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Project Objective

•Develop medical models for 
the influence of aerosol 
particle size on the health 
effects of inhaled CBRN 
hazards

• Improve casualty and 
patient modeling for DoD 
Consequence Assessment 
tools

30 μm

3 μm
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We Are Improving Current 
Approximations

• Often-expressed beliefs
• Can neglect large particles

• They settle out too quickly
• Don’t penetrate deeply into the lung

• Can neglect small particles
• Not retained in lungs

• 3-5 micron particles optimize lung deposition

• The actual situation is more complicated
• Although 3-5 micron particles do optimize lung 

deposition, far less than 100% deposit
• Large particles can cause illness elsewhere
• Small (nanometer-scale) particles are retained
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The Respiratory Tract Has Three 
Anatomical-Functional Regions

• Head (or extra-thoracic, ET) airways
• Nose and mouth to the larynx
• Nasal airways and the oral cavity

• Tracheobronchial (TB) region
• Larynx to the terminal bronchioles
• Ciliated epithelium, mucous-secreting

• Pulmonary (P) region
• Respiratory bronchioles to the terminal 

alveoli
• Gas-exchange epithelium, non-ciliated 

Illustration from Asgharian et al., 2006. 

ET

TB

P
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Physical Processes Govern Deposition

•Deposition 
processes

•Physical 
characteristics

• Aerodynamic size
• Particle shape
• Hygroscopicity
• Electrical charge

Illustration from Asgharian et al., 2006. 
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We Use the Multiple Path Particle Dosimetry 
(MPPD) Model for Particle Deposition Calculations

• Includes multiple human lung-
model geometries

• Symmetric
• Asymmetric – 5 lobe
• Age-specific
• Stochastic – 5 lobe

• Also includes a rat model
• Useful for basic calculations, but 
will also enable uncertainty 
analysis

Developed and implemented modifications to MPPD to meet the 
needs of DARRT
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Breathing Mode Changes the 
Respiratory Deposition Pattern

• Increased mouth breathing
• More small particles deposit in the P region
• More large particles deposit in the ET region

Resting Activity in Still Air Heavy Activity in Still Air 
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Data Input
•JEM Material Files
• Mass of Agent by 
Particle Size

•User Set Parameters

Respiratory Mechanics
Calculations

•Inhalability
•Respiratory Tract Deposition

Schematic for Model of Deposition and Response 
in the Respiratory Tract (DARRT)

Human Response Calculations
•Probability of Infection/Effect
•Disease/Damage Site
•Probability of Mortality

Particle/Droplet  
Characteristics

• Calculate Number of Particles
• Agent Containing Probability 
Calculation

• Liquid/Vapor Components

- Calculate the amount of material inhaled 
and deposited by region;
- Predict the probability of effects based 
on regional deposition
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Given Location of Particle Deposition and 
Probability of ACP, Predict Probability of Infection

• Limited human response data with particle size 
dependence

• Operation White Coat studies (Saslaw, 1961)
• Many studies with particle size information were conducted 
with rhesus monkeys

• Used in vaccine and other studies
• Studies show distinctly different infection patterns depending on 

particle size (Day and Berendt, 1972)
• Pulmonary
• Extrathoracic
• Ocular

• The rhesus animal model is considered adequate because the 
respiratory structure and biological response are similar to humans 
(Hislop A, et al, 1983)
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We Know Particle Size Affects Deposition 
Location; Why Does it Matter?

Particle size: 2.1 and 7.5 μm 12.5 and 24.0 μm

# of animals exposed 48 45

% Infected 100% 84%

Primary infection site Lower respiratory system, 
pneumonitis

Upper respiratory tract, nasal 
pharyngeal area, cervical and 

mandibular lymph nodes; 
eyes, also (15%)

Onset of illness 2-3 days 6-10 days

% fatal (of those ill) 69% 63%

Time to death 4-8 days 8-21 days

LD50 (organisms) 14 and 378 872 and 4,447

LD50 (agent-containing 
particles - ACPs) 14 and 28 11 and 8

1Day and Berendt., 1972. 

Macaca mulatta (rhesus) monkeys exposed to Pasteurella tularensis1

“In conclusion, a change in the particle size distribution …  
produced different clinical symptoms.” 
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Tularemia Example Results:
PSD 10 μm median diameter, σg = 2

Current Model New DARRT Model

Probability of 
Infection

Probability of 
P Infection

Probability of 
ET Infection

Probability of 
Either ET or P 

Infection

Sampler Pt 1 93% 20% 75% 80%

Sampler Pt 2 60% 2% 38% 39%

Sampler Pt 3 18% 0.05% 11% 11%

ET and P infections manifest differently regarding 
onset time and patient presentation.
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Current Material Files Prevent 
Accurate Transport and Dispersion

• Incident modules 
allow definition of 
particle size 
distribution

•However, dry 
bioagents have only 
a single 5 μm “bin” 
defined

•All material placed in 
this bin

5 Micron Particles

80 Micron Particles
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New Material File Bin Structures are 
Used for DARRT

• New material files for 
dry-particle agents 
include 22 bins

• Smallest bin
0.01 – 0.02 microns

• Largest bin is 
80 – 100 microns

• Allows proper 
transport and 
dispersion

• Allows proper 
inhalation mechanics

5 Micron Particles

80 Micron Particles
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Number and Nature of Casualties 
Depends on Aerosol Particle Size

5 micron particles

80 micron particles

(Pulmonary infections given precedence in casualty tables.)
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Developed a Probability of Mortality 
Model for Inhaled Ricin

•Studies show that only pulmonary deposition 
poses a substantial inhalation risk for mortality*

•Therefore, ricin dose deposited in the lung scaled 
by body mass (μg/kg) is used for the probability of 
mortality calculation

•Compared data from mice and rats
• LD50 (in μg/kg) values agree within a factor of 2

•Mouse model is most conservative
• LD50 is 0.26 μg/kg; probit slope of 42 (log10) is quite 

steep

* Griffith et al, 1993; Roy et al, 2002; Leffel et al, 2007
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The Probability of Mortality is 
Significantly Lower for Larger Particles*

• 5 Micron Particles • 10 Micron Particles

*Note Differences in Scale



18

DARRT Will Include Inhalation of Liquid 
Droplets for Volatile Chemical Agents

•Current chemical agent response model accounts 
for skin deposition, ocular deposition and vapor 
inhalation

•Not yet able to access size distribution for liquid 
droplets

•New prototype includes a simplified model to 
account for liquid droplet inhalation

•Assume deposited droplets create a mass-
equivalent vapor inhalation source term
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Probability of Mortality Increases When 
Liquid Droplet Inhalation is Included

Vapor Dosage Liquid Dosage

Probability of Mortality – 9% Probability of Mortality – 13%

Sampler LocationSampler Location

Vapor Dosage Only Vapor + Inhaled Liquid  Dosage
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Summary and  Conclusions

• New DARRT model can significantly improve human 
response modeling for DoD consequence modeling tools

• Although “standard-sized” particles (3-5μm) are most 
efficient as inhalation hazards, larger particles (10-25μm) are 
be quite effective for some agents, but not for all

• Prototype model illustrates tularemia infectivity correlation 
with the number of agent containing particles deposited by 
region

• Liquid droplet chemical agent model and biological wet-
agent models require architectural changes in JEM

• Although collecting adequate human response data is a 
challenge, particle size-dependent effects can and should be 
included in medical modeling and simulation
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