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Paediatric cancer:
• Most common extra-cranial 

solid tumour in children.
• 15 % of cancer-related 

deaths in children.
• Adrenal medulla is usually 

the primary site.

Neural crest:
• Transient structure during 

embryonic development.
• Migrate and differentiate into 

different cell types.
• Sympathetic nervous system.

Heterogeneity:
• Spontaneous regression.
• Drug resistance and metastasis even after 

multi-modal treatment.
• MYCN amplification.
• < 50 % survival rate in high-risk cases.



Party Conversation Starter 1.

Why do paediatric cancers usually have fewer mutations 
than adult cancers?

An adult, by definition, has been around for longer than a 
child. More time, more mutations.



Party Conversation Starter 2.

What are the key hallmarks of cancer?

1. Sustained proliferation.
2. Limitless replicative potential.
3. Resistance to cell death.
4. Immune evasion.
5. Blood supply.
6. Motility.

Hanahan, Douglas, and Robert A. Weinberg. "Hallmarks of cancer: the next generation." cell 144.5 (2011): 646-674.
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● Voxelate the tumour 
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Part 2: discrete agents.
● Neuroblasts and Schwann cells.
● 3D von Neumann neighbourhood in the 

continuous automaton.
● Mutations, gene expression levels, and DNA 

status (short telomeres, unreplicated, and 
generic damage).

● Cell cycling (proliferation and division).
● Cell death (apoptosis and necrosis).

Jjumba, Anthony, and Suzana Dragicevic. "Integrating GIS‐based 
geo‐atom theory and voxel automata to simulate the dispersal of 
airborne pollutants." Transactions in GIS 19.4 (2015): 582-603.

Model structure

https://biologydictionary.net/cell-cycle/

https://sphweb.bumc.bu.edu/otlt/mph-modules/ph/aging/aging3.html
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Algorithm implementing the model.
● Cell-Cell overlap.
● Linear force law.
● Equation of motion.
● Iterate these steps until convergence.

𝑭𝒊 = 𝜇𝑒𝑓𝑓
𝑑𝒓𝒊
𝑑𝑡

𝜇𝑒𝑓𝑓 scales with the 

abundance of matrix.

Part 3: centre-based mechanical model.
● Cell gets bigger throughout cell cycle.
● Migration resolves contact inhibition.
● Boundary conditions and matrix 

abundance.

Pathmanathan, P., et al. "A computational study of discrete 
mechanical tissue models." Physical biology 6.3 (2009): 036001.

Model structure



1. Each cell senses its microenvironment, modifies its 
behaviour, and updates its attributes.

2. Resolve cell-cell overlap using the centre-based 
mechanical model.

3. The cells collectively modify their microenvironment.

4. Back to step 1 for the next time step.

Dynamic simulation (one time step = one hour in 
the patient’s life)

Python for model development.

CUDA for large-scale simulations.



Party Conversation Starter 3.

When can we not solve an equation with pencil and paper?

Usually, non-linear equations cannot be solved analytically, 
meaning by a finite number of standard operations.

Numerical solution. > 90 % of mathematical models 
in research are non-linear.

Analytic solution.
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Latin hypercube sampling.
● 20 fitting parameters.
● 3000 parametric combinations.

Simulation results against data in literature.
● Clinical outcomes associated with 

different mutations.
● Cell death triggered by hypoxia.
● Growth kinetics.
● Clinical outcomes and cell behaviours 

associated with different histology types.

(Ackermann et al. 2018)

(Tumilowicz et al. 1970)

(Warren and Partridge 2016)

(Ambros et al. 2001)

Calibration studies



Selection process.
● Eliminated the 3000 candidates gradually 

in a tournament of 6 studies.
● The set of parameters that describe the 

experiments and observations best.

Squid Game. Created by Hwang Dong-hyuk, Netflix, 2021.

Calibration studies



Party Conversation Starter 4.

What is an inverse problem?

Given a set of observations about the effects (data in the 
literature), infer the causes (parameters) responsible for 
the observations.
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● Stochastic simulations.
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High-Performance computing.
● GPUs are not just for gaming.
● CUDA is used to program GPUs.
● FLAMEGPU maps model 

descriptions to optimised CUDA 
code.

Computational time.
• 2 TITAN V GPUs, 1 TITAN XP GPU, 

and 1 TITAN RTX GPU.
• 3000 time steps (3000 hours) took 

5 to 10 minutes to simulate.
• All 6 studies took around 40 days.
• Impractical without GPUs.

Calibration studies implemented on GPUs

High computational costs.
● Millions of cells.
● Four months in a patient’s life.
● Stochastic simulations.



Party Conversation Starter 5.

How can one speed up the computation of a Taylor series?

We want the first 1000 terms.

Method 2.
1. Compute and sum the first 500 terms on 
one computer.
2. Do the same for the next 500 terms on 
another computer.
3. Add the two sums for the final result.

Method 1.
Calculate the 1000 terms one by one and add 
them together on one computer.
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Jin, Zegao, et al. "Development of differentiation modulators and targeted agents for 
treating neuroblastoma." European Journal of Medicinal Chemistry (2020): 112818.

Differentiation into heathy neurons.

Regression.

Progression.



Driving mechanisms of regression and progression

A lack of oxygen 
results in regression.

Even with sufficient 
oxygen, neuroblastoma 
can only progress without 
too many Schwann cells. 



Driving mechanisms of regression and progression

Low oxygen.
Many Schwann cells.

High oxygen.
Few Schwann cells.



Driving mechanisms of regression and progression

Combined the regression and 
progression datasets.

Principal component analysis (PCA) 
on the four macroscopic features.

Projected the macroscopic features on 
the first principal component (PC1) 
and produced two clusters there.

Hierarchical clustering and DBSCAN.

Tried to reproduce the two original 
datasets without knowing the label of 
each case (regression or progression).

Adjusted rand index: 0.748.



Party Conversation Starter 6.

What is unsupervised machine learning?

It aims to find the structure of an unlabelled dataset.

Dimensionality reduction (PCA): Represent heights and 
weights of teenagers as one latent feature, their ages.

Clustering: Create grade boundaries in a set of test scores.



Driving mechanisms of regression and progression

Clonal composition does not 
affect the disease outcome!

Consistent with clinical 
observations.



Is having a large initial population a competitive 
advantage for the MYCN-amplified clone?

x-axis: initial clone size.
y-axis: final clone size/initial clone size.
A regressing tumour has no living neuroblasts at the end; dataset not shown.

The spread at each value on the x-axis 
suggests it is not an advantage.



Is having a large initial population a competitive 
advantage for the MYCN-amplified clone?

Enrichment more obvious in this 
dataset. Macroscopic features 
favouring progression also select 
the MYCN-amplified clone.

x-axis: initial clone size.
y-axis: final clone size/initial clone size.
A regressing tumour has no living neuroblasts at the end; dataset not shown.



Conclusions

1. PRIMAGE project aims to build a cloud-based decision-
making platform for the clinical management of malignant 
solid tumours.

2. Built and calibrated the first multicellular model of 
neuroblastoma.

3. Macroscopic features of neuroblastoma are better 
predictors of disease outcome than clonal composition.

4. Biology is as quantitative as physics.
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