
Network Modeling for Epidemics  
Day 5

Applied Network Models for Infectious Disease Dynamics 
Motivating Examples



Models of Infectious Disease Agents Studies (MIDAS)
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• NIH mechanism to understand 
and respond to infectious 
diseases 
‣ Started with focus on outbreaks 

and acute epidemics 

‣ Shifted towards addressing 
endemic diseases 

• Our EpiModel 2.0 R01 
‣ Developing the next generation of 

methods and software tools for 
network-based modeling of 
infectious diseases 

‣ Primary focus on HIV/STI models, 
but methods useful broadly…



Research Applications of EpiModel Across Diseases
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Research Applications of EpiModel Across Diseases
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https:!//github.com/statnet/EpiModel/wiki



COVID University DCM with EpiModel
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• Compartmental model for COVID on university campus led by Ben Lopman and 
Carol Liu, supported by Adrien Le Guillou and me 

• Projects impact of testing & quarantine and screening & isolation strategies 

• Model programmed and simulated in EpiModel



COVID University DCM with EpiModel
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https:!//epimodel.shinyapps.io/covid-university/



Network Model for MRSA 
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• Network model of MRSA infection within a NICU setting 

• Networks defined as shared hospital worker contacts between infants



Network Model for Seal Influenza
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EpiModel’s Modular Framework

• Allows you to easily add in any processes of interest into the ID 
system, and use the base EpiModel tools (estimation, simulation, 
analysis, plotting) 
‣ These are tools that we are invested in helping you master! 

• It enforces you (the user) to think modularly: building a complex 
system in small, interconnected building blocks 

• This facilitates efficient expansion once you have a starting 
codebase
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HIV Preexposure Prophylaxis (PrEP)
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• Anti-retroviral treatment provided 
to HIV-uninfected persons 

• Decreases biological risk of 
infection when HIV-infected 
partner has uncontrolled viral 
replication 

• Men who have sex with men (MSM) 
in the US are a high-priority 
population for PrEP 

• 5% to 50% of MSM with indications 
with indications currently using it



Why is PrEP a Network Problem?

US CDC PrEP Indications 

• US PHS/CDC released clinical practice 
guidelines indicating PrEP for those at 
“substantial risk” in 2014, revised in 
2017 

• For MSM, prescription indications 
were: 

- Unprotected anal intercourse (UAI) in 
monogamous partnership with person not 
recently tested for HIV 

- UAI outside of a monogamous partnership 

- AI (including with condoms) in a known 
serodiscordant partnership 

- Any non-HIV STI diagnosis 

• Clinicians recommended to screen for 
conditions in past 6 months, 
reevaluate risk every 12 months
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• Many math models have 
represented HIV PrEP 

• Compartmental models 
typically represent simple 
high/low risk groups 

• Loosely related to empirical data 
on partnership change rates 

🔥 🔥 Model frameworks that do 
not realistically reflect underlying 
contact processes that drive 
transmission dynamics are 
limited in modeling primary 
prevention interventions 🔥 🔥



Our Models for HIV Preexposure Prophylaxis

Evaluating CDC Guidelines
Risk Compensation & Adherence
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HIV Model Example

• Jenness SM, Johnson JA, Hoover KW, Smith DK, Delaney K. Modeling an 
Integrated HIV Prevention and Care Continuum to Achieve the Ending the 
HIV Epidemic Goals. AIDS. 2020; 34(14): 2103–2113. 

‣ PDF of paper: http:!//samueljenness.org/pdf/Jenness-2020-AIDS.pdf  

‣ EpiModelHIV Code: https:!//github.com/statnet/EpiModelHIV 

‣ Model scripts for paper: https:!//github.com/epimodel/combprev 
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http://samueljenness.org/pdf/Jenness-2020-AIDS.pdf
https://github.com/statnet/EpiModelHIV
https://github.com/epimodel/combprev


An Integrated Prevention & Care Continuum
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Ending the Epidemic Plan

• Ending the HIV Epidemic plan 
introduced in Feb 2019 
‣ 75% incidence reduction by 2025 

‣ 90% reduction by 2030 

‣ Resources directed at high-burden 
counties and states 

• Will it be enough for HIV? 
‣ Lowest levels of HIV viral suppression 

in the Southern states where Medicaid 
not expanded through ACA
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Study Aims

• Using modeling to understand an integrated HIV prevention and 

care continuum to achieve EHE goals  

• Primary Study Question 

‣ What combinations of improvements to HIV screening (alone or as a 
gateway to PrEP initiation), HIV care linkage, and HIV care retention could 
meet the 2030 EHE goal of a 90% reduction in HIV incidence?
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Methods Overview

• Stochastic network model for HIV transmission dynamics 

• Target study population: 
‣ Men who have sex with men (MSM) in Atlanta metropolitan area 

‣ Aged 15 to 65, stratified by Black, Hispanic, White/Other race/ethnicity 

• Model calibrated to recent estimates of HIV care continuum steps and 
PrEP utilization in population 

• Intervention scenarios for improvements to: 
‣ HIV screening 

• With and without PrEP initiation linked to HIV screening events 

‣ HIV care linkage  

‣ HIV retention in care
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Network Modeling Methods

• Temporal exponential random graph models 
(TERGMs) define partnership formation and 
dissolution 
‣ Sexual network types: main, casual, one-off 

‣ Men form partnerships according to model terms based 
on numbers of each partner type, differential activity 
and mixing on race and age, sexual role segregation

• HIV epidemiology 
‣ Natural history (disease stages, continuous VL, HIV-related mortality) 

‣ ART initiation and adherence 

‣ HIV transmission dynamics within serodiscordant partnerships 

• Demographic processes
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Multi-Layer Networks for Sexual Partnerships

• Three partnership networks: main, casual, one-time  

‣ Same node set, different edge set 

• Distinguished in both their formation and dissolution model 
components 

‣ Formation formula for main network differs from other two  

‣ Dissolution model varies (substantially) by average duration of partnerships 

• Model code mechanics: 

‣ Estimation (netest): https:!//github.com/EpiModel/CombPrev/blob/
master/estimation/estimation.R  

‣ Simulation (module for netsim): https:!//github.com/statnet/
EpiModelHIV/blob/CombPrev/R/mod.simnet.R 
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https://github.com/EpiModel/CombPrev/blob/master/estimation/estimation.R
https://github.com/EpiModel/CombPrev/blob/master/estimation/estimation.R
https://github.com/EpiModel/CombPrev/blob/master/estimation/estimation.R
https://github.com/statnet/EpiModelHIV/blob/CombPrev/R/mod.simnet.R
https://github.com/statnet/EpiModelHIV/blob/CombPrev/R/mod.simnet.R
https://github.com/statnet/EpiModelHIV/blob/CombPrev/R/mod.simnet.R


Empirical Data ⟿ Network Model Parameters

• Recently completed ARTnet Study of MSM in 
the US (R21 MH112449) 
‣ 4904 MSM reporting on 16198 sexual 

partnerships 

• Primary innovation: data-driven statistical 
models embedded within ID transmission 
models where primary data available 

‣ TERGMs for network structure ⟿ simulate 

‣ Poisson models for coital frequency ⟿ predict 

‣ Logit models for condom use ⟿ predict 

• Allows for confounding adjustment and 
addressing parameter covariance, statistical 
interactions when necessary 

• Secondary data for (more) universal 
parameters 
‣ PrEP/ART effectiveness, probability of HIV 

transmission per act, …

https:!//pubmed.ncbi.nlm.nih.gov/32004795/
20



Model Calibration for Reference Scenario

• Prevalence of diagnosed HIV Infection among MSM 
‣ Rosenberg, Ann Epidemiol, 2018 

‣ B/H/W targets: 33.3%, 12.7%, 8.4% 

• Proportion of HIV+ MSM who are diagnosed 
‣ Singh, Ann Intern Med, 2018 

‣ B/H/W targets: 80.4%, 79.9%, 88.0% 

• Proportion of diagnosed MSM linked to care within 1m 
‣ GA DPH surveillance 

‣ B/H/W targets: 62%, 65%, 76% 

• Proportion of diagnosed MSM with HIV VL suppression 
‣ GA DPH surveillance 

‣ B/H/W targets: 55%, 60%, 72% 

• Proportion of Indicated MSM Using PrEP 
‣ Triangulation of ARTnet and other local estimates 

‣ Estimates for MSM in the Atlanta area: 15%
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Bayesian Approaches to Model Calibration
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• When the model form becomes complicated (e.g, collinearity), or there 
are many parameters to estimate, Bayesian approaches are favorable 

• General setup: 
‣ Define prior distributions for uncertain input parameters 

‣ Draw samples from those distributions 

‣ Simulate the model with that parameter sample 

‣ Compare outcome statistics (prevalence/incidence) to external target data points 

‣ Some method for iteratively selecting which parameters to keep 

• Approximate Bayesian Computation 
‣ Toni et al: https:!//royalsocietypublishing.org/doi/10.1098/
rsif.2008.0172 

https://royalsocietypublishing.org/doi/10.1098/rsif.2008.0172
https://royalsocietypublishing.org/doi/10.1098/rsif.2008.0172
https://royalsocietypublishing.org/doi/10.1098/rsif.2008.0172


Infections Averted Under Different Prevention Scenarios
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How Long Will it Take to Achieve the EHE Goals?

24



COVID Model Example

• Jenness SM, Willebrand KS, Malik AA, Lopman BA, Omer SB. Modeling 
Dynamic Network Strategies for SARS-CoV-2 Control on a Cruise Ship.  
‣ Pre-Print: https:!//doi.org/10.1101/2020.08.26.20182766  

‣ EpiModelCOVID Code: https:!//github.com/epimodel/epimodelcovid  

‣ Model scripts for paper: https:!//github.com/EpiModel/COVID-CruiseShip 
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https://doi.org/10.1101/2020.08.26.20182766
https://github.com/epimodel/epimodelcovid
https://github.com/EpiModel/COVID-CruiseShip


Cruise Ship Network Model Schematic 
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Multi-Layer Dynamic Contact Networks
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• Three overlapping ERGMs to represent guest/guest, 
crew/guest, and crew/crew contacts 

• Multi-level structure: guests within cabins, cabins within 
ship sectors, crew assigned to cabins within sectors 
‣ x2 ERGMs, for pre-lockdown and post-lockdown network 

structures 

• ERGMs with ship structure allow for repeated contacts 
with deterministic dissolution 

• Scenarios focused on timing of lockdown, design of 
sectorization, and degree and within-cabin and within-
sector mixing constraints given lockdown  
‣ Control-based strategies: after outbreak has started 

‣ Prevention-based strategies: informing future ship design

G G
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C C



Model Results 1: Calibration
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• Fit the model transmission parameters to daily screening rates and diagnoses on ship 
‣ True incidence > diagnosed incidence  

• Empirical lockdown occurred Day 15 of the cruise
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Model Results 2: Timing of Network Lockdown
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• Distribution of cumulative incidence across 1000 simulations in each scenario 

• Earlier (counterfactual) lockdown associated with major reduction in cumulative 
incidence compared to empirical (actual) lockdown on Day 
‣ Little impact of PPE in these settings: high-intensity contact and directionality of transmission…
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Model Results 3: Directionality of Transmission
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• In base model, most transmissions were passenger to passenger  
‣ No/limited PPE was used within cabins 

• Reducing the contact intensity could avert hundreds of infections



Model Results 4: Prevention with Mass Screening
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• In absence of behavioral change, screening and diagnosis-based case isolation could 
avert a substantial number of infections but not 100% 
‣ Here, PPE has an impact! 

‣ Why does Day 1 screening not prevent an outbreak?



Model Results 5: Sensitivity Analysis for Screening Interventions  
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• Base model assumed 100% reduction in contacts after case isolation, 80% PCR 
test sensitivity, and a Day 1 screening strategy 

• Only when PCR sensitivity reaches 100% is an outbreak averted in the absence 
of behavioral change
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