
Introduction Joint modelling Simulation study Real-life data Conclusion

Stan for Pharmacometrics day
Hierarchical Nonlinear Joint Modelling in Oncology - a simulation study

Maxime Beaulieu

Supervisors: Jérémie Guedj (INSERM, UMR 1137 - IAME)
Marion Kerioui (INSERM, UMR 1137 - IAME)

8th June 2023

Stan for Pharmacometrics day
Hierarchical Nonlinear Joint Modelling in Oncology - a simulation study

Maxime Beaulieu

Supervisors: Jérémie Guedj (INSERM, UMR 1137 - IAME)
Marion Kerioui (INSERM, UMR 1137 - IAME)

8th June 2023

Lorem ipsum dolor sit amet, consectetuer adipiscing elit. Ut purus elit, vestibulum ut,
placerat ac, adipiscing vitae, felis. Curabitur dictum gravida mauris. Nam arcu libero,
nonummy eget, consectetuer id, vulputate a, magna. Donec vehicula augue eu neque.
Pellentesque habitant morbi tristique senectus et netus et malesuada fames ac turpis
egestas. Mauris ut leo. Cras viverra metus rhoncus sem. Nulla et lectus vestibulum urna
fringilla ultrices. Phasellus eu tellus sit amet tortor gravida placerat. Integer sapien est,
iaculis in, pretium quis, viverra ac, nunc. Praesent eget sem vel leo ultrices bibendum.
Aenean faucibus. Morbi dolor nulla, malesuada eu, pulvinar at, mollis ac, nulla. Curabitur
auctor semper nulla. Donec varius orci eget risus. Duis nibh mi, congue eu, accumsan
eleifend, sagittis quis, diam. Duis eget orci sit amet orci dignissim rutrum.
Nam dui ligula, fringilla a, euismod sodales, sollicitudin vel, wisi. Morbi auctor lorem non
justo. Nam lacus libero, pretium at, lobortis vitae, ultricies et, tellus. Donec aliquet, tortor
sed accumsan bibendum, erat ligula aliquet magna, vitae ornare odio metus a mi. Morbi ac
orci et nisl hendrerit mollis. Suspendisse ut massa. Cras nec ante. Pellentesque a nulla.
Cum sociis natoque penatibus et magnis dis parturient montes, nascetur ridiculus mus.
Aliquam tincidunt urna. Nulla ullamcorper vestibulum turpis. Pellentesque cursus luctus
mauris.
Nulla malesuada porttitor diam. Donec felis erat, congue non, volutpat at, tincidunt
tristique, libero. Vivamus viverra fermentum felis. Donec nonummy pellentesque ante.
Phasellus adipiscing semper elit. Proin fermentum massa ac quam. Sed diam turpis,
molestie vitae, placerat a, molestie nec, leo. Maecenas lacinia. Nam ipsum ligula, eleifend
at, accumsan nec, suscipit a, ipsum. Morbi blandit ligula feugiat magna. Nunc eleifend
consequat lorem. Sed lacinia nulla vitae enim. Pellentesque tincidunt purus vel magna.
Integer non enim. Praesent euismod nunc eu purus. Donec bibendum quam in tellus.
Nullam cursus pulvinar lectus. Donec et mi. Nam vulputate metus eu enim. Vestibulum
pellentesque felis eu massa.
Quisque ullamcorper placerat ipsum. Cras nibh. Morbi vel justo vitae lacus tincidunt
ultrices. Lorem ipsum dolor sit amet, consectetuer adipiscing elit. In hac habitasse platea
dictumst. Integer tempus convallis augue. Etiam facilisis. Nunc elementum fermentum
wisi. Aenean placerat. Ut imperdiet, enim sed gravida sollicitudin, felis odio placerat quam,
ac pulvinar elit purus eget enim. Nunc vitae tortor. Proin tempus nibh sit amet nisl.
Vivamus quis tortor vitae risus porta vehicula.
Fusce mauris. Vestibulum luctus nibh at lectus. Sed bibendum, nulla a faucibus semper, leo
velit ultricies tellus, ac venenatis arcu wisi vel nisl. Vestibulum diam. Aliquam pellentesque,
augue quis sagittis posuere, turpis lacus congue quam, in hendrerit risus eros eget felis.
Maecenas eget erat in sapien mattis porttitor. Vestibulum porttitor. Nulla facilisi. Sed a
turpis eu lacus commodo facilisis. Morbi fringilla, wisi in dignissim interdum, justo lectus
sagittis dui, et vehicula libero dui cursus dui. Mauris tempor ligula sed lacus. Duis cursus
enim ut augue. Cras ac magna. Cras nulla. Nulla egestas. Curabitur a leo. Quisque
egestas wisi eget nunc. Nam feugiat lacus vel est. Curabitur consectetuer.
Suspendisse vel felis. Ut lorem lorem, interdum eu, tincidunt sit amet, laoreet vitae, arcu.
Aenean faucibus pede eu ante. Praesent enim elit, rutrum at, molestie non, nonummy vel,
nisl. Ut lectus eros, malesuada sit amet, fermentum eu, sodales cursus, magna. Donec eu
purus. Quisque vehicula, urna sed ultricies auctor, pede lorem egestas dui, et convallis elit
erat sed nulla. Donec luctus. Curabitur et nunc. Aliquam dolor odio, commodo pretium,
ultricies non, pharetra in, velit. Integer arcu est, nonummy in, fermentum faucibus, egestas
vel, odio.
Sed commodo posuere pede. Mauris ut est. Ut quis purus. Sed ac odio. Sed vehicula
hendrerit sem. Duis non odio. Morbi ut dui. Sed accumsan risus eget odio. In hac
habitasse platea dictumst. Pellentesque non elit. Fusce sed justo eu urna porta tincidunt.
Mauris felis odio, sollicitudin sed, volutpat a, ornare ac, erat. Morbi quis dolor. Donec
pellentesque, erat ac sagittis semper, nunc dui lobortis purus, quis congue purus metus
ultricies tellus. Proin et quam. Class aptent taciti sociosqu ad litora torquent per conubia
nostra, per inceptos hymenaeos. Praesent sapien turpis, fermentum vel, eleifend faucibus,
vehicula eu, lacus.
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Introduction Joint modelling Simulation study Real-life data Conclusion

Treatment response assessment in oncology

Primary endpoint: Survival

Secondary endpoint:
Tumour size evolution

Modelling survival and tumour size together allows:
▶ To identify the patients most at risk
▶ To refine the assessment of treatment efficacy

Joint models are needed to avoid bias in the estimation:
▶ Of the parameters of the longitudinal sub-model1
▶ Of the association parameter1

1Rizopoulos, Chapman & Hall/CRC Biostatistics Series (2012)
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Monitoring the Sum of the Longest Diameters (SLD)

Selection of target lesions
Representative of the patient’s
health status
Monitoring the dynamics of the
sum of the size of these lesions
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The limits of SLD

Aggregates information
Hides inter-lesion variability
In immunotherapy, the risk of
dissociated response is
increased2

Tumour kinetics and response
to treatment could be
location-specific3

⇒ These reasons motivated Dr Kerioui to work on the joint modelling of survival and
individual lesions during her thesis.

2Vaflard et al, Drugs in R&D (2021)
3Kerioui et al, European Society for Medical Oncology (2022)
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Multilevel joint modelling in metastatic bladder cancer

Based on data from a phase III clinical trial: IMvigor2114

Patients with metastatic bladder cancer
Treatment with immunotherapy (atezolizumab)

4Powels et al, The Lancet (2018)
5Kerioui et al, Under Review (2022)

Maxime Beaulieu Stan for Pharmacometrics day 8th June 2023 5 / 21



Introduction Joint modelling Simulation study Real-life data Conclusion

Multilevel joint modelling in metastatic bladder cancer

Based on data from a phase III clinical trial: IMvigor2114

Patients with metastatic bladder cancer
Treatment with immunotherapy (atezolizumab)

4Powels et al, The Lancet (2018)
5Kerioui et al, Under Review (2022)

Maxime Beaulieu Stan for Pharmacometrics day 8th June 2023 5 / 21



Introduction Joint modelling Simulation study Real-life data Conclusion

Mechanistic model of tumour dynamics

Structural model of tumour size6:

TS(t, ψ) =

{
TS0 × eg×t t < tx

with tx the treatment initiation time

TS0: Tumour size at inclusion

g : Natural growth of the lesion

ϵ: Inhibition after treatment

c: Resistance appearance

6Claret et al, Journal of Clinical Oncology (2009)
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Multilevel nonlinear joint model

Longitudinal submodel: Nonlinear mixed effect model to describe measures of tumour size of individual lesions

yi,j,k,l = TS (ti,j,k,l , ψi,j,k ) + (σj × TS (ti,j,k,l , ψi,j,k )) ei,j,k,l

with log (ψi,j,k ) = log (µ) + ξj + ηi + ρi,j,k

µ: fixed effect

ξj : fixed effect of location

ηi : patient-specific random effect ∼ N (0, ω2
1)

ρi,j,k : lesion-specific random effect ∼ N (0, ω2
2)

Survival submodel: Individual hazard function

hi (t | θ, ψi ) = h0(t) exp
(∑4

j=1
∑Ki,j

k=1 βj × TS (t, ψi,j,k )
)

with h0(t) a Weibull baseline hazard function
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Bayesian inference framework

Use of the HMC NUTS algorithm7 implemented on the Stan software8

Algorithm adapted to hierarchical models9

Use of informative priors for population parameters µ

The other parameters admit weak or non-informative priors
From previous works3

Posterior distribution:

7Hoffman et Gelman, Journal of Machine Learning Research (2014)
8Carpenter et al, Journal of Statistical Software (2017)
9Betancourt et Girolami, arXiv (2013)
3Kerioui et al, European Society for Medical Oncology (2022)
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Objectives

Simulation study
To study the estimation properties of the model depending on the amount of
information available and the level of heterogeneity in the data

Application to a real-life data set2

Less informative and more heterogeneous study population compared to IMvigor211

2Vaflard et al, Drugs in R&D (2021)
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Simulation scenarios

Inspired from the IMvigor211 data5:
▶ 50 simulated data sets
▶ Target lesions in 4 locations: lymph nodes, lungs, liver, bladder
▶ Study duration of 700 days, one tumour size measurement every 9 weeks

Number of patients Number of target
lesions per patient

Inter-patient
variability ω2

1

Inter-lesion
variability ω2

2
Scenario n°1
(reference) 300 1 to 5 >

Scenario n°2 ↘ 150 1 to 5 >
Scenario n°3 ↘ 150 ↗ 1 to 10 >
Scenario n°4 ↘ 150 1 to 5 <

5Kerioui et al, Under Review (2022)
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Evaluation

Chains convergence: R-hat10

▶ Ratio of intra-chain to inter-chain variance
▶ Must be less than 1.2 for each parameter

Estimation error: (Relative Estimates Error, REE in %)

REE (θ̂k) =
θ̂k − θ∗

θ∗
× 100

Estimation accuracy: (Coverage rate11, CR)

CR(1−α)(θ) =
1
K

K∑
k=1

1{
θ∗∈ĈI

k
(1−α)

}
Goodness of fit: (Individual fit plots)

10Gelman et al, Bayesian Data Analysis (1995)
11Morris et al, Statistics in Medicine (2018)
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Convergence

Scenario n°1 n°2 n°3 n°4

1st run
(500 iterations)

Number of data sets (%) 50 (100) 50 (100) 50 (100) 50 (100)
Average computation time

per data set (h) 29 13 15 14

Number of data sets converging (%) 43 (86) 36 (72) 39 (78) 25 (50)

Follow-up run
(1000 iterations
+ another seed)

Number of data sets 7 14 11 25
Average computation time

per data set (h) 58 24 30 29

Number of data sets converging 5 8 6 10
Final number of

data set evaluated (%) 48 (96) 44 (88) 45 (90) 35 (70)
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Individual fits
From a dataset of scenario n°1
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Analysis of the relative estimates error
Boxplot of the REEs of each data set
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Coverage rate of parameters
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A real-life data set from the Institut Curie2

Principal Investigator: C. Le Tourneau
Retrospective cohort
Highly heterogeneous population:

▶ ̸= cancers
▶ ̸= stages of the disease
▶ 18 histological subtypes of tumour
▶ ̸= immunotherapy treatments

5 target lesion locations
Survival median after 14 months of study

2Vaflard et al, Drugs in R&D (2021)
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Tumour dynamics of the patients in the cohort
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Statistical inference

Hierarchical nonlinear joint model with 5 tumour locations
Same priors as the simulation study
4 chains of 1000 iterations

All parameters have an R-hat less than 1.04
Computation time of 18 hours
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Parameters estimation

Estimation of location fixed effects

Head and neck lesions are strongly associated with the instantaneous risk of death
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Individual fits
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Discussion

Conclusions
Good estimation properties and robustness of the model in:

▶ A small sample size
▶ Heterogeneous population

Limits
Sensitivity to priors not investigated
High computation time → future work on parallelization

Perspectives
Application of the model to:

▶ Improving patient follow-up
▶ Assisting in the development of therapeutic treatments
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Priors for µ

µTS0 ∼ N (25, 5)
µg ∼ Γ(1, 100)

µϵ ∼ Γ(1, 100)
µc ∼ Γ(1, 1000)
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Priors for ξ

ξj ∼ N (0, 1)
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Priors for ω

ω1 ∼ Cauchy(0, 1)+ et ω2 ∼ Cauchy(0, 1)+

Maxime Beaulieu Stan for Pharmacometrics day 8th June 2023 24 / 21



Priors for σ

σj ∼ LN(0, 1)
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Priors for the parameters of the survival sub-model

γ ∼ LN(0, 1)
λ ∼ N (500, 500)+

βj ∼ N (0, 1000)
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Credibility intervall at 95% for each data set of Scenario n°1 (βLymph,βLung ,βLiver and, βBladder )
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