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Expanding	
  the	
  scope	
  of	
  network	
  
analysis	
  for	
  HIV	
  epidemic	
  modeling	
  

Answer	
  policy	
  ques$ons	
  

Simula$on	
  model	
  of	
  HIV	
  
epidemic	
  

Sta$s$cal	
  methods	
  for	
  
network	
  analysis	
  

Sexual	
  network	
  data	
  



Outline	
  

Network	
  analysis	
  in	
  HIV	
  
•  Sampled	
  sexual	
  network	
  data	
  for	
  HIV	
  modeling	
  
	
  

Sta$s$cal	
  methods	
  for	
  analyzing	
  network	
  data	
  
•  Exponen$al-­‐family	
  random	
  graph	
  models	
  (ERGMs)	
  
•  Extension	
  to	
  sampled	
  data	
  
•  Integra$on	
  with	
  epidemic	
  modeling	
  

Applica$on	
  
•  Heterosexual	
  HIV	
  dynamics	
  in	
  Sea7le/King	
  County	
  



Network	
  analysis	
  in	
  HIV	
  



Network	
  structure	
  ma7ers	
  to	
  HIV	
  

Central	
  to	
  popula$on-­‐level	
  disease	
  transmission,	
  
when	
  contacts	
  are	
  
•  Rare	
  
•  Systema$cally	
  heterogeneous	
  in	
  probability	
  



Substan$al	
  progress	
  in	
  sta$s$cal	
  methods	
  in	
  last	
  
20	
  years…	
  
•  Exponen$al-­‐family	
  random	
  graph	
  models	
  (ERGMs)	
  

…based	
  on	
  network	
  “census”	
  data	
  
•  O\en	
  imprac$cal	
  	
  
•  e.g.	
  popula$on-­‐level	
  sexual	
  networks	
  

Empirical	
  network	
  research	
  =	
  	
  
methods	
  +	
  data	
  



Standard	
  sample	
  surveys	
  

Two	
  types	
  of	
  network	
  sampling	
  

Adap$ve	
  (link	
  trace)	
  
	
  

Egocentric	
  
	
  

Mul5ple	
  waves	
  

Sta5s5cal	
  Analysis	
  of	
  Network	
  Data	
  
Kolaczyk	
  2009	
  



Egocentric	
  sampling	
  

Observe	
  the	
  
complete	
  network	
  

Observe	
  all	
  egos	
  +	
  
Reported	
  info	
  on	
  alters	
  

Sample	
  egos	
  +	
  
Reported	
  info	
  on	
  alters	
  



Sta$s$cal	
  methods	
  for	
  analyzing	
  
network	
  data	
  

ERGMs	
  



Founda$on:	
  exponen$al-­‐family	
  
random	
  graph	
  models	
  (ERGMs)	
  

as	
  a	
  func$on	
  of	
  
network	
  sta$s$cs	
  

vector	
  of	
  model	
  
parameters	
  

Probability	
  of	
  
observing	
  network	
  y	
  



Re-­‐expressed	
  at	
  the	
  dyad	
  level	
  

θ    is	
  the	
  per-­‐unit	
  change	
  in	
  the	
  log	
  odds	
  of	
  a	
  $e	
  

“change	
  sta+s+c”	
  



Common	
  network	
  sta$s$cs	
  g(y)


Edges	
  

Homophily	
  

k-­‐stars/degree(k)	
  

3-­‐cycles	
  

Nodefactor/	
  	
  
nodecov	
  

Red	
  degree	
  =	
  1	
  +	
  1	
  +	
  4	
  

Red-­‐Red	
  edges	
  =	
  2	
  

Degree(0)	
  =	
  2	
  

#	
  triangles	
  =	
  2	
  

7	
  edges	
  



Common	
  network	
  sta$s$cs	
  g(y)

Dyad	
  

dependent	
  
Edges	
  

Homophily	
  

k-­‐stars/degree(k)	
  

Dyad	
  
independent	
  

3-­‐cycles	
  

Nodefactor/	
  	
  
nodecov	
  

X	
  

X	
  

X	
  

X	
  

X	
  



Common	
  network	
  sta$s$cs	
  g(y)

Dyad	
  

dependent	
  
Edges	
  

Homophily	
  

k-­‐stars/degree(k)	
  

Dyad	
  
independent	
  

3-­‐cycles	
  

Nodefactor/	
  	
  
nodecov	
  

X	
  

X	
  

X	
  

X	
  

X	
  
Differen5al	
  network	
  exposure	
  (components	
  >2)	
  +	
  homophily	
  à	
  HIV	
  dispari5es	
  	
  



ERGM	
  es$ma$on	
  

MCMC	
  Maximum	
  Likelihood	
  Es$ma$on	
  
•  For	
  dyad	
  dependent	
  models	
  
•  Uses	
  MPLE	
  as	
  ini$al	
  star$ng	
  value	
  

Metropolis	
  Has$ngs	
  algorithm	
  
•  Sampling	
  from	
  the	
  distribu$on	
  of	
  networks	
  at	
  each	
  itera$on	
  
•  Given	
  candidate	
  θi	
  

Effec$vely:	
  a	
  network	
  simula$on	
  algorithm*	
  
•  Proposing	
  toggles,	
  one	
  dyad	
  at	
  a	
  $me	
  
•  And	
  selec$ng	
  networks	
  from	
  the	
  chain	
  at	
  suitable	
  intervals	
  



Network data 

Model 

Estimated 
coefficients 

 

Simulated data 
(draws from the prob. dist.) 

Higher order  
graph statistics 

of data 

Higher order  
graph statistics  

of simulated data 

Goodness of fit of model to data 

Simula$ng	
  from	
  a	
  fi7ed	
  model	
  

Epidemic 
simulations 

Epidemic	
  	
  
parameters	
  

Steve	
  Goodreau	
  
Network	
  Modeling	
  for	
  Epidemics	
  2014	
  

Statistical 
inference 



Temporal	
  ERGMs	
  

Model	
  link	
  forma$on	
  and	
  dissolu$on	
  over	
  $me	
  

	
  a	
  forma$on	
  ERGM	
  

and	
  a	
  dissolu$on	
  ERGM	
  

Krivitsky	
  &	
  Handcock	
  2014,	
  “A	
  Separable	
  Model	
  for	
  Dynamic	
  Networks”	
  



Temporal	
  ERGMs	
  

STERGMs	
  =	
  Separable	
  Temporal	
  ERGMs	
  
•  Independent	
  within	
  a	
  $me	
  step	
  
•  Markov	
  dependent	
  between	
  $me	
  steps	
  
	
  

	
  

	
  a	
  forma$on	
  ERGM	
  

and	
  a	
  dissolu$on	
  ERGM	
  



In	
  R:	
  statnet	
  suite	
  

ergm	
  and	
  tergm	
  
www.statnet.org	
  	
  
	
  

	
  



Sta$s$cal	
  methods	
  for	
  analyzing	
  
network	
  data	
  

Extension	
  to	
  sampled	
  data	
  



Dyad	
  
dependent	
  

Edges	
  

Homophily	
  

k-­‐stars/degree(k)	
  

Dyad	
  
independent	
  

3-­‐cycles	
  

Nodefactor/	
  	
  
nodecov	
  

X	
  

X	
  

X	
  

X	
  

	
  
	
  

Observable	
  in	
  egocentric	
  sample	
  

X	
  	
  
	
  

Egocentric	
  design	
  determines	
  
observable	
  sample	
  sta$s$cs	
  



Key	
  ideas	
  for	
  egocentric	
  es$ma$on	
  

1.	
  Use	
  sample	
  sta$s$cs	
  to	
  es$mate	
  popula$on	
  
sta$s$cs	
  g(y)	
  
Requires	
  a	
  scaling	
  assump$on	
  
–  Assume	
  mean	
  degree	
  is	
  the	
  scale	
  invariant	
  property	
  
–  Use	
  inverse	
  probability	
  weighted	
  Hájek	
  es5mator	
  of	
  g(y)	
  
–  These	
  are	
  the	
  sufficient	
  sta$s$cs	
  for	
  es$ma$ng	
  the	
  ERGM	
  

	
  
2.	
  Use	
  es$mated	
  popula$on	
  sta$s$cs	
  to	
  

es$mate	
  PMLE	
  of	
  θ  (Binder	
  1983)	
  
–  And	
  variance	
  of	
  this	
  es$mate	
  

Krivitsky	
  &	
  Morris	
  2017	
  



Simula$on	
  studies	
  indicate	
  good	
  proper$es	
  

Variance	
  

Model	
  Terms	
  

Bias	
  
•  Sampling	
  weights	
  

require	
  larger	
  N	
  to	
  
minimize	
  	
  bias	
  

Coverage	
  
•  Es$mated	
  standard	
  

errors	
  appear	
  slightly	
  
conserva$ve	
  

	
  

Krivitsky	
  &	
  Morris	
  2017	
  



In	
  R:	
  ergm.ego	
  

Also	
  part	
  of	
  the	
  statnet	
  suite	
  
www.statnet.org	
  
	
  

	
  



Network data 

Model 

Estimated 
coefficients 

 

Simulated data 
(draws from the prob. dist.) 

Higher order  
graph statistics 

of data 

Higher order  
graph statistics  

of simulated data 

Goodness of fit of model to data 

Ready	
  for	
  epidemic	
  simula$ons	
  

Epidemic 
simulations 

Epidemic	
  	
  
parameters	
  

Steve	
  Goodreau	
  
Network	
  Modeling	
  for	
  Epidemics	
  2014	
  

Feasible	
  sampling	
  strategy	
   Principled	
  sta$s$cal	
  modeling	
  
framework	
  

Next	
  

Statistical 
inference 



Sta$s$cal	
  methods	
  for	
  analyzing	
  
network	
  data	
  

Integra$on	
  with	
  epidemic	
  modeling	
  



HIV	
  epidemic	
  model	
  overview	
  

28	
  

Founda$on	
  =	
  	
  
dynamic	
  network	
  	
  
(STERGM)	
  

Other	
  processes	
  overlaid	
  
All	
  interact	
  with	
  dynamic	
  network	
  
	
  
Demographics	
  
•  Sex,	
  age,	
  race	
  structure	
  
•  Mortality	
  	
  

Behavior	
  
•  Coital	
  frequency	
  
•  Condom	
  use	
  

Infec5vity	
  by	
  
•  Clinical	
  disease	
  stage	
  
•  Diagnosis	
  &	
  treatment	
  

	
  
	
  



In	
  R:	
  EpiModel	
  

Integrates	
  disease	
  transmission	
  with	
  STERGMs	
  
www.epimodel.org	
  
	
  

	
  



Applica$on	
  to	
  heterosexual	
  networks	
  
&	
  HIV	
  in	
  Sea7le/King	
  County	
  



Local	
  HIV	
  dynamics	
  &	
  ques$ons	
  

Small	
  heterosexual	
  epidemic	
  
•  10%	
  of	
  new	
  diagnoses	
  

–  Close	
  to	
  eradica$on?	
  	
  
•  Racial	
  dispari$es	
  in	
  prevalence	
  
	
  
	
  

S/KC	
  heterosexual	
  HIV	
  prevalence	
  

0.0%	
  
0.2%	
  
0.4%	
  
0.6%	
  
0.8%	
  
1.0%	
  
1.2%	
  
1.4%	
  

B	
   BI	
   H	
   HI	
   O	
  



Local	
  HIV	
  dynamics	
  &	
  ques$ons	
  

1.	
  Does	
  the	
  network	
  structure	
  contribute	
  to	
  
observed	
  racial	
  dispari$es?	
  	
  
•  Differen$al	
  network	
  exposure	
  +	
  homophily	
  
	
  

2.	
  Proof	
  of	
  concept:	
  	
  Can	
  we	
  reproduce	
  the	
  
profile	
  of	
  the	
  local	
  epidemic?	
  
•  Dispari$es	
  by	
  race/immigra$on?	
  
	
  

3.	
  How	
  close	
  is	
  heterosexual	
  transmission	
  to	
  
dying	
  out	
  (the	
  epidemic	
  threshold)?	
  
•  Do	
  “bridge”	
  contacts	
  determine	
  the	
  persistence	
  of	
  HIV?	
  

	
  



1.	
  Men	
  who	
  have	
  sex	
  with	
  men	
  –	
  via	
  “MSMF”	
  
In	
  the	
  Western	
  US:	
  
•  52%	
  of	
  heterosexual	
  female	
  HIV	
  cases	
  phylogene$cally	
  linked	
  

to	
  MSM	
  (Oster	
  2015)	
  

2.	
  Foreign-­‐acquired	
  infec$ons	
  –	
  via	
  “FB”	
  
In	
  Sea7le/KC:	
  
•  41%	
  of	
  diagnoses	
  in	
  Blacks	
  among	
  foreign-­‐born	
  
•  52%	
  of	
  diagnoses	
  in	
  Hispanics	
  among	
  foreign-­‐born	
  

	
  
	
  

Poten$al	
  “bridge”	
  contacts	
  



Local	
  model	
  structure	
  &	
  data	
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Other	
  processes	
  overlaid	
  
All	
  interact	
  with	
  dynamic	
  network	
  
	
  
Demographics	
  
•  Sex,	
  age,	
  race	
  structure	
  
•  Mortality	
  	
  

Behavior	
  
•  Coital	
  frequency	
  
•  Condom	
  use	
  

Infec5vity	
  by	
  
•  Clinical	
  disease	
  stage	
  
•  Diagnosis	
  &	
  treatment	
  

	
  
	
  

Founda$on	
  =	
  	
  
dynamic	
  network	
  	
  
(STERGM)	
  

Foreign	
  
Travel	
  

Local	
  
MSM	
  

Bridge	
  
transmission	
  

FB	
  

MSMF	
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Other	
  processes	
  overlaid	
  
All	
  interact	
  with	
  dynamic	
  network	
  
	
  
Demographics	
  
•  Sex,	
  age,	
  race	
  structure	
  
•  Mortality	
  	
  

Behavior	
  
•  Coital	
  frequency	
  
•  Condom	
  use	
  

Infec5vity	
  by	
  
•  Clinical	
  disease	
  stage	
  
•  Diagnosis	
  &	
  treatment	
  

	
  
	
  

Founda$on	
  =	
  	
  
dynamic	
  network	
  	
  
(STERGM)	
  

Foreign	
  
Travel	
  

Local	
  
MSM	
  

Bridge	
  
transmission	
  

FB	
  

MSMF	
  



ERGMs	
  on	
  egocentric	
  data	
  

Na$onal	
  Survey	
  of	
  Family	
  Growth	
  
•  Egocentric	
  survey	
  of	
  most	
  3	
  recent	
  sexual	
  partners	
  

–  N	
  =	
  40,000	
  respondents	
  (2006-­‐15)	
  
•  Weighted	
  to	
  Sea7le/King	
  County	
  	
  

–  By	
  age,	
  sex	
  and	
  race/immigra$on	
  

Three	
  overlapping	
  networks	
  	
  
•  Cohabita$ng	
  
•  Persistent	
  
•  One-­‐Time	
  



Forma$on	
  
models	
  indicate	
  
differen$al	
  
network	
  exposure	
  
&	
  homophily	
  



Key	
  finding	
  1:	
  	
  	
  
Differen$al	
  network	
  exposure	
  by	
  race	
  
confirmed	
  in	
  simulated	
  networks	
  

%	
  of	
  nodes	
  in	
  components	
  >	
  2,	
  by	
  race	
  

%	
  

Race/immigra$on	
  

9	
  

6	
  

3	
  

B	
   BI	
   H	
   HI	
   W	
  



Key	
  finding	
  2:	
  	
  
Disparity	
  profiles	
  are	
  reproduced	
  

Simulated	
  prevalence	
  by	
  race/immigra+on	
  

Simulated	
  BI	
  prevalence	
  

Correct	
  rank	
  ordering	
  of	
  prevalence	
  



Key	
  finding	
  2:	
  	
  
Disparity	
  profiles	
  are	
  reproduced	
  

Simulated	
  prevalence	
  by	
  race/immigra+on	
  

Observed	
  BI	
  prevalence	
  

Simulated	
  BI	
  prevalence	
  

“Bridge”	
  group	
  transmission	
  too	
  high	
  



The	
  epidemic	
  could	
  not	
  be	
  sustained	
  in	
  the	
  local	
  
heterosexual	
  popula$on	
  alone	
  

	
  

Ini$al	
  1%	
  local	
  prevalence	
  
à	
  epidemic	
  ex$nc$on	
  in	
  
~30	
  years.	
  
	
  

Key	
  finding	
  3:	
  	
  
Bridging	
  is	
  key	
  to	
  HIV	
  persistence	
  



Conclusions	
  

ERGM	
  framework	
  +	
  egocentric	
  survey	
  data	
  =	
  	
  
feasible	
  network	
  analysis	
  and	
  epidemic	
  modeling	
  
•  Test	
  network-­‐structure	
  hypotheses	
  via	
  sta$s$cal	
  inference	
  
•  Strong	
  basis	
  for	
  sta$s$cally-­‐principled	
  epidemic	
  modeling	
  

Supports	
  local	
  epidemic	
  modeling	
  
•  Model	
  structure	
  based	
  in	
  local	
  features	
  
•  Data	
  drawn	
  from	
  local	
  popula$ons	
  
•  Inves$gate	
  locally	
  tailored	
  policies	
  to	
  end	
  HIV	
  



Network	
  Modeling	
  Group	
  
•  FACULTY:	
  	
  Mar$na	
  Morris	
  (UW)	
  Steve	
  Goodreau	
  (UW),	
  Carter	
  

Bu7s	
  (UCI),	
  Mark	
  Handcock	
  (UCLA),	
  Dave	
  Hunter	
  (PSU),	
  

Pavel	
  Krivitsky	
  (UNSW),	
  Skye	
  Bender-­‐deMoll	
  (at	
  large),	
  Sam	
  

Jenness	
  (Emory)	
  

•  UW	
  RESEARCH	
  SCIENTISTS	
  AND	
  STUDENTS:	
  	
  Deven	
  Hamilton	
  

(Soc),	
  Sara	
  Stansfield	
  (Anthro),	
  Emily	
  Pollock	
  (Anthro),	
  Darcy	
  

Rao	
  (Epi),	
  Sara	
  Khan	
  (Informa$cs),	
  Chad	
  Klumb	
  (Math),	
  

Adam	
  Elder	
  (Biostat)	
  



Resources	
  

statnet	
  
www.statnet.org	
  
	
  

	
  
EpiModel	
  
www.epimodel.org	
  
“Network	
  Modeling	
  for	
  Epidemics”	
  5-­‐day	
  course	
  


