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UNIT CONVERSION TABLE
U.S. customary units to and from international units of measurement”

U.S. Customary Units Multiply by Inte rnational Units
1 ide byt
Length/Area/Volume
inch (in) 2.54 x 102 | meter (m)
foot (ft) 3.048 x 10t | meter (m)
yard (yd) 9.144 x 10 | meter (m)
mile (mi, international) 1.609 344 x 10° meter (m)
mile (nmi, nautical, U.S.) 1.852 x 10° meter (m)
barn (b) 1 x 1028 | square meter (m?)
gallon (gal, U.S. liquid) 3.785 412 x 10% | cubic meter (m?)
cubic foot (ft®) 2.831 685 x 1072 | cubic meter (md)
Mass/Density
pound (Ib) 4.535 924 x 10t | kilogram (kg)
atomic mass unit (AMU) 1.660 539 x 1027 | kilogram (kg)
pound-mass per cubic foot (Ib ft=3) 1.601 846 x 10t kilogram per cubic meter (kg m3)
Pound-force (Ibf avoirdupois) 4.448 222 Newton (N)
Energy/Work/Power
electron volt (eV) 1.602 177 x 1071 | joule (J)
erg 1 x 107 | joule (J)
kiloton (kT) (TNT equivalent) 4.184 x 102 | joule (J)
British thermal unit (Btu) (thermochemical) | 1.054 350 x 10° joule (J)
foot-pound-force (ft Ibf) 1.355 818 joule (J)
calorie (cal) (thermochemical) 4.184 joule (J)
Pressure
atmosphere (atm) 1.013 250 x 10° pascal (Pa)
pound force per square inch (psi) 6.984 757 x 10° pascal (Pa)
Temperature
degree Fahrenheit (°F) [T(°F)—32]/1.8 degree Celsius (°C)
degree Fahrenheit (°F) [T(°F) + 459.67]/1.8 kelvin (K)
Radiation
activity of radionuclides [curie (Ci)] 3.7 x 1010 per second (s°1%)
air exposure [roentgen (R)] 2.579 760 x 10 coulomb per kilogram (C kg 1)
absorbed dose (rad) 1 x 102 joule per kilogram (J kg1%)
equivalent and effective dose (rem) 1 x 102 joule per kilogram (J kg*™)

*Specific details regarding the implementation of SI units may be viewed at http //www.bipm.org/en/si/.

"M ultiply the U.S. customary unit by the factor to get the international unit. Divide the international unit by the factor to get the U.S.
customary unit.

The special name for the Sl unit of the activity of a radionuclide is the becquerel (Bg). (1 Bq=1s1).

$The special name for the Sl unit of absorbed dose is the gray (Gy). (1 Gy =1 Jkg1).

“*The special name for the SI unit of equivalent and effective dose is thesievert (Sv). (1 Sv =1 Jkg1).
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Executive Summary

Ionizing radiation delays the wound healing process in thermal burns, increasing the likelihood of
adverse health outcomes, and greater time to return-to-duty. To study the pathophysiological
mechanisms unique to such combined injuries, an existing time-dependent physiological model of
superficial thermal burns that describes the local inflammatory response and early fibroblast
activity was modified to include effects of irradiation. Incorporated immunological features
include diminished immune cell infiltration to the wound site due to radiation-induced vascular
damage; polarization towards a macrophage phenotype; and fibroblast dysfunction. Further, a
differential equation describing the time evolution of pathogen levels in the wound was also added.
The model was able to capture experimentally observed delays in wound healing and immune cell
infiltration as well as reduced fibroblast proliferation and removal of damage. Additionally, the
model exhibited increased pathogen levels and sustained infection with increasing radiation doses.
To the authors’ best knowledge, this mathematical model of healing initiated by an irradiated
thermal burn is the first of its kind, highlighting the complexities presented by combined insults.
As the development of this model and others like it continue to evolve, the goal is to build a
foundational structure for the construction of physiologically driven models that not only adopt
systems-level mechanistic frameworks but also leverage legacy models developed by the Defense
Threat Reduction Agency to predict casualty distributions after a nuclear detonation event. Time-
dependent models of this nature will allow for dynamic predictions that support all aspects of
consequence evaluation in the aftermath of a nuclear detonation to include medical planning,
combat power assessment, and other relevant outcomes.



Section 1. Introduction

Developed by Applied Research Associates (ARA) for the Defense Threat Reduction Agency
(DTRA), the Health Effects from Nuclear and Radiological Environments (HENRE) engine
predicts casualties for given environmental conditions following a nuclear detonation (NUDET)
event. In a NUDET event, potential injuries to civilians and military personnel could include air
blast related injuries, thermal burns, and ionizing radiation (Reeves 2018). Based on historical
evidence, the majority of resulting casualties are expected to be caused by more than one insult,
especially radiation exposure combined with thermal injury (Iijima 1982; Kishi 2000; Pellmar and
Ledney 2005; DiCarlo et al. 2008; Palmer et al. 2011). Other combined insults could include
radiation exposure with concomitant puncture wounds, overpressure injuries, hemorrhage,
fracture, and infections.

Combined insults are associated with greater tissue damage, and increased risk of adverse
outcomes such as lethality (Alpen et al. 1954), secondary infection (Kiang et al. 2010b), and sepsis
(Ledney et al. 1991; Yan et al. 1995). Moreover, synergistic effects have also been observed
(Brooks et al. 1952; Alpen et al. 1954), adding further complexity to an already challenging
problem. Understanding the collective effects of combined injury, including the complex
pathophysiology, is fundamental for gauging injury severity and outcome. Thus, current research
efforts are focused on developing time-dependent physiological models (TDPMs) of injuries
resulting from combined insults starting with irradiated thermal burns.

Since ionizing radiation delays the healing process (Stromberg et al. 1967; Zelman et al. 1968;
Zawaski et al. 2014), wound healing presents a path towards this goal. A TDPM of human immune
response following superficial thermal burns was previously formulated by ARA (Jennings et al.
2022a). This model aimed to capture hematopoietic and immunologic events across the bone
marrow, lymphatic tissues, blood vessels, and local wound site. As superficial thermal injuries do
not disrupt hematopoietic homeostasis, the model was reduced to a subsystem of eight ordinary
differential equations reflecting the innate and adaptive immune dynamics (inflammation phase)
as well as early fibroblast activity (proliferation phase) at the injury site. This reduced model
captured longer healing times associated with more severe burn injury as well as other critical
dynamics, such as sustained inflammation due to blocked removal of debris. This technical report
expands the reduced TDPM for superficial thermal burns to include effects of ionizing radiation
exposure.

While irradiation delays wound healing, the pathophysiological responses that lead to such an
effect depend on the extent of the exposure: whole-body, partial-body or local. Whole-body
radiation involves the hematopoietic system (Yan et al. 1995; Cheng et al. 2002; Ran et al. 2003),
yet there is considerably less impact near and in the wound site (Vegesna et al. 1993). Circulating
immune cells that form a “resource pool” are depleted following whole-body ionizing radiation,
delaying the onset and reducing the magnitude of the inflammatory response at the site of injury
(Vegesna et al. 1993). However, there is evidence to suggest that this kind of irradiation can
damage dermal fibroblasts (Qu et al. 2004), which could play a key role in the delaying the healing
process. In contrast, local ionizing radiation damages not only critical repair cells, specifically
fibroblasts, but also the vasculature (Vegesna et al. 1993), suggesting why infiltration to the wound
by inflammatory cells is reduced (Sweeney et al. 1997; Iddins et al. 2022). Ionizing radiation has
the capacity to injure a considerable number of tissues in the body, presenting a formidable
challenge for capturing its effects in a mathematical model. Consequently, to advance the



development of mechanistic, time-dependent mathematical models of combined injury (herein
including only thermal and ionizing radiation) in a well-posed and systematic manner,
modifications for whole-body ionizing radiation must be delineated from those for localized
exposures. Moreover, with dermal fibroblasts being damaged regardless of the fraction of the body
exposure, it is critical that the mathematical representation capturing this process in the model be
well-understood.

Currently, existing radiation HENRE models assume a whole-body exposure event. However,
localized irradiated superficial thermal burns are a critical priority for the military. Soldiers have
varying degrees of skin protection from natural and man-made structures, e.g., armored vehicles,
foxholes, and buildings, which can reduce not only the radiation dose, but also the extent of the
exposure (Reeves 2018). Thus, localized exposures serve as a starting point for capturing the
effects of combined insults in the non-idealized setting. Moreover, acute clinical manifestations of
localized irradiation of the skin can include erythema, dry and moist desquamation, and amplified
cytokine production with a dose dependent relationship (Ryan 2012). These effects are correlated
with performance decrement, demonstrating alignment with HENRE’s current priorities.
Consequently, to advance the development of a mechanistic TDPM of combined injury in a well-
posed and systematic manner, localized irradiation is only considered in the present model.

This technical report begins by presenting a TDPM that considers the immune response at the site
of injury, including populations of neutrophils, macrophages, lymphocytes, and fibroblasts as well
as equations for damage and debris and a newly introduced pathogen population. As this model
represents an extension of a previous one for superficial thermal burn alone, necessary adjustments
to account for the effects of localized irradiation were made. New model processes will be
discussed, such as infection by pathogens at the burn site. Numerical simulations are then
presented to demonstrate the ability of the TDPM to reproduce known biological trends.



Section 2. Effects of Ionizing Radiation

Cellular damage caused by ionizing radiation is typically due to direct or indirect damage of the
DNA strands (Hall and Giaccia 2012). As a result, cells are more likely to be damaged during
specific phases of cellular replication. Consequently, highly proliferative cells are more likely to
suffer deleterious effects from ionizing radiation (Ryan 2012). Additionally, cells in different
phases of mitosis or those that do not divide frequently may be minimally affected. The skin, in
general, is considered a highly radiosensitive organ, but individual skin cells have varying degrees
of radiosensitivity. Fibroblasts and lymphocytes, for instance, are considered highly radiosensitive
(Geara et al. 1992) while others, such as differentiated macrophages, are more radioresistant
(Heylmann et al. 2021). Some subpopulations of lymphocytes like regulatory T cells are also
considered to be relatively radioresistant (Beauford et al. 2020) but the intricacies of
subpopulation-based radiosensitivies are not considered in the present model.

The fraction of the body exposed to ionizing radiation, namely whole-body, partial-body, or
localized, can vary based on the nature of the exposure (Vegesna et al. 1993; DiCarlo et al. 2011).
The effects of whole body radiation are complex, involving numerous tissues including the
hematopoietic system, gastrointestinal tract, cardiovascular system, skin, kidneys, and other
radiosensitive organs (United Nations Scientific Committee on the Effects of Atomic Radiation
1982). There is also evidence to suggest that it can damage dermal fibroblasts (Qu et al. 2004).
Local irradiation, on the other hand, is generally confined to a smaller area (Vegesna et al. 1993;
Iddins et al. 2022). Consequently, cells in the hematopoietic system and lymphatic tissues, as well
as circulating cells, are not normally significantly affected by local radiation exposures.
Combining localized radiation with a thermal burn injury will thus yield a model confined to a
specific area of the body.

Superficial thermal burns affect only the epidermis and papillary dermis of the skin (Evers et al.
2010; Reeves 2018; Abazari et al. 2020; Jeschke et al. 2020). For prompt localized exposures, the
impact of ionizing radiation will likely extend slightly beyond the boundary of the thermal burn
injury; that is, the effects of ionizing radiation are concentrated in the immediate tissue surrounding
the thermal burn. Thus, for an irradiated thermal burn, we consider cells within the burn injury
boundary to be destroyed by thermal radiation, whereas those in the adjacent tissue can be damaged
by ionizing radiation.

Not all cells of interest have resident populations in the surrounding tissue. Neutrophils, for
example, are not abundant in healthy skin (Nguyen and Soulika 2019), and thus will not be
damaged by irradiation. On the other hand, macrophages, T lymphocytes, and fibroblasts do have
normally quiescent resident populations in the healthy tissues, and thus may be impacted by acute
radiation exposure. However, damage to these tissue-resident cells depends on the extent of
radiation injury, the dose received, and the radiosensitivity of the cell itself.



Section 3. TDPM of Thermal Burn and Ionizing Radiation

3.1 TDPM Compartments and Variables

Since localized exposures do not normally impact tissues outside of the wound (Vegesna et al.
1993), cellular dynamics in the bone marrow, lymphatic tissues, and blood vessels remain at steady
state; that is, the quasi-steady state assumption still applies to the systemic compartments. Thus,
the model need only consider dynamics in and near the boundary of the wound site with the influx
rates from the hematopoietic and lymphatic systems assumed to be constant.

The TDPM for an irradiated superficial thermal burn consists of 15 ordinary differential equations
(ODEs). Figure 1 provides a schematic of the state variables and their relationships across two
compartments: the wound itself and the immediate surrounding tissue. State variables are
represented using circles and squares. The solid black lines indicate transitions between different
cellular states. Solid lines that feedback into the state variable itself indicate proliferation. Initiated
cellular interactions are captured by dotted lines and remain locally concentrated. Blue and white
colors are used to distinguish between up-regulatory (i.e., increasing in response to the cells
themselves) and destructive/inhibitory relationships, respectively. The toxic triangles indicate cell
transitions and interactions affected by ionizing radiation that have been incorporated into the
model.

SURROUNDING THERMAL BURN
TRRADIATED garaans
TISSUE E

e,
e
.

——: Cell Transitions/Proliferation
: Destruction/Inhibition
------- » : Up-Regulation
: Radiosensitive
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..........
-

an®
.
-----
us

Figure 1. Schematic diagram of irradiated superficial thermal burn, the state variables, and their
relationships.



Table 1 lists the symbols and corresponding descriptions of the state (or dynamic) variables'
included in the TPDM. State variables are assumed to represent the cell types and their signaling
molecules.

Table 1. TDPM State Variable Symbols and Definitions by Compartment.

SYMBOL DESCRIPTION
t Time (in hours)
Doseyqq Radiation absorbed dose (in Gy)

Blood Vessels

Ny, Resting neutrophils in circulation™
My, Resting monocytes in circulation*®
Ly, Newly activated T lymphocytes migrating to the site(s) of injury via the blood vessels*

Local Irradiated Tissue

Nud Resting neutrophils in the surrounding tissue

Mua Undamaged, resting, tissue-resident monocytes/macrophages in the surrounding tissue
M4 Damaged, resting, resident monocytes/macrophages in the surrounding tissue

F.; Resident (proliferative) fibroblasts in the connective tissue*

Fud Undamaged, resident fibroblasts in the surrounding tissue

F& Damaged resident fibroblasts in the surrounding tissue

i Undamaged resident lymphocytes in the surrounding tissue

LY, Damaged resident T lymphocytes in the surrounding tissue

Local Thermal Burn

Damy,, Damaged tissue (unitless)
Deb,,, Debris (unitless)
Nip Activated neutrophils at the wound site
M1,y Classically activated macrophages (M1) at the wound site
M2y Alternatively activated macrophages (M2) at the wound site
Fyp Fibroblasts at the wound site
1 Pro-inflammatory T lymphocytes, including y3-T cells, TH1 cells, and TH17 cells, at the
tb wound site
12 Anti-inflammatory T lymphocytes, including TH2 cells and regulatory T cells, at the wound
tb site
Py Pathogen levels at the wound site

*State variables that are assumed to be at steady state prior to and following irradiated thermal injury.

An ODE was constructed for each state variables based on known physiological behaviors and
interactions supported by peer-reviewed literature. Let N, M, L, and F denote
granulocyte/neutrophil, monocyte/macrophage, T lymphocyte, and fibroblast populations,

!'State (or dynamic) variables refer to those quantities whose temporal evolution will eventually be described by a
system of ODEs, reflecting that their levels change with time.
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respectively, with subscripts (st and tb) indicating the compartment. Cells damaged by ionizing
radiation at the thermal burn site are also not accounted for, since all cells within the burn injury
boundary are assumed to be destroyed by thermal radiation. On the other hand, only resident cell
populations in the surrounding tissue can be either damaged or undamaged, depending on the
extent of radiation injury, the dose received, and the radiosensitivity of the cell.

The model assumes radiation causes cells to enter a damaged state before they undergo an early
cell death, and this effect is instantaneous at the time of exposure. Thus, damaged cells are modeled
in the surrounding tissue with equations that decay over time. Moreover, the model assumes that
damaged proliferating cells cannot reproduce, as this is often the most clinically relevant
phenomenon of cellular radiation damage (Joiner 2018) and other mathematical models have used
this assumption (Hanin and Zaider 2013). Superscripts d and ud are used to distinguish between
the damaged and undamaged cells, respectively. This approach aligns with existing hematopoietic
models in HENRE created for DTRA (Wentz et al. 2015), and other mathematical models and
reviews (Gu et al. 2002; Hanin and Zaider 2013).

Variables in the surrounding tissue then migrate into the local wound compartment representing
the thermal burn. Radiation-induced cellular damage is concentrated to resident cell populations
only, such as macrophages, T lymphocytes, and fibroblasts in the local surrounding tissue. Recall
that neutrophils do not naturally reside in tissue in the absence of injury. However, they are tracked
in the surrounding tissue compartment to represent undamaged neutrophils migrating from the
blood vessels to the thermal burn site.

3.2 Initial Conditions: Radiation-Induced Cell Damage

For the purposes of this model, we consider only a prompt radiation exposure at the initial time of
injury, as this is most consistent with a NUDET event within the radius of thermal injury (Brooks
et al. 1952). Macrophages, T lymphocytes, and fibroblasts are the only tissue-resident cell
populations in the model. Thus, their corresponding initial values are non-zero, whereas
neutrophils in the surrounding tissue will be zero. As mentioned previously, the radiosensitivities
of the cells vary and thus, the initial conditions for the damaged cells will vary. The overall effects
of ionizing radiation are also dependent on the dose and type of radiation (United Nations
Scientific Committee on the Effects of Atomic Radiation 2006) thus, these variations must also be
considered.

Initial populations of damaged cells will be calculated using a survival probability curve. Past
models of the hematopoietic system have used single-target, single-hit inactivation and multi-
target, single-hit inactivation (Smirnova 2012; Wentz et al. 2015). These model cell survival as a
function of radiation dose, Dose,,4, and a critical dose value Dose.,;;, the dose that gives an
average of one hit per target (Joiner 2018). Both models produce relatively accurate estimates of
survival, but lack in some specific details, particularly when dealing with cell survival at low doses.
The single-target, single-hit inactivation is a relatively simple exponential model based on Poisson
statistics and is most relevant to viral and bacterial populations, due to the simple mechanics
involved in radiation damage for these organisms (Joiner 2018). The multi-target, single-hit
inactivation is more typically applicable to mammalian cells where a “shouldered” survival curve
is considered more accurate (Goodhead 1985). This model assumes cells have n sensitive regions
in their DNA strands and thus require more targets to be hit before cellular death is induced. This
assumption, however, creates an almost horizontal survival curve for low doses that is not
supported by the research, so two component models were considered to combat this effect (Joiner

11



2018). These models are often considered too complicated for the process being modeled and are
not often used.

Another popular method for predicting the proportion of surviving cells for a given radiation dose
is the linear-quadratic (LQ) model (Chadwick and Leenhouts 1973). This model is widely used in
both experimental and clinical settings of radiobiology, and it can be applied to both in vitro and
in vivo models (Brenner 2008; Kuang et al. 2016). If pgyrvivar denotes the probability of cell
survival and Dose, 4 1s radiation dose, then the LQ model satisfies

Psurvival = exp(_a *Doserqq — b+ Dosezad) (1)

where a (in Gy!) and b (in Gy?) are unknown parameters describing the contribution of non-
repairable and repairable cellular damage, respectively. The values for a and b can differ
significantly between cell types and individuals.

e
o

<
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n

—a = 0.01 b=0.0033
—a =0.015=0.001
a=10.02b=0.001

0.75|

Psurvival (Log Scale)
-
20

©
S

0 2 4 6 8 10
Dose'r‘ad (Gy)

Figure 2. Cell survival curve of the linear-quadratic model.

Figure 2 plots pgyrviva; VErsus Dose,,4 as determined by Eqn. (1) for three different combinations
of a and b. The concave-down shape is generally similar to that of other models mentioned before
but provides a better description for cell survival in the lower dose regions (0-3 Gy) (Joiner 2018).
The fraction a/b is often used to characterize the radiosensitivity of a particular cell (or tissue)
type, providing a measure of the curvature in the survival curve and thus, a classification scheme.
The fraction for the combinations of a and b from Figure 2 are 3.03 Gy (blue), 10 Gy (red), and
20 Gy (yellow). A ratio close to 3 indicates pronounced curvature with high killing rates as the
dose increases, whereas 10 suggests a near constant killing rate (McMahon 2019), which can be
seen from the approximately linear behavior of the yellow curve in Figure 2. Thus, 3 and 10 are
commonly regarded as being characteristic of a generic cell and those found in highly proliferative
tissues such as the skin. Note that values for this fraction have not been demonstrated to fall below
one (Lewin et al. 2018).
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The “unified repair model”, which allows for the possibility that cellular damage can be repaired
(Curtis 1986), provides a different approach for computing pgy,viva;- However, as this model
produces almost identical cell survival curves to those of the LQ model, save for doses associated
with very small survival levels, the LQ model remains the preferred method. It is worth mentioning
that the LQ framework has also been adopted by the International Commission on Radiological
Protection for use in radiological models (Clarke et al. 1991). Thus, here we use the LQ model to
calculate the initial populations of damaged cells where the ratio of undamaged cells to damaged
cells is equivalent to the probability of survival calculated in Eqn. (1).

Table 2 summarizes the initial conditions assigned to each state variable illustrating how the LQ
model given by Eqn. (1) is incorporated into those values for tissue-resident state variables.

Table 2. Radiation-independent and -dependent initial conditions for the TDPM.
VARIABLE INITIAL CONDITION

Local Irradiated Tissue

Ngi (0) 0

M;Ltd(o) Mst,o e—amDosemd—meosefad
M2a.(0) Mst,o(l _ e—amDosemd—meoserzad)
Fsléd(o) Fst,o e—afDosemd—beosefad
Fsdt(O) Foro 1- e—afDOSErad—beOSerzad)
ng (0) Lyt e—alDOSerad—leoserzad)
L2,(0) Lgo (1 — e—alDUSErad—szoserzad)

Local Thermal Burn

Dam,(0) 0.9*
Deb;,(0) Dam,,(0)
N,y (0) 0
M1,,(0) 0
M2,.,(0) 0
Fy, (0) 0
L1,,(0) 0
L2,,(0) 0
P,,(0) 0.8%*

Notes: M g, Lt o, and Fy, o are strictly positive constants such that each is less than or equal to its corresponding
healed steady-state value, i.e.,

Smr Sir Sr
-5 - 0 < F t0 S . q-
dinr dy " dfr - k}‘g,

The selected values for M, o, Ly o, and F, o are provided in Appendix A.

0 < Mgy < , 0<Lgo<

* The value of 0.9 for Dam,, (0) and Deb,,;, (0) represents a minor superficial, partial-thickness burn with support
for it demonstrated elsewhere (Jennings et al. 2022a, 2022b).

** P, (0) = 0.8 lies within the range of values employed by other mathematical models (Reynolds et al. 2006;
Menke et al. 2010; Segal et al. 2012; Cooper et al. 2015)
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3.3 Model Equations

The TDPM aims to study the inflammatory and early fibroblast activity of wound healing initiated
by an irradiated thermal burn. The model builds upon an existing formulation for superficial
thermal injury (Jennings et al. 2022a), but dynamics involving cells in the surrounding tissue, in
particular, needed to be derived. As a result, in the following subsections, we highlight only the
new variables and expressions distinct from the foundational model, which represent effects due
to irradiation (i.e., delayed infiltration of immune cells to the burn site; polarization of activated
macrophage phenotypes; impaired fibroblast proliferation and collagen deposition; pathogen
contamination at the burn site; and phagocytic immune cell activation by pathogens). Model
processes not discussed are assumed to be unaffected by radiation. This includes phagocytosis of
debris by neutrophils and macrophages and the inhibition of regulatory T cells to limit collateral
damage caused by neutrophils (N, ) and M1 macrophages (M1,).

The ODEs forming the model (Eqns. (5)-(32)) utilize the auxiliary functions defined below.

X
.QL(X, Yl,Yloo;---;Ym; Y‘r?lo) = Y 2 Y 2 (2)
1+ (Y—l) +...+(Y—’o’é)
1 m
n
-{2 Xr ,X =37n 5 vn
1, Doseyqq =0
v(t,Doserqq; V) :{ — (_L ) @
1—exp Dose, t], Dosergq >0

Note that the mathematical representation for the inhibition function, 2;(+) is commonly adopted
in the literature (Chow et al. 2005; Reynolds et al. 2006; Menke et al. 2010; Segal et al. 2012;
Cooper et al. 2015; Day et al. 2015; Torres et al. 2019; Minucci et al. 2021) .

3.3.1. Damage and Debris

The equations for damage and debris (Eqns. (5) and (6), respectively) follow the formulation in
the thermal burn model, reflecting an assumption that damage and debris result from thermal injury
and not radiation (details are given in (Jennings et al. 2022a)).

dDamy,

FTE kanQy(02;(Nep; L24p, L23), 6, Ny)

+ kam1 2y (2 (M145 L2, L23),6,M1y) (5)
- pdain(Damtb; Debtb: Debg’am)
— 0;(Fp; F&, waam ) kap;(Damyy; Debyy,, Debgy,)
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dDEbtb
dt

= kgnQy(Q;(Nep; L24y, L23), 6, Ny)

+ kam1 02y (2;(M14p; L2y, L23),6, M1y) .
— KanpNep 2y (Debgp, 1, Deby) (6)
— kamipQi(M1¢,; Nep, N7° )2y (Debyy, 1, Deby)

— kamap2i(M2¢,; Ny, N1° )02y (Debyy, 1, Deby) — dgepDeby,

The only change made is the inclusion of an inhibitory multiplier, (2; (Ftb ; F&, wl), on the last term
of Eqn. (5). Early repair processes captured by collagen deposition from fibroblasts is modeled in
the last term of Eqn. (5). Collagen has been observed to be a good marker of tissue damage
resolution in other mathematical models of wound healing (Segal et al. 2012). While not explicitly
represented in the present model, the accumulation of collagen is indirectly captured by the
decrease in the Dam,,;, variable.

Radiation = has  been  observed to  inhibit  deposition of  collagen by
fibroblasts (Vegesna et al. 1993; Dormand et al. 2005; Liu et al. 2005). Collagen produced by
fibroblasts is not only of a lower quality, but also its deposition in the extracellular matrix of tissues
is irregular. The main observation is decreased collagen deposition compared to non-irradiated
wounds, but can also include overproduction of low-quality collagen resulting in fibrosis
(Dormand et al. 2005). However, fibrosis occurs on a large time scale (years) (Bentzen et al. 1989),
and is thus not of interest in the current model. Reduced collagen deposition will, impair early
tissue repair and delay or prevent proper healing included in this model. It’s impairment has also
been show to follow a dose-dependent relationship (Chen et al. 2019). Again, we employ an
inhibitory function Qi(Ftb; F&, a)dam) that is both time- and dose-dependent to the last term of
Eqn. (5) modeling removal of damage by collagen deposition from fibroblasts. Impaired removal
of damage in the wound will result in persistent inflammation and the inability to resolve the
wound.

3.3.2. Neutrophils

The ODE for activated neutrophils at the local wound site (N;;) remains similar to that in the
previous thermal burn model despite a slight difference in variable nomenclature as well as the
addition of a compartment in the surrounding tissue. The neutrophil equations are provided below.

dN¥? _ _

dit - U(t, Doseyqq; )/n)snr - RnNsutd - dnrNsutd (7)

dNtb —d 0 [e3)
dt = RyNg — knmletb-Qi(Mltb; Ny, Ni°) — kanpNtb-Qi(Mth; Ny, Ni°) (8)

- antb
where

Ry = 0i(knaDebyy, + knpPey + knnNep; M2y, M2%, L2, L27) 9)
Snr = 77bvtb1vbv- (10)

The derivation of the first term is only changed by the fact that influx from the blood vessels feeds
into the population in the surrounding tissue rather than directly into the thermal burn
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compartment. The influx from the blood vessels, s,,,, also includes an inhibitory multiplier v(-).
Localized ionizing radiation damages the vasculature surrounding the burn wound (Vegesna et al.
1993; Iddins et al. 2022), resulting in delayed infiltration of recruited neutrophils, monocytes, T
lymphocytes, and fibroblasts into the wound (Sweeney et al. 1997). To capture this effect in the
model, an exponentially decaying inhibitory function, as defined in Eqn. (4), is multiplied by the
influx terms from the blood vessels for neutrophils, monocytes, and T lymphocytes and the influx
term from the connective tissue for the fibroblasts. This functional form allows for inhibition that
is both time- and dose-dependent as illustrated in Figure 3. The current functional form for
inhibition assumes immune cell infiltration will be restored to its non-irradiated levels (i.e., burn
only). If immune cell infiltration remains impaired for all of time due to permanent vasculature
damage, this term could be adapted in future models.

1
0.8
—_—
?\
.é 0.6 —)05€,0q = 0 G}
& —Dosergg =1 Gy
g Dosergg =7 Gy
Q —Doseruq = 28 Gy
- 0.4 Dosergg = 45 Gy
]
=
0.2
0 | |
0 5 10 15 20 25 30

Days
Figure 3. Plot of the decaying inhibitory function defined by Eqn. (4) with y = 0.1 for increasing prompt
radiation doses.

3.3.3. Monocytes and Macrophages

The derivation of the macrophage equations requires a bit more attention since undamaged and
damaged monocytes will contribute to the activated populations in the burn region. The
undamaged cell types have a very similar equation to the resting monocytes/macrophages
(Jennings et al. 2022a). Recall that superscript d denotes an instantaneous radiation-induced
damage state that triggers an early cell death. However, damaged monocytes (M%) lack a source
term and simply decay through activation toward M1 or M2 phenotypes, or by standard decay.
While macrophages are considered to be damaged by irradiation, they are relatively radioresistant
compared to other immune cells (Heylmann et al. 2021).

Moreover, studies have shown macrophage phagocytic capabilities and chemotaxis are preserved
following irradiation (Pinto et al. 2016). Thus, the model assumes that differentiation of damaged
tissue monocytes/macrophages into M1 and M2 phenotypes within the burn remains unaffected
and contributes to functioning populations denoted as M1,, and M2,,, respectively. The
monocyte/macrophage populations in the thermal burn then have an influx rate of R,,; or R,
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from both the undamaged and damaged populations in the surrounding tissue. Additionally, an
inhibitory function (described in the previous section) is multiplied by the source term (S,,,) to
reflect radiation damage to the surrounding vasculature. The rate of differentiation to M2 (R,,,,) is
also inhibited by radiation. The equations for monocytes/macrophages in the surrounding tissue
and macrophages in the thermal burn are given below.

dmud _ _ _ _
d: =v(t, Doserqq; )/m)smr - leM;ltd - -Qi(RmZ; Mgt' wmz)Mgtd - dyn%i”Mgtd (11)
dMa _ _ _ _
= = ~RuaM5i = 0 (Runzs M5, i) MG — i M, (12)
dM1y, _ ijud 4 ifd 0
dt = le(Mst + Mst) - 9m1m2 [knmletb-Qi (Mltb; Ntb;Nl ] - dm1M1tb (13)
dM2 _ _ _ o
dt = -Qi(RmZ; Mgt' wmz)(M;ltd + Mgt) + 9m1m2 [knmletb-Qi(Mltb; Ntb: Nl )] (14)
- dszth
where
Ry = -Qi(kmldDebtb + kmlthb + kminNep + Kmimi M1 (15)
+ k1 L1ep; M2, M2%, 12,5, L27)
Ry = £ (kamlMltb + KmamaM2 + kipzi2L2; Ny, Nfo; M1y, Mlio' Fip, F*) (16)
Smr = ﬁbvtbﬁbv (17)

Ionizing radiation polarizes macrophages towards either the pro-inflammatory (M1) or anti-
inflammatory (M2) phenotype depending on the dose (Rddel et al. 2012). At low doses (maximum
of 12 Gy at less than 1.0 Gy/fraction), radiation induces the anti-inflammatory phenotype, whereas
higher doses (prompt doses above 2 Gy or fractionated above 40 Gy) favor the pro-inflammatory
(Rodel et al. 2015). Radiation-induced polarization of the macrophage phenotype is an emerging
and highly active area of research for a range of conditions, not just radiation combined injury (Shi
and Shiao 2018; Deloch et al. 2019; Chen et al. 2022; Jo et al. 2022). Proper resolution of
inflammation involves a delicate balance of a pro- and anti-inflammatory response, thus
perturbations in macrophage polarization can cause unfavorable effects. Pro-inflammatory
immunological cells provide the primary protection against foreign bacteria and are necessary for
removal of damaged or diseased cells. However, over-expression of pro-inflammatory cells and
mediators can induce tissue damage and prevent resolution of inflammation (Duffield 2003).
Increased activation towards anti-inflammatory phenotypes can also result in long term health
risks. When discussing the balance of the pro- and anti-inflammatory cells in the context of wound
healing, we are often most interested in chronic inflammation marked by an uncontrollable pro-
inflammatory response, since the effects are observed early in the healing process and prevent
progression towards healing (Diegelmann and Evans 2004). The anti-inflammatory phenotype of
macrophages, in particular, is essential in signaling tissue repair (Mosser and Edwards 2008) and
thus an unbridled pro-inflammatory response will result in a chronic, non-healing wound.
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Current research involving radiation-induced macrophage polarization has not described the exact
mechanisms by which this switch in activation occurs. Given the prolific evidence of increased
pro-inflammatory cytokines following irradiation (Schiffer et al. 2002; Kiang et al. 2010a;
DiCarlo et al. 2020), it is natural to assume that this overexpression of pro-inflammatory cytokines
could be the mechanism by which activation towards the M1 phenotype occurs. Our current model
considers the model variables to be populations of the cell as well as their corresponding cytokines
and other mediators. Thus, many processes typically regulated by cytokines and other mediators
are instead dependent on the associated variable. For this reason, the altered macrophage activation
is dependent on the amount of damaged macrophage cells (M%). This allows for both time- and
dose-dependent inhibition of the activation process toward the M1 phenotype. This can be
observed in Figure 4. The left shows the scaled M 1,,ratio to total macrophages in the thermal burn
while the right displays the corresponding Dam,;,, value over time. The plots exhibit the increased
and prolonged activation toward the M1 phenotype with increasing Dose,,4 as well as delayed
wound healing exhibited by delayed removal of Dam,,,.

| ‘ ‘ |
0.8 0.8"
o
%0‘6* 206 T ——
w S U N Dosers =1y
= —-=Dose,,q = 14 Gy
g 0.4 Q 0.4
0.2 0.2
0 , ! 0 , Tein,,
0 5 10 15 20 0 5 10 15 20
Days Days

Figure 4. Plot of M1,, ratio and Dam,, with increasing dose.

Since increased anti-inflammatory activity has only been observed at low doses of radiation and
is less detrimental in acute inflammation, we only model the increase in pro-inflammatory
activation observed at higher doses of radiation. To model the tendency toward pro-inflammatory
macrophages at higher radiation doses, a multiplicative inhibitory term is introduced to the rate at
which resting monocytes activate toward the M2 phenotype, R,,,. A decrease in the activation
towards the anti-inflammatory phenotype will ultimately result in increased activation towards the
pro-inflammatory phenotype from the resting monocyte population and create the desired
polarization. The multiplicative function has the same inhibitory form as the function used to
model inhibition on typical cell interactions during inflammation, (2; (Rmz ; M, a)m). However, in
this case the function is dependent on the radiation dose to reflect that this polarization only occurs
for doses larger than a critical dose value, D.,.;+. Thus, we define the function as
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f(D) { L, D <Dcit
" 2Rz M&, w,), D = Dy (18)

Based on the literature, set D.,.;; = 2 Gy (Rodel et al. 2015).

3.3.4. T Lymphocytes

T lymphocytes are considered in the present model which include pro-inflammatory (i.e., yo-T
cells, TH1 cells, and TH17 cells) and anti-inflammatory (i.e., TH2 cells and regulatory T cells)
phenotypes. T lymphocytes are considered to be relatively radiosensitive (United Nations
Scientific Committee on the Effects of Atomic Radiation 1972; Heylmann et al. 2021) and do have
resident populations in the surrounding tissue (Nguyen and Soulika 2019). Thus, T lymphocytes
are also represented by populations of damaged and undamaged cells after irradiation. Again, we
assume that the damaged cell population does not reproduce but can contribute to activation
towards the L1 or L2 populations within the thermal burn compartment. While T lymphocytes are
highly radiosensitive, their only function present in this model is general regulation of the
macrophage response through inflammatory mediators, which remains unaffected by radiation.
However, a damaged cell population is included for completeness. The equations for resting
lymphocytes and activated lymphocytes in the burn side are given below.

dL‘ud
d;t = v(t; Doserad; Vl)slr - RllL?Lq - RlZL?LEi - d}i'dl‘?g (19)
dLs,
= —Rul§ — Rip LS — dff LS, (20)
L1,
i R LY + Ry LY, — dL1, 21
dL2,,
i R LU + RjpLY, — diL2,, (22)
where
Ry = 0;(kyyM14p; L2y, L27°) (23)
Ry = 0;(k;yM2,y; Fyp, F). (24)
Sir = ApwtbLpy (25)

Observe that since the ODE given by Eqn. (20) is separable, the analytical solution can be derived
via an integration factor. Upon doing this, one obtains the following expression for damaged T
lymphocytes in the local irradiated tissue:

t
L (t) = Lo exp {—f Ri1 + Riz + dirq df}- (26)
0

Note that & is a dummy variable used for integration.
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3.3.5. Fibroblasts

Fibroblasts are highly proliferative (Alberts et al. 2002). As a result, they are generally
radiosensitive, thus we model fibroblasts with damaged and undamaged populations in the
surrounding tissue. The superficial thermal burn model considered a constant source of fibroblasts
(Jennings et al. 2022a). This population is replaced by a dynamic influx from the surrounding
tissues supplied by proliferative fibroblasts in the connective tissue using the term k. F.;, which
could be reduced to a constant rate, s¢. Undamaged fibroblasts in the surrounding tissue proliferate,
but this is not explicitly modeled and is instead included in the constant influx from connective
tissues. Damaged and undamaged fibroblasts in the surrounding tissue can then migrate to the
thermal burn or decay.

Fibroblast proliferation, although largely overlapping with the inflammatory phase, is essential in
signaling the resolution of inflammation and pioneering tissue repair (Velnar et al. 2009). The
rapid proliferation process is necessary for the secretion of collagen and reconstruction of the
extracellular matrix, which serves as a precursor to repaired tissue. Impaired fibroblast
proliferation can cause a wound to progress slowly or not heal at all, resulting in persistent
inflammation and continued vulnerability to infection. Irradiation has been evidenced to suppress
fibroblast proliferation (Rudolph et al. 1988) and has been observed to occur in a dose-dependent
manner (Chen et al. 2019).

The direct mechanism for reduced fibroblast proliferation is unclear (Rudolph et al. 1988). The
observed reduction of cellular proliferation is generally assumed to be a direct decrease in
proliferative abilities but could be the result of decreased survival of specific fibroblasts. Reticular
fibroblasts have been shown to have a slower growth rate than papillary fibroblasts (Schafer et al.
1985) and thus an imbalance in these two populations could also result in the observed decrease
in proliferation if radiosensitivity differences exist between the two populations. Regardless of the
exact mechanism, a decrease in proliferation is observed (Rudolph et al. 1988). Consistent with
the previous section, we use an inhibitory multiplier on the proliferation term of the fibroblast
equation, .Qi(l ; F&, a)f). The dependence on the population of damaged fibroblasts in the
surrounding tissue allows for a dose- and time-dependent inhibitory term. Thus, the inhibition in
proliferation is decreased as dose decreases and as time from injury increases. The fibroblast
populations are represented by the equations below.

dFud
dstt = v(t, Doserqq; vy) sp — kit F4® — dff P4 27)
dFé
d:t = —kgunFst — d;irFsdt (28)
dF,
dt = kgt%bFstéd + kgttbFsCtit
+ 0(1; FS, )i (Fop; Nep, N§°, M1, M15) (K (29)
+ adamDamtb + aszth) - dthb
where

Sp = ket Fet. (30)
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As we have shown with T lymphocytes, the equation for damaged fibroblasts in the surrounding
tissue can be solved using separation of variables and simple integration. Additionally, since all
transition rates are constant, the resultant solution is only dependent on time. The analytical
solution is given by

d d
FA(t) = Fl ge (kertafi)e (1)

3.3.6. Pathogen

Pathogens were not accounted for in the previous TDPM (Jennings et al. 2022a) as there is little
to no risk of infection for superficial thermal burns (Paul et al. 2015; Abazari et al. 2020; Jeschke
et al. 2020). Contrastingly, ionizing radiation is associated with a risk of infection regardless of a
localized (Hill et al. 2004) or whole-body exposure (Elliott et al. 1990; Landauer et al. 2001; Ran
et al. 2003; Carter et al. 2016). This risk is further elevated for irradiated burns (Ledney et al.
1991). As a result, the state variable P;;, describing levels of pathogens in the irradiated wound
was added to the model. The ODE governing Py, satisfies

dPtb k bSthb o'

o = koaPo (1= 52) = LB e ol = loma Put M LiN M)

- kmePtb-Qi(Mztb; Nip, Nfo)

Following the approach of other wound healing models (Menke et al. 2010; Cooper et al. 2015;
Torres et al. 2019), this ODE accounts for limited pathogen growth and removal via phagocytosis
by neutrophils (N;;) and macrophages (M1, and M2.,). The first term of Eqn. (32) represents
logistic growth of pathogens with a carrying capacity given by P® and growth rate of k,,. Note
that logistic growth is widely accepted for describing exponential growth with restrictions due to
competition for resources (Murray 2001; Edelstein-Keshet 2005)

The second term describes the removal of pathogens by the local background immune response,
which includes mast cells and natural killer cells (Murphy and Weaver 2017). The derivation of
this term, which assumes the local background immune response reaches quasi-steady state, has
been described elsewhere (Reynolds et al. 2006). Parameters ky,j,, Sp, i, and kp,, capture the speed
and efficiency of this response as well as how effectively it can be overwhelmed by large
contamination or rapidly dividing pathogens.

The final three terms account for removal of pathogens by neutrophils and macrophages.
Neutrophil activity contributes to an oxidative environment that inhibits phagocytosis by
macrophages. Observe that the employed representation, including the inhibition function,
parallels the phagocytosis of neutrophils by macrophages in Eqn. (8). No pathogens are removed
by T lymphocytes as cytotoxic T cells are not included in the model.

The presence of pathogens in wounds activates resting neutrophils as well as resting
monocytes/macrophages to the M1 phenotype (pro-inflammatory) (Broughton et al.). The terms
knpPpy and k.1, P were incorporated into the activation functions for neutrophils and M1
macrophages (see Eqns. (9) and (15)). Since most pathogens do not promote the anti-inflammatory
response, no modification was made to the activation terms for M2 macrophages, Eqn. (16). The
model assumes that the primary function of T lymphocytes is to amplify the macrophage response.
Initial activation of T lymphocytes occurs in the lymphatic tissues (Murphy and Weaver 2017). As
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a result, pathogens do not appear in the activation functions for L1, and L2, (see Eqns. (23) and

(24)).
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Section 4. Numerical Simulations

Numerical simulations were performed to not only to illustrate dynamics of the TDPM governed
by Eqns. (5)-(32), but also to demonstrate the model’s ability to reproduce observed, known
biological phenomena. Of interest to irradiated thermal burns is the time to healing. To identify
this endpoint from the transients generated by the TDPM, a previous definition was adopted that
states a wound is healed when Damy,, is less than 0.01 (Menke et al. 2010; Jennings et al. 2022b).

All simulations were performed in MATLAB (2020).

4.1 Baseline Parameter Values and Initial Conditions

To conduct numerical simulations, baseline values for each parameter were first determined.
Pointwise estimates? for the superficial thermal burn TDPM (Jennings et al. 2022b) served as
initial values for non-radiation parameters. Similarly, due to analogous mathematical
representations in the ODEs, values reported in published models were used for other unknown
parameters related to pathogens and fibroblasts (Reynolds et al. 2006; Menke et al. 2010; Segal et
al. 2012; Cooper et al. 2015). These initial estimates and those capturing irradiation effects were
then manually calibrated so that the healing time of a minor? partial-thickness thermal burn occurs
in 7-14 days (Abazari et al. 2020; Jeschke et al. 2020) and is delayed when radiation is added. The
resulting baseline values can be found in Appendix A.

Here, a minor partial-thickness burn corresponds to Dam;,(0) = Deb;;,(0) = 0.9 and N;;,(0) =
M1,,(0) = M2,,(0) = L14,(0) = L24,(0) = F;;,(0) = 0; this representation has been utilized
elsewhere (Creel et al. 2022; Jennings et al. 2022b). Additionally, the amount of pathogens in the
burn at t = 0, P;;, (0), is taken to be 0.8, which lies within the range of values employed by other
mathematical models (Reynolds et al. 2006; Menke et al. 2010; Segal et al. 2012; Cooper et al.
2015).

For a given prompt radiation dose, initial conditions for the tissue-resident state variables, i.e.,
M, Ly, and Fy, can be calculated via the LQ equation defined in Eqn. (1) as displayed in Table
2. Radiosensitive cells have lower proportions of surviving cells. For example, as suggested by the
values of Pgvivar Shown in Table 3, tissue-resident fibroblasts are much more radiosensitive than
T lymphocytes also residing in healthy tissues (e.g., regulatory T cells), while tissue-resident
monocytes/macrophages are highly insensitive. Due to the large number of parameters, for
My, L, and Fy,, the radiosensitivity parameters a and b satisfying the LQ equation were excluded
from the manual calibration to a baseline value. Instead, the survival probabilities in Table 3 were
applied directly to the initial condition assumed for thermal burn only (see Appendix A). Future
work will not include making such a simplification.

2 Here, pointwise estimates specifically refer to the representative set computed via Brute-Force with Latin-
Hypercube Sampling previously reported (Jennings et al. 2022b).

3 Minor is defined as less than 20% total body surface area (Jeschke et al. 2020).
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Table 3. Survival probabilities of tissue-resident macrophages, T lymphocytes, and fibroblasts for different
prompt radiation doses.

Dose, 44
SYMBOL REFERENCES
1 Gy 7 Gy 14 Gy 28 Gy

Mg, 0.95 0.95 0.95 0.95 (Heylmann et al. 2021)

Lg* 0.8 0.3 0.3 0.3 (Geara et al. 1992; Heylmann et al. 2021)

Fy 0.3 0.01 0.001 0.001 (Geara et al. 1992)
* Note that at t = 0, Ly captures tissue-resident T lymphocytes, i.e., those naturally existing in healthy skin.
Here, it is assumed that regulatory T-cells are the predominant subtype.

4.2 Impaired Healing and Sustained Infection

It is well-established that radiation impairs the healing process initiated by thermal burns (Alpen
et al. 1954; Ran et al. 2004; Pellmar and Ledney 2005; Iddins et al. 2022); this feature holds not
only for other tissue injuries (such as soft tissue trauma and bone fracture) (United Nations
Scientific Committee on the Effects of Atomic Radiation 1982; Schiffer et al. 2002; Chen et al.
2019), but also for the swath of radiation exposures from whole-body to partial-body to localized
(Vegesna et al. 1993). Moreover, this delay occurs in a dose-dependent manner (United Nations
Scientific Committee on the Effects of Atomic Radiation 1982; Liu et al. 2005; Chen et al. 2019;
Iddins et al. 2022).

Figure 5 and 6 display the dynamics in the local irradiated tissues and burn site, respectively, as
predicted by the TDPM under the baseline parameter values. In the subplots of both figures, the
solid line corresponds to Dose,,4 = 0, representing a non-irradiated superficial thermal burn (i.e.,
thermal injury only), while the non-solid lines represent an irradiated thermal burn of increasing
radiation exposure for Dose,.,4 = 1 Gy, 7 Gy, and 14 Gy.
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Figure 5. Baseline dynamics in the local irradiated tissue predicted by the TDPM for varying prompt
localized radiation doses of increasing magnitude.
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Figure 6. Baseline dynamics in the local thermal burn predicted by the TDPM for varying prompt localized
radiation doses of increasing magnitude.

Visual comparisons of curves for thermal burn only against those exhibiting an irradiated burn
highlight the impaired healing process for all prompt radiation doses. Further inspection reveals
this disruption can be attributed to delays in undamaged cell infiltration (see the subplots for N,

MY, %4, and F4% in Figure 5), as well as additional immune stress posed by infection (see the
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subplot for P,, in Figure 6). The greatest effect appears to be on N%*, which could be due to
neutrophils initiating the inflammatory process upon arrival to the wound.

Another source of the delay appears to lie with the inflammatory cascade in the burn. This can be
observed in the subplots for N;;,, M1, and, L1, of Figure 6, which show that duration of the pro-
inflammatory response extends with larger radiation doses. Wound healing cannot progress until
the pro-inflammatory response resolves (Duffield 2003; Diegelmann and Evans 2004), thus, the
model is able to mimic this mechanism when impaired healing is observed.

The subplot for Dam,,;, in Figure 6 suggests that the time to healing increases with Dose,. 4. Per
the definition of “healed” employed therein (see Section 4.1), the superficial partial-thickness burn
heals in 10.42, 14.74, 21.13, or 24.29 days when irradiated with 0 Gy, 1 Gy, 7 Gy, or 14 Gy,
respectively. This illustrates the model’s ability to capture the dose-effect relationship between
healing time and radiation doses observed in published studies on irradiated thermal burns (Liu et
al. 2005).

Irradiated thermal burns have been shown to be at increased risk of secondary infection (Ledney
et al. 1991; Kiang et al. 2010b). The dynamics for Py, predicted by the TDPM displayed in Figure
6 show that both the magnitude and duration of pathogens present in the wound increases as
Dose,,q increases. In other words, for low doses, inflammatory cells can quickly remove
pathogens (via phagocytosis) at the burn site; however, for a higher dose radiation exposure, these
cells are unable to control the pathogen population in the time immediately following insult, not
only in terms of abundance but also duration, allowing for pathogens to persist for an extended
period. This dovetails with the documented increased risk of infection by other studies mentioned
above.

4.3 Radiation-Induced Inhibition

4.3.1. Immune Cell Infiltration

Next, consider a minor superficial thermal burn irradiated with 14 Gy. Assuming the initial amount
of pathogen at the burn site is the same as that in Section 4.1, the time to healing predicted by the
model is 24.29 days. To verify the impact of radiation-induced impaired infiltration into the wound
site, each y as defined by Eqn. (4) was increased by a factor of 100-200 while all other parameters
remain fixed at their baseline values. Recall that an increase to y,. means that state variable ¢ returns
to its non-irradiated infiltration rate much faster. Thus, the baseline case represents the situation in
which the same prompt radiation dose (14 Gy) delays the infiltration of immune cells and
fibroblasts into the site of injury.

Figure 7 and Figure 8 compare transients generated by the TDPM at baseline with those where a
variable-specific infiltration inhibition is mitigated to some degree. As expected, the effect of y,
is greatest on the corresponding state variable c; for example, N, starts increasing earliest when
¥n 1s varied. Moreover, the increase to each y results in damage that is more rapidly repaired -
albeit to varying degrees - in comparison to the baseline (see the subplot for Dam,,;, in Figure 8).
Specifically, for vy, ¥im, ¥1, and y5, the healing time decreased from 24.29 days at baseline to 23.79,
21.53, 23.09, and 23.05 days, respectively. The greatest reduction in healing time occurs when
monocyte/macrophage infiltration is improved despite irradiation. However, given that
inflammation and proliferation require complex coordination across a range of specialized and
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somewhat competing biological processes, it is not surprising that improving infiltration by a
single variable would fail to dramatically speed up healing.
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Figure 7. Comparison of inflammation and repair dynamics in the local irradiated tissue produced by the
TDPM for varying degrees of radiation-induced infiltration inhibition.
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Figure 8. Comparison of inflammation and repair dynamics in the local thermal burn produced by the
TDPM for varying degrees of radiation-induced infiltration inhibition.
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4.3.2. Fibroblast Dysfunction

Consider the same irradiated partial-thickness thermal burn discussed above. To examine the
impact of radiation-induced fibroblast dysfunction, simulations were conducted varying
parameters wgqm and wy individually, then jointly. An increase in w44y, and/or wy by a factor of
100-200 equates to shortening of the radiation-associated inhibition period on fibroblast
proliferation and collagen deposition, allowing each to return more quickly to their non-irradiated
levels.

Figure 9 displays results from comparing the transients predicted by the TDPM when fibroblast
dysfunction caused by irradiation is mitigated as compared to the effect at baseline. Only results
are shown for Damy, and Fy;, as the inhibitory effects of wgqm and ws occur during the
proliferation phase, which can only commence once inflammation has resolved. Thus, changes to
these parameters - by design - will be concentrated to Damy, and Fy,.

As suggested by the subplot for Dam,,;,, the greatest reduction in the time to healing occurs when
both wgem and w; were increased (24.29 days to 18.68 days). However, the irradiated wound
healed within 19.42 days when fibroblast proliferation was impaired only for a shorter period (i.e.,
wy increased). This is not surprising, since improved proliferation will increase Fj,, which in turn
will reduce Damy,. Fibroblast dysfunction has proven to be a very important component of
radiation injury (Rudolph et al. 1988; Vegesna et al. 1993; Schiffer et al. 2002; Jadhav et al. 2013;
Chen et al. 2019) and the model is able to display this as increased healing times for increasing
inhibition of fibroblast function.
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Figure 9. Comparison of repair dynamics in the local thermal burn produced by the TDPM for varying
degrees of radiation-induced fibroblast dysfunction.
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Section 5. Discussion

Ionizing radiation has the capacity to injure a considerable number of tissues in the body, presenting a
formidable challenge for capturing its effects in a mathematical model. To advance the development of
mechanistic, time-dependent mathematical models of combined injury (here thermal and ionizing
radiation) in a well-posed and systematic manner, we first considered the effects of localized ionizing
radiation and superficial thermal burns. In terms of burn severity, we focused on survivable injuries with
little to no medical intervention, as these would be most likely to occur in survivors of a NUDET event.
Additionally, localized, or partial-body, irradiation is relevant to military personnel. Protection provided
by armor and other military equipment would shield most of the body from irradiation and likely localize
injury to the hands, face, and neck. However, these areas are considered particularly sensitive regions
to receive thermal burns and radiation injury (Reeves 2018; DiCarlo et al. 2020). The overall goal of the
combined injury model for DTRA is to predict combat readiness for a soldier receiving injuries from a
NUDET event as well as medical planning. For this reason, we only consider characteristics relevant to
military personnel such as the use of localized radiation injury, as well as population assumptions
regarding age and sex. Potential future models could consider whole-body irradiation, which would
affect the hematopoietic and gastrointestinal systems, as well as other physiological processes and
modifications made for age and sex to encompass a civilian population.

It is well-established that inflammation is a common pathway for injuries resulting from exposure to
more than one insult (Kiang et al. 2010b, 2012, 2015; Probst et al. 2012; Mangum et al. 2019; Stewart
etal. 2019; Land 2020). The previously developed TDPM on inflammation and early fibroblast activity
initiated by superficial thermal injuries was modified to incorporate localized irradiation effects in the
wound site. Enhancements to the model included diminished immune cell infiltration to the wound site
due to radiation-induced vascular damage; polarization of macrophages to a pro-inflammatory
phenotype for doses above 2 Gy; impaired fibroblast proliferation and repair (due to reduced or irregular
collagen deposition); and contamination of the wound by pathogens. Moreover, to the authors best
knowledge, the TDPM is the first of its kind, as there is not another existing model describing healing
of an irradiated thermal burn.

Numerical simulations showed that the model can reproduce known timings of immune cell infiltration
as well as the onset of fibroblast proliferation for a non-irradiated burn, demonstrating the model’s
ability to capture delayed healing in a dose-dependent manner. The inclusion of irradiation effects
produced known delays in the infiltration of immune cells, delays in fibroblast proliferation, and
impaired removal of damage due to irregular collagen deposition. Additionally, the introduction of
pathogen into the system further delayed wound healing and provided the opportunity for pathogen
overgrowth and sustained infection. These delays prevent the normal progression of healing, rendering
personnel susceptible to secondary infections or additional complications from sustained inflammation.

Current model parameters were manually calibrated to exhibit qualitative dynamics but require
quantitative estimation. Future steps include fitting the model to available data to provide numerical
markers of model efficacy. The availability of data poses an additional challenge, as human data is
sparse and observational. Historical NUDET events and nuclear accidents provide the only source of
human data and specific variables such as radiation dose are unknown or poorly estimated. Animal
models provide a larger resource of experimentally controlled data, but special considerations do need
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to be made to ensure the data can be applied to human models. Large porcine (e.g., Yorkshire pig)
models have been shown to exhibit similar characteristics to human skin and have been used in radiation
skin research since the 1980s (DiCarlo et al. 2020). Other models such as the Géttingen minipig and
murine models have also been used. While porcine models have been demonstrated to be most
applicable to human subjects for skin injury, murine models are much more prevalent in research due
to availability and cost. However, differences do exist in some cell types and processes. For T
lymphocytes, the dominant population in murine skin is yo-T cells and the dominant population in
human skin is aff T cells. These cells differ in their predominant cytokines and overall role in the immune
response. Additionally, human blood is significantly neutrophil-rich (50-70%) whereas murine blood is
significantly lymphocyte-rich (75-90%) (Doeing et al. 2003). Despite these differences, murine models
can still offer important insight into human models and serve as a rich source of data for radiation
combined injuries (Doeing et al. 2003).

Conclusions drawn from in vitro experimental designs also warrant some scrutiny. Observations made
in vitro are not always applicable to an in vivo model. For instance, in vitro macrophages derived from
mesenchymal cells in the bone marrow can generate different responses from tissue macrophages
obtained in vivo. Human macrophages also take longer to respond to stimulatory factors, and it is
postulated that some in vitro experiments may have ended before a response could be detected. Other
differences exist based on macrophage source have also been summarized (Thomas and Mattila 2014).
Again, these studies still prove to be useful and provide an abundant source of data to test experimental
hypotheses, but potential dissimilarities need to be considered to obtain accurate estimates of the
parameters and ensure adaptability to human subjects. Future efforts on the current model will include
this endeavor.
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Section 6. Future Models & Potential Impacts

The current model focuses on combined injury defined by the combination of a thermal burn and
radiation injury, but other insults from a NUDET event exist. Injuries obtained directly or indirectly
from the blast wave (i.e., bone fractures, crush injuries, pulmonary blast injury, hemorrhage, etc.) also
warrant discussion. In fact, victims closest to the hypocenter are expected to also sustain injuries from
blast, burns, and external body radiation (Brooks et al. 1952). For those that survive, the addition of
another injury inflicts increased stress on the immune response and introduces additional complexities.
Current efforts at ARA include the development of a bone fracture model that will later be incorporated
into a combined model with thermal burns and radiation. Like the effects of whole-body irradiation, a
bone fracture of a certain severity can disrupt the hematopoietic system, thus eliminating our current
assumptions that hematopoietic sources of cells are constant. This injury presents an additional
complication in modeling combined injury and an increase in model complexity. Therefore, future
models are expected to be sizable (in terms of both number of equations and parameters) as we attempt
to replicate the complex dynamics of combined injury. Despite concerns regarding the enormity of these
models, these TDPMs of combined injury will eventually provide increasingly accurate predictions for
combat readiness as well as the opportunity for specialized predictions tailored to distinct combinations
and intensities of injuries.
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Appendix A. Parameter Symbols, Definitions, Biological Units, and Baseline

Values
PARAMETER DESCRPTION UNITS BASELINE
o Constant controlling the effectiveness of Deb,,;, at .
Debgam inhibiting damage repair D-units 0.01
Constant controlling the effectiveness of Deb,;, at
Deby inhibiting phagocytic removal of debris by N;;, M1, and D-units 0.061
M2y,
0 Constant controlling the effectiveness of Ny, at inhibiting .
N the activity on other immune cells N-units 0.1417
’\
§ N Constant controlling the effectiveness of Ny, at inhibiting N-units 01
% 2 proliferation and activation of Fy, ’
~
2
S o0 Constant controlling the effectiveness of M1, at .
3 M1y inhibiting activation of M2, M-units 0.1457
S
N
! Constant controlling the effectiveness of M1, at .
2 o0 tb -
g M1; inhibiting proliferation and activation of Fy,, M-units 0.0843
N—
3
= o Constant controlling the effectiveness of M2, at .
:..§ M2 inhibiting activation of Ny, and M1, M-units 0.4734
E
o Constant controlling the effectiveness of F;;, at inhibiting .
F the activation of M2, and L2,, Funits 0.5314
0 Constant controlling the effectiveness of L2, at .
L23" | inhibiting the activation of Nyy, M1, and L1, L-units 04738
Constant controlling the effectiveness of L2, at
L25 inhibiting collateral damage associated with N, and L-units 0.4738
M1y,
Constant controlling the effectiveness of F& at inhibiting .
= @Waam removal of Damy, by Fy,, F-units 0.02
S
= Constant controlling the effectiveness of MZ at inhibiting .
Q%) ©m2 activation of M4 and M& to M2, M-units 1000
2
KS)
‘§ w Constant controlling the effectiveness of F& at inhibiting F-units 0.02
= f proliferation of F,;, ’
N
=
Constant controlling the effectiveness of Dose,.q4 at
< g rad
-g o inhibiting N,,, infiltration to the surrounding tissue Gy/h 0.1667
e
= . .
S Von Constant controlling the effectiveness of Dose, ., at Gy/h 0.1

inhibiting My, infiltration to the surrounding tissue
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Constant controlling the effectiveness of Dose, ., at

Vi inhibiting L, infiltration to the surrounding tissue Gy/h 0.1667
Constant controlling the effectiveness of Dose, .4 at
Vs inhibiting F,, infiltration to the surrounding tissue Gy/h 0.05
Ky Maximum collate.ral tissue damage rate caused by Ny, at D-units/h 0.000175
the local wound site
Maximum collateral tissue damage rate caused by M1, . .
Kama at the local wound site D-units/h Tami * Kan
Odm1 Tissue damage scaling coefficient for M1, Unitless 0.5
Ny Hill constant for tissue damage associated with Ny, N-units 0.06
2 M1y Hill constant for tissue damage associated with M1, M -units 0.06
5
Q 0 Baseline tissue damage repair rate via a combination of h 0.004
go dam repair, resolution, and regeneration ’
S
§ kg r Repair rate on Damy, by Fy,, 1/(F-units-h) 0.02
Q
kanp Phagocytosis rate of Deby,;, by Ny, D:Lrﬁtssgv ) 0.013
kam1p | Phagocytosis rate of Deby), by M1y, D;l:lllltt:/}(lg/[_ 0.0176
kamzp | Phagocytosis rate of Deby), by M2y, D;l:lllltt:/}(lg/[_ 0.0101
daep Decay rate of Deby, 1/h 0.0001
Sy Recruitment r'flte of circulating neutrophils N, to the N-units/h 00137
local wound site
dpr Decay rate of N% 1/h 0.019
d, Decay rate of Ny, 1/h 0.0206
RS k Activation rate of resting neutrophils N%4% to Ny, by 1/(D- 02432
= nd Deby, units-h) ’
S
§ knp Activation rate of resting neutrophils N4 to N,;, by Py, 1/(P-units-h) 7.325
)
= k Activation rate of resting neutrophils N%¢ to Ny, by Ny, 1/(N- 0.0169
nn and its byproducts units-h) ‘
knmip | Phagocytosis rate of Ny, by M1y, uil/1(t24}-1) 0.1208
knmzp | Phagocytosis rate of Nyj, by M2y, uil/l(tg/lf-l) 0.3628
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Recruitment rate of fixed tissue and circulating

Smr monocytes to the local wound site M-units/h L7575
aué Decay rate of M%4 1/h 0.0221
s, Decay rate of M 1/h 0.005
dmi Decay rate of M1, 1/h 0.0497
dm> Decay rate of M2y, 1/h 0.1236
k Activation rate of resting monocytes MY and 1/(D- 0.0035
mid | }f4 to M1,, by Deby, units-h) '
Activation rate of resting monocytes M%* and .
k = st 1/(P-units-h 0.00015433
a P | M& to M1y, by Py, ( )
§ k /ictivation rate of resting monocytes M%* and 1/(N- 0.0346
§* min M& to M1, by Ny, and its byproducts units-h) '
S
= Activation rate of resting monocytes M%4¢ and 1/(M-
= Fmimi M& to M1, by M1, and its byproducts units-h) 0.000037879
Activation rate of resting monocytes M%* and .
fin . 1/(L-units-h 00015542
Fmana M& to M1, by L1, and its byproducts A(L-units h) 0.000155
k Activation rate of resting monocytes MY and 1/(M- 00219
mzml | & to M2, by M1,, and its byproducts units-h) '
Activation rate of resting monocytes M%* and 1/(M-
Kmzmz M& to M2, by M2y, and its byproducts units-h) 0.00067667
Activation rate of resting monocytes M%* and .
— . 1/(L-units-h .004
Kmaiz M2 to M2, by L2, and its byproducts A(L-units h) 0.0049
Omimz | Transition rate of M1, to M2y, M-units/N- 0.6901
units
s sgﬁ;ll(ril];g recruitment rate of fibroblasts to the local F-units/h 0.0014
Jeud Rate of transition of undamaged fibroblasts (F44) from h 0.0042
sttb the surrounding tissue to the thermal burn :
K Rate of transition of damaged fibroblasts (F44) from the h 0.0012
@ sttb surrounding tissue to the thermal burn '
9
§ drd Decay rate of F4% 1/h 0.0091
S
N
i df. | Decay rate of F& 1/h 0.00090909
ds Decay rate of Fy, 1/h 0.0091
k¢ Baseline proliferation and activation rate of Fy,, 1/h 0.0053
a Constant controlling the up-regulation of F;; proliferation 1/(M- 0.0455
mz2 and activation by M2,, units-h) '
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a Constant controlling the up-regulation of Fy, proliferation 1/(D- 0.0667
dam 1 and activation by Dam,, units-h) '
Sor Recmltment rate of circulating T lymphocytes to the local L-units/h 0.0283
wound site
dyd Decay rate of L% 1/h 0.0565
n
9
? d%. | Decay rate of L%, 1/h 0.0283
i /(M
S ki1 Induction rate of L¥¢ and L%, to L1,, by M1y, (M- 0.0431
=, units-h)
~
= k Induction rate of L*% and LY, to L2,, by M2 M- 0.0369
12 st st th OY tb units-h) :
dy Decay rate of L1, and L2, 1/h 0.0594
kpg Growth rate of Py, 1/h 0.4
P Carrying capacity of Py, P-units 13.3333
kpb Phagocytosis rate of Py;, by the background immune 1/(B-units-h) 06
response
Sp Recruitment rate of circulating background immune cells B-units/h 0.005
S
é‘) Up Decay rate of background immune cells 1/h 0.002
Q? k Phagocytosis rate of cells in the background immune 1/(M- 0.0083
bp response by P, units-h) :
kpn Phagocytosis rate of Py, by Ny, N-units/h 1.4596
kpm1 Phagocytosis rate of Py, by M1, M-units/h 0.0947
kme Phagocytosis rate of Py, by M2, M -units/h 0.0947
- '§ a Number of non-repairable cell kills per Dose,.q4 1/Gy -
TR
D § b . . 2 2
3 Number of repairable cell kills per Dose;,4 1/Gy -

Notation:

Damy;, and Deb,;, have the same units - D is used to denote their units.

N, M, F, L, and P denote the units of neutrophils (N%¢, N&, and N, ), macrophages (M44,

M&, M1,,, and M2,,), fibroblasts (F4?, F&, and F,;), T lymphocytes (L¥¢, L%, L1y, and L2,;), and
pathogen (Py,) respectively.

B denotes the units for the background immune response, including mast cells and natural killer cells.
Gy denotes the units for radiation dose (in Gray).

The cell survival parameters a and b do not have estimated values in the current model iteration.
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Appendix B. Abbreviations and Acronyms

a Non-repairable radiosensitivity parameter of the Linear-Quadratic Model
ARA Applied Research Associates, Inc.

b Repairable radiosensitivity parameter of the Linear-Quadratic Model
Dose_,it Radiation dose corresponding to an average of one-hit per target
DTRA Defense Threat Reduction Agency

Gy Gray, unit of ionizing radiation dose

HENRE Health Effects from Nuclear and Radiological Environment

LQ Linear Quadratic (Model)

NUDET Nuclear Detonation

ODE Ordinary Differential Equation

DPsurvival Probability of cell survival

TDPM Time-Dependent Physiological Model
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