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Astrocytoma, IDH-mutant, CNS WHO grade 4 arises from a lower-grade astrocytoma, shows less necrosis than IDH-wildtype
glioblastoma, and is associated with longer median survival. How far its growth can be attributed to any single genetic alteration
is difficult to test in patients. This paper models two astrocytoma agents that both carry the IDH1 R132H mutation and differ
only in TP53 status, in order to isolate the effect of the assigned apoptosis parameter on population growth. Simulations used
PhysiCell 1.14.2 on a local installation, with ten seeded replicates per condition and monoculture, well-mixed, position-swapped
and identical-parameter control arms. The TP53-mutant population reached a larger final size in every co-culture arm (paired
difference in log growth rate 4.6-5.3 x 107> min~!, Cohen’s d, 2.2-3.3), an effect an order of magnitude larger than that obtained
between two identically parameterised control populations. However, competition coefficients measured against monoculture at
the same random seed all included zero, so the two populations did not measurably affect one another’s growth: the difference
is the assigned apoptosis parameter expressing itself, and reproduces the closed-form prediction to within 7%. Because no
measured value supports any particular degree of apoptosis suppression, the result is reported as a sensitivity analysis and no
variant-specific mechanism is claimed.

Keywords: Astrocytoma, TP53, IDH1 Mutation, Cancer, Physicell, Secondary Glioblastoma, Glioma Progression, Apoptosis

Suppression, Tumor Heterogeneity, Agent-Based Modeling, Genomic Instability, Shannon Diversity Index

Introduction

AIDHmut/G4 are a subtype of astrocytomas that arises from
previously existing lower grade gliomas, commonly grade 3
astrocytomas. AIDHmut/G4 show less necrosis than IDH-
wildtype glioblastoma, are associated with longer median sur-
vival!, and develop through a progression process in younger
patients rather than de novo. TP53 mutations are present in ap-
proximately 60 percent of precursor low-grade astrocytomas,
where they are an early detectable alteration?. The TP53 gene
has a key role of tumor suppression which prevents uncon-
trolled cell proliferation that results from DNA damage, while
the IDH gene carries prognostic significance. This study asks
a narrower question than that clinical literature: holding the
IDH1 R132H background fixed, how much of a growth dif-
ference follows from the apoptosis parameter assigned to a
TP53-mutant agent, and how much of it the simulation can in-
dependently establish. With the 2021 WHO change in classi-
fication, sSGBMs are now referred to as AIDHmut/G4, though
morphological similarities with primary glioblastoma remain.

In “Genetic Pathways to Primary and Secondary Glioblas-
toma” (2007), Ohgaki and Kleihues describe the transition
from grade 3 astrocytoma to AIDHmut/G42. They report a
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TP53 mutation in 65 percent of cases and identify it as the first
detectable genetic alteration in precursor lesions; the IDH1
mutation, by contrast, acts on metabolic pathways rather than
directly on progression. Primary glioblastomas account for
about 90 percent of cases and develop without a prior less ma-
lignant lesion, while AIDHmut/G4 arise from low-grade or
grade 3 astrocytoma and manifest in younger patients. The
TP53 mutations show a high incidence of G:C to A:T transi-
tions at CpG sites, a pattern associated with deamination of
5-methylcytosine and indicative of early malignant transfor-
mation and genomic instability.

In “The Definition of Primary and Secondary Glioblas-
toma” (2013), Ohgaki and Kleihues review the features sep-
arating the two entities®. The tumors are often indistin-
guishable histologically but differ in genetic and epigenetic
profile: primary glioblastoma typically carries EGFR am-
plification, PTEN mutation and chromosome 10 loss, while
AIDHmut/G4 characteristically carries IDH1/2 mutation to-
gether with TP53 and ATRX mutation and a hypermethyla-
tion phenotype. Whole-arm 1p/19q codeletion with an IDH
mutation defines oligodendroglioma rather than astrocytoma,
which is 1p/19q non-codeleted, and is therefore not a feature
of this tumour type. IDH1 mutation is present in over 80 per-
cent of AIDHmut/G4 but is rare in primary glioblastoma, and
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is usually the earliest detectable alteration, preceding TP53
mutation.

An important side note when reviewing these papers is that
in 2021, WHO changed the secondary glioblastoma classifica-
tion to Astrocytoma IDH Mutant Grade 4. This was done since
tumors with IDH mutations and similar morphological fea-
tures tend to have a different prognosis and response to treat-
ment than those without the IDH mutation, which are classi-
fied as glioblastoma. Recent research indicates that glioblas-
toma does not evolve from a lower-grade astrocytoma and
instead develop rapidly de novo, without a precursor lower-
grade tumor.

Identification of Gaps in Existing Research

Many studies have highlighted the need to assess both inter-
tumor and intra-tumor heterogeneity in order to improve per-
sonalized treatment for glioblastoma patients. Work such
as Tumor Heterogeneity in Glioblastomas: From Light Mi-
croscopy to Molecular Profiling (2021) has approached this
over short time horizons*, but longer studies are needed to
track how heterogeneity evolves and how different subclones
within a tumor respond to therapy over time. Longitudinal
data on clonal dynamics and evolutionary patterns would sup-
plement early detection and treatment strategies.

Two modeling approaches illustrate both the promise and
the limits of current work. Patient-derived organoids follow
tumor evolution over time and capture heterogeneity well, but
depend on repeated patient sampling>. Genetically engineered
human pluripotent stem cells reproduce tumor heterogeneity
and authentic cancer pathobiology, while leaving the clinical
implications of specific mutations, and how multiple muta-
tions interact, underexplored®. Addressing those interactions
is what would most improve predictions of treatment efficacy
and prognosis.

Theoretical Framework

Three theories are most relevant to AIDHmut/G4 and its pro-
gression: cancer stem cell theory, multiclonal origin theory,
and multi tumorigenesis theory.

Cancer Stem Cell (CSC) theory suggests that a subset of
cells within a tumor can self-renew indefinitely and gener-
ate the heterogeneous cell populations found in tumors, much
as normal stem cells do. It provides an explanation for
why tumors recur after treatment, since these stem-like cells
can survive conventional therapy through enhanced DNA re-
pair, overexpression of drug efflux transporters and distinctive
metabolic pathways’. The theory describes tumors as hier-
archically organized with CSCs at the top, giving rise to the
differentiated cell types that form the bulk of the tumor and, in
doing so, increasing intra-tumoral heterogeneity. This hetero-

geneity complicates treatment, since subclones differ in their
sensitivity to therapy and stem-like cells can repopulate the
tumor afterwards .

CSCs play a key role in the transition from lower-grade as-
trocytoma to AIDHmut/G4, as mutations in TP53 and IDH1
together with selection of CSCs can drive increased malig-
nancy and aggressiveness. CSC markers such as CD133 and
ALDH are associated with a more aggressive disease course
and poorer survival outcomes>>. This has opened new av-
enues for targeted therapy, with current strategies aiming to
inhibit pathways critical to CSC survival or to target specific
CSC markers directly 8.

Multiclonal tumor origin theory holds that cancer can arise
through distinct cellular pathways, so that different tumor
types can form within the same tissue from stem cells, progen-
itor cells or fully differentiated cells. Multi-region sequenc-
ing supports this, showing subclones with unique mutations
within the same tumor, and phylogenetic analysis suggests tu-
mors branch into multiple coexisting clones rather than evolv-
ing linearly from a single one. This explains why recurrent
tumors often differ genetically from the primary tumor, a dif-
ference that also underlies therapy resistance and relapse.

Multi tumorigenesis theory relates to AIDHmut/G4 through
its origin in pre-existing lower-grade tumors, holding that pro-
gression from a lower-grade glioma involves transformations
driven by genetic mutations, signaling pathway alterations and
the involvement of CSCs, with markers such as IDH1/2 muta-
tion, TP53 mutation and ATRX loss distinguishing the stages.

Molecular Characterisation of Astrocytoma, IDH-

Mutant: Primary Evidence

Under the 2021 WHO classification, grade 4 status in IDH-
mutant astrocytoma no longer rests on histology alone. In a
cohort of 114 IDH-mutant astrocytomas, patients whose tu-
mours carried homozygous CDKN2A deletion had the poorest
overall survival and those with hemizygous deletion an inter-
mediate outcome, supporting a grading system that combines
deletion status with histological grade®. In a separate series
of 136 gliomas reclassified under the 2021 criteria, CDKN2A
deletion carried the largest independent hazard ratio of any
factor examined, exceeding age, performance status, extent of
resection, MGMT methylation and IDH status 10 and tumours
defined this way remain heterogeneous across clinical, imag-
ing and molecular features!'. The present model represents
neither CDKN2A/B status, necrosis, nor microvascular prolif-
eration, so grade 4 is assumed for parameterisation rather than
demonstrated by the simulation.

Astrocytoma, IDH-mutant, CNS WHO grade 4 remains
clinically distinct from IDH-wildtype glioblastoma, and
within IDH-mutant gliomas TERT promoter mutation predicts
favourable prognosis independently of 1p/19q codeletion 2.
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TP53 and ATRX alterations characterise the astrocytic lin-
eage: ATRX loss was detected in 45% of anaplastic astrocy-
tomas in the NOA-04 biomarker cohort, was almost mutually
exclusive with 1p/19q codeletion, and identified tumours with
significantly longer time to treatment failure '3. ATRX loss is
closely associated with the alternative lengthening of telom-
eres phenotype 4, which is enriched alongside SMARCALLI
loss in giant cell glioblastoma'>. Neither telomere mainte-
nance nor ATRX status is represented in the present model.

The functional consequence of a TP53 missense mutation is
substitution-specific and is not simply an absence of wild-type
activity. The hotspot R273H product binds replicating DNA
together with PARPI, elevates MCM?2 levels and promotes
cell proliferation '®, and this activity depends on the protein’s
C-terminal region!”. Where p53-dependent apoptosis does
operate in glioma it proceeds through BH3-only effectors
such as PUMA, whose restoration sensitises drug-resistant
glioblastoma stem cells to temozolomide !® and whose induc-
tion drives cell death through mitochondrial routes in glioblas-
toma models '°. Because these are gain-of-function properties
that differ between substitutions, the present model does not
claim to represent any particular variant and treats the apop-
tosis parameter as an assumption to be varied rather than a
measured property.

The IDH1 R132H substitution produces the oncometabo-
lite D-2-hydroxyglutarate. =~ Conditional knock-in raises
haematopoietic progenitor numbers and alters histone and
DNA methylation?’, and 2-HG additionally suppresses
necroptosis through DNMT1-dependent hypermethylation of
the RIP3 promoter?'. The same metabolic change alters
treatment response: inhibiting mutant IDH1 with AGI-5198
was radioprotective in IDH1-mutant cells?>. None of these
metabolic effects is represented in the model, which differen-
tiates its two agents by apoptosis rate alone.

Intratumoural heterogeneity in these tumours has been char-
acterised directly.  Single-cell RNA sequencing of IDH-
mutant gliomas resolves a shared developmental hierarchy
whose composition differs between astrocytoma and oligo-
dendroglioma??, longitudinal sequencing tracks the genomic
changes accompanying malignant transformation in IDHI1-
mutant glioma?*, and mismatch-repair-deficient IDH-mutant
astrocytoma has been described as a distinct type with a poor
prognosis2>. The two agents modelled here are homogeneous
by construction, so the diversity index reported below reflects
only their relative abundance.

Clinical outcome depends on treatment as well as molecular
status. IDH1 mutation and MGMT methylation together pre-
dict survival in anaplastic astrocytoma?®; a randomised trial
of neoadjuvant temozolomide before radiotherapy found no
overall survival benefit?’; and partial resection offers a sur-
vival benefit over biopsy in MGMT-methylated tumours?3.
Molecular status can increasingly be inferred without surgery,

from multiparametric MRI?® or from FET-PET in gliomas
graded under the 2021 criteria®®. The model contains no
treatment, imaging or resection component and bears on none
of these. Agent-based modelling is nevertheless an estab-
lished approach to the growth question it does address: Physi-
Cell couples individual cell phenotype to diffusible substrates
through finite-difference solution of reaction-diffusion equa-
tions3!, and comparable hybrid models have been used to
study hypoxia-dependent drug and radiation response in the
tumour microenvironment>2.

Materials and Methods

All computational simulations used PhysiCell version 1.14.2,
an open-source, physics-based multicellular simulator3!.
PhysiCell was compiled from source and executed from the
command line on a local installation. The unmodified tem-
plate sample project was used and no custom C++ was writ-
ten, so the entire model specification resides in the archived
XML configuration and initial-condition CSV. Each run stores
a manifest recording its random seed, the PhysiCell version
and git commit, the OpenMP thread count and a SHA-256
hash of the configuration used. Employing a lattice-free, off-
lattice agent-based modeling framework, PhysiCell has indi-
vidual cells represented as discrete agents occupying continu-
ous two-dimensional space. Each agent has customizable bio-
physical properties governing the cell-cycle progression, death
behavior, volume dynamics, mechanics, motility, and secre-
tion patterns. Physicell uses finite-difference methods on a
Cartesian mesh to solve partial differential equations for dif-
fusible substrates, allowing for dynamic coupling between cell
behavior and the local microenvironment.

The simulation’s domain extends from —500 to +500 mi-
crons along both the x and y axes. The spatial resolution was
20 micrometers per grid element, which yields a 50 x 50 com-
putational mesh of 2,500 voxels. Simulations are constrained
to the z = 0 plane, consistent with standard two-dimensional
PhysiCell implementations. The simulation time was 7920
minutes saved every 360 minutes, which gives 22 intervals and
therefore 23 saved output timepoints once t = 0 and the end-
point are both counted. The diffusion timestep was 0.01 min-
utes, the mechanics timestep was 0.1 minutes, and the pheno-
type update timestep was 6 minutes, consistent with PhysiCell
default stability requirements.

Two astrocytoma cell types were defined, both carrying
the IDH1 R132H mutation and differing only in TP53 sta-
tus: IDHI1-mutant/TP53-wild-type and IDHI1-mutant/TP53-
mutant. ATRX and CDKN2A/B status are held constant
across both and are not represented; CNS WHO grade 4 is
assumed for parameterisation and is not demonstrated by the
simulation. Each cell type was assigned parameters derived
from peer-reviewed in vitro and clinical studies (detailed in

© The National High School Journal of Science 2026

NHSJS Reports |3



Table 1). The Live cycle model was applied uniformly to both
cell types. It has a single phase with an exponentially dis-
tributed duration and transition rate r, so with apoptosis hazard
d the population obeys dN /dt = (r — d)N and the population
doubling time is In(2) /(r —d). The doubling time is therefore
neither the mean phase duration nor independent of the death
rate.

The wild-type cells reflected the baseline proliferative be-
havior of diffuse astrocytoma cells in the absence of muta-
tions. Published doubling times are population doubling times
and already net out cell loss, so the cycle rate was obtained
by inverting the relation above as r = In(2) /T + d rather than
by setting the phase duration equal to the published doubling
time. The TP53-wild-type agent was assigned the 4.9-day
mean reported for patient-derived IDH1-mutant glioma cul-
tures3, giving r = 1.514 x 10~* per minute (mean phase du-
ration 6605 minutes). Setting the phase duration equal to the
doubling time instead, as in the previous version of this work,
encodes a 3.40-day doubling time in place of the intended 4.90
days3*. The apoptosis death rate was set to the PhysiCell de-
fault of 5.317 x 1073 per minute, which corresponds to a base-
line rate of programmed cell death reflective of normal tumor
suppressor activity. The Necrosis parameters were retained at
PhysiCell defaults and are driven dynamically by local oxygen
concentration.

The TP53-mutant cells are modeled after the loss-of-
function mutation in the TP53 tumor suppressor gene. Mu-
tation of TP53 gene inhibits the p53’s ability to induce apop-
tosis in response to genotoxic stress and DNA damage. In ac-
cordance, the apoptosis death rate for TP53-mutant cells was
set at 5.317 x 10~°, which is 10-fold lower than the TP53-
wild-type agent. This factor is an assumption: no study was
identified reporting a basal per-minute apoptosis hazard for a
named TP53 substitution on an IDH1-mutant background, so
it is declared unsourced and varied across a sensitivity analysis
rather than asserted. The cycle transition rate was held identi-
cal to the TP53-wild-type agent, so the two arms are matched
on proliferation by construction and differ only in apoptosis.
The TP53-mutant population doubling time of 3.30 days is
consequently an output of those two settings rather than an in-
put, and the resulting growth difference is an arithmetic con-

sequence of the parameterisation .

Microenvironment Configuration

Oxygen was configured to be the sole diffusible substrate in
order to model the driver of necrosis in avascular tumor re-
gions. Oxygen diffusion coefficient was set to 100,000 mi-
crons im?/min, and the initial oxygen condition throughout
the domain was set to 38 mmHg. Both of these values re-
flect the diffusion coefficient of oxygen in brain tissue and the
physiological oxygen tension in normal brain parenchyma re-

spectively. Dirichlet boundary conditions of 38 mmHg were
applied to the domain boundaries in the xy plane. Oxygen
gradient calculator and agent-level oxygen tracking are both
enabled. Necrosis is triggered automatically by the simula-
tion engine when local oxygen concentration falls below cell-
type-specific necrosis threshold and is done to model hypoxia-
induced cell death consistent with avascular necrosis observed
in high-grade glioma.

Initial Conditions

Cell types were initialized with 100 cells distributed via ran-
dom fill within a disk of radius 50 microns centered at a dis-
tinct spatial coordinate. In the separated co-culture arm the
TP53-wild-type population was centred at (—200, 0) and the
TP53-mutant population at (200, 0); the position-swapped arm
exchanges these, the well-mixed arm seeds both at (0, 0), and
each monoculture arm seeds a single population at (0, 0). Sep-
arating the groups allows independent initial growth, but be-
cause a change in relative abundance between separated pop-
ulations cannot by itself demonstrate interaction, competition
is assessed by comparing growth in co-culture against mono-
culture at the same seed rather than inferred from the layout.
All cells are initialized at z = 0.

Data Collection and Output

Simulation output is saved at 360-minute intervals in stan-
dard XML and binary .mat format. Each output contained an
XML manifest with simulation metadata and current time, a
_cells.mat file with per-cell state, position, cell type identifier,
volume and cycle phase, and a _microenvironmentQ.mat file
with the substrate concentration at each voxel. 23 output time-
points were captured across the 5.5-day simulation period.

Data Analysis

Post simulation analyses are performed using custom Python
scripts employing the pandas (version 2), numpy (version
1.24), matplotlib (version 3.7), scipy (version 1.11), seaborn
(version 0.12) and statsmodels (version 0.14) libraries. Cell
population data were extracted from the _cells.mat binary files
using scipy.io.loadmat, with the cell type identifier in row 5
of the cell data matrix and the oxygen concentration in row
4 of the microenvironment matrix. The run that previously
terminated at Day 3.25 through a memory allocation limit on
NanoHub was rerun to completion on the local installation
rather than excluded. No timepoint was removed from any
run in the reported set, and any run that failed to produce all
23 timepoints was rerun rather than trimmed.

We then applied exponential growth regression to each cell
population using the model N(r) = Nypexp(rt) (eql), where Ny
represents the initial cell count and r the instantaneous growth
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Model Parameters Summary

Table 1 Simulation Parameters for Each Cell Type

Parameter Value Unit PhysiCell field Provenance

Domain extent —500 to +500 um domain/x_min, x_max assumed

Voxel size 20 um domain/dx default

Simulated time 7920 min overall/max_time assumed

Save interval 360 min save/full_data/interval assumed

Saved timepoints 23 count computed, not entered calculated

TP53-wt doubling time 4.9 days input to the conversion measured (Verheul 2021)
TP53-wt cycle rate 1.514 x 10~* min~! cycle[code=5]/phase_transition_rates/rate[0-0] calculated

TP53-wt apoptosis rate 5.317 x 1073 min~! death/model[code=100]/death_rate default

TP53-mut cycle rate 1.514 x 10~* min~! cycle[code=5]/phase_transition_rates/rate[0-0] assumed (matched to wt)

Apoptosis suppression factor 10 (swept 1-100)

dimensionless

death/model[code=100]/death_rate

ASSUMED - no source

TP53-mut apoptosis rate 5317 x 1076 min~! death/model[code=100]/death_rate calculated
TP53-mut doubling time 3.30 days OUTPUT, not entered calculated
Oxygen diffusion 100000 um?/min variable[oxygen]/diffusion_coefficient default
Oxygen decay 0.1 min~! variable[oxygen]/decay rate default
Oxygen initial and boundary 38 mmHg initial_condition; Dirichlet_boundary_condition default
Oxygen uptake 10 min~! secretion/substrate[oxygen]/uptake_rate default
Cell-cell adhesion 0.4 um/min mechanics/cell_cell_adhesion_strength default
Cell-cell repulsion 10.0 um/min mechanics/cell_cell_repulsion_strength default
Motility disabled - motility/options/enabled assumed
Cells per population 100 count initial_conditions (CSV) assumed
Seeding disk radius 50 um initial_conditions (CSV) assumed
Replicates per arm 10 count options/random_seed assumed

Note: Cycle durations reflect phase 0-to-0 transition time in the live-cell cycle model.

rate. Regression is performed using scipy.optimize.curve_fit
with initial parameter estimates of Ny = 100 and » = 0.5, and
fitis evaluated using the coefficient of determination; doubling
times are calculated as In(2)/r. Statistical comparisons are
made between complete runs rather than between timepoints.
The primary outcome is the fitted log growth rate per repli-
cate, compared within seed as a paired difference with per-
centile bootstrap confidence intervals and Cohen’s d;; com-
petition coefficients are the difference between a genotype’s
growth rate in co-culture and in monoculture at the same seed.
Tumor heterogeneity is quantified using the Shannon diver-
sity index, and spatial analyses include mean and maximum
cell displacement from the domain origin, spatial distribution
scatter plots and kernel density estimation heatmaps generated
using seaborn.kdeplot.

Each condition was run as ten independent replicates dif-
fering only in random seed. The determinism assumed in the
previous version of this work was tested directly and does not
hold: PhysiCell implements a non-zero death rate as a proba-
bilistic event and the Live cycle transition is exponentially dis-
tributed rather than fixed-duration, so the trajectory is stochas-
tic beyond initial placement. Across seeds the coefficient of
variation in the primary outcome ranged from 7.4% to 18.9%
by arm. The unit of analysis is therefore the run and not the
timepoint: each run was reduced to replicate-level outcomes
before any comparison was made, and arms were compared
within seed. Replicate count was set by a convergence check
rather than by convention, the relative half-width of the 95%

confidence interval falling to 4.7% at n = 10.

Results

Overall Population Dynamics

Over the 5.5 day simulation period, each cell population had a
different growth trajectory that aligns with their differential bi-
ological parameterizations. The TP53-mutant population ex-
panded 3.14-fold (SD 0.32) and the TP53-wild-type popula-
tion 2.13-fold (SD 0.25), reaching mean endpoint counts of
314.1 and 212.6 agents. These values differ by roughly two
orders of magnitude from those previously reported (236-fold
and 131-fold); that discrepancy is fully accounted for by the
cycle-rate error described in the Methods, since a 1440-minute
phase duration predicts a 234.6-fold expansion over 5.5 days
by closed form. The difference between the two arms follows
from the assigned apoptosis parameter and is not an indepen-
dent finding of the simulation.

Both populations expanded approximately isotropically
from their seeding disks (Figures 2 and 8). Motility was dis-
abled and adhesion and repulsion parameters were identical
across genotypes, so the model contains no genotype-specific
spatial phenotype: the larger footprint of the TP53-mutant
population follows from its larger cell count rather than from
any distinct migratory or mechanical behaviour, and no con-
clusion about mutation-specific invasion is drawn.

Exponential regression was performed for each population.
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Figure. 1 (A) Mean live agent count over time, with 95%
confidence bands across ten seeded replicates. (B) Total fold
change from seeding, with 95% confidence intervals. Data:
figl_growth_and_fold_change_data.csv.
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Figure. 2 Positions of individual live agents at three timepoints in one
representative replicate of the separated co-culture arm. Each point is
one cell agent; scale in microns. Data: fig2_spatial_agents_data.csv.

The fitted doubling times agree with the values implied by the
entered parameters to within a few percent, which is the veri-
fication the fit is used for rather than a finding in its own right.
Any residual departure reflects crowding within the finite do-
main rather than competitive pressure, since competition coef-
ficients measured against monoculture were indistinguishable
from zero. Fold change from the initial cell count is reported
alongside the fitted rate throughout (Figure 1, right panel).

Statistical Analysis

All statistical tests treating timepoints as independent observa-
tions have been removed, since successive timepoints within
a run are serially dependent and their use inflates the degrees
of freedom. Comparisons are now made between complete
runs. The within-seed paired difference in fitted log growth
rate between the TP53-mutant and TP53-wild-type popula-
tions was 5.3 x 107> min~! (95% CI 4.3-6.2 x 107>, Co-
hen’s d; 3.28) in the well-mixed arm, 4.6 x 1075 (3.5-5.9 x
107>, d. 2.25) in the separated arm and 4.6 x 107> (3.6-5.6
x 1073, d 2.64) in the position-swapped arm. The separated
and position-swapped arms agree to two significant figures, so
the effect does not depend on which side of the domain a pop-
ulation is seeded. In the label control, where two populations
are parameterised identically, the same comparison gave 2.5

x 1070 (95% CI1-7.2 x 107% to 1.2 x 107, d. 0.15), which
is the false-positive floor of the analysis. Competition coeffi-
cients, defined as a genotype’s growth rate in co-culture minus
its growth rate in monoculture at the same seed, all had con-
fidence intervals spanning zero. Neither population’s growth
was measurably altered by the presence of the other.
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Figure. 3 (A) Population fraction over time with 95% con-
fidence bands. (B) Observed population doubling times

against the values implied by the entered parameters. Data:
fig3 _fraction_and_doubling_data.csv.
A. Endpoint count per replicate B. Paired effect size
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Figure. 4 (A) Endpoint count for every individual replicate,
by arm and population; each point is one complete simulation
run. (B) Within-seed paired effect sizes with 95% confidence
intervals, against the shaded label-control noise floor. Data:
fig4 replicate_distributions_data.csv.

Tumor Heterogeneity

The Shannon diversity analysis revealed a decline in tumor
heterogeneity over the simulation period. With two popula-
tions the maximum index is In2 = 0.693, the value at seeding.
By day 5.5 it had declined to 0.672, a change of -0.021. The
corresponding change in the label control, where both popula-
tions are parameterised identically, was -0.0016. The decline
is thus real and roughly an order of magnitude above the anal-
ysis floor, but small in absolute terms, amounting to about a
3% reduction.

Oxygen Microenvironment

Domain-mean oxygen declined from 38.0 mmHg at simula-
tion onset to 32.9 mmHg within the first six hours as the pop-
ulations established consumption, and then fell gradually to
30.1 mmHg by day 5.5 rather than stabilising. The minimum
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Table 2 Within-seed paired contrasts at the replicate level

Arm Comparison

Mean difference in log

95% CI Cohen’s d,

growth rate (1/min)

Well-mixed co-culture TP53-mutant - 53 x 107 43 %x 107 t06.2 x 107> 3.28
TP53-wild-type

Separated co-culture TP53-mutant - 4.6 x 107 35x 107 t05.9 x 1073 225
TP53-wild-type

Position-swapped TP53-mutant - 4.6 x 107 3.6 x 1079 t05.6 x 1073 2.64
TP53-wild-type

Label control Label A - Label B 2.5 x 107 ~72x10%t012x 1075 0.15

Note: Within-seed paired differences in fitted log growth rate between the TP53-mutant and TP53-wild-type populations, by arm. Each row
is ten paired replicates; confidence intervals are percentile bootstrap. The label control gives the false-positive floor of the analysis, since both
of its populations are parameterised identically. All 60 competition coefficients measured against monoculture at the same seed had confidence
intervals spanning zero and are reported in full in the accompanying data file.
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Figure. 5 (A) Shannon diversity index over time with 95%

confidence band, against the two-population maximum of In

2. (B) Absolute live counts for each population. Data:
fig5_diversity_and_counts_data.csv.
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Figure. 6 Domain-mean oxygen concentration with the minimum-
maximum envelope across runs. The hypoxic threshold (15 mmHg)
and the necrosis threshold (5 mmHg) are both marked. Data:
figh_oxygen_over_time_data.csv.

voxel value fell further, to 17.4 mmHg at six hours. The min-
imum oxygen concentration reached in any voxel across the
run set was 10.8 mmHg. This is below PhysiCell’s default hy-
poxic threshold of 15 mmHg, though it remains above the 5
mmHg necrosis threshold, and no necrotic core formed at any

timepoint. Spatial depletion zones are clearly visible beneath
each population by day 3.2 (Figure 7), so the oxygen land-
scape is not uniform and oxygen is a weakly limiting shared
resource rather than an inert background. Because both geno-
types have identical uptake parameters this depletion is sym-
metric and does not favour either population.

Day 5.5
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Figure. 7 Spatial oxygen distribution at three timepoints, plotted on
the measured range rather than a fixed scale. Depletion zones form

beneath each seeded population. Data: fig7_spatial_oxygen_data.csv.

Spatial Density

At day 5.5, kernel density estimation showed both popula-
tions occupying approximately circular regions centred on
their seeding positions, the TP53-mutant region being larger
in proportion to its larger cell count. Since the spatial descrip-
tions follow directly from where each population was placed,
and no genotype-specific motility, adhesion, or mechanical pa-
rameters were assigned, these distributions are reported as a
description of the model configuration rather than as a spatial
phenotype.

Model Verification and Sensitivity Analysis

Before any co-culture result was interpreted, each genotype
was simulated alone and compared against the closed-form
prediction N(t) = Npexp((r —d)t) computed from its param-
eters with no fitting. Both monoculture arms agreed with the
prediction to within 7% (Figure 9), which verifies that the
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Figure. 8 Kernel density estimates of agent position at day
5.5 for each population, with individual agents overlaid. Data:
fig8_density _kde_data.csv.
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Figure. 9 Observed versus closed-form log growth rate for each
monoculture arm, with the relative error annotated.

emitted configuration encodes the intended parameters. Be-
cause the degree of apoptosis suppression is an assumption
rather than a measured quantity, it was varied across six val-
ues from 1 (no effect) to 100 with five seeded replicates per
value (Figure 10). At the null the two arms are indistinguish-
able, so the entire effect disappears when the assumption is
switched off; the effect saturates above roughly fivefold be-
cause apoptosis can at most be removed, after which growth
is bounded by the cycle rate. Replicate count was set by con-
vergence rather than convention, the relative half-width of the
95% confidence interval falling to 4.7% at ten replicates (Fig-
ure 11).

Discussion

The central finding of this study is that TP53-mutant cells are
driven by apoptosis suppression, not proliferation. In the cor-
rected run set the TP53-mutant population expanded 3.14-fold

Apoptosis sensitivity sweep

1x = no effect (the null)

+— 400 -
S
S 350 - - T
o e Sl L -
§_ 300 - /i—i\z/
2 550 I
& 200 - Téf\"’r—f T
2 d 1 L 1 1

150 -

10° 10t 102

Assumed apoptosis suppression factor

=%= |DH1 R132H / TP53-mutant
=o= |DH1 R132H / TP53 wild-type

Figure. 10 Mean endpoint count against the assumed apoptosis sup-
pression factor, with 95% confidence intervals. The dashed line
marks the ceiling reached when apoptosis is removed entirely; the
vertical line marks the null.
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=eo= relative 95% CI half-width === target (10%)

Figure. 11 Relative width of the 95% confidence interval on the pri-
mary outcome as a function of replicate count.

against 2.13-fold for the TP53-wild-type population, at iden-
tical cycle transition rates. The only parameter differentiating
the two was the assumed 10-fold reduction in apoptosis rate,
so the growth gap is a direct arithmetic consequence of that
assumption. The simulation confirms that the model behaves
as its parameters dictate; it does not independently establish
that TP53 mutation produces this effect in patients. Currently,
the clinical narrative around TP53 tends to conflate tumor sup-
pressor loss with accelerative growth, yet it is more accurate
that TP53 mutation allows cells that should die to persist and
accumulate.

This reflects the role of p53 in activating the intrinsic apop-
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totic pathway. Under regular conditions, genotoxic stress ac-
tivates p53, which then transcriptionally upregulates BAX,
PUMA, and NOXA, permeabilizing the mitochondrial outer
membrane and initiating caspase-dependent cell death?®. Mu-
tation at hotspot codons 248 or 273 ablates this response.

Each division cycle in a TP53-mutant cell produces daugh-
ter cells that accumulate DNA damage, then driving the ge-
nomic instability that marks the characteristic G:C to A:T tran-
sition pattern at CpG sites observed in clinical AIDHmut/G4 2.
Over the simulated period the assigned survival advantage
compounds into a 1.47-fold greater total population expansion
relative to the TP53-wild-type agent.

In the revised model both agents carry the IDH1 R132H
mutation, so the contrast concerns TP53 status on a shared
IDHI-mutant background rather than a comparison between
IDH1-mutant and IDHI1-wildtype subclones. The IDHI1
R132H substitution redirects isocitrate dehydrogenase activ-
ity towards producing 2-hydroxyglutarate, an oncometabolite
that competitively inhibits o-ketoglutarate-dependent dioxy-
genases and alters histone and DNA methylation?’33. None
of this metabolic machinery is represented here. The observed
doubling times agree with the values implied by the entered
parameters to within a few percent, which verifies the con-
figuration; any departure reflects crowding within the domain
rather than competitive pressure. No population was excluded
by another within the timeframe of the simulation, and both
grew at rates indistinguishable from their monoculture rates.

The Shannon index declined from 0.693 at seeding to 0.672
at day 5.5, a change of -0.021 against -0.0016 in the iden-
tically parameterised label control. The decline is real and
roughly an order of magnitude above the analysis floor, but
amounts to only about 3% of the two-population maximum,
so the two populations remain close to evenly balanced at the
end of the run rather than converging on a monoclonal state.
The model contains no stem-cell state, no differentiation hier-
archy, no self-renewal mechanism and no stem-cell markers,
so a modest shift in the relative proportions of two predefined
populations bears no evidential weight on cancer stem cell the-
ory and no such inference is drawn.

No treatment, DNA-damage response, or drug mechanism
was represented in this model, so it provides no basis for a
therapeutic recommendation. The MDM2 inhibitor recom-
mendation previously made here was in any case biologically
reversed: MDM2 inhibitors depend on functional wild-type
p53 and act on TP53-wild-type cells, not the TP53-mutant
cells they were proposed to target3*.

Oxygen fell to a minimum of 10.8 mmHg, below the hy-
poxic threshold but above the necrosis threshold, and no
necrotic core formed. Domain-mean oxygen declined from
38.0 to 32.9 mmHg in the first six hours as the seeded popula-
tions established their consumption rate, then continued to fall
slowly rather than reaching a steady state, with mild hypoxia

developing beneath each population. The absence of necrosis
follows from the domain size, the boundary conditions and the
population sizes reached, and cannot be offered as evidence
about the histology of AIDHmut/G4.

Limitations

Several limitations must be noted. The simulation was two-
dimensional, while tumor growth in the brain parenchyma is
inherently three-dimensional. It included two cell types differ-
ing in a single parameter, whereas AIDHmut/G4 involves sev-
eral coexisting alterations, notably ATRX and CDKN2A/B,
which were held constant here and not represented; whole-
arm 1p/19q codeletion is a feature of oligodendroglioma rather
than astrocytoma and is not applicable. The 5.5-day window is
short relative to the months over which these tumors develop,
so long-term competition is not observable here. All parame-
ters derive from in vitro models, and immune cell interactions
were not represented. The most important remaining limita-
tion is that the magnitude of the apoptosis suppression is an
assumption rather than a measured quantity: the sensitivity
analysis shows the qualitative result is robust across a 5- to
100-fold range but disappears entirely at the null, so the find-
ing is conditional on assuming suppression exists.

One more important limitation concerns the statistical anal-
yses. The previous version of this work applied Kruskal-
Wallis H tests and one-way ANOVAs to the cell count dis-
tribution across timepoints. Successive timepoints within a
run are serially dependent, so treating them as independent in-
flated the degrees of freedom and produced artificially small
p-values. Those tests have been removed entirely. The present
analysis uses the run as the unit of replication, which is the
appropriate unit but also a coarser one: with ten replicates per
arm the study is powered to detect only differences of roughly
the size reported here.

Future Directions

To test the hypothesis that TP53-mutant cells resist treatment,
parallel simulations would have to apply apoptosis rates rel-
evant to chemotherapy, both generally and selectively to the
TP53-mutant population. Further work would extend the
model to three dimensions, represent ATRX and CDKN2A/B
status explicitly, simulate longer periods, and incorporate
patient-specific genetic data.

Ethics and Policy

It must be noted that the present work is completely compu-
tational in its nature and did not include research on humans,
patients’ information, any animal tests, or biological samples.
Institutional review and informed consent were not applica-
ble, as the study did not involve human participants, clinical
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patient data, animal testing, or biological tissue samples. In
addition, all cellular activity values used in the current inves-
tigation have been obtained only from published sources.

Code and data availability. The complete simulation and
analysis code is publicly available at https://github.c
om/vedant-dave832/glioma_physicell. The
repository contains the parameter registry from which both
the PhysiCell configuration and the parameter table are gen-
erated, the replicate runner, the analysis and figure code, and
the test suite. Every run is archived with a manifest record-
ing its random seed, the PhysiCell version and git commit, the
OpenMP thread count and a SHA-256 hash of the configu-
ration passed to the executable, together with the configura-
tion file and initial-condition CSV themselves, so any value
reported in this paper can be regenerated exactly. Each figure
is accompanied by a data file containing the values plotted.

Conclusion

The aim of this study was to model growth dynamics of TP53-
wild-type and TP53-mutant astrocytoma cell populations on
a shared IDH1-mutant background in PhysiCell, in order to
examine mechanisms proposed for the different prognoses of
these sub-clonal lineages in Astrocytoma IDH Mutant Grade
4. Across ten seeded replicates the TP53-mutant population
expanded 3.14-fold against 2.13-fold for the TP53-wild-type
population at identical cycle transition rates, the only differ-
ence between them being an assumed 10-fold reduction in
apoptosis rate. Within the model, a reduced apoptosis rate is
therefore sufficient to produce a larger final population with-
out any change in division rate. This is a property of the pa-
rameterisation, verified against the closed-form expectation,
and is not evidence about prognosis in patients. The model
contains no stem-cell state and no treatment, so it bears on
neither cancer stem cell theory nor temozolomide resistance,
and supports no therapeutic recommendation. Most impor-
tantly, competition coefficients measured against monoculture
all included zero: the larger TP53-mutant population reflects
its assigned death rate rather than competitive displacement.
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