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Introduction

» Frank Gallegos

- Deputy Director Tetra Tech
Security Protective Services Group

- 18 years of project manager experience
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Key Questions to be Addressed

1. What could go wrong?
2. What are the probabilities?
3. What would be the consequences?

Event sequence analyses
(questions 1 & 2)

Health effects
(questions 2 & 3)
\{ Characterize risk }
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Overview of Tetra Tech Teams

» Event Sequence Team
- Focus is on event sequence up to exposure
» Human Health and Ecology Team

- Focus is on pathogen biology, disease
characteristics, and biocontainment

» Modeling Team

- Focus is on initial infections and secondary
transmission

» Threat Assessment Team
— Focus is on malevolent acts
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Event Sequence Analyses

» Ken Bulmahn
— Risk Assessment Team Lead, Tetra Tech
- Professional Engineer

- 35 years of multidisciplinary risk assessment
experience
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Scope of Event Sequence Analyses

» Includes Initiating and subsequent events

» Ends at the point of exposure; does not include
Infection or subsequent transmission

» Provides frequency, number of exposures, and
extent of exposure
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Criteria for Event Sequence Methodology

» As transparent and data-driven as possible
» Account for scenario and data uncertainty
» Address probability and conseqguences

» Result in probabilistic statements

» Include both
- Variety of plausible scenarios

- Highly unlikely but credible high-conseguence
event(s) — maximum reasonably foreseeable
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Criteria for Reasonably Foreseeable

» Includes events with potentially catastrophic
consequences

» Includes low probability events provided the
analysis Is “supported by credible scientific
evidence, Is not based on pure conjecture, and
IS within the rule of reason”

40 CFR 1502.22
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Guidance for Reasonably Foreseeable

» Generally sufficient to consider events occurring
more than once per million years

» Rarely necessary to consider events that occur
less than once per ten million years

Note: events with maximum impacts are typically
more frequent
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Methodology

» Builds on accepted scientific and federal
techniques

» Addresses uncertainty

» Consistent with BRP guidance and NRC
technical input

11



Process Overview

[ Identify candidate J

events

Select events }

Analyze events }

Estimate initial }

infections
Assess
transmission

potential

transmission

\{ Characterize risk }

Tb TETRATECH 12

Model secondary }




Process Overview

1.
Identify candidate «------ .
events

pairs for analysis

[ Threat Assessment ( B

_ > Analyze event
[ Transportation ] L sequence and release

(%
1 Select event-pathogen («--------

Assessment
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ldentify Candidate Events

List of candidate

events

BRP guidance Public NEIDL design Site Previous
and NRC technical comments and operating characteristics studies and
input plans analyses of
similar facilities
A 4

A 4

A

y

\ 4

A 4

Natural

Malevolent acts

Internally initiated |

Externally initiated

phenomena
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Event Categories

- Relevant location
- BSL-3
- BSL-4
- Other internal areas
- External areas

- Exposed groups
- Laboratory worker
- Facility worker

- General public

- Low income and
minority groups

. Animal reservoirs and
vectors

TETRATECH

- Initial route of exposure
- Direct contact
- Ingestion
- Inhalation
- Sharps/punctures

- Animal and arthropod
related
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Selecting Event-Pathogen Pairs

________________________

List of candidate
events
(Step 1 Product)

location categories to

each event

frequency/consequence
categories to each event

A 4

foreseeable event(s) for each group, route, pathogens or sites
and location

A\ 4

List of events to be
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Selection Process

» Consolidate similar events
» Select events based on the following

|_argest number of people exposed
_ikelihood of being undetected or unreported
Precedent and interest

At least one for each exposed group for each route
of exposure

Address site and pathogen differences

» Document basis for selection or dismissal

TETRATECH
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Conceptual Example of BSL-3 Event
Selection Results

» Some overlap of events for exposed groups

» All exposed groups will be evaluated for each event

» RiIsk for lab workers from more common events IS
bounding because impacts reach a maximum

 Drop/spill
» Ventilation fault

» Earthquake
* Ventilation fault

Route of Lab Worker Facility Worker Public
Exposure
e Inhalation  Centrifuge * Aircraft crash * Aircraft crash

« Earthquake
* VVentilation fault
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Define Event Seqguences

» Initiating event, preventive features, mitigative
features

» Preventive and mitigative features
- Administrative controls (training, procedures)

- Safety equipment (respiratory protection)
- Facility (ventilation)

TETRATECH
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Estimation of Frequency

» Considers both initiating and contributing events

» Human actions are included in initiating events
and preventive/mitigative features

» Quantified using a categorization process
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Candidate Frequency Categories

» Approach based on scientific and federal

guidance

» Categories determined by preliminary results

Category Definition Frequency | Return Period
(per year) (21 per)

Routine Expected annually >1 1yr

High Each event may occur one or more >1 x 102 100 yrs
times during facility life

Moderate An events in this category may >1 x 104 10,000 yrs
occur during facility life

Low Not expected, but possible >1 x 10° 1,000,000 yrs

Beyond reasonably | Occurrence is speculative <1x10° >1,000,000 yrs

foreseeable

TETRATECH
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Candidate Categories for Number of
Worker Exposures

» Approach based on scientific and federal guidance
» Categories determined by preliminary results
» Categories defined for each exposed group

Category Lab Worker Facility Worker
(number of workers) (number of workers)
None 0 0
Low One person (1) A few individuals on same floor (<10)
Moderate Most individuals in the room (<4) | Most individuals on floor (<90 BSL-3,
<30 for BSL-4)
High Unexpected number in room (>4) Most individuals in building (<300)
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Candidate Categories for Public Exposures

» Based on radius because
- Differences among site populations
— Differences in wind directions

» Categories will be determined by preliminary
results

Category Public (radius)
None Negligible
Low <50 m
Moderate TBD m
High TBD m

TETRATECH 25



Conceptual Example of Results

» Description of event sequence
» Frequency
» Route of exposure

» Number of exposures
» Extent of exposure (pathogen specific)

Event Frequency | Number of Route of Pathogen Exposure
Exposures | Exposure Range
(particles)
BSL-3 High Moderate Inhalation | Pathogen 1 1to 1,000
Centrifuge (>1x10-?/yr) (<4) Pathogen 2 1t0 10
Event
Pathogen 3 1 to 100
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Status

» Scoping analyses have been performed to
confirm the methodology

» Additional incident data are being sought
» Implementation is ready to begin
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Health Effects & Transmission Modeling

» Modeling Team
» Human Health and Ecology Team

Tt | TETRATECH 28




Modeling Team

» Adi Gundlapalli, MD, PhD, MS
- University of Utah
- Board certified infectious diseases physician
- Epidemiology, immunology & informatics

» Damon Toth, PhD

- University of Utah
- PhD in applied mathematics
- Mathematical biology and modeling

TETRATECH
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Estimate Initial Infections

» Exposure to infection

» Estimate infectious dose
» Estimate Initial infections
» Fatality rates
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Exposure to Infection

» Amount of and route of exposure
- Outputs from event sequence analysis

» Pathogen characteristics
- Viablility/pathogenesis/virulence
- Infectious dose or experimental ID50
- Resistance (e.g. gastric acidity)
» Exposed individuals
- Susceptibility and immune status
- Likelihood of receiving prophylaxis and/or treatment
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Estimate Infectious Dose

» Challenges

- Limited availability of human data
- Estimates of human ID50 available for 4/13 pathogens

- Extrapolations of animal data are difficult
- Dose response parameters are highly uncertain

» Additional estimates of human infectious doses
need to be generated
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Estimate Initial Infections

» Literature search for all 13 pathogens

- Review of BRP guidance for initial infection
assumptions

» Estimate dose-effect
- Not every exposure will result in infection

» Expert consultation
- To supplement our review

TETRATECH
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Estimate Initial Infections (cont.)

» Consider
- Route of exposure

- Populations
- Lab and facility workers
- General public and vulnerable sub-populations

» Results: x initial infections out of y exposed
» Perform uncertainty analyses

TETRATECH
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Fatality Rates

» Examine available literature
» Qualitative discussion for all 13 pathogens

» Estimate fatality rates
- After initial infection
- Outputs of secondary transmission modeling

» Fatality rate Is a fraction of x persons infected
- Consider potential differences among populations

TETRA TECH 36
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Assess Transmission Potential

» Potential scenarios for secondary transmission

» Secondary transmission potential
- For all 13 pathogens

» Establishment of reservoirs of infection
- Impact on human health

TETRATECH
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Potential Scenarios Leading to Transmission

» Lab / facility worker event sequence
- Event leads to exposure of lab/facility worker(s)
- EXposure results in infection
- Exposure/infection is undetected or unreported
- Infectious worker interacts with contacts

» Direct-to-community event sequence
- Event leads to direct exposure of members of public
- Exposure results in infection(s)
- Infectious individuals interact with contacts

» Escape of infected arthropods or animals
TETRATECH 39



Secondary Transmission Potential

» Qualitative discussion for all 13 pathogens

» Direct person-to-person
transmission

SARS associated corona virus
1918 pandemic influenza virus
Yersinia pestis

(pneumonic plague)

Andes hantavirus

Junin virus

Lassa fever virus

Marburg virus

Ebola virus

Nipah virus

TETRATECH

» Indirect transmission

(via vectors)
- Yersinia pestis
(bubonic plague)
- Francisella tularensis
- Rift Valley fever virus
- Tick-borne encephalitis complex

(Russian spring-summer
encephalitis virus)

» NoO known person-to-person
transmission

—  Baucillus anthracis

40



Establishment of Reservoirs of Infection

» Reservolirs of infection

- An animate object or inanimate substance in which a
pathogen normally lives and multiplies

- Potential for transmission of pathogen to a host
» Assess potential of pathogens to establish
reservolirs
- As it pertains to human health
- Environmental (soil)
. Arthropod (mosquitoes, fleas, ticks)
- Animal (rodents, ruminants)
» Qualitative discussion for all 13 pathogens

— Based on available literature

TETRATECH
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Model Secondary Transmission

» Part 1
- Pathogen selection for detailed modeling
- Approach to transmission modeling

» Part 2
— Detalls of chosen models

- Modeling output analyses
- High consequence transmission events
- Uncertainty and sensitivity strategy

- Modeling example
- Site differences

TETRATECH
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Transmission Modeling: Pathogen Selection

» Consider all 13 for transmission modeling
» Cover range of pathogen characteristics
- Transmissibility
- Fatality rate
- Mode of transmission
» Category of pathogen/BSL/Select agent

» Availablility of models in the literature
- Published, peer-reviewed models
- Parameter values relatively well known

TETRATECH 44



Transmission Modeling: Pathogen Selection

» Models and adequate data are limiting factors

» Based on criteria
- Five pathogens chosen for detailed modeling
- Qualitative discussion for remaining eight
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Transmission Modeling: Selected Pathogens

SARS 1918 : Yersinia Rift Valley
Pathogen : pandemic i fever Ebola
Characteristic vITUS influenza peStS cve virus
. (Plague) vVirus
Virus
Transmissibility HIGH HIGH LOW LOW LOW
Fatality HIGH LOW-MOD | HIGH/LOW* | LOW-MOD HIGH
Vector-borne NO NO NO/YES* YES NO
BSL Category 3 3 3 3 4
Category A
agent NO NO YES YES YES
Select agent Proposed YES YES YES YES

1b TETRATECH

* Pneumonic/bubonic plague
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Approach to Transmission Modeling

» Use established mathematical modeling
methods

» Informed by existing documents/guidance

» Refined by discussion with other modeling
experts

TTTTTTTTT .



Mathematical Model Choice: Criteria

» Published and peer-reviewed
» Parameterized by adequate data
» Amenable to uncertainty / sensitivity analysis

» Suitable for scenarios relevant to NEIDL
- Small and large scale accidents
- Possiblility of high-conseguence outcomes
- Effects of public health intervention
- Site differences

» Least complex adequate approach
TETRATECH
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Transmission Modeling Options

» Agent-based modeling

» Contact network modeling

» Branching process modeling
» Compartmental modeling
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Agent-Based Modeling

» Advantages
- Most detailed with synthetic populations
- Incorporate demographic data most directly
- Provide insight into specific mitigation strategies

» Challenges
- Parameter needs extremely high
- Relatively difficult to analyze and interpret result
- Greater detail may not provide additional insight

TETRATECH
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Contact Network Modeling

» Advantages
- Model realistic contact network structure
- Less detall required than agent-based models

» Challenges
- Need distribution of contacts per individual
- Knowledge of real-life contact networks lacking
- Relatively young, un-established field of modeling
- Greater detail may not provide additional insight

TETRATECH
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Branching Process Modeling

» Advantages
- Probabilistic and individual-based
- Well-developed literature in epidemiology
- Impose variability in individual transmission
- Better capture observed frequency of extremes
- Incorporate mitigation and demographics
- Balance of detall, data requirements and insight

» Challenges
- Not suitable for large outbreaks

TETRATECH
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Compartmental Modeling

» Advantages

- Aggregate populations into compartments
- Widely published and well understood
- Generally deterministic

- Decreasing transmission rates due to decreasing
susceptibles

- Incorporate mitigation and demographics

- Balance of detail, data requirements and insight
» Challenges

- No variation in transmission

- Not suitable for small outbreaks
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Modeling Criteria for Event Scenarios

» Case of small outbreak
- Probabillistic (stochastic) effects are important
- Especially in early stages
- Heterogeneity in transmission

- Individual infectivity / Numbers of contacts

. Extreme events

- Range from zero spread to substantial secondary
transmission

» Case of large outbreak
- Must capture population-level effects
- Account for decreasing number of susceptibles

TETRATECH
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Model Choice Decision Table

) Captures variation | Appropriate level .
Suitable for . o . Suitable for
Type of Model in transmission of detail vs.

small outbreak L. large outbreak
insight

Agent-based \/ \/ \/

Contact Network v v v

Branching Process \/ \/ \/

Compartmental \/ \/
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Hybrid Modeling Approach

» Use branching and compartmental models

- Combine strengths of models

- Transition from one to the other
» Criteria for transition

- As number of infections crosses threshold

- When stochastic extinction becomes unlikely

- When significant portion of population are infected
» Potential scenarios

- Modeling unmitigated transmission

- Control measures do not extinguish outbreak

TETRATECH
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Hybrid Modeling Approach Overview

Branching
—~SMALL Process
Modeling

EE\)/(er;tSi?S Number of Initial Outbreak Crosses NO Present Results
Bata Infections Threshold
YES
v
| Compartmental
LARGE Modeling
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Model Choice for Specific Pathogens

» Hybrid modeling approach

- Branching process and compartmental models
- SARS virus
- 1918 influenza virus
- Pneumonic plague
- Ebola virus

» Compartmental modeling only

- Secondary transmission via vectors
- Rift Valley fever virus
- Bubonic plague

TETRATECH
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Model Secondary Transmission

» Part 1
- Pathogen selection for detailed modeling
- Approach to transmission modeling

» Part 2
— Detalls of chosen models

- Modeling output analyses
- High conseguence transmission events
- Uncertainty and sensitivity strategy

- Modeling example

~ Site differences

Tt | TETRATECH 59




Details: Branching Process

» Infected individuals given reproductive number
- Expected number of transmissions
- Mean R, with distribution around R,

» Example simulation result:
7=l Z=2  7=0
7=3 <

Z=0 Z=0
!

Index Case /=0

Z = number of transmissions (based on reproductive number)

Lloyd-Smith et al., Nature (2005)

TETRATECH
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Control Measures in Branching Process

» Modeling effect of public health intervention
- Quarantine, isolation

» Switch reproductive number parameters post-
Implementation of control

» Incorporate control time Iin simulations
- Choose time delay after first case onset

- Switch to new parameters after control time
- Study sensitivity of results to control time

TETRATECH
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Compartmental Model with Quarantine & Isolation

Q = Asymptomatic/in quarantine ‘ T“J
J = Infectious/in isolation

: cQ
S = Susceptible Q 4 J
E = Exposed and asymptomatic y 7 3 vQ
| = Infected and symptomatic J

¢,E c,l !

R = Recovered and immune 2

S FEANE =1 R
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Modeling Output Analyses

» Run large number of simulations

» Calculate average results, confidence intervals
- Total number of infections, fatalities

» Tally simulations in which
- No transmission occurred
- Small outbreak occurred and extinguished
- Large outbreak occurred

» Analyze high-consequence simulations

TETRATECH
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High-Consequence Transmission Events

» Statistical methods (Extreme Value Theory)

- Assessing likelihood or frequency of small
probabillity, high-consequence outcomes

» Well-establis
~ Floods, eart

ned literature for risk analyses
nguakes, terrorism, etc.

» Example out

DUL:

- Expected time before an outbreak exceeds X
- Chance of an outbreak exceeding x in y years

TETRATECH
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Uncertainty and Sensitivity Strategy

» Transparency in assumptions and procedures
» Assess published parameter ranges

» Test ranges in multiple model runs
- Latin Hypercube Sampling scheme
- Accounting for compounding of uncertainties

» Quantify uncertainty
- Ranges of results / link to parameter sensitivity

- Extreme value analysis

- Assessing impact of low-probability but high-
consequence parameter values

TETRATECH
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Modeling Example

» Representative respiratory pathogen
- Using test-case parameters
- Assumes high transmissibility

» Assume effective public health control
- Initiated after 10-day delay

TETRATECH
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Modeling Example Event Sequence

Lab event
OCCcurs One worker Event

exposed undetected Exposure

\)
< or unreported leads to Worker
infection interacts with
contacts
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Modeling Example Parameters

Parameter Distribution of values

Pre-control Gamma distribution
Individual Mean 1.88, Shape 0.14

reprodléctive Post-control Gamma distribution

humoer Mean 0.28, Shape 0.0062
Incubation period Gamma distribution
(in days) Mean 6.3, Shape 2.4
Infectious period Gamma distribution
(in days) Mean 28, Shape 8.0

Delay in implementation of

10 days (to be varied)
control measures

Frequency of event sequence 1 per 100 years (to be varied)
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Modeling Example Results

» Run 100,000 simulations to estimate secondary
transmissions

» No simulations cross threshold

- Transition to compartmental models not needed
» Average number of additional infections: 1
» Percent of simulations with

- 0 additional infections:  78%

~ 1-10 additional infections: 19%
~ >10 additional infections: 3%
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Example High-Consequence Results

Expected return period for exceeding given outcome

“10,000-year event” =
Outbreak exceeding 17
total infections

Total Infections

T T I T
100 1.000 10 000 100,000

Return Period (yvears)
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Site Differences: Secondary Transmission

» Size and density of population
» Lab/facility worker commuting patterns
» Contact rate differences in urban/suburban/rural

» Differential access to medical/public health
services

» Health status of local community

» Special geographic consideration:

- Spread from semi-urban or rural NEIDL site to
Boston
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Site Differences: Modeling Approaches

» Adjust size of local susceptible pool

» Stratify population into sub-groups
- Differing susceptibility of vulnerable groups

- Geographic location

. Alternative site vs. urban

- Link different sites to consider inter-site spread
- For branching process:

- Probabilistically draw attributes of individuals
- For compartmental models:

- Use alternate compartments for sub-populations

» Draw parameters from relevant studies

TETRATECH
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cCurrent Status

» Health Effects and Transmission Modeling
- Evaluated literature for all 13 pathogens
- Selected pathogens for detailed modeling

- Arrived at consensus for transmission modeling
framework

- Performed preliminary model runs

TETRATECH
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Characterize Risk

» Summarize risk of
- ExXposures
- Infections and fatalities
- Secondary transmissions

» Synthesize key findings
- Summary of risk to exposed groups

- Potential differences between sites

- Disproportionate impacts to vulnerable sub-
populations

TETRATECH

75



Summary

» Event seguence analyses
- Generate comprehensive list of candidate events
- Use defensible approach to select range of events
- Analyze events to estimate risk of release

» Health effects analyses

- Generate estimates of initial infection using literature and
expert opinion

- Assess secondary transmission potential for all
pathogens

- Select representative agents for transmission modeling
- Use established mathematical modeling approaches
- Present typical and high-consequence events
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