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Abstract

FLASH radiotherapy, characterized by ultra-high dose rates, has been shown to reduce normal tissue
toxicity while preserving tumor control, yet its underlying mechanism remains unresolved. Existing
models based on radiolytic oxygen depletion (ROD) successfully capture dose-rate dependence but
fail to explain key experimental features, including threshold-like onset, saturation of the sparing
effect, and sensitivity to temporal delivery structure. Here, we propose a minimal mechanistic
framework —Memory-modulated Radiolytic Oxygen Depletion (M-ROD)—that extends classical
ROD by incorporating a bounded, history-dependent internal state guided by and consistent with
coarse-grained reductions of gene regulatory network dynamics, which provide a natural basis for
nonlinear activation, saturation, and state transitions. In this model, dose-rate-dependent stress
activates a nonlinear biological state that evolves through feedback, decay, and saturation,
modulating radiosensitivity alongside oxygen effects. We show that this framework reproduces the
defining characteristics of FLASH, including sharp transitions, plateau behavior, and strong
dependence on pulse spacing, duty cycle, and irradiation sequence, while reducing to conventional
radiobiology under low dose-rate conditions. Importantly, the model predicts that the magnitude of
the FLASH effect is governed by the extent of state activation rather than dose rate alone, providing
a mechanistic explanation for variability across experiments. These results support the interpretation
of FLASH as an emergent state transition in a dynamical biological system and offer experimentally
testable predictions that distinguish it from memoryless models.

Keywords: FLASH radiotherapy; radiolytic oxygen depletion; biological memory; state transition;
gene regulatory networks; dose-rate effects; temporal structure; radiosensitivity

1. Introduction

FLASH radiotherapy, characterized by the delivery of radiation at ultra-high dose rates
(typically >40 Gy/s), has emerged as a promising paradigm in radiation oncology. A growing body
of experimental evidence demonstrates that FLASH irradiation can substantially reduce normal
tissue toxicity while maintaining tumor control, a phenomenon now widely referred to as the FLASH
effect (Favaudon et al., 2014; Montay-Gruel et al., 2017; Vozenin et al., 2019; Bourhis et al., 2019;
Simmons et al., 2019). This effect has been observed across multiple tissues, species, and irradiation
modalities, suggesting the presence of a general underlying mechanism.

The most widely studied explanation for the FLASH effect is radiolytic oxygen depletion (ROD),
in which rapid radiation-induced consumption of oxygen transiently reduces tissue oxygenation and
thereby decreases radiosensitivity (Pratx and Kapp, 2019; Labarbe et al., 2020; Spitz et al., 2019).
Within this framework, radiosensitivity is directly linked to instantaneous oxygen concentration,
providing a physically grounded mechanism connecting dose rate to biological response.

However, despite its conceptual appeal, ROD-based models exhibit important limitations. In
particular, they predict a smooth and continuous dependence of radiosensitivity on dose rate,
without an intrinsic mechanism for threshold behavior or saturation. In contrast, experimental
observations consistently demonstrate a sharp, threshold-like onset of tissue sparing followed by a
plateau at high dose rates (Montay-Gruel et al., 2017; Vozenin et al., 2019). Quantitative analyses
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further suggest that ROD alone is insufficient to account for the magnitude and shape of the observed
response under physiologically relevant conditions (Petersson et al., 2020; Wilson et al., 2020; Labarbe
et al., 2020).

A more fundamental limitation of ROD lies in its memoryless formulation. By construction,
radiosensitivity depends only on instantaneous oxygen concentration and dose rate, and is
independent of prior irradiation history. As a result, ROD cannot account for experimentally
observed sensitivities to temporal delivery structure, including pulse spacing, duty cycle, and
irradiation sequence. These observations instead suggest the presence of an internal regulatory
process that evolves over time and integrates prior exposure.

Several alternative mechanisms have been proposed to address these limitations, including
radical recombination models (Labarbe et al., 2020), reactive oxygen species saturation (Spitz et al.,
2019), and vascular or immune-mediated effects (Durante et al., 2018; Venkatesulu et al., 2019). While
these approaches provide valuable insights, they remain fundamentally reactive, describing
radiosensitivity as a direct function of instantaneous physicochemical variables, and do not introduce
an explicit internal state capable of encoding irradiation history.

In parallel, recent advances in systems biology provide a different perspective. Experimental
studies demonstrate that even single cells can encode temporal patterns of stimulation and modify
subsequent responses (Doan et al., 2026). Complementary theoretical work shows that such behavior
emerges naturally from biochemical regulatory networks, which integrate signals over time and
exhibit thresholding, persistence, and multi-timescale dynamics (Rajan and Marshall, 2024). At the
molecular level, gene regulatory networks are known to exhibit bistability, saturation, and switch-
like responses through nonlinear feedback interactions (Pigozzi et al., 2025).

These findings suggest a general principle: biological response is inherently state-dependent and
history-dependent, rather than purely reactive to instantaneous inputs. In this view, cellular response
is governed by an evolving internal state that encodes prior exposure and modulates sensitivity to
subsequent stimuli.

Motivated by this perspective, we propose that the FLASH effect arises from the coupling
between radiolytic oxygen depletion and a bounded, history-dependent internal state representing
adaptive biological activation. In this framework, oxygen depletion acts as a trigger, while the
internal state regulates and constrains radiosensitivity.

We further hypothesize that this interaction gives rise to a nonlinear transition in radiosensitivity
when dose-rate-dependent stress exceeds a critical threshold. Under this interpretation, the FLASH
effect reflects an emergent transition between distinct biological states—a radiosensitive regime and
a protected regime—rather than a continuous modulation of response.

To test this hypothesis, we develop a minimal theoretical framework, termed Memory-
modulated Radiolytic Oxygen Depletion (M-ROD), which extends classical ROD by incorporating
nonlinear state dynamics. We show that this formulation reproduces the defining features of FLASH
radiotherapy, including threshold behavior, saturation, and sensitivity to temporal structure, while
remaining consistent with conventional radiobiology under low dose-rate conditions.

2. Theory

2.1. Conceptual Basis: State-Dependent Radiobiology

Conventional radiobiological models, including the linear-quadratic (LQ) framework and
radiolytic oxygen depletion (ROD), assume that radiosensitivity is determined solely by
instantaneous physical and chemical conditions. In these formulations, the biological response to
radiation is memoryless, depending only on current dose and oxygen concentration.

However, recent advances in systems biology suggest that cellular responses are inherently
state-dependent. Experimental studies demonstrate that even single cells can encode temporal
patterns of stimulation and modify subsequent responses (Doan et al., 2026). Complementary
theoretical work shows that such behavior emerges naturally from biochemical regulatory networks,
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which integrate signals over time and exhibit thresholding, persistence, and multi-timescale
dynamics (Rajan and Marshall, 2024). At the molecular level, gene regulatory networks (GRNs)
display bistability, saturation, and switch-like responses through nonlinear feedback interactions
(Pigozzi et al., 2025).

These observations motivate a shift from purely reactive descriptions to dynamical models in
which radiosensitivity depends on an evolving internal state. We therefore extend the ROD
framework by introducing a coarse-grained internal variable representing adaptive biological
activation.

2.2. Oxygen Dynamics

We retain the standard ROD description of oxygen evolution:

O ko + 2=
a -~ P To

where O(t)is the local oxygen concentration, D(t)is the dose rate, kpis the oxygen depletion
coefficient, Oyis the baseline oxygen level, and Tyis the oxygen recovery timescale.

The first term represents radiolytic depletion proportional to dose rate and oxygen availability,
while the second term captures recovery through diffusion and perfusion. This equation governs the
fast physicochemical dynamics of the system.

2.3. Internal State Variable

To incorporate biological memory, we introduce a bounded internal state variable:
M(t) € [0,1]
where M = 0 corresponds to an inactive, radiosensitive state and M = 1 corresponds to a
maximally activated, protected state.
This variable represents the collective activation of adaptive processes, such as redox buffering,
DNA damage response pathways, and transcriptional regulation. Its bounded nature reflects finite
biological capacity.

2.4. Dose-Rate—Dependent Activation

Activation of the internal state is assumed to depend on dose rate through a cooperative process.
Following standard coarse-grained descriptions of biochemical activation, we define:

. ; n
fD)==r——
D" + DP

where D_is the characteristic activation threshold and ncontrols the steepness of the transition.

GRN-based interpretation

In gene regulatory networks, cooperative binding and multi-step activation processes naturally
give rise to Hill-type responses. This functional form therefore captures threshold-like activation
without requiring explicit molecular detail.

2.5. Derivation of Internal State Dynamics

We now construct the evolution equation for M (t)using a minimal coarse-grained reduction of
gene regulatory network dynamics.

Step 1: Generic regulatory structure

A broad class of biochemical regulatory systems can be expressed as:

aM L
- activation — decay

representing the balance between production and degradation of an activated state.
Step 2: External activation
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We assume that activation is driven by dose-rate-dependent stress:
activation = a f (D)
where dsets the rate of induction.
Step 3: Linear decay
In the absence of stimulation, the system relaxes toward baseline:
decay = yM
where Ydefines the characteristic decay timescale of the internal state.
Step 4: Connection to gene regulatory network dynamics
The nonlinear feedback term can be justified as a coarse-grained reduction of a self-activating
gene regulatory network. A standard minimal model for such systems is:
dx Vxm
dt ~ K"+ xn
where X represents the level of an activated regulatory component, the first term describes

+ 11— 6x

cooperative self-activation, [is an external input, and 5Xrepresents degradation.
Identifying X with the internal state M and the external input with dose-rate-dependent
activation (I = af (D)), we obtain:
am _ VM™
dt  Kn+ Mm

Near the activation regime, the nonlinear feedback term can be approximated by a low-order

+ af (D) — oM

polynomial expansion. In particular, cooperative activation and saturation can be captured by the
cubic form:

Mn
K™+ M™

which represents the minimal polynomial consistent with positive feedback and bounded growth.

~ aM?*(1—-M)

Such cubic normal-form reductions are standard in the analysis of regulatory networks near critical
transitions (Pigozzi et al., 2025).
Final internal state equation
Substituting this approximation yields:
dM .
—r = af (D) —yM +nM*(1 — M)

where 7absorbs constants arising from the polynomial approximation.
Interpretation

e af(D): external activation driven by dose rate
e  —yM: decay of the internal state
e 1M?(1 — M): nonlinear reinforcement and saturation

This equation represents a minimal dynamical system capable of producing threshold behavior,
saturation, and history dependence.

2.6. State-Dependent Radiosensitivity

We define radiosensitivity as:
S(t)=S0-9(0(1)) - (1 —BM(1))

where Sjis baseline radiosensitivity, g(0O)represents oxygen-dependent modulation, and 8 €
(0,1)quantifies the strength of biological protection.

Interpretation

The oxygen term captures fast physicochemical effects, while the factor (1—fM)represents
slower biological modulation. This linear dependence is the lowest-order approximation consistent
with bounded protection.
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2.7. Damage Accumulation

Biological damage evolves according to:

dDbio _r
= - P®-s®
and integrates to:
Dyio = [ D(t) S(t) dt

Because S(t)depends on M (t), accumulated damage depends on the full irradiation history.

2.8. Mapping to Survival

We map biological damage to survival fraction using:
SE = exp (—kDyio)
where Kis a scaling parameter. This ensures consistency with standard radiobiological models in the
appropriate limit.

2.9. Limiting Behavior

The model reduces correctly under relevant limits:
e D«D,=>M- 0-ROD
e a—-0>M-0-ROD
e 0 = 0,— LQ-like behavior
Thus:
LQ c ROD c M-ROD

2.10. Emergent Properties

The coupled system naturally produces:

e threshold behavior (via f(D))

e  saturation (via bounded M)

e  history dependence (via M(t))
e  sensitivity to temporal structure

These properties emerge directly from the governing equations and are consistent with known
features of gene regulatory networks.

Summary

The M-ROD framework provides a minimal, mechanistically grounded extension of
radiobiology by embedding oxygen dynamics within a nonlinear, state-dependent system. By
incorporating a coarse-grained reduction of gene regulatory network dynamics, the model explains
the FLASH effect as an emergent transition between biological states rather than a purely
physicochemical phenomenon.

3. Results

3.1. Model Parameters and Simulation Setup

The simulations presented in this work are based on a minimal set of parameters governing
oxygen dynamics, internal state evolution, and radiosensitivity modulation. These parameters were
chosen to reproduce the qualitative features of the FLASH effect, including threshold behavior,
saturation, and sensitivity to temporal delivery structure, rather than to fit a specific experimental
dataset. Qualitative trends were robust to moderate variation in parameter values. The oxygen
dynamics are controlled by the depletion coefficient kp, baseline oxygen level O, and recovery
timescale Ty, which together determine the balance between radiolytic consumption and
physiological replenishment. The internal state dynamics are governed by the activation rate «,
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decay rate ¥, and nonlinear feedback strength 177, which collectively define the timescale and extent
of biological activation. The dose-rate-dependent activation function is characterized by the
threshold D, and Hill coefficient 1, which control the onset and sharpness of the transition.
Radiosensitivity modulation is determined by the protection factor , while the mapping from
accumulated damage to survival is set by the scaling constant k. All simulations were performed
using a fixed time step and total irradiation duration sufficient to capture the relevant dynamical
behavior of both oxygen and internal state variables. The full set of parameters used in the
simulations is summarized in Table 1.

Table 1. Model Parameters Used in Simulations.

Parameter Symbol | Value | Description

Oxygen  depletion kp 0.05 Rate of radiolytic oxygen

coefficient consumption

Baseline oxygen level 0o 1.0 Normalized initial oxygen
concentration

Oxygen recovery To 0.5 Characteristic time for oxygen

timescale replenishment

Activation threshold D, 55 Gy/s | Dose-rate scale for internal state

dose rate activation

Hill coefficient n 10 Controls sharpness of activation
threshold

Activation rate a 3.0 Strength  of  dose-rate-induced
activation

Decay rate Y 3.5 Relaxation rate of internal state

(memory loss)

Feedback strength n 3.0 Nonlinear  self-reinforcement  of

internal state

Protection factor B 0.6 Fractional reduction in

radiosensitivity due to activation

Survival scaling K 2.5 Maps accumulated damage to
constant survival fraction
Simulation duration T 1.0s Total irradiation time
Time step At 5 X Numerical integration step size
107%s
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3.2. Consistency with Conventional Radiobiology

We first verify that the M-ROD framework reproduces standard radiobiological behavior under
conventional (low) dose-rate conditions. In this regime, the activation function satisfies f (D) = 0,
and the internal state relaxes to M — 0. As a result, radiosensitivity depends only on oxygen
concentration, recovering the classical ROD description.

Figure 1 shows that survival curves predicted by M-ROD are indistinguishable from those
obtained using ROD and the LQ model in conventional dose rate regimes. All three models exhibit
the expected monotonic decrease in survival with dose, with no evidence of threshold or saturation
effects. However, a marked difference arises under FLASH regime.

(a) Conventional dose rate (b) FLASH dose rate
107 1 107 1
o
=
S 10714 1071 4
2 1 ]
[=2]
c
=
c
=
73]
10-2 7] 10-2 .
T T T T T 1 T T T T T
0 2 4 6 8 0 2 4 6 8
Dose (Gy) Dose (Gy)

Figure 1. Survival as a function of dose under (a) conventional low dose-rate conditions (~0.01-0.1 Gy/s) and
(b) FLASH-like conditions (~40-100 Gy/s). M-ROD reproduces standard radiobiological behavior and overlaps

with ROD and LQ predictions in conventional dose rate regimes.

This result confirms that the introduction of the internal state variable does not alter baseline
radiobiological behavior and that the model reduces correctly in the appropriate limit.

3.3. Emergence of Threshold and Saturation in Dose-Rate Response

We next examine the dependence of biological response on dose rate under ultra-high dose-rate
conditions. Survival is normalized to its low dose-rate value to allow direct comparison across
models.

As shown in Figure 2, the ROD model predicts a smooth and continuous reduction in normal
tissue response with increasing dose rate, reflecting gradual oxygen depletion. In contrast, the M-
ROD model exhibits a sharply nonlinear response characterized by a threshold-like onset of sparing
followed by saturation at high dose rates.
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Dose-rate dependent response: ROD vs M-ROD

1.0 A —— ROD

—— M-ROD

0.8

0.6

0.4 1

Relative normal tissue effect (scaled)

0.2 1

T T T T T
0 25 50 75 100 125 150 175 200
Dose rate (Gy/s)

Figure 2. Relative normal tissue response as a function of dose rate. The M-ROD model exhibits a threshold-like

onset and saturation of the sparing effect, while the ROD model predicts a smooth, continuous response.

This behavior arises directly from the internal state dynamics. The Hill function
f (D)introduces a threshold for activation, while the bounded nature of M(t)and the nonlinear
feedback term nM 2(1 — M)enforce saturation. As dose rate exceeds the characteristic threshold
D., the system transitions from an inactive state (M =~ 0) to a partially activated state (M > 0),
leading to a rapid reduction in effective radiosensitivity.

The resulting dose-rate response reproduces the key qualitative features of the FLASH effect,
including abrupt onset and plateauing, which are not captured by ROD.

3.4. Pulse Spacing Dependence

To investigate the role of temporal structure, we examine the effect of pulse spacing while
keeping peak dose rate and pulse width fixed.

Figure 3 shows that the M-ROD model predicts a strong dependence of survival on inter-pulse
spacing. When pulses are closely spaced, the internal state accumulates across successive exposures,
leading to enhanced protection. As the spacing increases, the decay term —yMreduces the internal
state between pulses, resulting in diminished sparing.

In contrast, the ROD model shows only weak dependence on pulse spacing, as oxygen dynamics
alone do not retain memory of prior irradiation. This difference highlights the role of the internal
state variable in encoding temporal information. M-ROD model essentially predicts that biological
response depends strongly on pulse spacing even when total dose and average dose rate are held
constant, a behavior not captured by ROD-based descriptions.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Pulse Spacing Dependence

1.0 4 —— ROD

— M-ROD
0.9 ~
0.8

0.7 4

0.6

Relative survival

0.5+

0.4 4

0.3 4

T T T T T
0.05 0.10 0.15 0.20 0.25 0.30
Pulse spacing (s)

Figure 3. Survival as a function of pulse spacing. M-ROD shows strong sensitivity to inter-pulse interval due to

decay of the internal state, whereas ROD shows weak dependence.

3.5. Time-Ordering Dependence

A key feature of state-dependent systems is sensitivity to the order of inputs. To test this, we
compare two irradiation sequences delivering identical total dose: a low-to-high dose-rate sequence
and a high-to-low sequence.

As shown in Figure 4, the M-ROD model predicts significantly different outcomes for these two
cases. When high dose-rate irradiation is delivered first, the internal state is activated early, reducing
radiosensitivity during subsequent exposure. In contrast, when low dose-rate irradiation precedes
high dose-rate delivery, activation occurs later, resulting in less cumulative protection.

The ROD model predicts identical outcomes for both sequences, as it depends only on
instantaneous oxygen concentration. This contrast demonstrates that the M-ROD framework
captures history-dependent effects absent in conventional models.
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Time-Ordering Dependence

2.00+

1.75 4

1.50 4

1.25 +

1.00 +

Relative survival

0.75 4

0.50 7

0.25 4

0.00 -

Low—High High—Low

Figure 4. Time-ordering dependence. Identical total dose delivered in different temporal sequences produces
different outcomes in M-ROD but identical outcomes in ROD.

3.6. Duty Cycle Dependence

We next examine the effect of pulse duty cycle by varying pulse width while keeping the period
and peak dose rate fixed.

Figure 5 shows that the M-ROD model exhibits a strong dependence on pulse width, with
increased sparing observed for longer pulses. This behavior arises because extended high-dose-rate
exposure sustains activation of the internal state, allowing nonlinear feedback to amplify the
response.

In contrast, the ROD model shows a weaker and more gradual dependence, reflecting its
sensitivity primarily to average dose rather than instantaneous delivery structure.

Duty Cycle Dependence

— ROD
3591 — M-ROD
3.0 4
=
2
£ 254
3
(%]
Lh)
=
T
T 2.0
o
1.5 -
1.0
T T T T T
0.01 0.02 0.03 0.04 0.05

Pulse width (s)

Figure 5. Duty cycle dependence. M-ROD shows strong sensitivity to pulse width, while ROD exhibits weaker
dependence.
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3.7. Partial Activation and Saturation Limits

Finally, we examine the extent to which the internal state approaches full activation. The model
imposes a theoretical upper bound on protection through the factor (1—8M), with maximum
sparing achieved when M — 1.

However, Figure 6 shows that under realistic conditions, the internal state typically saturates at
intermediate values (M < 1) due to competition between activation and decay. As a result, the
observed plateau in survival remains below the theoretical maximum. This provides a mechanistic
explanation for variability in the FLASH effect: the magnitude of sparing depends not only on dose
rate but also on the degree of activation achieved, which is governed by irradiation time, delivery
structure, and system parameters.

Two-Pulse Interaction Curve

1.04 ~

1.03 4

1.02 +

Relative survival

1.01 A

1.00 A

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Inter-pulse gap At (s)

Figure 6. Partial activation of the internal state. The system does not reach full activation under realistic

conditions, leading to a plateau below the theoretical maximum.

4, Discussion

The present work introduces a state-dependent extension of radiolytic oxygen depletion (ROD),
motivated by recent advances in systems biology and cellular regulation. In contrast to conventional
models, which treat radiosensitivity as an instantaneous function of oxygen and dose rate, the M-
ROD framework incorporates a dynamically evolving internal state that encodes prior irradiation
history. This shift enables a unified explanation of key experimental features of FLASH radiotherapy
that are difficult to reconcile within memoryless formulations. The model occupies an intermediate
level of complexity, introducing a minimal set of additional parameters sufficient to capture
dynamical behaviors such as thresholding and temporal integration, without resorting to high-
dimensional parameterizations required in detailed radiochemical models.

FLASH irradiation operates across multiple timescales, with ultrafast physicochemical processes
acting as triggers for slower biological responses. While radiochemical reactions and oxygen
depletion occur on microsecond to millisecond timescales (Pratx and Kapp, 2019; Spitz et al., 2019),
cellular regulatory and adaptive processes operate over milliseconds to minutes and beyond (Rajan
and Marshall, 2024; Doan et al., 2026; Pigozzi et al., 2025). The present framework captures this
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separation by coupling rapid oxygen dynamics to a slower internal state, enabling memory, threshold
behavior, and sensitivity to temporal delivery structure.

A central result of this work is that the defining characteristics of the FLASH effect —namely
threshold-like onset, saturation of the sparing effect, and sensitivity to temporal delivery structure—
emerge naturally from nonlinear state dynamics. In the proposed framework, these features are not
imposed phenomenologically but arise directly from the interaction between dose-rate-dependent
activation and bounded feedback within the internal state variable. In particular, the activation
function introduces a threshold for state transition, while nonlinear feedback enforces saturation and
persistence. This interpretation provides a conceptual reframing of the FLASH effect. Rather than
viewing it as a continuous modulation of radiosensitivity driven solely by physicochemical
processes, the results suggest that FLASH reflects a transition between distinct biological states: a
baseline radiosensitive regime and an activated, protected regime. Within this picture, oxygen
depletion plays an important but incomplete role, acting primarily as a trigger that initiates state
activation rather than as the sole determinant of response.

ROD provides a plausible mechanism for dose-rate—dependent modulation of radiosensitivity
but does not inherently account for threshold-like transitions, saturation, or sensitivity to temporal
delivery structure. The limitations of purely physicochemical models become particularly evident
when considering temporal delivery structure. ROD-based models, which depend only on
instantaneous oxygen concentration, predict identical outcomes for irradiation schemes with the
same total dose and similar average dose rates. In contrast, the M-ROD framework predicts strong
sensitivity to pulse spacing, duty cycle, and irradiation sequence, arising from the finite relaxation
timescale of the internal state. Existing models incorporating oxygen depletion or radiochemical
dynamics (Pratx and Kapp, 2019; Spitz et al., 2019; Labarbe et al., 2020; Petersson et al., 2020) may
exhibit limited sensitivity to pulse structure through recovery processes, but do not predict strong
dependence on pulse spacing at fixed total dose and average dose rate. A direct experimental test of
the proposed mechanism can be performed by delivering identical total dose and average dose rate
using pulsed irradiation while systematically varying pulse spacing. The M-ROD framework predicts
a strong dependence of biological response on pulse separation, whereas ROD-based models predict
only weak sensitivity arising from oxygen recovery. Such experiments would provide a direct means
of distinguishing between memoryless and state-dependent mechanisms.

An important aspect of the present formulation is that the nonlinear internal state dynamics can
be interpreted as a coarse-grained reduction of underlying gene regulatory network behavior. In
particular, the cubic feedback term arises as a low-order normal-form approximation of cooperative
self-activation with saturation, a structure commonly observed in regulatory systems near critical
transitions (Pigozzi et al., 2025). This connection does not imply a direct derivation from specific
molecular pathways but provides a mechanistic rationale for the chosen functional form and
supports the interpretation of the internal state as a collective representation of regulatory network
activity. In this sense, the model bridges phenomenological radiobiology and the dynamical
principles governing cellular regulatory systems.

This perspective is further supported by theoretical and experimental studies showing that
biochemical networks naturally implement memory, thresholding, and temporal integration (Rajan
and Marshall, 2024; Doan et al., 2026). The present framework incorporates these features at a coarse-
grained level, suggesting that the FLASH effect may reflect the activation of an intrinsic regulatory
program rather than a purely chemical modulation of damage.

An important implication of this framework is that the magnitude of the FLASH effect is
governed not solely by dose rate but by the extent of internal state activation. Because activation
depends on both dose-rate intensity and temporal delivery structure, identical total doses delivered
under different conditions can lead to different biological outcomes. This provides a mechanistic
explanation for variability observed across experimental studies and suggests that optimization of
FLASH protocols may require control of both dose rate and temporal structure.
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Despite these strengths, several limitations should be noted. First, the internal state variable is
phenomenological and does not correspond to a specific molecular entity. While its structure is
guided by regulatory network dynamics, further work is required to identify the biological processes
underlying this behavior. Second, the model assumes spatial homogeneity, neglecting heterogeneity
in oxygen distribution and cellular response that may be important in vivo. Future work should
therefore focus on experimental validation of the model’s distinguishing predictions, particularly
those related to temporal structure, such as pulse spacing and time-ordering effects. Measurement of
characteristic recovery timescales would provide direct evidence for or against the presence of a
memory-like internal state. In parallel, integrating spatial effects and identifying candidate molecular
pathways could further strengthen the biological grounding of the model.

In summary, the M-ROD framework provides a minimal, mechanistically motivated extension
of conventional radiobiology that incorporates state-dependent dynamics consistent with gene
regulatory network behavior. By coupling oxygen depletion with nonlinear internal state evolution,
the model reproduces key features of the FLASH effect and generates experimentally testable
predictions. These results support the interpretation of FLASH as an emergent state transition in
biological response, rather than a purely physicochemical phenomenon. The key conceptual
contribution of the present work is the identification of temporal structure, specifically pulse spacing,
as an independent determinant of radiobiological response, beyond total dose and dose rate.

Existing models incorporating oxygen depletion or radiochemical dynamics may exhibit limited
sensitivity to temporal delivery through recovery processes, but remain fundamentally governed by
instantaneous physicochemical conditions (Pratx and Kapp, 2019; Spitz et al., 2019; Labarbe et al.,
2020; Petersson et al., 2020). In contrast, the M-ROD framework predicts that biological response
depends strongly on pulse spacing even when total dose and average dose rate are held constant,
reflecting the presence of an internal state that integrates prior exposure. This establishes temporal
structure as an independent control parameter in radiobiology, consistent with broader evidence that
cellular systems exhibit memory, thresholding, and time-integrated responses (Rajan and Marshall,
2024; Doan et al., 2026).

5. Conclusion

The present work introduces a minimal, state-dependent extension of radiolytic oxygen
depletion (ROD) to explain the FLASH effect. By incorporating a bounded internal state guided by
gene regulatory network dynamics, the M-ROD framework reproduces key features of FLASH,
including threshold-like onset, saturation, and sensitivity to temporal delivery structure, while
remaining consistent with conventional radiobiology at low dose rates. These results support the
interpretation of FLASH as an emergent state transition in biological response, rather than a purely
physicochemical effect. Importantly, the model generates experimentally testable predictions—
particularly regarding pulse structure and irradiation sequence—that provide a pathway for
distinguishing state-dependent mechanisms from memoryless models.

Data Availability Statement: Simulation code and data are available upon request.
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