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Abstract
Our group is currently developing physiologically based models to understand
the impact of radiation combined injury and aid in casualty predictions for catas-
trophic scenarios. We have developed a model that describes the impact of burn
on thrombopoiesis with the aim of integrating it into an existing radiation-effects
model. Thrombocytopenia can be a life-threatening condition due to the role of
platelets in hemostasis and the immune response. Thermal injury is known to
cause thrombocytopenia as well as a subsequent thrombocytosis. Key biological
effects of burn were identified, mathematically interpreted, and implemented.
These effects include a decreased platelet lifespan and an increased repopulation
rate due to increased levels of thrombopoietin within the system. The model
predicts platelet and precursor cell concentrations over time, providing details on
time, magnitude, and duration of thrombocytopenias. Parameter values were ob-
tained through both the analysis of experimental data and the optimization of the
model to observational data on platelet counts following burn. The model was
subsequently validated against other datasets and simulations were performed
to better understand the characteristics of the model. The model describes the
effects of thermal injury on thrombopoiesis, providing realistic predictions that
reflect the trends observed in platelet concentrations.
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1 Introduction

Many radiological incidents result in patients with multiple types of injuries. For example,
65-70% of people are expected to suffer from both radiation exposure and trauma or burn
following a nuclear event. In the 1986 Chernobyl reactor incident, 10% of the victims re-
ceived both significant radiation and burn injuries [25]. Our group is currently developing
health effects models to better understand the impact of radiation combined injury and
aid in casualty predictions for catastrophic scenarios. Since very little experimental data
are available on combined injury, physiologically based mathematical modeling can aid in
predicting the potentially synergistic mechanistic interactions in combined injury, thereby
affording more accurate casualty assessments and predictions of the clinical course of the
injuries. Using a model structure originally developed for describing the impact of radi-
ation exposure on blood cell kinetics, we have developed model parameters that describe
the impact of burn on thrombopoiesis. We will merge these parameters into the radiation
effects model to better understand the impact of radiation and burn injury. In this pa-
per, we present our model that describes thrombocyte kinetics after thermal injury which
can help to enhance the mechanistic understanding of thermal injuries and eventually aid
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in our understanding of the synergistic health effects of burn and radiation exposure on
thrombopoiesis.

In 2012, approximately 450,000 people in the United States experienced burn injuries
that required medical treatment, and 3,400 people died due to fire and burn [1]. While sig-
nificant data has been collected on hematopoietic cell kinetics after burn, to our knowledge,
no attempt to develop a hematopoietic model of burn injury has been made to date.

Burn is known to lead to states of thrombocytopenia and thrombocytosis. These states
can be life-threatening due to platelets’ role in hemostasis and the immune response. In
pediatric burn patients a platelet count below 100 - 10° L=! was a predictor of mortal-
ity [12]. Studies in adult populations found platelet count nadirs in burn patients were
highly correlated with mortality [20, 35]. Both thrombocytopenia and thrombocytosis at
the time of hospitalization were predictors of mortality in patients with community-acquired
pneumonia [22]. Thus, the development of a mechanistic model of thrombopoiesis following
burn could help predict how burn and radiation combined injuries influence cell kinetics
and understand the correlation with the time course of clinical symptoms and probability
of mortality.

Several other mathematical models of thrombopoiesis have previously been developed,
including models of radiation injury [32, 7], conventional chemotherapy [28], megakaryocyte
growth and development factor; PEG-rHuMGDF [10], and thrombopoietin (TPO) [30].
However, to date, no model describing the effects of thermal injury on thrombopoiesis
exists. Rather than starting from scratch, we chose to adapt a radiation-effects throm-
bopoiesis model developed by Smirnova et al. [16, 31, 32]. This particular model was chosen
because the model was (1) relatively simple when compared with other existing models and
(2) already designed to incorporate acute radiation exposure. Thus, simulating radiation
combined injury would be the natural next step.

Using the percentage of total body surface area burned (%TBSA) and the blood throm-
bocyte concentration under healthy conditions as inputs, the model predicts platelet and
precursor cell concentrations over time. The model has been constructed such that the burn-
induced alterations in rates and the subsequent recovery times can be biologically justified
using experimental data. After incorporating structural changes and extracting parame-
ter values from empirical data, the model was both optimized and validated against serial
data on platelet counts in burn patients. The model provides a means for calculating the
time, magnitude and duration of thrombocytopenias as well as hypotheses for the biological
mechanisms behind these results.

2 Background

Thrombopoiesis is initiated by hematopoietic stem cells (HSCs) in the bone marrow. HSCs
have the ability to self-replicate as well as differentiate into progeny of various cell lineages,
including the thrombopoietic cell lineage. The earliest identifiable thrombopoietic cell is
the megakaryoblast which proceeds to differentiate into megakaryocytes. Megakaryocytes
mature in the bone marrow through a series of endomitoses, gradually increasing levels of
ploidy. Once fully mature, each megakaryocyte releases thousands of platelets into the blood
stream.

There are a couple known feedback mechanisms that help humans maintain a healthy
level of platelets within the blood. The principle mediator of thrombopoiesis is TPO; for
a review of TPO regulation see [15]. TPO acts as a thrombopoietic stimulator, while
platelets and megakaryocytes provide a negative feedback mechanism by receptor-mediated
uptake and destruction of TPO. As levels of megakaryocytes and platelets within the system
decrease, there is more TPO which leads to an increased stimulation of thrombopoietic
progenitors. In a second feedback mechanism, the concentration of platelets within the
blood directly affects megakaryocyte ploidy levels. As the platelet concentration decreases,
the ploidy level of megakaryocytes increases and more platelets are produced. These systems
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allow for the body to respond if platelet levels are too high or too low.

Burn affects the thrombopoietic system through a couple known mechanisms. In both
rodents and humans, platelet lifespan is known to decrease following burn [6, 29]. This is
potentially caused by the consumption of platelets due to coagulation at the burn wound site
and other locations [21]. Burn tissues release thromboplastin which leads to the formation of
microthrombi at distant sites which are then removed by the reticuloendothelial system [36].
The mechanisms of increased platelet decay are known to be extrinsic [6], reinforcing the
notion that factors in the serum cause the increased platelet consumption. The increased
rate of decay and subsequent thrombopenia are dependent on the size of the burn [21]. As
burn size increases, a more drastic decrease in platelet counts is observed.

The sustained quality of the thrombocytosis following burn implies there must be an-
other mechanistic change in the model. A temporary thrombocytosis could be explained
as a reaction to the thrombopenia caused by burn, however the sustained quality suggests
an increased repopulation rate of mitotic precursor cells. In a study of burn patients which
excluded patients with low platelet levels (<100 - 10° L~1), circulating levels of TPO in-
creased [19]. Furthermore, the concentration of IL-6, a cytokine known to cause TPO tran-
scription in the liver [14], increases in burn patients within the first few hours postburn [4,
5, 27] and remains detectable through at least 5 weeks postburn [5]. The magnitude of in-
crease in IL-6 levels has been correlated with burn size [27, 17], although one study did not
observe this relationship [5]. IL-6 stimulates thrombopoiesis in vivo in mice and monkeys.
Following a dosing regimen of IL-6 in mice, platelet counts increased significantly by day 4 in
a dose-dependent fashion [13]. In monkeys, platelet counts increased significantly on day 7
of IL-6 treatment [2]. Taken together, this evidence suggests that burn leads to increased
levels of I1.-6, which in turn increases circulating TPO levels resulting in an increased HSC
repopulation rate.

3 Methods

3.1 Baseline Model Structure

Models from Smirnova et al. 2011, 2012 were used as a starting point for establishing a
thrombopoiesis model for burn [31, 32]. Smirnova’s models incorporate radiation effects;
however, when developing our burn-only model the effects of radiation were removed from
the system and will not be presented here. Cells in the thrombopoietic lineage are divided
into three functional compartments. The first compartment (X;) consists of mitotic cells
in the bone marrow which includes progenitor cells ranging from hematopoietic stem cells
to megakaryoblasts. The second compartment (X5) consists of the megakaryocytes in the
bone marrow, and the third compartment (X3) consists of platelets in the bloodstream. The
dynamics of this system are initially described using differential equations taken directly
from Smirnova’s original model [31], where &; represents the change in concentration of cells
in compartment X; over time (i = 1,2, 3):

&1 = B(x1, 2, x3)x1 — Y1, (1)
i’z = f(xg)’}/l'l — 51’2, (2)
9.33 = 0'61'2 - ’(Z).Z‘g, (3)
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where

B(z1, x2,x3) = repopulation rate of the dividing progenitor cells,
~ = transition rate from X; to Xs,
6 = transition rate from X5 to X3,
1) = rate of platelet decay,
f(z3) = feedback of x3 on ploidy levels,

o = number of platelets produced per megakaryocyte.

Although (1)—(3) were taken directly from Smirnova’s model, the description of the medi-
ator feedback effect on the z; repopulation rate (B) has been changed from inhibitory to
stimulatory as described in Section 3.1.1.

3.1.1 Effects of stimulatory mediator

The rate of z1 repopulation B is given by the following equation

where

« = maximum rate of x; repopulation,
I = generic stimulatory mediator,

Kdetermines the strength of the mediator effect.

When I = K, the z; repopulation rate is /2, half the maximum value. In Smirnova’s
original model, the mediator I has an inhibitory effect on the x; repopulation rate. The
inhibitory mediator is created by all cells in the model. Thus, as the number of cells
increases the x1 repopulation rate decreases. Here, we have re-characterized this mediator
with a stimulatory effect to provide a more accurate representation of TPO. Thus, in the
new model, cell concentrations in compartments X; (i = 1,2, 3) affect the decay rate of the
mediator: as the number of cells increases, the mediator decays at a faster rate. The change
in mediator with time is defined as

dl
E =G — H(@lxl + 021’2 + 93%3)] (5)

where

G = production rate of the mediator,

HO; = effect of x; on the decay rate of the mediator.

Assuming I reaches a steady state relatively rapidly (compared to the time scale over which
the cell populations change), we can assume dI/dt = 0, solve for I, and insert the solution
into (4):

6!

B s s - pr— 6
(21,2, 23) 14+ B (0121 + 0225 + O323) “
where
KH
B = el
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3.1.2 Effects of ploidy

The second feedback mechanism, taken directly from Smirnova, describes how x3 concen-
tration affects ploidy levels [31]. As the cell concentration in compartment X3 increases, the
megakaryocyte ploidy decreases. This effect on the megakaryocyte ploidy is incorporated
into the model by multiplying the transition rate into the xs compartment by a ploidy

factor f, where
1

TN+ (1= N)(23/73) ()

T3 is the concentration of cells in compartment X3 under healthy conditions, and X is a
fitted parameter that determines the strength of the ploidy feedback mechanisms (A must
take on a value between 0 and 1). If A = 0, the feedback strength is maximized, and if
A =1, the cell concentration in compartment X3 has no effect on ploidy levels.

f(x3)

3.1.3 Megakaryocyte maturation

In both rodents and humans there is a delay between the time of burn and when the system
enters a state of thrombocytosis. This delay can be explained as the necessary time for
the burn-induced surge of thrombopoietic progenitor cells to travel through the mitotic and
post-mitotic compartments. In Smirnova’s model, the transit time through the post-mitotic
Xo compartment is exponentially distributed with an expected transit time E[tps ] of 1/6.
We have adjusted the megakaryocyte maturation model with the aim of preserving the
expected transit time E[t k] while incorporating a more realistic transit time distribution.
Specifically, we have changed the outflow from compartment X5 from dzo to F', where F is
a function of the inflow history h(t) = fyx1(¢):

F(t) = / h(T)g(t — T;n,nd) dr (8)

—00

where n € N and g(z;a,b) = baﬁz“*e*bm is the density of the gamma distribution
(expectation a/b, variance a/b?). tarx is therefore gamma distributed, E[tarx] = 1/6, and
Varltyr]) = n/(nd)? = E?[tyk]/n. As n increases, the transit time variance decreases;
thus, cells that enter the X5 compartment are less likely to leave immediately. Using this
modification to (1)—(3) and the Linear Chain Trick, the model can be written as

—
o

—~
—_
—_

—_— — — —

&1 = B(z1, 22, 23)71 — Y71,
i’Q’l = f(l'g)’)/.’tl — 77,5.%271, (10
i‘gﬂ‘ = 71656271'_1 - 7’L5$27i (Z = 2, 3, ...,TL),

&3 = ondxay — s, (12
n

To = Z.’lﬁgﬂ;. (13)
i=1

3.2 Developing parameters for the impact of burn
3.2.1 Platelet lifespan

In the baseline model, platelet lifespans are assumed to be exponentially distributed with
an expected value of Ty, or 1/1. To model an increased rate of platelet decay, 1) becomes a
function of burn size fraction S and time postburn ¢: ¢ = ¥(S,t). Thus, two dependencies
must be determined; namely, that of ¢» on burn size and time postburn.

To determine the dependence of platelet decay on burn wound size, data on platelet
lifespan changes in humans as a function of burn size were fit to exponential, linear, and
Hill decay (Hill coefficient=1) functions (Table 1). The functions implemented all contained
two parameters, and thus the residual sum-of-squares was used to determine which function
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Figure 1: Comparison of platelet survival time following burn with model simulations. Left:
Relationship between burn wound size at approximately 0.5 days postburn and expected
platelet survival time. Data points as reported in [29] represent the calculated platelet sur-
vival times for individuals with varying burn wound sizes. Three optimized decay models
are shown. Right: Relationship between the postburn time and the expected platelet sur-
vival time. Data points as reported in [29] represent mean +SE of the expected platelet
survival times of 5 burn subjects at various times postburn. The solid line represents the
simulation of the mean expected platelet survival time (19) and the dashed lines represent
the simulation of the individual platelet survival times as a function of time postburn (17).

best described the data. Figure 1 (left) shows the three optimized models overlaid on the
experimental data [29]. The following Hill function best described the data:

1 1
. 3
¢O 1+E

T () = (14)

where d determines the burn fraction at which T}, is half the normal value or 1/21y.
Next, time dependence was added to this equation. Assuming the rate of recovery is not
dependent on %TBSA, this dependence can be incorporated by making the parameter d

time-dependent:
1 1

Ty(t,S) = — - ———. (15)
dJO 1+ m

Assuming T} gradually returns to normal levels and that the change in decay is maximized

immediately following burn, the function d(¢) should be defined for ¢ > 0 such that at ¢ = 0,

d(t) is minimized and lim;_, d(t) = co. The following linear function satisfies this criteria:

d(t) = dy + dut. (16)

Thus, the model of platelet lifespan is

1 1
Tt S) = —  —— . 17
lt.5) = o s a7)

Based on the data reported in [29] describing the relationship between %TBSA and platelet

lifespan shown in Figure 1 (left), a value for d(t) is calculated and thus dy is written as a
function of dy. The data was obtained from subjects between 0 and 1 day postburn; we
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Table 1: Results of fitting data on platelet lifespan to linear, exponential, and Hill decay
functions.

Decay Function Formula c Std. Error d Std. Error rss

Linear c—38/d 595 1.13 0.140 0.041 29.58
Exponential ce=S/d 871 1.19 0.292 0.053 15.24
Hill o5 943 0.97 0.112 0.027 9.387

will simplify this by using the midpoint and assuming all the data was obtained at 0.5 d
postburn. Thus, as given in Table 1, the optimized value for d(¢t = 0.5) is 0.112 £ 0.027 and

d(t = 0.5) = dy + 0.5d; = 0.112 = dy = 0.112 — 0.5d,. (18)

To find the value for dy, temporal data from human studies on platelet lifespans at
different time points following burn were used. A serial study was performed on the platelet
lifespan of 5 patients and provides the mean expected platelet lifespan for the patient group
at various times postburn [29].

The mean platelet lifespan for n subjects, each with a specified burn size, at time ¢ is
given by the following formula:

n n

1 1 1
plt ; 1+ T% ; S (19)

do +d t 71+ (0.112—0.5d1 ) +d1t

where S; is the fraction of surface area burned for subject ¢ = 1,2,...,n. This equation
was fit to the experimental data on 5 patients by setting n = 5 and S; = %TBSA/100%
for subject i. Figure 1 (right) shows the optimized model output overlaid on the data, and
the expected individual results using (17). The optimized value of d; is 0.0185 d~! making
dp = 0.103.

To determine the rate of platelet decay, assuming the platelet lifespans are exponentially
distributed at all time points following burn, we calculate (¢, S) = 1/T,; (¢, S):

P(t) = o (1 + dofdlt> (20)

Thus, at a specified time point following burn, the rate of platelet decay is linearly related
to the %TBSA.

3.3 Mediator levels

To model the effect of burn on TPO production through IL-6, the rate of mediator produc-
tion G is modified such that it increases immediately after burn and gradually returns to
normal. The following equation describes how mediator generation changes with time:

dl S

where fo(S) is the maximum relative increase in the rate of production, and ag defines
how quickly values return to control levels. Assuming again that dI/d¢ = 0, the rate of z;
repopulation becomes
e
B(t) = (22)
14 ZE (901 + Oy + O33) /(1 + L2250y

14agt

The function fo(S) is unknown but is assumed to be related to S such that fo(S = 0) = 0.
The function is defined as f5(S) = bpS'/ % where by and ¢y must be greater than 0. Thus
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the final equation for B(t) is
a

= /C .
14 H7(,5(191%1 + Oaxo + O323) /(1 + bi)—s&'-;oto)

B(1) (23)

Values for by, ag, and ¢y were found through model optimization.

3.4 Finalized model equations

The structure of the thrombopoiesis model, incorporating the effects of burn, are as follows:

&y = B(t)x1 — vy, (24)
T9,1 = fywy —ndxa, (25)
Eo; =ndxg ;1 —néx2,; (i=2,3,...,n), (26)

iy = ondry, — p(t)rs, (27)

n
To = Zl‘gﬂ', (28)
i=1

where
«
B(t) = , 29
(¥ 14 B(6121 + b222 + Os23) /(1 + b?f_;/octo) >
S
v =vo(1+ 2, (30)
fe ! (31)

A+ (1 - )\)($3/i‘3)

3.5 Parameter estimation

For the baseline model without burn effects, parameters were taken directly from Smirnova’s
2012 human thrombopoiesis model. Exceptions to this are as follows:

e The rate of platelet decay ¢ in Smirnova’s thrombopoiesis model is 0.2 d~! which
gives an expected platelet lifespan of 5 days. However, the generally accepted platelet
lifespan in humans is 9-10 days [29]. Therefore, in our model we have changed v to
0.11d1.

e Incorporating an zo transit time that follows a gamma distribution involved adding a
shape parameter n; equivalently n defines the number of x5 subcompartments. The
value of this parameter was set to 4.

Using the equilibrium values of z1, z2, and 3 as reference values, 8 (29) does not appear
in the nondimensional equations. The baseline model parameter values are given in Table 2.
For the burn-dependent parameters, dy and d; were determined as described in Section 3.2.1
while ag, by, and ¢y were determined through optimization, and their finalized values are
given in Table 3.

3.6 Optimization procedures

To determine nonlinear fits to experimental data, nonlinear least squares (nls) from the
stats package was performed in R [26]. All optimization routines were performed in R using
functions from the FME package [33]. The function modCost was used to estimate the
model output residuals by running an ordinary differential equation solver, and the function
modFit acted as a wrapper which takes the residuals as input and adjusts parameters based
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Table 2: Thrombopoiesis baseline model parameter values.

Parameter Value

o 24d!
ol 14471
1) 0.2d°t
o 0.11 41
n 4

A 0.25
o 3000
01 1

0 0.1
03 0.0001

on the specified optimization algorithm, which in this instance was the Levenberg-Marquardt
algorithm.

To calculate parameter confidence intervals, the Markov Chain Monte Carlo (MCMC)
method with the adaptive Metropolis algorithm was used [18, 9]. Given an initial set of
parameters, an estimate for the parameter covariance matrix, and a function which re-
turns model output residuals, this algorithm randomly steps through the parameter space,
selecting new potential parameter combinations. The likelihood of the new parameter com-
bination is determined, and if it is greater than the current state, the new parameter set is
chosen. If the likelihood of the new parameter combination is less than the current state,
the algorithm selects the new state with probability «, where o equals the probability of
the new state divided by the probability of the current state. This algorithm was performed
in R, using modMCMC which is also a function of the FME library.

Data from a retroactive study on burn patients was used for optimization [21]. This
study was selected based on the study size, early initial platelet level recordings, prolonged
duration, and detailed information for three separate groups in which subjects were grouped
according to burn size. The initial platelet count was used as the baseline level when optimiz-
ing. If significant decreases in platelet count occurred before the first recorded value, the op-
timized model prediction would underestimate platelet counts, however all three groups had
average initial platelet counts within the normal range for humans (140-440 x 103 /uL; [34]).
Data from later time points come from fewer patients and are coupled with the existence
of complications and/or multiple surgeries that warranted a longer hospital stay. For this
reason, not as much emphasis was placed on matching the data from these time points.
The study divided the patients into three groups based on the fraction of surface area that
was burned (S). The first group contained subjects where 0.015 < S < 0.15, the sec-
ond contained subjects where 0.15 < S < 0.30, and the third contained subjects where
0.30 < 5§ <0.90. For each group, the data provided on platelet counts is the average value
within each group at each specified time. When optimizing and comparing the model output
to the data, the input to the model was the midpoint within each range.

4 Results and Discussion

A mathematical model of thrombopoiesis that accurately depicts the observed effects of
burn on blood platelet levels has been developed. These effects include (1) an initial burn-
size dependent decrease in thrombocyte levels followed by (2) a sustained thrombocytosis.
The results of the optimization and subsequent validation and simulations are presented
and discussed below.
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Table 3: Optimized parameter values for the human thrombopoiesis model. The parameter
values represent the set of parameters that minimized the residual sum-of-squares following
the optimization and MCMC analysis. The 95% confidence interval represents the inter-
val that 95% of the accepted parameter sets fell into during the MCMC analysis. The
bounds column represents the boundary constraints placed on the parameters during the
optimization and MCMC analysis.

Parameter Value 95% Confidence Interval Bounds [min, max]

ap (A71)  0.02 0.019-0.066 [0, 0.2]
bo 1.70 1.83-3.52 [0, 20]
co 10 5.51-9.83 1, 10]

4.1 Optimization

The optimization results for the human model are presented in Figure 2. Three different
simulations overlaid on the corresponding optimization data are presented, demonstrating
that at lower %TBSA the initial decrease in platelet count is less drastic. The optimized
simulation captures the burn-size dependent nadir as well as the following entry into a
state of thrombocytosis. The resulting optimized parameter values and confidence intervals
are given in Table 3. For by, the optimized value does not fall within the given confidence
interval. This means that although the optimized value represents the value which minimizes
the sum of squares, there are not many neighboring values that give as good of fits as there
are within the given 95% confidence interval. These parameter values imply that following
a 20% burn, the rate of production of the generic mediator increases by 1.70 - 0.21/19.100%
or 145%, and 50 days are required to reduce this change by half.

Optimizing model output to human data is challenging due to potential confounding
factors including treatment, development of sepsis, and surgery. Although the initial decline
in platelets is thought to be due to consumption of platelets through coagulation, there are a
variety of other potential causes including dilution due to the administration of resuscitation
fluids, bone-marrow depression, and drug-induced thrombocytopenia. Drugs known to cause
thrombocytopenia such as silver sulphadiazine, heparin, morphine and paracetamol are
commonly used when treating patients with burn. The thrombocytosis period could also
be artificially caused by the administration of transfusions, but typically transfusions are
only advised when the nadir is below 50 x 10 platelets which was not observed in the main
study used for optimization [21].

4.2 Validation results

4.2.1 Optimized parameter values

Circulating levels of TPO increase in burn patients (15-40% TBSA) without sepsis by
1234+48% (using only the error on the TPO measurement; [19]). Patients with low platelet
levels (< 100 - 10° L=1) were excluded from this study, so the increased TPO levels were
caused by more than just the thrombopenic state. If the TPO values were measured ap-
proximately 1 day postburn, according to our model we would expect to see a 167% increase
in TPO levels. This calculation assumes (1) the postburn measurement time is 1 day and
(2) alterations in TPO levels are the only contribution to the increased generic mediator
production. This prediction falls within the error range of the observed change in TPO
levels (123+48%).

Serial data is available on IL-6 concentrations in humans for up to 65 days postburn [23].
Since IL-6 is known to lead to increases in circulating TPO levels [14], we can use this data
to validate the recovery time (the value of ag) obtained in the optimization. The recovery
function B/(1 + a,t) was fit to data on IL-6 levels and a value of 0.04 d=! with a standard
error of 0.01 d~! was obtained for ay (data not shown). This value is twice that which was
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Figure 2: Optimized simulation results overlaid on data used for optimization. In the
subfigure legend ‘simulation’ refers to the input value of S for the presented model (black
line) and ‘data’ represents the range of burn sizes for the presented data (black dots, data
given is mean value). Data digitized from [21].
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obtained during the optimization suggesting the system might recover at a faster rate than
our model predicts. However, this experimental result does fall within our calculated 95%
confidence interval.

4.2.2 Model output

The human thrombopoiesis model was validated against data from studies on platelet counts
following burn in humans. These studies provide information on the mean platelet count
from subjects with burn sizes in a specified range. Validating the model against this data is
challenging because (1) data are given for a range of burn sizes without information on the
mean burn size, (2) no baseline value is provided and often early blood cell count information
is not available, and (3) these subjects have received various treatments which likely affect
the observed platelet counts.

The validation was performed by initiating the model at the mean normal thrombocyte
concentration observed in humans, 250 - 105 L~ [34], and two model outputs were calcu-
lated; one based on the lower end of the range for %TBSA of subjects within the group
and one at the higher end of the range for %TBSA. The results of these comparisons are
shown in Figure 3. Visual inspection reveals that the model is able to consistently match
the trends observed.

4.3 Simulation results

Figure 4 gives the simulation results showing how increasing burn size affects the concentra-
tion of cells in each compartment. In the X; compartment there is an immediate increase
in cell concentration, while in the X5 compartment, this increase is slightly delayed. Even
at burn sizes of 10%, the increased progenitor cell concentrations are still very large. This is
due to the large value of ¢y which causes small burns to still lead to large effects in mediator
production changes. For the X3 compartment, or platelets in the blood stream, there is the
expected initial decrease in platelet count. At lower burn sizes (10%) this decrease is much
less drastic due to the linear relationship between burn size and magnitude of the platelet
decay rate change. The resulting thrombocytosis is actually larger in subjects with smaller
burns. This is due to the increased rate of platelet decay.

Simulations show the model accurately reflects two trends: (1) the platelet nadir de-
creases with larger burn wound size and (2) the magnitude of the subsequent thrombocyto-
sis is not positively correlated with burn wound size. However, further investigation would
be required to determine whether a negative correlation between burn size and extent of
thrombocytosis exists. Its important to note that these trends apply to burn wound sizes
between 10% and 100%. At very small %TBSA, our model predicts a positive correlation
between burn size and the thrombocytosis magnitude. This is a realistic prediction; how-
ever, due to a lack of data from burn patients with <10% TBSA, model outputs should be
used with caution. The model may predict too large of a thrombocytosis following small
burns.

5 Conclusion

We have presented a model of thrombopoiesis incorporating the effects of burn. This model
includes descriptions of key physiological processes, and simulations using this model pro-
duce outputs that reflect key trends in thrombocyte kinetics following burn. However,
several of our simplifications and assumptions warrant further investigation. For example,
although we model platelet lifespan with an exponential decay function, some data from
radiotracer studies support a linear distribution in platelet lifespans [6]. Other models of
platelet decay, for example, a model incorporating both a homeostatic loss and a senescent
loss could also be investigated [11]. Secondly, our model assumes that the maximum effect
of burn occurs immediately following injury and gradually returns to normal. However,
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Figure 3: Comparison of thrombopoiesis model simulations overlaid on data reserved for
validation. Data points represent mean values for subjects reported with %TBSA within
the given range. Simulations represent upper and lower bounds of the % TBSA ranges. Data
were obtained from [24] for (a,b), [3] for (c,d,e), and [29] for (f).
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Figure 4: Model simulations performed for various burn sizes. Output given for 10—
100 %TBSA in 10% increments. Darker lines represent larger burn sizes. Graphs shown
for the X; compartment (top left), the Xs compartment (top right), and the X3 compart-
ment (bottom). The X compartment represents the normalized sum of all the X5 sub-
compartments.

since mediator release can impact hematopoiesis, it likely takes some time before thermal
injury has a maximal impact on thrombopoietic rates. Studies showing peak IL-6 levels
occur three to six days after burn support this hypothesis [8, 37]. Also, burn size may
affect the time it takes for kinetic rates to return to normal rather than the magnitude of
kinetic rate alterations [23]. However, additional experimental data will be needed in order
to better understand these topics and to further refine the thrombopoiesis model for burn.
Investigation of these points affords an opportunity for experimentalists and modelers to
collaborate to further our understanding of the underlying mechanisms involved in thermal
injury.

Our future goals in model development will be to merge the effects of radiation with
those of burn on thrombopoiesis. Evaluation of the merged models will also help test the
premises from which the model was constructed. If the combined models provide rational
outputs, we can then use the model to provide insight on the mechanisms behind mortality
due to combined injury and to predict the time course of injury and recovery.
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