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Abstract 

Health effect models, based on physiological mechanisms of radiation injury and treatment, can help integrate modern medical expertise and cutting-edge research into practical tools for developing planning guidance and recommendations for military commanders.  ARA has developed tools that use radiation injury models to predict probability of lethality, time to lethality, time-dependent severity of the signs and symptoms of acute radiation syndrome, and time-dependent performance decrement after acute radiation exposures and protracted exposures that may be encountered in a fallout field.  We are updating these tools to incorporate models that predict additional clinical parameters and expanded to include models for additional injury types such as burn, trauma, and radiation combined injury.  Physiologically-based models have also been developed for evaluating the efficacy of countermeasure treatment of internalized radionuclides.  A brief overview of current models and tools we are developing will be provided.  Selected cases will be presented to illustrate the utility of the model outputs and how this information may be applied.  For example, these tools allow end-users to simulate a variety of insult scenarios and predict time-dependent patient flow, medical personnel requirements and material resource needs, and may also be used to optimize treatment protocols in resource limited environments.  The model outputs can also be used in further analysis, such as developing optimal work cycles or predicting medical transport needs.  Physiologically-based mathematical models allow the translation of current biomedical research into practical recommendations for military commanders.
1.0
Scenarios and Urban Environments

Modern nuclear and radiological incident scenarios, such an improvised nuclear device (IND) scenario, involve complicated environments due to features of the urban setting.  Urban settings afford shielding to radiation which can change the range the prompt radiation from an IND (Fig. 1).  The ratio of gamma and neutron radiation will be altered due to interaction of the prompt radiation with building materials.  The urban structures can also shield thermal and blast effects, however, other effects may arise due to urban interactions.  Building collapse, glass shattering, fire initiation, and secondary explosions can be created.  Collectively, nuclear effects in the urban environment create complex hazards that are likely to result in a spectrum of injuries that include many potentially survivable radiation exposures that are combined with trauma or burn injuries.  

[image: image17.emf]
Figure 1: An illustration of radiation shielding in the urban environment.

2.0
Physiological Modeling of Health Effects
Modern biomedical information on the pathophysiological mechanisms of injury can be integrated into biological models that help predict health effects.  The models can be used to estimate the probability of consequences from complex injuries such as those involving trauma or burn combined with radiation.  Mechanistic modelling of combined injury enables improved understanding and prediction of the synergistic interactions of combined injury.  Physiological modelling also helps to predict the time to onset of signs and symptoms or outcomes.  This type of information can be used to provide insight on time dependent patient streams and resource requirements.  

3.0
Physiological Models of Radiation
3.1
Radiation Induced Performance Decrement (RIPD)

Radiation Induced Performance Decrement (RIPD) is a physiologically based model of acute radiation sickness that was originally designed in the 1990’s.  The model was incorporated into a software tool that has recently been computationally updated, RIPD 5.2 (Fig. 2).  The tool may be used to predict probability and time to mortality, time-dependent symptom severity from prompt (neutron and gamma) and protracted exposures (gamma), and the resulting performance decrement.

[image: image2.emf]
Figure 2: Radiation Induced Performance Decrement software, RIPD 5.2.

3.2
Physiological Models in RIPD
The physiological basis of RIPD involves four physiological models of acute radiation illness mechanisms.  Lethality is estimated from a myelopoiesis model based on an idealized bone marrow cell kinetics model. A lymphopoiesis model is used to predict fatigability and weakness.  Upper gastrointestinal (GI) effects are estimated from model based on humoral response to circulating neuroactive agents.  Lower GI effects are estimated from a physiological cell kinetic model of the gut mucosal.  The upper GI and lower GI models are used to estimate prodromal fluid loss.  Subject matter expert input was also used to develop empirical models for the time-dependent severity of manifest illness signs and symptoms which include: infection and bleeding, fluid loss, upper GI effects, and hypotension.  
3.3
Concept of Equivalent Prompt Dose (EPD)

The idealized bone marrow cell kinetics models used in RIPD, MarCell, originally developed by Jones et al., 1991 [1], is the basis for estimating lethality from complex exposure scenarios.  This mechanistic model uses a set of differential equations that describe the cell kinetics of radiation induced cell killing and injury, sub-lethal repair, and repopulation (Fig. 3).  Many of the calculations in RIPD use the minimal cell count in MarCell to determine lethality and time to observation of some signs and symptoms.  
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Figure 3: Structure of the cell kinetics model, MarCell.

Cell kinetic rates in MarCell are dose rate dependent and the model can be used to determine the effect of doses delivered over a period of time.  The minimal cell count from a dose delivered of over a period of time is equated to the effect of an Equivalent Prompt Dose (EPD).  In this way, the effects of protracted exposures can be estimated. 

3.3
Example Application of RIPD

RIPD may be used to examine a wide range of complex exposure scenarios.  As an illustration, an IND scenario involving a location with free-in-air doses of 250 cGy gamma and 500 cGy neutron radiation is considered.  At the time of the incident the individual (or population) is inside a building that has a protection factor of 5.  Therefore, the initial radiation is reduced by the shielding of the building.  Dose to the marrow will also be somewhat reduced by the body, and the relative biological effectiveness (RBE) of the neutron radiation is accounted for in the calculation of effects.  The fallout field immediately after the event at this location is 500 cGy per hour. Note that the dose rate decline for fallout is dramatic in the initial hours and RIPD has algorithms that accounts for this decline in dose rate over time.  The person (or population) remains in the building and shelters in place for 24 hours and then evacuates to a no fall out zone; however, the evacuation results in two hours of exposure without protection.  The equivalent prompt dose to the marrow from the complex exposure scenario is estimated to be 213 cGy which is related to a 17% probability of lethality in 29 days.  The resulting time course of sign and symptom severity is provided in Fig. 4. 

[image: image4.emf]
Figure 4: Time course severity of signs and symptoms after a complex radiation exposure scenario.

4.0
Health Effects from Nuclear and Radiological Environments (HENRE)

The next generation code, Health Effects from Nuclear and Radiological Environments or HENRE, has been developed so that additional features, outputs, and modules can be included along with the current RIPD capabilities.  This code will contain additional models for radiation effects so that outputs will include predictions clinical parameters, such as time-dependent hematopoietic cell counts, following exposure to radiation.  Additional insult modules for thermal injuries and blast injuries and combined injuries are being incorporated with the intention of merging these models with radiation parameters to predict the effects of combined injury.  The structure of the computational engine for HENRE is shown in Fig. 5.
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Figure 5: Structure of the computational engine for HENRE.

4.1
Combined Injury Model Development

Combined injury is known to increase the probability of mortality and reduce the time to onset of signs and symptoms.  Physiological modeling of underlying pathophysiological processes of the injuries is critical in understanding and predicting these effects.  An effort has been made to map out the complex set of physiological processes involved in thermal injury combined with radiation as illustrated in Fig. 6.  
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Figure 6: Pathophysiological processes in combined radiation and burn injury.

The critical mechanisms for the modelling the effects of combined injury are briefly described.  Radiation impacts the hematopoietic system by direct cell killing while thermal injury results in cutaneous cell loss.  Thermal injury impacts hematopoietic cell kinetics through mediator related mechanisms.  Permeability changes in the GI tract, microvasculature, and cutaneous system arise from direct cell killing from radiation but both radiation and burn can influence permeability changes via circulation mediators.  Infection can arise from both injuries in part due to loss of neutrophils and in part due to inflammatory mediated immune-compromise.  These complex and inter-related set of pathophysiological processes must be understood and mathematically described in order to accurately predict the synergistic effects of radiation combined with thermal injury.

4.2
Circulatory Shock

The first potentially fatal physiological mechanism encountered after severe injury is shock.  Thermal injuries involving more than about 20% of the total body surface area (TBSA) are associated with risk of circulatory shock and increased risk of mortality.  In part due to loss of fluid from the burn wound site and in part due to mediated related mechanisms resulting in significant swelling at the injury site, fluid fluctuation can be dramatic in the first 48 hours after burn injury.  In order to understand the circulatory shock mechanism, we have studied and implemented a microvascular exchange model originally developed by Ampratwum et al. 1995 [2] and Bert et al. 1997 [3].  This model was developed to aid in establishing optimal fluid resuscitation regimes for burn.  We are relating to critical endpoints such as changes such as loss of plasma volume to the risk of circulatory shock and its impact on probability of mortality in the first 48 hours after injury.
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Figure 7: Model of microvascular exchange for understanding the circulatory shock mechanism (adapted from Bert 1997 [3]).

Figure 7 illustrates the movement of fluid and protein between injured and uninjured compartments.  The red lines/arrows indicate where radiation impacts parameters of the model.  Additional mechanisms for fluid loss unrelated to permeability changes (vomiting and diarrhea) must be considered with significant radiation exposure.

The model may be used to examine shifts in plasma volume after different degrees of burn as illustrated in the Fig. 8).  
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Figure 8: Plasma volume changes over 48 hours after 10, 20, and 30% TBSA.

The minimum plasma fluid volume as a function of %TBSA burn can be examined as an output of the microvascular exchange model.  This data is compared to the estimated probability of mortality from circulatory shock (mortality in the first 48 hours) in untreated burn (Fig. 9).  
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Figure 9: Predicted value of minimum plasma volume as a function of %TBSA burn and associated probability of mortality.

Radiation, as mentioned previously, also impacts permeability.  Parameters are being developed to describe how radiation impacts permeability changes, and these parameters will be integrated into the model in order to evaluate the risk of circulatory shock in combined injury.

4.3
Hematopoietic Cell Kinetic Models

As mentioned previously, the hematopoietic system is significantly impacted by radiation, in part by direct cell killing and in part due to mediator-related mechanisms.  A series of hematopoietic cell models have been developed as detailed by Smirnova 2011 [4] to describe the effects of radiation on the cell kinetics of thrombocytes, erythrocytes, lymphocytes, and granulocytes.  These models can help to understand the risks of hemorrhage, anemia, and infection after radiation exposure.  
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Figure 10: Hematopoietic cell kinetic model structure (adapted from Smirnova 2011 [4]).

As shown in Fig. 10, the model considers heavily, moderately, and weakly radiation damaged cells which each have different rates in which they progress to cell death.  The model also has an important feature in that it accounts for mediator impact on repopulation.  Thermal injury primarily impacts hematopoietic effects through mediator-related mechanisms.  Parameters can be developed for the estimating the influence of burn on mediator levels and provides an avenue for integrating the impact of burn on hematopoietic cell kinetics  

Granulocyte counts over 60 days after of 2 to 4.5 Gy exposure was simulated using the granulocyte model as illustrated in Fig. 11.  The output of the model is compared the anticipate response in humans according to Fliedner 2001 [5].  
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Figure 11: Simulated granulocyte counts after radiation as compared to anticipated human response.

5.0
Treatment Models: Internalized Radionuclides
Physiological models for internalized radionuclides have been necessary for estimating the body burden of radionuclides over time so that radiation dose absorbed by tissues can be estimated.  The International Commission on Radiological Protection (ICRP) has developed biokinetic and dosimetric models for a number of radionuclides.  These models enable estimation of radionuclide tissue distribution, retention, and excretion over time.  Together with radiation dosimetry models estimate the dose to critical organs, 50-year committed doses, and risk to health effects can also be estimated.

Decorporation models have been adapted to the biokinetic models to mathematically estimate the sequestration and subsequent removal of radionuclides from relevant compartments during treatment.  Coupled with the biokinetic and dosimetric models, reduction of nuclide burden, radiation dose, and risk may be examined with different treatment regimes.  

5.1
Prussian Blue Decorporation of Cs-137
A decorporation model for cesium -137 (Cs) with Prussian Blue (PB) was developed from the Cs biokinetic model (Leggett 2003 [6]) by accounting for the Cs sequestered by PB (Fig. 12).  Since PB is insoluble, it is not absorbed into the circulation.  It sequesters Cs in the small intestines as it moves through the GI tract.  An effective transit time of 8 hours, in which all Cs is removed from the small intestines, accurately reflects the average observed excretion of Cs under PB treatment in humans.  
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Figure 12: Decorporation model for cesium with Prussian blue (adapted from Leggett 2003 [6]).

5.2
Application of Decorporation Models
Decorporation models may be used to evaluate different treatment regimens on radionuclide burden and reduction of radiation dose.  Variable treatment initiation times and duration of treatments can be examined to inform treatment optimization when resources are limited.  Table 1 illustrates the difference in efficacy in terms of dose reduction from different treatment initiation times and treatment durations times. 

Table 1: Efficacy of different treatment regimes of Cs-137 with Prussian blue.
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6.0
Summary

6.1
Additional Modeling Needs
Many factors can impact the casualties and outcomes anticipated after an IND type of event.  Additional factors that are either under development or to be addressed in the near future are briefly described.  A model for partial body exposures using a similar mathematical approach as used for “equivalent prompt dose” is being developed.  The inflammation model for combined injury being developed for combined injury may provide a resource for estimating latent multi-organ failure.  Medical treatment will be incorporated into the acute radiation syndrome models, first with standard care and then for cytokine and advanced therapeutic treatments.  Models for understanding radiation cutaneous injury from, for example, fallout particles are needed.  Finally, a large variability of response to injury is observed in the general population.  Demographics such as age, gender, and co-morbidities can greatly influence individual response to injury and efforts are underway to model these factors. 
6.2
Spectrum of Modeling and Analysis
A spectrum of modeling and analysis is available to inform nuclear and radiological event preparedness planning (Fig. 13).  For example for the IND scenario, modern nuclear environments modeling provide details concerning the thermal, blast, and radiation impacts insults in the urban environment.  Injury criteria modeling translates the environment insults into the spectrum of injuries, such as %TBSA burn or number of blunt or penetrating traumatic injuries anticipated from those environments.  Physiological modeling then translates the injuries into an anticipated timeline of casualties and outcomes, including time-course of signs, symptoms, and clinical parameters.
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Figure 13: Spectrum of modeling to inform operational planning.

6.3
Informing Operational Planning
In summary, physiological modeling tools allow inform operation planning by enabling users to evaluate a wide range of complex exposure scenarios.  Protection factor inputs for vehicles/ buildings for prompt and fallout field exposures can be used.  Different courses of action, such as shelter in place and evacuation strategies can be compared in terms of dose and health effects resulting from those actions.  The algorithms can be used to inform work cycle planning for search and rescue missions.  The models enable improved consequence assessment estimates by accounting for the synergistic effects of combined injury.  Physiological models also enable evaluation of the time course of clinical parameters which can then be used to inform time-dependent patient flow and resource needs.
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