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Abstract

Background
Treatment success in childhood cancer has reached a plateau. Aetiological research remains at the level of molecular inventories. The first fact is
that the window for mutation accumulation is measured in months. The second fact is that no recognisable multi-step precancerous sequence exists
in the general paediatric population. The third fact is that tumour histology follows developmental programmes. Existing models answer where the
field is, what it looks like and which lineage it comes from. These models do not provide a measurable state. That state should distinguish cells that
will complete transformation from cells that will not.

Methods
We built a five-state latent-variable developmental model. The P state is persistent fetal developmental-sequence deviation. The G state is failure of
growth-phase epigenetic correction and gate failure. The C state is a gradient-cell clone. The T state is a clinical tumour. The R state is a regressed or
silent clone. The model was calibrated to age-specific incidence for five developmental-origin subtypes in SEER 2008–2012. The five subtypes were
neuroblastoma, retinoblastoma, Wilms tumour/renal tumour, hepatoblastoma and embryonal central nervous system tumour. The model used
autopsy silent-clone data to anchor P and R. The model used a single-branch mutation-accumulation model as a comparator. The model simulated
the effect of lowering the gate-failure rate or raising the clone-regression rate within the developmental window.

Results
The model reproduced age-specific incidence for the five subtypes. Observed and predicted peak groups agreed in four of five subtypes. The
observed peak for embryonal central nervous system tumour was < 1 year. The predicted peak for this subtype was 1–4 years. The two peaks differed
by one age group. The predicted composite incidence was 107.6/79.8/16.6/5.2/2.3 per million. The observed composite incidence was
115.9/65.0/16.6/5.6/2.6. The latent-variable model had a lower AIC than the single-branch model in five of five subtypes. ΔAIC was 3.1–416.9. The
clone-to-clinical ratio was 37.6–72. The model value for neuroblastoma was 0.66% clone and 0.018% clinical. Autopsy in situ lesions were 1/150–
1/250. Clinical neuroblastoma was 1/7,000. The model ratio was in the same direction as the autopsy ratio. A 50% rise in kR reduced cumulative
clinical incidence by 24.4%–26.7% across the five subtypes. A 50% fall in kG0 had an effect of 0%–21.1%.

Conclusions
The rate of mutation accumulation cannot produce the early peak of childhood cancer. The single-branch model cannot reproduce the peak groups of
the five subtypes. The entry point of childhood cancer is persistent fetal developmental-sequence deviation, growth-phase correction failure and gate
failure. The clinical tumour is the terminal readout of this path. The clone-regression rate within the window is an earlier intervention variable than the
mutation rate.

1 Introduction

1.1 Treatment success and the aetiological gap
Childhood cancer is the most successfully treated group of malignancies in oncology. Five-year overall survival for ages 0–19 in the United States
rose from 60% in 1975 to 90% in 2017 [1]. Australian registry data on 20,871 cases show five-year relative survival rising from 72.8% in 1983–1994 to
86.1% in 2007–2016 [2]. Cure in acute lymphoblastic leukaemia exceeds 90% [3]. Global totals in 2023 were 377,000 new cases and 144,000 deaths
in ages 0–19 [4].

Treatment success has not answered the aetiological question. Relapse remains the leading cause of death. Relapse concentrates among children
initially classified as standard risk [3]. Treatment intensity has reached a plateau. A randomised trial of 630 patients compared two induction
regimens. The two regimens did not differ in efficacy. The stronger regimen had significantly more grade 3–4 toxicity [36]. 6-Thioguanine replaced 6-
mercaptopurine. The replacement increased toxicity. The replacement produced no benefit [37]. Standard-risk acute lymphoblastic leukaemia lowered
delayed-intensification intensity. The reduction did not prove non-inferiority [38]. The cost is deferred to survivors. Among 10,397 adult survivors,
chronic health conditions reached 73.4% at 30 years after diagnosis [39]. Grade 3–5 conditions in these survivors reached 96.0% by age 50 [40].
Forty-year all-cause mortality among 34,230 five-year survivors reached 23.3% [41].

These three facts point to a problem that the current system ignores. The treatment target is the tumour that has already appeared. The current
system does not ask why this child had the opportunity to begin. Every quantity measured by the current system takes the presence of tumour as its
object. The current system has no site that reads the constraint state of a cell before it is allowed to grow.

1.2 Three anomalies that adult templates cannot accommodate
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Childhood cancer aetiology has three anomalies that adult templates cannot accommodate. The first anomaly is that the window for mutation
accumulation is measured in months. The initiating event occurs in utero. Transformation occurs shortly after birth [5][6]. Exposure accumulation in
adult epithelial cancer is measured in decades. Childhood cancer does not have this time.

The second anomaly is that no recognisable multi-step precancerous sequence exists in the general paediatric population. Precursor lesions that
have been found are confined to developmental and germline contexts. Nephrogenic rests are precursor lesions of Wilms tumour. Isolated rests
progressed in 33% of an observation group. Chemotherapy reduced the progression rate of isolated rests to 3.9%. Multifocal rests progressed at 50%.
Diffuse hyperplastic nephroblastomatosis progressed at 100% [7]. In situ neuroblastoma can be found incidentally at autopsy [15]. Transient
abnormal myelopoiesis in Down syndrome is a neonatal pre-leukaemic state that can be detected actively [8]. Investigators found these lesions only
after prior marking of a known developmental or germline context. Current criteria do not read the corresponding state in the general population.

The third anomaly is that tumours follow developmental programmes. Inactivation of the same gene is oncogenic only in a specific cell at a specific
developmental stage. With RB loss, maturing human cone precursors enter the cell cycle. These cells form tumours. Immature cone precursors do
not form tumours [9][10]. Childhood tumour histology corresponds precisely to a developmental stage. Adult tumour histology often lies at a clear
distance from the tissue of origin.

1.3 Where existing models stand

The entry point of childhood cancer is not mutation accumulation. The somatic mutation-accumulation model produced the molecular inventory. This
model showed that childhood cancers carry few somatic mutations. This model showed that childhood cancers carry a higher proportion of germline
change [11]. Research on in utero origin turned the seed from conjecture into evidence [5][6]. The two-step model supplied the structure of
intrauterine initiation followed by postnatal secondary change [5]. The developmental-window, cell-of-origin and epigenetic model is closest to the
position taken here. This model matched tumour subgroups to specific developmental lineages [12]. All four models answered where the field is, what
it looks like and which lineage it comes from. None of these four models provided a measurable state. That state should distinguish cells that will
complete transformation from cells that will not.

1.4 The model and contribution of this paper
We wrote the entry point of childhood cancer as a five-state path. P is persistent fetal developmental-sequence deviation. G is failure of growth-phase
epigenetic correction and gate failure. C is a gradient-cell clone. T is a clinical tumour. R is a regressed or silent clone.

This path provides three operational items. First, the entry point has a state. P is a developmental programme that has already deviated at birth. G is
the correction and gate construction that growth has not completed. Second, the state has readouts. The readouts are age-specific incidence,
autopsy silent-clone proportion and the clone-to-clinical ratio. Third, the state has materials. The materials are SEER registries, autopsy series,
pathology archives and developmental-lineage experiments.

Our contribution is to write this path as a parameterised latent-variable model. We calibrated this model to public data. This model is a latent-variable
model. This model is not a molecular-mechanism model. The model places the molecular layer downstream. The model answers three questions.
The first question is why the opportunity to begin exists. The second question is why the peak falls at a developmental age. The third question is why
a multi-step precancerous sequence is absent.

2 Methods

2.1 Data sources
Table 1 lists data sources and uses. Age-specific incidence came from SEER Cancer Statistics Review 1975–2012, Table 29.1. The time window of
this table was 2008–2012. The grouping of this table was ICCC group. The unit of this table was per million child-years [14]. International incidence of
childhood cancer (CI5) provided a second test of the age distribution for the same subtypes [13]. We used SEER for calibration. We used CI5 only for
external consistency. We selected five developmental-origin subtypes. The five subtypes were neuroblastoma and ganglioneuroblastoma (ICCC IVa),
retinoblastoma (V), nephroblastoma and other non-epithelial renal tumours (VIa), hepatoblastoma (VIIa) and intracranial or intraspinal embryonal
tumours (IIIc).

Autopsy silent-clone data came from three groups. The first group was in situ neuroblastoma. The detection rate of this lesion in stillbirth and infant
autopsy series was 1/150–1/250. Clinical neuroblastoma was 1/7,000 newborns [15]. The second group was nephrogenic rests. These rests were
present in up to 1% of routine infant autopsies. Most nephrogenic rests regressed within the first year. The annual incidence of Wilms tumour was
about 10 per million children [7][16]. The third group was transient abnormal myelopoiesis (TAM) in infants with Down syndrome. TAM occurred in
about 10%. GATA1 mutations were detectable in up to 30%. Fewer than 25% of TAM cases progressed to myeloid leukaemia [17][8].

Developmental-lineage and gate-mechanism evidence came from published human and experimental studies. Human cone precursors with RB1 loss
provided developmental-stage-specific evidence [9][10]. Cerebellar granule neuron precursors and BMP/Atoh1 provided positional-information
evidence [30][31]. Medulloblastoma subgroups provided lineage evidence [32][33]. ETV6-RUNX1 provided in utero origin evidence [5][6][34]. WT1 in
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Wilms tumour provided renal developmental-programme evidence [35]. The intrinsic gate had four execution paths [18][19][20][21][22]. Membrane
potential provided the differentiation readout [25][26][27][28].

Table 1
Data sources and uses.

Data Source Use

Age-specific
incidence

SEER CSR 1975–2012, Table 29.1, 2008–2012 [14] Calibration of five subtypes and composite
incidence

In situ
neuroblastoma

Infant autopsy series, 1/150–1/250 [15] Anchor P and R

Nephrogenic rests Infant autopsy, up to 1% [7][16] Anchor P and R

TAM Down syndrome newborns, about 10% [17][8] Anchor P and progression proportion

Developmental
lineage

Cone precursors, cerebellar granule precursors, metanephric
mesenchyme [9][10][30][35]

Set aG

Gate execution
paths

OIS, apoptosis, replication stress, ferroptosis [18]–[22] Define the biological content of G

Membrane potential Skeletal muscle, liver cancer stem cells, fetal neural stem cells [25]–[28] Define the differentiation readout

2.2 Five-state model
Age is denoted a and measured in years. The states are P, G, C, T and R. At birth, P(0)=p0. The initial values of the other states are zero. The transition
intensity from P to G is hG(a). hG(a) is a developmental-window function:

hG(a) = kG0 exp[−(a − aG)² / (2σG²)].

The transition intensity from G to C is kC. The transition intensity from C to T is kT. The transition intensity from C to R is kR. The continuous-time
equations are:

dP/da = − hG(a) P,

dG/da = hG(a) P − kC G,

dC/da = kC G − (kT + kR) C,

dT/da = kT C,

dR/da = kR C.

The clinical incidence at age a is λ(a). λ(a) equals kT multiplied by C(a). The model was discretised in monthly steps. Transition probabilities were
calculated as 1 − exp(− rate × Δt). The predicted incidence for an age group was the person-year-weighted average of λ(a) within that group. This
average was multiplied by 10⁶ and compared with the SEER rate per million child-years.

2.3 Parameterisation and calibration
Each subtype had five free parameters. The five parameters were p0, kG0, kC, kT and kR. aG and σG were set from published developmental windows
of the cells of origin. aG and σG did not enter the fit. The neuroblastoma values were aG = 0.5 and σG = 0.40. The retinoblastoma values were aG = 0.4
and σG = 0.25. The Wilms tumour values were aG = 2.5 and σG = 1.20. The hepatoblastoma values were aG = 0.5 and σG = 0.50. The embryonal central
nervous system tumour values were aG = 3.0 and σG = 2.00.

Parameter estimation used penalised least squares. The objective summed the squared difference between log predicted rate and log observed rate.
The sum was divided by the measurement-error variance σ = 0.15. The objective added a heavy-tailed prior. The prior settings were as follows. The
mean of log p0 was log(0.005), and the standard deviation was 1.2. The mean of log kG0 was log(5), and the standard deviation was 1.2. The mean of
log kC was log(0.5), and the standard deviation was 1.2. The mean of log kT was log(0.1), and the standard deviation was 1.2. The mean of log kR
was log(5), and the standard deviation was 1.2. Age groups with an observed value of zero were treated as below the detection limit. These age
groups did not enter the likelihood. A zero observation did not penalise the predicted value. Optimisation used 80,000 random starts and coordinate
descent. Optimisation selected the parameter set with the smallest objective.

2.4 Model comparison
The single-branch mutation-accumulation model was λM(a)=λ0 a^γ. This model had two parameters. The two parameters were λ0 and γ. This model
was fitted to the same positive observations. We compared the AIC of the latent-variable model and the single-branch model. AIC equals 2k plus
2NLL. NLL equals 0.5 times Σ[log λpred − log λobs]² divided by σ², plus n log σ. k is the number of parameters. The latent-variable model had k = 5.
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The single-branch model had k = 2. n is the number of positive observations. The AIC difference tested whether developmental-window parameters
were necessary.

2.5 Silent clones and intervention simulation
The model output three quantities. The first quantity was the cumulative probability of entering C before age 20. The second quantity was the
cumulative probability of entering T before age 20. The third quantity was the ratio of the first two quantities. Cumulative clone corresponded to silent
lesions visible at autopsy. Cumulative clinical corresponded to registry incidence. The model compared the clone-to-clinical ratio with the autopsy-to-
clinical ratio.

The intervention simulation changed two parameters. The first change lowered kG0 by 25% and 50%. This change represented a lower gate-failure
rate within the window. The second change raised kR by 25% and 50%. This change represented a higher clone-regression rate. Each change
recalculated the cumulative clinical probability before age 20. The model reported the percentage fall from baseline.

2.6 Software and reproducibility
The model, fit, result tables and figures were implemented in Node.js. The code files were etaz_cp_model.js, etaz_cp_fit2.js, etaz_cp_results.js,
etaz_cp_tables.js and make_etaz_figs.js. The result files were etaz_cp_fit_results.json and etaz_cp_results.json. All input data came from public
registries and published literature. This study used no individual-level data.

3 Results

3.1 The model reproduces age-specific incidence for five subtypes
Table 2 gives the fitted parameters. The range of p0 was 0.276%–0.663%. The range of kG0 was 2.50–9.53 per year. The range of kC was 0.124–
1.227 per year. The range of kT was 0.055–0.133 per year. The range of kR was 4.73–6.46 per year. kR was 47–86 times larger than kT. This ratio
indicates that most clones regress before they reach clinical detection.

Subtype aG (years) σG (years) p0 kG0 (/year) kC (/year) kT (/year) kR (/year)

Neuroblastoma 0.5 0.40 0.663% 7.74 0.415 0.133 6.21

Retinoblastoma 0.4 0.25 0.396% 4.56 1.227 0.080 5.64

Wilms tumour/renal tumour 2.5 1.20 0.541% 5.43 0.428 0.107 4.99

Hepatoblastoma 0.5 0.50 0.276% 2.50 1.139 0.055 4.73

Embryonal central nervous system tumour 3.0 2.00 0.608% 9.53 0.124 0.124 6.46

Table 2. Fitted parameters of the five-state model. p0 is the proportion of the P state at birth. kG0 is the P→G intensity within the developmental
window. kC is the G→C intensity. kT is the C→T intensity. kR is the C→R intensity. aG and σG were set from developmental-lineage literature and did
not enter the fit.

Table 3 gives observed and predicted values. The observed values for neuroblastoma were 49.2/20.5/3.8/1.1/0. The predicted values for
neuroblastoma were 41.1/27.4/4.5/0.6/0.1. The observed values for retinoblastoma were 29.2/8.7/0/0/0. The predicted values for retinoblastoma
were 30.0/8.5/0.1/0/0. The observed values for Wilms tumour were 14.3/18.8/5.4/0.6/0. The predicted values for Wilms tumour were
13.5/25.1/4.3/0.5/0.1. The observed values for hepatoblastoma were 11.0/6.5/0/0/0. The predicted values for hepatoblastoma were
12.9/5.6/0.1/0/0. The observed values for embryonal central nervous system tumour were 12.2/10.5/7.4/3.9/2.6. The predicted values for embryonal
central nervous system tumour were 10.1/13.3/7.7/4.1/2.2.

Subtype Observed
<1

Observed
1–4

Observed
5–9

Observed
10–14

Observed
15–19

Predicted
<1

Predicted
1–4

Predicted
5–9

Predicted
10–14

Predicted
15–19

Neuroblastoma 49.2 20.5 3.8 1.1 0.0 41.1 27.4 4.5 0.6 0.1

Retinoblastoma 29.2 8.7 0.0 0.0 0.0 30.0 8.5 0.1 0.0 0.0

Wilms
tumour/renal
tumour

14.3 18.8 5.4 0.6 0.0 13.5 25.1 4.3 0.5 0.1

Hepatoblastoma 11.0 6.5 0.0 0.0 0.0 12.9 5.6 0.1 0.0 0.0

Embryonal
central nervous
system tumour

12.2 10.5 7.4 3.9 2.6 10.1 13.3 7.7 4.1 2.2

Composite 115.9 65.0 16.6 5.6 2.6 107.6 79.8 16.6 5.2 2.3
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Table 3. Observed and predicted age-specific incidence for the five subtypes (per million child-years). Observed values came from SEER 2008–2012
[14]. Predicted values came from the five-state model.

3.2 Developmental windows predict peak groups
Table 4 and Figure 3 give observed and predicted peaks. The observed peak and the predicted peak agreed for neuroblastoma. The observed peak
and the predicted peak agreed for retinoblastoma. The observed peak and the predicted peak agreed for Wilms tumour. The observed peak and the
predicted peak agreed for hepatoblastoma. The observed peak for embryonal central nervous system tumour was <1 year. The predicted peak for
embryonal central nervous system tumour was 1–4 years. The observed rates in the two age groups were 12.2 and 10.5 per million. The observed
rates in the two age groups differed by 1.7 per million. Peak groups agreed in four of five subtypes.

Subtype Observed peak Predicted peak Agreement

Neuroblastoma <1 <1 Yes

Retinoblastoma <1 <1 Yes

Wilms tumour/renal tumour 1–4 1–4 Yes

Hepatoblastoma <1 <1 Yes

Embryonal central nervous system tumour <1 1–4 No

Table 4. Observed and predicted peak age groups.

Sensitivity analysis moved aG up and down by 0.5 years. Sensitivity analysis moved σG up and down by 25%. Neuroblastoma and retinoblastoma
moved to 1–4 years when aG was raised by 0.5 years. The other subtypes kept their peak groups. Peak order was insensitive to σG.

3.3 The silent-clone reservoir and autopsy data
Table 5 and Figure 4 give cumulative clone, cumulative clinical and the clone-to-clinical ratio. The range of cumulative clone was 0.256%–0.662%. The
range of cumulative clinical was 0.004%–0.018%. The range of the clone-to-clinical ratio was 37.6–72. The model values for neuroblastoma were
0.662% clone and 0.018% clinical. The clone-to-clinical ratio for neuroblastoma was 37.6. Autopsy in situ lesions were 1/150–1/250. This proportion
was 0.4%–0.67%. Clinical neuroblastoma was 1/7,000. This proportion was 0.014%. The autopsy ratio was about 29–48. The model values for Wilms
tumour were 0.541% clone and 0.014% clinical. Nephrogenic rests were present in up to 1% of infant autopsies. The annual incidence of Wilms
tumour was about 10 per million [7][16].

Subtype p0 Cumulative clone Cumulative clinical Clone/clinical ratio

Neuroblastoma 0.663% 0.662% 0.018% 37.6

Retinoblastoma 0.396% 0.370% 0.006% 57.7

Wilms tumour/renal tumour 0.541% 0.541% 0.014% 39.2

Hepatoblastoma 0.276% 0.256% 0.004% 72.0

Embryonal central nervous system tumour 0.608% 0.556% 0.013% 41.7

Table 5. The silent-clone reservoir: cumulative clone and cumulative clinical probability before age 20, and the clone-to-clinical ratio.

3.4 The single-branch mutation model fails
Table 6 and Figure 5 give the AIC comparison. The single-branch model predicted monotonic rise of incidence with age in all five subtypes. The
single-branch model could not produce an early peak. The AIC of the latent-variable model was 20.8, 2.5, 2.4, 4.4 and −3.6. The AIC of the single-
branch model was 437.8, 39.4, 361.1, 7.5 and 95.0. ΔAIC was 416.9, 36.9, 358.8, 3.1 and 98.5. The latent-variable model won in all five subtypes.
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Subtype Latent-variable AIC Single-branch AIC ΔAIC

Neuroblastoma 20.8 437.8 416.9

Retinoblastoma 2.5 39.4 36.9

Wilms tumour/renal tumour 2.4 361.1 358.8

Hepatoblastoma 4.4 7.5 3.1

Embryonal central nervous system tumour −3.6 95.0 98.5

Table 6. AIC of the latent-variable model and the single-branch mutation model. ΔAIC is single-branch minus latent-variable. A positive value indicates
a better latent-variable model.

3.5 Window intervention simulation
Table 7 and Figure 6 give the intervention simulation. A 25% rise in kR reduced cumulative clinical incidence by 14.7%–16.1%. A 50% rise in kR
reduced this incidence by 24.4%–26.7%. A 25% fall in kG0 had an effect of 0%–7.2%. A 50% fall in kG0 had an effect of 0%–21.1%. Neuroblastoma
and Wilms tumour were insensitive to a fall in kG0. Clone formation in these two subtypes was close to saturation. Retinoblastoma, hepatoblastoma
and embryonal central nervous system tumour were more sensitive to a fall in kG0.

Subtype kG0 −25% kG0 −50% kR +25% kR +50%

Neuroblastoma 0.5% 3.0% 14.8% 24.7%

Retinoblastoma 6.9% 20.6% 15.4% 25.5%

Wilms tumour/renal tumour 0.0% 0.0% 15.7% 26.2%

Hepatoblastoma 7.2% 21.1% 16.1% 26.7%

Embryonal central nervous system tumour 0.1% 0.3% 14.7% 24.4%

Table 7. Window intervention simulation: relative fall in cumulative clinical incidence.

3.6 Composite incidence and model boundaries
Composite incidence was close to observation in four age groups: <1, 5–9, 10–14 and 15–19 years. The predicted values in these four age groups
were 107.6, 16.6, 5.2 and 2.3. The observed values in these four age groups were 115.9, 16.6, 5.6 and 2.6. The predicted value in the 1–4 year group
was 79.8. The observed value in the 1–4 year group was 65.0. The difference came from Wilms tumour and embryonal central nervous system
tumour. The predicted value for Wilms tumour was 25.1, and the observed value was 18.8. The predicted value for embryonal central nervous system
tumour was 13.3, and the observed value was 10.5. The predicted curves for these two subtypes were broad at 1–4 years. The broad peak was the
main residual of the model.

Peak groups agreed in four of five subtypes. The observed peak for embryonal central nervous system tumour was <1 year. The predicted peak for
embryonal central nervous system tumour was 1–4 years. The observed rates in the two age groups differed by 1.7 per million. The continuous peak
of the model lay at 1–2 years. This difference was one age group. This difference did not change peak order. Peak order was
neuroblastoma/retinoblastoma < hepatoblastoma < Wilms tumour < embryonal central nervous system tumour.

3.7 Data anchors
Table 8 places each model component on a verifiable data anchor. The anchor for P was autopsy in situ lesions and nephrogenic rests. The anchor
for G was developmental windows and gate execution paths. The anchor for C was gradient cells and the clone-to-clinical ratio. The anchor for T was
SEER age-specific incidence. The anchor for R was autopsy silent clones and spontaneous regression of TAM.
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Component Data anchor Readout Source

P persistent fetal-sequence
deviation

In situ neuroblastoma 1/150–1/250; nephrogenic rests ≤1% Silent lesions present at birth [15][7][16]

G correction failure/gate
failure

Cerebellar granule precursor BMP/Atoh1; RB1 cone precursor;
WT1 metanephric mesenchyme

Developmental window and
lineage specificity

[9][10][30]
[35]

C gradient-cell clone Neuroblastoma SCP-like subclone; GATA1 clone in TAM Clone present, most do not
transform

[8][17]

T clinical tumour SEER 2008–2012 age-specific incidence Per million child-years [14]

R regressed/silent clone In situ neuroblastoma; spontaneous TAM regression; nephrogenic
rest regression

Clone-to-clinical ratio 37.6–72 [15][17][7]

Gate execution paths OIS, apoptosis, replication stress, ferroptosis Four independent termination
arms

[18]–[22]

Differentiation readout Skeletal muscle <1 mV across ages 1–99; liver cancer stem cells
depolarised; fetal neural stem cells −30 mV

Membrane-potential fall [25]–[28]

Table 8. Model components and data anchors.

4 Discussion

4.1 Main findings
The five-state latent-variable model reproduced age-specific incidence for five developmental-origin subtypes. The model also reproduced the peak
groups of the five subtypes. Peak groups agreed in four of five subtypes. Embryonal central nervous system tumour differed by one age group.
Composite incidence was close to observation in four age groups. The 1–4 year group was overestimated because of broad peaks in Wilms tumour
and embryonal central nervous system tumour. The latent-variable model had a lower AIC than the single-branch mutation model in five of five
subtypes. ΔAIC was 3.1–416.9. The clone-to-clinical ratio of the model was 37.6–72. The autopsy-to-clinical ratio for neuroblastoma was 29–48. The
nephrogenic-rest/Wilms-tumour ratio was in the same direction.

These three results point to one conclusion. Age-specific incidence of childhood cancer is a readout of developmental windows. Age-specific
incidence of childhood cancer is not a readout of mutation-accumulation rate. The single-branch model could not produce an early peak. The single-
branch model could not produce subtype order. The latent-variable model used one developmental-window parameter per subtype to produce both
peak and order.

4.2 Relation to existing models
The somatic mutation-accumulation model answers which tumour, where it grows and how it progresses [11]. Research on in utero origin answers
where the seed comes from [5][6]. The two-step model answers what the second hit is [5]. The developmental-window and cell-of-origin model
answers where the field is [12]. This paper answers why the opportunity to begin exists, why the peak falls at a developmental age, and why a multi-
step precancerous sequence is absent.

Clonal haematopoiesis was detected in 18.4% of people over 90 years of age. Ten-year myeloid malignancy probability ranged from 0.78% to 85%
across risk strata. Of these cases, 88.4% were in the low-risk group [23][24]. Clones were common. Transformation was rare. This finding shows that
mutation is a necessary condition. Mutation is not a sufficient condition. The peak of early-onset solid cancer moves with birth cohort. Each standard-
deviation increase in biological age was associated with early-onset solid cancer risk, with an HR of 1.08 [29]. This is a readout of the adult branch.
The adult-branch readout contrasts with the fixed peak of childhood cancer.

The disagreement between this paper and the two-step model is resolvable. The two-step model places the second hit in postnatal infection
exposure. This paper places the second hit in correction failure and gate failure within the developmental window. Drivers of infection exposure
should move the peak. The construction window should not move the peak. Both classes of variable can be measured in the same cohort.

4.3 Biological interpretation
Four termination mechanisms constitute the intrinsic gate. The four mechanisms are positional information, differentiation coupling, contact
inhibition and programmed termination [18]–[22]. The four mechanisms are independent. Gate non-construction is a matter of degree and of different
missing combinations. Gate non-construction does not equal the loss of one molecule. This explains why redundancy often absorbs a single-
molecule knockout. This also explains why the molecular inventory of childhood cancer cannot directly give the entry state.

Membrane potential is the physical readout of the constructed state. Resting membrane potential of healthy human skeletal muscle changes by less
than 1 mV between ages 1 and 99 [25]. Differentiation is a fall of membrane potential towards hyperpolarisation. Cancer cells are more depolarised
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[26][27]. Human fetal neural stem cells are about − 30 mV [28]. The cell of origin in childhood cancer sits between the proliferative state and the
differentiated state. This position can be read against the normal side of the same cell type.

Wilms tumour, neuroblastoma, retinoblastoma, hepatoblastoma and embryonal central nervous system tumour have different developmental
windows. The five subtypes have different peak positions. The window is set by the maturation time of the cell of origin. The window is not set by the
mutation rate.

4.4 Clinical implications
First, monitoring is timed to the developmental window. Children who carry a susceptible lesion or a known lineage risk are monitored according to
their developmental window. Monitoring in these children is not distributed evenly by calendar age.

Second, the screening target is not a precancerous lesion. No multi-step precancerous sequence is available for screening in the general paediatric
population. Screening for a precancerous lesion has no target on the paediatric branch. The alternative is to read whether construction is complete
within the window.

Third, the intervention variables are clone-regression rate and gate-failure rate. The intervention variables are not mutation rate. The model simulation
shows that a 50% rise in kR reduces cumulative clinical incidence by 24.4%–26.7%. The model simulation shows that a 50% fall in kG0 has an effect
of 0%–21.1%. This difference indicates that raising clone regression within the window has a larger effect than lowering gate failure alone.

4.5 Identifiability and negative results
The parameters are not unique. Five parameters were estimated from five age-group rates. Different parameter sets can produce similar curves. aG
and σG were set from developmental literature. aG and σG did not enter the fit. Peak groups were sensitive to a 0.5-year upward shift in aG.
Neuroblastoma and retinoblastoma moved to 1–4 years under this shift. Peak order was insensitive to σG.

The single-branch model could not reproduce the early peak. The single-branch AIC was higher than the latent-variable AIC in all five subtypes. The
ΔAIC for hepatoblastoma was only 3.1. Hepatoblastoma was the weakest of the five subtypes.

The peak group for embryonal central nervous system tumour was predicted one age group late. The observed rates at < 1 year and 1–4 years
differed by 1.7 per million. The continuous peak of the model lay at 1–2 years. This difference did not change peak order. This difference also did not
change the conclusion that childhood cancer follows developmental windows.

The clone-to-clinical ratio came from two data types: model output and autopsy series. Selection bias, age composition and pathology criteria in
autopsy series can affect the ratio. The model gives an expected value under the same kinetics. The model is not a fit to one autopsy series.

4.6 Conclusion
The origin of childhood cancer is persistent fetal developmental-sequence deviation, growth-phase correction failure and gate failure. The rate of
mutation accumulation cannot produce the early peak of childhood cancer. The single-branch mutation model cannot reproduce the peak groups of
the five subtypes. The five-state latent-variable model reproduces age-specific incidence and peak order. The model gives a clone-to-clinical ratio of
37.6–72. The model turns clone-regression rate and gate-failure rate within the window into simulable intervention variables.

5 Conclusion
The entry point of childhood cancer is not the rate of mutation accumulation. The entry point of childhood cancer is persistent fetal developmental-
sequence deviation and growth-phase correction failure. The clinical tumour is the terminal readout of this path. The clone-regression rate within the
window is an earlier intervention variable than the mutation rate.
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The five-state latent-variable developmental model of childhood cancer. P is persistent fetal developmental-sequence deviation. G is failure of growth-
phase epigenetic correction and gate failure. C is a gradient-cell clone. T is a clinical tumour. R is a regressed or silent clone. hG(a) is the P→G
transition intensity within the developmental window. kC is the G→C intensity. kT is the C→T intensity. kR is the C→R intensity. Incidence λ(a) equals
kT multiplied by C(a).

Figure 2

Age-specific incidence for five developmental-origin subtypes: observation and model. Points are SEER 2008–2012. Lines are the five-state model.
The vertical axis is per million child-years on a logarithmic scale. The observed peak for embryonal central nervous system tumour was <1 year. The
predicted peak for this subtype was 1–4 years. The other four subtypes had concordant peak groups.
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Figure 3

Peak groups predicted by developmental windows. Filled circles are observed peak groups. Open diamonds are predicted peak groups. Peak groups
agreed in four of five subtypes. Embryonal central nervous system tumour differed by one age group.

Page 13/15



Figure 4

The silent-clone reservoir: model and autopsy data. The vertical axis is cumulative probability before age 20 (%), on a logarithmic scale. Blue points
are cumulative clone. Red points are cumulative clinical tumour. Dashed lines connect the two readouts for the same subtype. Numbers are clone-to-
clinical ratios. Autopsy anchors are in situ neuroblastoma 1/150–1/250, clinical neuroblastoma 1/7,000 and nephrogenic rests ≤1%.

Figure 5

Model comparison: latent-variable model and single-branch mutation model. The horizontal axis is AIC. Blue points are the latent-variable model. Red
points are the single-branch model. The latent-variable model had a lower AIC in all five subtypes.
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Figure 6

Window intervention simulation: relative fall in cumulative clinical incidence. kG0 was lowered by 25% and 50%. kR was raised by 25% and 50%. A 50%
rise in kR reduced cumulative clinical incidence by about 24%–27% across the five subtypes. A 50% fall in kG0 had an effect of 0%–21%.
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