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• Emerging infectious diseases are trying to 
kill, or at least, maim use

• We can stop or mitigate them
Surveillance and containment
Vaccines
Therapies

• Current threats (examples)
Influenza, Zika, dengue, MERS, Ebola 

and other hemorrhagic viruses, agent X

Challenge 1The Threat
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• WHO research and development blueprint:  
http://www.who.int/blueprint/en/

• Devise analytic and statistical methods for 
rapid estimation of the effectiveness of 
control measures

• Devise statistical and mathematical models 
for optimal control strategies mom re trying 
We can stop or mitigate

Challenge 1The Solution
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http://www.who.int/blueprint/en/
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• WHO research and development blueprint:  
http://www.who.int/csr/research-and-
development/en/

• Devise analytic and statistical methods for 
rapid estimation of the effectiveness of 
control measures

• Devise statistical and mathematical models 
for optimal control strategies  mom re trying 
We can stop or mitigate

Challenge 1

The design and analysis of vaccine 
trials for infectious disease 

emergencies
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• Transmissibility:  R0, other transmission 
parameters

• Speed of transmission:  Serial interval, 
incubation, latent and infectious periods

• Type of contact
• Pathogenicity:  Proportion asymptomatic
• Stage of epidemic
• Heterogeneity in transmission statistical 

methods for rapid estimation of the

Challenge 1Infectious disease factors to 
consider
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• Vaccine action:  protection against infection, 
disease, transmission to others; leaky, all-or-
none, mixture

• Number of doses
• Immunity ramp up period
• R0parameters
• Speed of transmission:  Serial interval
• Pathogenicity:  Proportion asymptomatic
• Stage of epidemic statistical methods for 

rapid estimation of the effectiveness of 
control measures

Vaccine factors to consider
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• Cluster randomized trail
• Estimate both efficacy and effectiveness 

within clusters
• Adaptive design on some level
• Stopping rules clearly defined

• O research and development blueprint:  
http://www.who.int/csr/research-and-
development/en/

• Devise analytic and statistical methods 
for rapid estimation of the effectiveness 

Challenge 1Statistical factors
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• Cluster randomized trail
• Estimate both efficacy and effectiveness 

within clusters
• Adaptive design on some level
• Stopping rules clearly defined

• O research and development blueprint:  
http://

Challenge 1

Ebola vaccine trail in Guinea, West 
Africa
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• Transmissibility:  R0 = 1.4 - 2.0
• Speed of transmission:  10-12 days, 

incubation period 6 days
• Type of contact:  direct to bodily fluids
• Pathogenicity:  Close to 100%
• Stage of epidemic: Late
• Heterogeneity in transmission:  close 

contact networks

• r optimal control strategies

Challenge 1Infectious disease factors for Ebola
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• Vaccine action:  protection against disease; 
leaky

• Number of doses: one
• Immunity ramp up period:  4-7 day

Non-human primate challenge studies
Phase I and II human vaccine trials

Vesicular Stomatitis Virus vaccine 

(rVSV-ZEBOV)  Merck
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“…three 
challenges…

three fixes…”
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“…three challenges…

three fixes…”
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TThe way cases had surged in 
different geographic areas, 
thwarting efforts to design a 
randomized trial in which 
participants in each district faced 
the same infection risk.

Challenge 1
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Randomization within small groups of people – that is, among small groups of people projected to have a similar risk of 
exposure to the virus

Fix 11

Randomization within small groups of 

people – that is, among small groups of 

people projected to have a similar risk 

of exposure to the virus
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Clustering:  Distribution of attack rates among 
known contacts of Ebola cases in Guinea

Attack rate

Median = 0.034, Mean = 0.065, Intraclass correlation = 0.065

*Source:  WHO contact tracing teams in Guinea. 



How was the ring vaccination trial implemented?



The social mobilization teams explain the trial and trial procedures to the community before any action starts  



Vaccination is administered immediately or after
3 weeks as defined by randomisation outcome  



Why “ring” vaccination trial for Ebola 
epidemics in terms of numbers?

• Transmission can be intense but is usually 
clustered in transmission units, e.g., rings, 
households, contact networks

• Ebola epidemic in West Africa
• 28,454 cases of EVD so far in a combined population of 

22 million people:  AR = 0.13%

• For RCT:  Sample size per arm ≈ 21,000

(VE = 0.7, power = 0.90, α = 0.05 two sided)

• Where do we do the trial?



Why ring vaccination trial for Ebola 
epidemics in terms of numbers?• Ring vaccination follows the transmission

• For ring vaccination trial:  AR in rings is 1-2% with a lot of 
variation, ICC = 0.05

• Sample size per arm: 

• ≈ 95 rings (5,000 people):  two orders of magnitude smaller than 
RCT assuming VE = 0.7, power = 0.90, α = 0.05 two sided, ICC = 
0.05)

≈ 36 rings (1,800 people) if VE = 1.00

• Actual trial at interim analysis (half-way point):  For the primary 
analysis, there where 4,394 people in the two arms, in 90 rings*

*Henao-Restrepo, Longini, Egger, Dean, et al.  Lancet (2015) 
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The unprecedented outbreak outpaced the speed with which clinical trials could be implemented

Challenge 2

The unprecedented outbreak 

outpaced the speed with 

which clinical trials could be 

implemented
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Vaccine trial concentrated vaccine and comparison arms where cases were in the last weeks of the main epidemic

Fix 2
Randomization within small 

groups of people – that is, 

among small groups of people 

projected to have a similar risk 

of exposure to the virus



Confidential and not for circulation

Cases of Ebola by week of notification of cases, Guinea 2014-15 

Start of the trial

Stop 

randomization

Decision to conduct trial
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The uncertainty in predicting future infection incidence 

Challenge 3

The uncertainty in predicting 

future infection incidence 
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Adaptive design with real-time modifications, based on a predetermined interim analysis of study data.

Fix 3

Adaptive design with real-time 

modifications, based on a 

predetermined interim 

analysis of study data.



Ring vaccination - cluster randomized trial

Immediate vaccination Delayed vaccination (21 days)



INDEX CASE
Lab confirmed 

EVD case

lived in the same 

household 

visited the symptomatic 

patient

household members of 

high risk contacts

extended family

neighbors

close contact with 

patient body or body 

fluids, linen, or clothes

What is a vaccination ring?

Contacts and contacts of contacts

31



In the ring vaccination trial, teams  go to  communities with a recently confirmed Ebola case  
32



Hazard function



Hazard function



Hazard function

Can be a function of time delays due to 

incubation period and immune ramp-up period



Hazard function



Hazard function



Statistical approach for 
cluster-randomized trials or studies



Cumulative risk, estimates, statistics

Primary outcome:  
Vaccine efficacy = 100%  

95%CI [75% - 100%]
p = 0.0036

Secondary outcome:
Overall Vaccine effectiveness = 75%

95%CI [– 7% - 94%]
p =  0.1791

Source: Henao-Restrepo, Longini, Egger, 
Dean, et al.  Lancet (2015) 



Statistical Analysis
• Pre-specified Cox PH with a cluster-level random effect 

(frailty)

• For setting of 0 countable events in immediate arm:
– Two-sided Fisher’s exact test on cluster-level data

– Estimate 95% CI lower bound by fitting a beta-binomial 
distribution and using an inverted likelihood ratio test

≥ 1 case
(10+ days)

0 cases
(10+ days)

TOTAL

IMMEDIATE 0 clusters* 48 clusters 48 clusters

DELAYED 7 clusters** 35 clusters 42 clusters

* No case observed in vaccinated individuals more than 6 days after vaccination
** 16 cases (6, 3, 2, 2, 1, 1, 1 per cluster)
*** Truncated OBF threshold for 90/190 clusters is 0.0027

p = 0.0036***

Source: Henao-Restrepo, Longini, 

Egger, Dean, et al.  Lancet (2015) 



What does this mean?

• Vaccine efficacy is high:  75 - 100%

• Ring-level overall protection is 75% with about 50% 
coverage

• Mobile stockpile of Ebola vaccine can be use to contain 
and mitigate future Ebola introductions



Ring vaccination contained



Ring vaccination not contained



*http://www.sciencemag.org/news/2015/12/and-science-s-breakthrough-year



Source:  http://www.theguardian.com/commentisfree/2015/aug/03/ebola-vaccine-trials-diseases
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Current epidemic in the DRC
June 29, 2019

• 2,312 confirmed cases

• 1,559 deaths, crude CFR 68%

• 145,445 people vaccinated with rVSV-ZEBOV 
vaccine in a ring vaccination strategy

• Cases are concentrated in the provinces of 
North Kivu and Ituri

• Significant violence and instability in many of 
the affected areas
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Vaccine Efficacy

• Vaccine is delivered under a protocol with consent, 
and follow-up

• Ring vaccination + vaccination of HCWs + some 
additional targeted groups*

• VE is estimated by comparing the Ebola illness attack 
rate for confirmed cases for vaccinated people in 
vaccinated rings, compared to unvaccinated people 
in appropriate comparison groups.

*https://www.who.int/immunization/policy/position_papers/interim_ebola_recommendations_may_2
019.pdf?ua=1https://www.google.com
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Vaccine Efficacy Estimates*

• For those vaccinated 10 days or more before their 
illness onset:  VE = 97.5%, 95% CI [95.8 –98.5%]

• For HCWs vaccinated 10 days or more before their 
illness onset:  VE = 97.5%, 95% CI [92.4 –99.1] 
reguardless of time vaccinated VE = 88.1%, 95% CI 
[79.9-92.9]

• High VE against death given illness

*https://www.who.int/csr/resources/publications/ebola/ebola-ring-vaccination-results-12-
april-2019.pdf



Transforming Vaccine Development:  July 1-2, 2019Ring Vaccination Studies

Ebola model structure, estimation 
and analysis



Spatially structured population model

Each individual in the population model is explicitly simulated. Individuals are 

assigned to specific households. Each household is geolocated and linked to 

other households to create clusters of households.

Individual Based Transmission & Vaccine strategy simulation

The resulting population structure allows the explicit simulation of 

interventions (e.g. contact tracing and ring vaccination operations with the 

rVSV vaccine) targeting contacts of cases – individuals living in the same 

household of cases, e.g. relatives, or in the linked cluster of households, other 

relatives, non-relative known contacts , and of the contacts of contacts. 

Modeling Methodology



• DRC demographic data: population size, 

distribution of household size, age 

distribution of household members. Data on 

household size and age distribution of 

household members were taken from the 

Demographic and Health Surveys (DHS) 

program. Data on population size of Beni 

and Butembo/Katwa.

• Google maps images, OpenStreetMap 

images, and WFP Logistics Cluster maps.

• Ring vaccination data: geographical distance 

among contacts (and contact of contacts) in 

the vaccination rings, ring size.



A kernel function of the distance was used 

to define the set of households generating 

known contacts. Specifically, for each 

household i, we define a set of 

weights 𝑘𝑖𝑗 =
1

𝑎+𝑑𝑖𝑗
𝑏 , where dij is the 

distance of household i from all households 

j in the population (expressed in Km); 

parameter a is an offset and parameter b 

regulates the decrease of the weight with 

distance. The values of parameters a and 

b were selected in such a way that the 

mean distance between members of the 

cluster of households is equal to the mean 

distance among contacts in vaccination 

rings during the current outbreak in DRC. 



Disease Natural History



The transmission process is simulated 

for each infectious individual.

At the end of the latent period the 

index case can transmit the infection 

through contacts in the household, 

with members of the linked cluster of 

households and in the general 

community (three different 

transmissibility parameters 𝛽ℎ, 𝛽𝑒ℎ and 

𝛽𝑐).

Each individual in the specific setting 

feels a force of infection λ𝑗 =

𝛼𝑗𝛽𝑥𝜌𝑖/𝑁𝑥 where 𝛼𝑗 is the 

susceptibility and 𝜌𝑖 is the 

infectiousness of the index case i. 

Transmission Dynamics 



Model calibration

To estimate the four key 

transmission rates, we used a 

Markov chain Monte Carlo 

(MCMC) approach exploring the 

likelihood of the recorded number 

of confirmed cases by symptoms 

onset in each setting.

Model calibration
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Cases averted by ring vaccination

Ring vaccination prevents 5 out of 6 Ebola cases for a large part of the epidemic
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Evaluation of different vaccination 
strategies

• Mass vaccination: Random vaccination 400 doses deliver daily in each
affected health zone.

• Targeted geographic vaccination: Vaccination of contacts and contacts of
contacts plus persons living around the place of residence of a case (i.e.,
in a radius of 100 meters) from a newly detected EVD case; Same
number of vaccination teams as in the case of ring vaccination, but
assume that they can vaccinate up to 80 persons per day.

• Ring+: Extending ring vaccination, with the same number of operating
teams and administered vaccine doses, by offering the vaccine also to
individuals living in the neighborhoods around health care facilities
where EVD patients consulted/were admitted
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Impact of different vaccination 
strategies



SAGE on Immunization
Interim Recommendations on Vaccination against EVD*

1. Implementation of innovative operational strategies
2. Revised vaccination strategy to adjust the target 

population for ring vaccination to include a second and 
third barrier of immunized individuals around each 
incident case

3. Alternative dosing for the rVSV-ZEBOV-GP vaccine.
4. Proposal to further adjust the protocol to incorporate 

alternative individual informed consent forms.
5. Implementation of a mass communication campaign.

*https://www.who.int/immunization/policy/position_papers/interim_ebola_recom
mendations_may_2019.pdf?ua=1https:/
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Conclusions

• Ring vaccination with rVSV vaccine is the most 
effective vaccination strategy to control the Ebola 
outbreak in the DRC.  

• The implementation of the vaccination strategy is 
the main reason that the epidemic is not rapidly 
growing in several health zones and sustaining its 
implementation is critical to eliminate Ebola in DRC. 



Thank you


