  from  hydrolysis  and  rapid 
metabolic  conversion,  leading  to  prolonged  systemic  cir-
culation.14  In a re- analysis of data  from a phase II  trial  in 
patients with gastric cancer, the geometric mean irinotecan 
maximum  plasma  concentration  (Cmax),  area  under  the 
plasma concentration– time curve (AUC), and half- life were 
13.4, 46.2, and  two times higher,  respectively, with  liposo-
mal irinotecan 100 mg/m2 free base (120 mg/m2 irinotecan 
hydrochloride  trihydrate)  every  3  weeks  compared  with 
non- liposomal irinotecan 260 mg/m2 free base (300 mg/m2 
irinotecan hydrochloride trihydrate) every 3 weeks.15 The li-
posomal formulation also facilitates targeted delivery of the 
drug to solid tumors. In mouse pancreatic tumor models, li-
posomal irinotecan improved delivery of the active drug to 
tumors, compared with non- liposomal irinotecan, and was 
taken up by  tumor- resident macrophages and  tumor/stro-
mal cells and locally converted to SN- 38.16,17 Furthermore, 
DNA damage was mostly observed in tumor cells, including 
those  outside  of  the  liposomal  deposition  area,  with  only 
minimal DNA damage and apoptosis in non- tumor cells.16,17

In the phase III trial, NAPOLI- 1 (NCT01494506), lipo-
somal  irinotecan  +  5- FU/LV  significantly  increased  both 

identified the main covariates affecting the PK profile. Irinotecan and SN- 38 were 
characterized by two independent population PK models with the assumption of 
encapsulated and unencapsulated SN- 38 based on in vitro data for the metabolite.
WHAT QUESTION DID THIS STUDY ADDRESS?
This  study  aimed  to  improve  characterization  of  liposomal  irinotecan  PKs  by 
developing a joint parent- metabolite model in 440 patients and identify covari-
ates (including, for the first time, oxaliplatin co- administration) that affect total 
irinotecan (encapsulated and unencapsulated) and SN- 38 exposure. The associa-
tions  between  estimated  PK  exposure  metrics  and  key  safety  endpoints  (grade 
≥3 diarrhea and neutropenia adverse events  [AEs])  in patients with metastatic 
pancreatic ductal adenocarcinoma (mPDAC) were also investigated.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This study confirms that UGT1A1*28 status had no significant impact on the PKs 
of liposomal irinotecan. In patients with mPDAC (first line or second line), there 
were significant associations between total  irinotecan and SN- 38 exposure and 
diarrhea (grade ≥3), but not between SN- 38 exposure and neutropenia AEs (grade 
≥3). Oxaliplatin co- administration seems to have an impact on both total irinote-
can and SN- 38 exposures.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
There is insufficient evidence to suggest a need for dose adjustments of liposomal 
irinotecan based on UGT1A1*28 genotype, similar to low doses of non- liposomal 
irinotecan.
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median  overall  survival  and  progression- free  survival 
compared  with  5- FU/LV  alone  in  patients  with  mPDAC 
that had progressed after previous gemcitabine- based ther-
apy.18,19  The  most  common  treatment- emergent  adverse 
events (AEs) of grade 3 or greater liposomal irinotecan + 
5- FU/LV in the final analysis of NAPOLI- 1 were neutrope-
nia (32%, which also included decreased neutrophil count, 
neutropenic sepsis, and febrile neutropenia), fatigue (14%), 
diarrhea (13%), and vomiting (12%).19 One- year follow- up 
data from a phase I/II dose- exploration and dose- expansion 
trial (NCT02551991) of 1L liposomal irinotecan + 5- FU/LV 
+ oxaliplatin in patients with mPDAC who had not previ-
ously received treatment in the advanced/metastatic setting 
showed that treatment- emergent AEs of grade 3 or greater 
were reported in 22 of 32 patients (68.8%), with neutrope-
nia being the most common (31.3%).20

A population pharmacokinetic (PK) model was previ-
ously developed in order to describe the PKs of liposomal 
irinotecan  and  SN- 38  independently  and  to  assess  asso-
ciations  between  derived  PK  parameters  and  safety  out-
comes.15 In the present study, this model was re- assessed 
by  jointly  analyzing  concentrations  of  total  irinotecan 
(encapsulated  and  unencapsulated)  and  SN- 38  with  the 
inclusion  of  data  from  the  phase  I/II  1L  mPDAC  dose- 
exploration  and  dose- expansion  trial.  The  associations 
between post hoc estimated PK exposure metrics and key 
safety endpoints (grade ≥3 diarrhea and grade ≥3 neutro-
penia AEs at first event) in the NAPOLI- 1 and phase I/II 
1L mPDAC trials were also investigated.

METHODS

Study data

The  population  PK  analysis  was  based  on  data  from 
seven  clinical  trials,  including  the  phase  III  NAPOLI- 1 
trial  (NCT01494506),  the  phase  I/II  1L  mPDAC  study 
(NCT02551991), and five phase I/II studies in patients with 
solid  tumors  (PEP0201,  NCT02884128,  NCT00813072, 
NCT00940758,  and  NCT01770353;  Table  1).  The  design, 
patient  population,  and  results  for  each  of  these  stud-
ies  have  been  described  previously.6,19– 25  The  exposure– 
safety analyses were based on a subset of data focused on 
patients  with  mPDAC  from  the  NAPOLI- 1  trial  and  the 
phase I/II 1L mPDAC study.

The timing and frequency of PK sampling varied among 
the  seven  studies,  with  samples  collected  at  between  four 
and 13  time points, and up  to 8 or 15 days postdose or at 
end of treatment (Table 1). Plasma samples were analyzed to 
determine concentrations of total (encapsulated and unen-
capsulated)  irinotecan and SN- 38 using validated,  specific, 
and  sensitive  liquid  chromatography−mass  spectrometry 

methods, with lower limits of quantification (LLOQs) varying 
between analytes and within and across studies (0.002– 1 µg/
mL for irinotecan and 0.441– 1 ng/mL for SN- 38).

Data  management  procedures  were  performed  using 
SAS  (version  9.4;  SAS- Institute)  and  R  (versions  3.5.2 
and  3.5.3;  R  Development  Core  team,  Foundation  for 
Statistical Computing). The population PK analysis data 
set  included  full  study  data  from  all  seven  studies  and 
contained  both  parent  (irinotecan)  and  metabolite  (SN- 
38) plasma concentration data  in mass and molar units, 
patient  characteristics,  and  additional  relevant  covari-
ates.  Patient  characteristics  and  covariates  are  shown  in 
Table S1. Actual concentrations of total irinotecan, as the 
free base (molecular weight of 586.678 g/mol), were used.

Population PK model development

Prior to model development, the PK data were explored by 
visually inspecting the following profiles/plots created using 
R (version 3.5.3): dose- normalized concentration– time pro-
files of total irinotecan and SN- 38, overall and stratified by 
study; percentage of data below the LLOQ for each analyte, 
overall  and  by  study;  incidence  of  categorical  covariates 
(i.e., gender, race, liver metastasis at baseline, UGT1A1*28 
genotyping,  manufacturing  site,  and  tumor  location  at 
baseline) via bar charts, overall and by study; distribution 
of  continuous  covariates  (i.e.,  weight,  body  surface  area, 
age,  creatinine  clearance,  and  alanine  aminotransferase 
[ALT], aspartate transaminase [AST], albumin, and biliru-
bin levels) via histograms, overall and by study; and poten-
tial  correlations  among  covariates.  Exploratory  graphical 
evaluations of the data were performed to detect outlier ob-
servations or individuals, to guide the selection of an initial 
structural model, and to identify important features to be 
considered in the development of the base model.

PK  data  were  analyzed  using  nonlinear  mixed  effects 
modeling  (NONMEM)  software  (version  7.4.1;  ICON 
Development Solutions), running under PsN (Perl- speaks- 
NONMEM) 4.8.1 on a grid of CentOS Linux servers, and the 
Intel  Fortran  compiler,  version  12.0.4  (Intel  Corporation). 
Graphical analysis was performed using R.

PK parameters  for  total  irinotecan and SN- 38  follow-
ing  liposomal  irinotecan  administration  were  estimated 
jointly using NONMEM. The first- order conditional esti-
mation method with the INTERACTION option was used 
for all model runs.

Base model

Two-   and  three- compartment  linear  disposition  models 
were investigated for total irinotecan, which was assumed 
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to  be  converted  into  SN- 38.  One-   and  two- compartment 
linear  disposition  models  were  investigated  for  SN- 38, 
with part of irinotecan total elimination clearance forming 
SN- 38. The central volume of distribution of SN- 38 had to 
be assumed equal to the central volume of distribution of 
irinotecan to prevent identifiability issues. Interindividual 
variability (IIV) was modeled assuming a log- normal dis-
tribution for patient- level random effects (equation is pro-
vided in the Supplementary Material).

Residual unexplained variability  (RUV) was  tested as 
additive,  proportional,  or  combined  (additive  +  propor-
tional) on the dependent variable (equation for the com-
bined RUV is provided in the Supplementary Material).

Correlations  among  the  IIV  of  various  parameters 
were also investigated by including additional off- diagonal 
 elements  to  the  OMEGA  (Ω)  matrix  to  test  correlation 
 between random effects.

For hierarchical (or nested) models, the significance of 
adding  or  removing  a  parameter  was  assessed  using  the 
likelihood  ratio  test  (LRT).  For  non- nested  models,  the 
Akaike  information  criterion  (AIC)  and/or  the  Bayesian 
information criterion (BIC) were used to compare models 
following the principle that the lower the AIC and/or BIC, 
the better the model.

Covariate model building

Covariate analysis was conducted to explain the variability 
in  total  irinotecan and SN- 38 concentrations. Covariates 
examined  included:  the continuous covariates age, body 
size (body weight, height, body mass index, or body sur-
face area), dose, liver function tests (e.g., ALT, AST, bili-
rubin,  and  albumin),  and  creatinine  clearance;  and  the 
categorical covariates gender,  race,  concomitant  therapy 
(i.e., 5- FU/LV and oxaliplatin), and UGT1A1*28 polymor-
phism. A stepwise covariate model- building approach was 
applied to the final base joint PK model using an iterative 
addition and deletion model selection strategy, based on 
the LRT (p forward = 0.05 and p backward = 0.005).

Continuous covariates were included in the population 
PK model as power functions, whereas categorical covari-
ates were implemented as factors (equation is provided in 
the Supplementary Material).

Final model

Following completion of the covariate model building, fur-
ther  model  refinements  were  evaluated.  These  included 
evaluation  of  the  residual  error  structure,  assessment  of 
off- diagonal elements of the Ω block to check the need for 
all included correlations, and a last attempt to account for 

data  below  the  LLOQ  for  both  analytes.  Initially,  below 
limit  of  quantification  (BLOQ)  samples  were  excluded 
from the analysis (M1 method). However, there are some 
instances  in  which  their  exclusion  can  bias  PK  param-
eter estimates (e.g.,  if the proportion of BLOQ samples is 
high). Therefore, initial models were also evaluated to in-
clude BLOQ samples and the likelihood methodology (i.e., 
“M3”26,27) was used. With the M3 method, the likelihood 
is maximized for all the data considering different LLOQ 
values across studies and the BLOQ data are treated as cen-
sored. The impact of including the BLOQ samples on the 
overall goodness- of- fit (visual predictive check [VPC]) and 
parameter estimates was assessed.

Model evaluation

In  accordance  with  industry  guidelines,28,29  the  perfor-
mance  of  the  final  population  PK  model  was  evaluated 
using  several  methods,  including  goodness- of- fit  plots, 
prediction- corrected VPCs (pcVPCs), and uncertainty as-
sessment of PK parameter estimates.28– 30

The goodness- of- fit plots comprised: observed concen-
trations  versus  population- predicted  concentrations  and 
individual- predicted  concentrations,  with  line  of  iden-
tity and trend line; conditional weighted residuals versus 
population- predicted  concentrations,  with  zero  line  and 
trend line; and conditional weighted residuals versus time 
after dose, with zero line and trend line. Based on the pop-
ulation  PK  parameter  estimates  of  the  final  population 
PK model, time profiles of concentrations of the analytes 
were simulated  in 1000 replicates. Within each bin, 95% 
prediction intervals of the 2.5th, 50th, and 97.5th percen-
tiles  of  simulated  concentrations  were  computed  across 
the 1000 replicates and compared with the 2.5th, 50th, and 
97.5th percentiles of observed concentrations.

Finally, the robustness of the final population PK model 
was  evaluated  by  a  nonparametric  bootstrap  procedure. 
This model evaluation consisted of repeatedly fitting the 
model to 1000 data sets replicated by randomly sampling 
individual  patient  data  (including  concentration– time 
data,  dosing  history,  and  covariates)  with  replacement 
from  the  original  analysis  data  set.  Parameter  estimates 
obtained  from  the  original  dataset  were  compared  with 
the median and 95% confidence intervals derived from a 
bootstrap based on 1000 replicated data sets.

Drug exposure derivation

The  final population PK model was used  to derive  indi-
vidual PK parameters. Maximum concentration at steady 
state (Cmax,ss), Cmax at first AE, AUC at steady- state during 
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the dosing interval (AUCss,tau) and AUCtau at first AE were 
derived from noncompartmental analysis applied to con-
centration  simulated  at  steady  state  or  at  first  AE  using 
the final population PK model, by considering individual 
PK primary parameters and by applying simulation time 
steps (0, 0.5, 1, 1.5, 2.5, 5.5, 12, 24, 48, 72, 96 to 144, 192, 
240, 288, 336, 384, 432, 480, and 504 h). The dosing inter-
val (tau) could be once every 2 or 3 weeks, depending on 
the study. Average concentration (Cavg) was calculated as 
the ratio between AUCss,tau or AUCtau at first AE and the 
relative dosing interval (tau). These parameters were then 
used for the exposure– safety analyses.

Exposure– safety analyses

Logistic regression analyses were conducted to assess the re-
lationship between exposure and the two safety end points, 
diarrhea (grade ≥3) and neutropenia AEs (grade ≥3), for all 
patients  receiving  liposomal  irinotecan- based  regimens, 
in the NAPOLI- 1 trial and the phase I/II 1L mPDAC trial. 
Neutropenia AEs were defined as neutropenia, decreased 
neutrophil  count,  and  febrile  neutropenia  (umbrella  ap-
proach).  Only  the  earliest  event  (if  any)  for  each  patient 
and each endpoint was reported in the logistic regression 
analysis data set. Both data sets were then enriched with all 
the covariates included in the population PK data set.

The relationships between Cavg at steady state (Cavg,ss) 
or Cavg at first AE for total irinotecan and SN- 38 and the 
probability  of  diarrhea  (grade ≥3)  and  neutropenia  AEs 
(grade ≥3) at first event were assessed with the logistic re-
gression models and the glm function in R, as performed 
in a previous analysis.17 The alternative exposure param-
eters  (Cmax,ss  or  Cmax  at  first  AE)  were  also  considered. 
Logistic regression models were each time applied to ex-
posure  metrics  or  log- transformed  exposure  metrics  in 
order to improve handling of a wide number of exposure 
metrics.

RESULTS

Observed data

For the PK analysis, data were available for a total of 440 
patients  from  seven  studies  (Table  1).  These  patients  re-
ceived liposomal irinotecan at dose regimens ranging from 
35 mg/m2 free base (40 mg/m2 irinotecan hydrochloride tri-
hydrate) every 2 weeks to 156 mg/m2 free base (180 mg/m2 
irinotecan hydrochloride trihydrate) every 3 weeks. Overall, 
51% (226/440) of patients were men and 35% (154/440) of 
patients were Asian. The incidence of the UGT1A1*28 ho-
mozygous 7/7 genotype was 6.1% across all studies.

Overall,  there  were  5735  observations:  2879  for  total 
irinotecan and 2856 for SN- 38, of which 23% and 25% of 
values,  respectively,  were  below  the  LLOQ;  16  observa-
tions (9 for total irinotecan and 7 for SN- 38) corresponded 
to  unexpected  quantifiable  predose  levels  and  were  ex-
cluded.  The  remaining  1887  and  1827  observations  for 
total  irinotecan  and  SN- 38,  respectively,  were  included 
in  the  population  PK  model.  Exploratory  plots  of  total 
irinotecan  and  SN- 38  plasma  concentration– time  pro-
files normalized by actual doses are presented by  study 
in Figure S1.

Population PK model and 
derived parameters

Initially,  irinotecan  alone  (molar  unit)  was  modeled  to 
identify the best base structural model between two and 
three compartments: a two- compartment structural model 
was more stable and was statistically more significant than 
a three- compartment model. A joint model of irinotecan 
and SN- 38 (both  in molar units) was explored assuming 
two compartments for irinotecan and exploring whether 
one  or  two  compartments  were  needed  for  SN- 38.  One 
compartment was selected for SN- 38. Several approaches 
were implemented to try to capture the multiple peaks in 
SN- 38. The Adiwijaya model,15 which added an impurity 
term to account  for  the quick peak  in  the SN- 38 profile, 
was investigated without success, affecting the structural 
model  of  irinotecan.  An  enterohepatic  recycling  model 
and a model fixing the fraction of irinotecan converted to 
SN- 38 (0.15)31 were  tested but both had poor  fitting and 
parameter estimates. The  final population PK model  for 
total irinotecan after administration of liposomal irinote-
can comprised two compartments for irinotecan and one 
compartment for SN- 38, with linear transformation of par-
ent  to  metabolite  through  two  metabolic  pathways:  one 
direct  with  a  first- order  constant  from  the  central  com-
partment of irinotecan (9%) and one delayed via a transit 
compartment  (35%;  Figure  1).  Considering  M3  methods 
with  the  base  model  (without  covariates),  no  impact  on 
goodness- of- fit  plots  and  parameter  estimates  were  ob-
served except a large increase in relative standard errors 
and  model  instability  compared  with  the  M1  method 
(i.e., a lower rate of successful minimizations and covari-
ance steps). Additional VPCs for the model using the M3 
method were performed by considering the proportion of 
BLOQ  samples.  Because  LLOQ  values  differed  between 
studies, VPCs were split by LLOQ values. For irinotecan, 
considering the highest LLOQ value (1 μg/mL), the pro-
portion of predicted BLOQ samples was higher than the 
observed number of BLOQ samples  (Figure S2). A  table 
comparing  the  base  model  with  M1  and  M3  methods 
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is  provided  in  the  Supplementary  Material  (Table  S2). 
Owing to the large residual standard error (RSE; >1000%) 
obtained with the run using the M3 method, no statistical 
differences were found for all fixed parameters (except for 
total irinotecan clearance [CLP]). The high RSE values of 
the distribution parameters  for  irinotecan obtained with 
the  M3  method  suggested  that  irinotecan  should  be  de-
fined by one compartment. However,  this  is not aligned 
with the two compartments found when irinotecan data 
were  first  analyzed,  or  with  data  reported  in  the  litera-
ture.31  Thus,  owing  to  the  lack  of  accuracy  of  estimates 
in NONMEM (even after trying several reruns by chang-
ing initial estimates using the “retries” function in Psn), it 
was decided  to continue covariate model building  (step-
wise covariate modeling process) without retaining BLOQ 
samples by applying the M1 method.

Total  irinotecan clearance was estimated at 17.9 L/week 
and was 20% higher in Asian patients than in individuals of 
other ethnicities (Table 2). Central and peripheral volumes of 
distribution were 4.09 L and 0.421 L, respectively, and distri-
bution of the total irinotecan volume increased with increas-
ing body surface area. Clearance of SN- 38 was estimated to be 
19,800 L/week; high bilirubin levels were associated with low 
SN- 38 clearance. Clearances of both total irinotecan and SN- 
38 were 20% lower in women than in men. Co- administration 
of oxaliplatin was associated with an increase in clearance of 
total irinotecan of ~34% and a decrease of equivalent magni-
tude in clearance of SN- 38. Drug manufacturing site (previous 
site vs. current site) was associated with a 37.6% increase in 
the fraction of  liposomal  irinotecan elimination feeding the 

transit compartment, a 12.8% decrease  in  irinotecan central 
volume of distribution, and a 51.5% increase in irinotecan total 
elimination clearance. Liposomal irinotecan manufactured at 
the previous site was used in phase I studies conducted before 
2012; liposomal irinotecan manufactured at the current site 
was used in all pivotal studies (e.g., NAPOLI- 1 and phase I/II 
1L mPDAC study).

There  was  no  significant  association  between 
UGT1A1*28  polymorphism  (homozygous  7/7  vs.  oth-
ers) and SN- 38 clearance based on the LRT. Box plots of 
SN- 38  clearance  by  UGT1A1*28  polymorphism  (homo-
zygous 7/7 and others) are shown in Figure 2. The final 
NONMEM code is available in Supplementary Materials.

Model evaluation

Goodness- of- fit  plots  for  the  final  model  were  in  line 
with  expectations  and  confirmed  the  appropriateness  of 
the  selected  model  for  both  total  irinotecan  and  SN- 38 
(Figure S3). Relative standard errors for all model param-
eters were below 50%, indicating good precision.

The  pcVPCs  were  satisfactory  for  both  total  irinote-
can and SN- 38, and were considered to describe the vari-
ability well overall (Figure 3 and Figure S4) and by study 
(Figure  S5).  However,  it  appeared  that  the  model  did 
not  properly  describe  the  high  concentrations  of  SN- 38, 
mainly in the fifth percentile. Of the 1000 bootstrap runs, 
721 minimized successfully; all parameter estimates from 
the model were consistent with the relative median values 
and fell within 95% confidence intervals of the bootstrap 
parameter  estimates,  indicating  robustness  and  stability 
of the model (Table S3). Thus, the model was considered 
acceptable for its intended purpose, which was to predict 
exposures  in  patients  with  mPDAC  for  the  exposure– 
safety analyses. Caution is required regarding the risk of 
underprediction of SN- 38 Cmax.

Exposure– safety analyses

The  data  set  for  exposure– safety  analyses  included  316 
patients (260 from NAPOLI- 1 and 56 from the phase I/II 
1L mPDAC study) and 316 observations. For each safety 
parameter  examined,  no  difference  was  found  between 
Cmax,ss and Cmax at first AE; the same was observed for Cavg 
as detailed in the Supplementary Material (Figures S6 and 
S7).  Thus,  only  derived  exposure  metrics  at  steady  state 
are presented  in  this analysis. Additional  logistic regres-
sion plots are also provided in the Supplementary Material 
comparing  exposure  metrics  and  log- transformed  expo-
sure metrics (Figures S8– S15). The same conclusions were 
obtained from both approaches.

F I G U R E  1  Structural population PK model for irinotecan 
and SN- 38 after administration of liposomal irinotecan. CLM, 
SN- 38 clearance; K, irinotecan total clearance/irinotecan central 
volume; FM1, fraction of irinotecan metabolized via first- order 
process; FM1*K, fraction of total clearance to SN- 38 (first- order); 
FM2, fraction of irinotecan metabolized via transit; FM2*K, 
fraction of total clearance to SN- 38 (transit); (1 –  FM1 –  FM2)*K, 
fraction of total clearance not transformed to SN- 38; KFM, rate 
of transformation after delay; PK, pharmacokinetic; Q13, inter- 
compartmental clearance; VP1, irinotecan central volume; VP3, 
irinotecan peripheral volume; VM2, SN- 38 central volume (fixed to 
VP1); VM4, transit compartment
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Diarrhea

Overall, 17.7% of patients experienced diarrhea AEs (grade 
≥3) at first event (16.9% and 21.4% in the NAPOLI- 1 and 
phase I/II 1L mPDAC studies, respectively).

There  were  statistically  significant  exposure– safety 
relationships between the log- transformed Cavg for both 
total  irinotecan  and  SN- 38  and  the  probability  of  diar-
rhea AEs (grade ≥3) at first event (odds ratio [OR] 8.70, 
p  =  0.001  for  total  irinotecan;  OR  7.30,  p  =  0.013  for 

T A B L E  2   Estimated population PK parameters from the final model

Parameter Estimate RSE, % IIV (% CV) RSE, % of variance

Irinotecan total clearance, L/week 17.9 5.14 0.545 (85.2) 11

Asian racea 1.204 44.6

Manufacturing sitea 1.515 27.9

Gendera 0.799 23.5

Oxaliplatin administrationa 1.339 28.1

Irinotecan central volume, L 4.09 2.23 0.066 (26.1) 27.5

Body surface areab (BSA/1.71)0.573 17.9

Manufacturing sitea 0.872 29.4

Gendera 0.886 22.9

Fraction of delayed irinotecan total rate of elimination 0.629 23.4 0.188 (45.4) 26.4

Manufacturing sitea 1.376 41

Fraction of direct irinotecan total rate of elimination 0.152 22.4 0.928 (124) 10.9

Irinotecan inter- compartmental clearance, L/week 1.35 28.6

Irinotecan peripheral volume, L 0.421 22.6

SN- 38 total clearance, L/week 19,800 12.8 0.126 (36.6) 13.6

Bilirubinb (BIL/0.41)−0.266 17.5

Creatinine clearanceb (CrCL/85.04)0.25 28.7

Gendera 0.802 20.3

Oxaliplatin administrationa 0.656 14.1

Rate of transformation after delay, 1/week 2 5.1 0.135 (38) 29.1

Covariance (correlation) between irinotecan total 
clearance and fraction of direct transformation

−0.558 (−0.785) 12

Covariance (correlation) between irinotecan total 
clearance and central volume

0.117 (0.617) 17.8

Covariance (correlation) between irinotecan central 
volume and fraction of direct transformation

−0.103 (−0.416) 24.4

Residual error

Proportional error on irinotecan 0.243 (CV, 24.3%) 6.25

Proportional error on SN- 38 0.291 (CV, 29.1%) 5.23

Correlation between irinotecan and SN- 38 errors 0.323 26.4

Abbreviations: BIL, bilirubin; BSA, body surface area; CrCL, creatinine clearance; CV, coefficient of variation; IIV, interindividual variability; PK, 
pharmacokinetic; RSE, relative standard error.
aCategorical covariates
bContinuous covariates: irinotecan total clearance, i = 17.9 × 1.204Asian × 1.515Manufacturing site × 0.799Gender × 1.339Oxaliplatin coadministration

irinotecan central volume, i=4.09 ×

(

BSA, i

1.71

0.573
)

×0. 872Manufacturing site×0. 886Gender

fraction of delayed irinotecan total rate of elimination, i = 0.629 × 1.376Manufacturing site

fraction of direct irinotecan total rate of elimination, i = 0.152
irinotecan inter- compartmental clearance, i = 1.35
irinotecan peripheral volume, i = 0.421
SN−38 total clearance, i=19, 800×

(

BIL, i

0.41

−0.266
)

×

(

CrCL, i

85.04

0.25
)

×0. 802Gender×0. 656Oxaliplatin coadministration



1558 |   BRENDEL et al.

SN- 38),  with  increasing  exposure  associated  with  in-
creasing  probability  of  an  event  (Figure  4).  In  equiva-
lent  exposure– safety  analyses  using  Cmax,  there  was  a 

significant  association  between  total  irinotecan  Cmax 
and  the  probability  of  diarrhea  AEs  (grade ≥3)  at  first 
event.  However,  the  association  between  SN- 38  Cmax 
and  the probability of diarrhea AEs (grade ≥3) did not 
reach statistical significance.

Neutropenia AEs (neutropenia, decreased 
neutrophil count, and febrile neutropenia)

At least one neutropenia AE (grade ≥3) at first event was 
reported  for  24.7%  of  patients  overall  and  for  20.8%  and 
42.9% of patients  from  the NAPOLI- 1 and phase  I/II 1L 
mPDAC studies, respectively.

The  probability  of  neutropenia  AE  (grade  ≥3)  at 
first  event  decreased  with  increasing  exposure  to  total 
irinotecan,  and  the  exposure– safety  relationship  was 
statistically  significant  (total  irinotecan  log10  Cavg  as  a 
predictor: OR 0.33, p = 0.012; Figure 5a). In the equiva-
lent analysis for SN- 38, there was no statistically signif-
icant  exposure– safety  relationship  for  neutropenia  AE 
(grade ≥3) at first event (SN- 38 log10 Cavg as a predictor: 
OR 3.14, p = 0.115; Figure 5b). The same analyses con-
ducted with Cmax provided similar results.

F I G U R E  2  Impact of UGT1A1*28 homozygous 7/7 genotype 
on SN- 38 clearance. Each box plot shows the median, interquartile 
range, and sample size. Outliers are represented by black circles. 
aHeterozygous 6/7, homozygous wild- type 6/6, and negative/
unknown/missing genotypes

F I G U R E  3  The pcVPCs for total irinotecan (a) and SN- 38 (b) concentrations over time. Data are presented on a semi- log scale. The 
observed median (green bold line) and 2.5th and 97.5th percentiles (green dashed lines) are compared with the 95th confidence intervals 
(shaded area) for the median (gray area) and the 2.5th and 97.5th percentiles of the simulated (n = 1000) data (blue area). Simulated 
median (red semi- dashed line) and 2.5th and 97.5th simulated percentiles (red dotted line) are overlaid. pcVPC, prediction- corrected visual 
predictive check
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DISCUSSION

The present analyses were performed to jointly characterize 
the PKs of total irinotecan and SN- 38 after administration 
of liposomal irinotecan, and to understand the relationship 
between total irinotecan and SN- 38 exposure and the inci-
dence of key safety outcomes in patients with mPDAC.

The  final  population  PK  model  appeared  to  be  suffi-
ciently robust to characterize the joint relationship between 
total irinotecan and SN- 38, and therefore their relative ex-
posures,  in  patients  with  mPDAC  in  the  NAPOLI- 1  and 
phase I/II 1L mPDAC trials. The overall model estimate for 
the total clearance of SN- 38 was relatively high, at 118 L/h. 
This is probably a result of the lack of data supporting the 
estimate of the real volume of distribution for SN- 38 and 
the prolonged elimination of irinotecan as a consequence 
of liposomal encapsulation. Thus, the true elimination of 
SN- 38 is most likely masked by the prolonged release and 
metabolism of liposomal irinotecan, leading to formation 
rate- limited kinetics for SN- 38.

The model developed in a previous analysis performed 
by Adiwijaya,15 which included 353 of the 440 patients in-
cluded in the present model, was not selected as a starting 
model for the following reasons. Firstly,  in the Adiwijaya 
model, irinotecan and SN- 38 were developed independently 
(i.e., this was not a joint model) and only irinotecan clear-
ance was included as a covariate in the SN- 38 model. Non- 
joint models are not optimal for parent- metabolite model 
development (e.g., for testing drug- drug interactions, or for 
pediatric  extrapolation).  Second,  the  assumption  of  total 
versus unencapsulated SN- 38 concentrations (with a frac-
tion  of  encapsulated  SN- 38  measured  in  vitro  of  0.015%) 
seems to be less meaningful than the assumption that 95% 
of  irinotecan  remains  liposome- encapsulated  during  cir-
culation  when  liposomal  irinotecan  is  measured  directly. 
Thus,  the  fraction  of  unencapsulated  liposome  could  di-
rectly be metabolized in SN- 38, which corresponds to the 
first  order  part  of  the  final  model  developed  here.  This 
joint model also allows improved characterization of SN- 
38  clearance  when  SN- 38  is  obtained  directly  from  the 

F I G U R E  4  Probability of developing 
diarrhea (grade ≥3) as a function of log- 
transformed Cavg,ss for total irinotecan 
(a) and SN- 38 (b) after administration 
of liposomal irinotecan. Cavg,ss, average 
plasma concentration at steady state; CI, 
confidence interval
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fraction  of  unencapsulated  liposome.  Otherwise,  SN- 38 
elimination coming from encapsulated irinotecan is driven 
by the rate of SN- 38 formation.

Multiple covariates were  incorporated  into  the model 
to  test  their  role  in  the  interpatient  variability  of  PK 
 exposures. The PK metrics affected by the largest number 
of covariates were total clearance of irinotecan and total 
clearance  of  SN- 38.  The  20%  higher  clearance  of  total 
irinotecan in Asian patients versus patients of other eth-
nicities is consistent with a previous report of lower levels 
of total irinotecan in Asian patients compared with White 
patients  following  administration  of  liposomal  irinote-
can.15 The covariates gender and co- administration of ox-
aliplatin affected clearance of both irinotecan and SN- 38, 
although  oxaliplatin  administration  was  associated  with 
an increase in clearance of total irinotecan and a decrease 
in clearance of SN- 38. The lower clearances of irinotecan 
and SN- 38 in women versus men after administration of li-
posomal irinotecan are consistent with previous reports of 
higher exposure of SN- 38 in women after administration 

of non- liposomal irinotecan.32,33 Given that liposomal for-
mulation  is  complex,  some  manufacturing  adjustments 
were performed between the previous manufacturing site 
(mainly dedicated to phase I studies) and the current site 
(used for all pivotal studies).

UGT1A1 is the key enzyme responsible for the inactiva-
tion of SN- 38 via glucuronidation in the liver to form SN- 
38G,  which  is  primarily  eliminated  by  biliary  excretion.6 
The presence of the UGT1A1*28 allele has been reported to 
reduce expression of the UGT1A1 enzyme by 70%, leading 
to increased exposure to SN- 38 and an increase in risk of 
irinotecan- related toxicity, most notably neutropenia and/
or diarrhea  (both grade ≥3).6,34,35  In  the present analysis, 
there was no significant association  between UGT1A1*28 
polymorphism  and  SN- 38  clearance,  consistent  with  the 
finding in a previous analysis of liposomal irinotecan and 
SN- 38 PK that UGT1A1*28 genotype was not a significant 
covariate to SN- 38 clearance.15 A possible explanation for 
this  is  that the liposomal encapsulation slows the release 
of  irinotecan  and  therefore  reduces  the  load  of  SN- 38, 

F I G U R E  5  Probability of developing 
neutropenia AEs (grade ≥3) as a 
function of log- transformed Cavg,ss for 
total irinotecan (a) and SN- 38 (b) after 
administration of liposomal irinotecan. 
AE, adverse event; Cavg,ss, average 
plasma concentration at steady state; CI, 
confidence interval
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such that the release of irinotecan is the rate- limiting step, 
and metabolism by UGT enzymes does not become satu-
rated,  even  in patients with  reduced UGT activities  (e.g., 
UGT1A1*28  7/7  homozygous).15  It  follows  that  patients 
with  reduced  UGT  activities  may  not  have  higher  SN- 38 
exposure. It should be noted that the limited number of pa-
tients with the UGT1A1*28 7/7 homozygous genotype and 
the lower starting dose of liposomal irinotecan (reduced by 
20 mg/m2) in patients with this genotype in the NAPOLI- 1 
trial preclude firm conclusions from being drawn regard-
ing the impact of this variable. Nevertheless, this analysis, 
which  demonstrated  that  UGT1A1*28  status  had  no  sig-
nificant  impact on the PKs of  total  irinotecan and SN- 38 
after  administration  of  liposomal  irinotecan- containing 
regimens, suggests that there is insufficient evidence of a 
need for dose adjustment based on UGT1A1*28 genotype. 
These results are also consistent with the decision tree for 
UGT1A1  genotyping  depending  initially  on  the  dose  of 
non- liposomal irinotecan (UGT1A1 genotyping not recom-
mended for doses <180 mg/m² of irinotecan).36

The  sparse  sampling  design  of  the  NAPOLI- 1  study 
(cycle  1:  1.5,  2.5,  48,  and  168  h),  could  affect  the  ability 
to  estimate  Cmax,  mainly  for  the  metabolite  SN- 38.  Lack 
of information from NAPOLI- 1 could result in an under-
estimation  of  Cmax  compared  with  values  obtained  from 
studies with richer PK sampling designs.

Logistic  regression  analyses  have  demonstrated  that 
both total irinotecan and SN- 38 Cavg were significant pre-
dictors of diarrhea (grade ≥3), with the increase in proba-
bility of diarrhea AEs at first event explained as a function 
of  increasing  exposures.  Irinotecan  appeared  to  be  a 
slightly stronger predictor than SN- 38 based on the lower 
p  value  (0.001  vs.  0.013)  and  higher  OR  (8.70  vs.  7.30). 
Analyses using Cmax were consistent with these results for 
total  irinotecan,  but  no  significant  association  was  seen 
between SN- 38 Cmax and the probability of diarrhea AEs 
(grade ≥3). The results with Cmax must be interpreted with 
caution, however, owing to the difficulty of reliably cap-
turing the maximum exposures in the model.

There  was  no  significant  relationship  between  SN- 38 
Cavg  and  the  probability  of  neutropenia  AEs  (grade  ≥3). 
This absence of a relationship between SN- 38 exposure and 
severe neutropenia could be explained by the difference in 
SN- 38  PK  profile  between  non- liposomal  and  liposomal 
irinotecan— the  concentration  profile  is  flatter  for  lipo-
somal  than  for non- liposomal  irinotecan. A  link between 
SN- 38  exposure  and  severe  neutropenia  has  previously 
been demonstrated after administration of non- liposomal 
irinotecan37;  however,  given  that  SN- 38  PK  profiles  (in-
cluding exposure) were deemed to be similar regardless of 
UGT1A1*28 status, no impact of SN- 38 exposure on severe 
neutropenia is expected from UGT1A1*28 genotype status. 
The reduction in the probability of grade 3 neutropenia with 

increasing exposure to total irinotecan was unexpected and 
further investigation will be performed in ongoing phase III 
studies (e.g., the effects of granulocyte colony stimulating 
factor supplementation on neutropenia will be evaluated).

Further  investigations will be performed by updating 
the population PK model and exposure– safety assessment 
with new data from the ongoing phase III NAPOLI- 3 trial 
(NCT04083235). This study will compare the efficacy and 
safety of 1L gemcitabine/nab- paclitaxel with NALIRIFOX 
in  patients  with  mPDAC,  using  the  doses  established  in 
the 1L PDAC phase I/II study. It  is planned that 750 pa-
tients (375 in each arm) will be enrolled, which will allow 
improved understanding of the relationship between total 
irinotecan and/or SN- 38 exposure and diarrhea and neu-
tropenia AEs. In addition, a lower LLOQ for the analysis 
of  both  total  irinotecan  and  SN- 38  implemented  during 
the NAPOLI- 3 trial will allow for improved characteriza-
tion of the terminal phase and lead to a more accurate de-
termination of total clearance for both compounds.

In conclusion, the final population PK model appeared 
to be robust in characterizing the exposures of total irino-
tecan and SN- 38 after administration of  liposomal  irino-
tecan. The results suggest that UGT1A1*28 status has no 
significant  impact on  the PK of  liposomal  irinotecan.  In 
the exploratory exposure– safety analyses in patients with 
mPDAC,  the  risk  of  diarrhea  (grade  ≥3)  was  associated 
with both total irinotecan and SN- 38 Cavg, but there was no 
significant association between an increased risk of neu-
tropenia (grade ≥3) and SN- 38 Cavg. In clinical practice, ap-
propriate use of anti- diarrheal medication is an important 
factor when managing patients receiving irinotecan.38
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