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Figure 1. Definitions of direct, indirect and total efficacy measures. Direct efficacy can be estimated through
comparison of the attack rate in vaccinated animals (ARV) and unvaccinated animals (ARU) that may be held in the
same herd to control for the background infectious pressure or through comparison of fully vaccinated and
unvaccinated herds. Indirect efficacy compares the attack rate in unvaccinated animals (ARUy) in a partially
vaccinated herd to that in unvaccinated control herds (ARU). Total efficacy compares the attack rate of all animals
in a partially vaccinated herd (AR) and unvaccinated control herds (ARU).
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Figure 2. Power to estimate Direct, Indirect and Total efficacy from a two-level design (SORI model). Expected
values of the Direct, Indirect and Total vaccine efficacies measured from a two-level design with trial duration of 3
years and with 75% of herds vaccinated at 50% and 25% of herds as unvaccinated whole-herd controls. We explore
a range of assumed vaccine-induced reductions in susceptibility (A,B) es = 30%, (C,D) es = 30%, (E,F) es = 90%)
and infectiousness (Linetype, g; = 0,30, 60,90%). The expected effect sizes (A,C,E) are illustrated by the median of
the posterior predictive distribution for each measure. Power (B,D,F) is calculated using a classical hypothesis test
on the relative risk of infection (RR) in vaccinated compared to unvaccinated animals (described fully in

Materials and methods section). Note that in this design Direct Efficacy can be estimated relative to either within-
herd (WH) or between-herd (BH) control animals. 100 herds provides >90% power to estimate a protective direct
efficacy for a true efficacy of 60%; however, >150 herds are required to achieve an 80% power to estimate a true
efficacy of 30%. The indirect efficacy is predicted to be close to zero as the extrinsic force of infection acting on
herds overwhelms the indirect protection provided by immunity within the herd. There is a ~50% probability of
estimating a negative indirect efficacy of vaccination across the number of herds explored. As a consequence of
the minimal indirect protection offered by vaccination, the Total Efficacy of vaccination with herds with 50%
coverage is approximately half that of the direct efficacy. The model predicts that a 90% power of estimating a
positive Total Efficacy would require >300 herds for a true direct efficacy of 60%.

DOI: https://doi.org/10.7554/eLife.27694.004
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Figure 2—figure supplement 1. Posterior predictive distributions for Direct, Indirect and Total efficacy from two-
level design (SORI model). Posterior predictive distributions for the direct, indirect and total vaccine efficacy
(effect size) as estimated by relative risk ratios plotted against the number of trial herds for a 3-year trial
duration. Direct efficacy is estimated in two ways using within-herd (WH) and between-herd (BH) controls. Median
effect size is plotted as a solid line, with shaded region illustrating 95% credible intervals. Plotted distributions are
for the most optimistic scenario of an assumed reduction in susceptibility and infectiousness of ¢7,; = 90%. While
the 95% credible interval for the effect size remains comfortably above zero for both measures of direct efficacy,
there is a substantial risk of estimating a erroneous negative indirect and total efficacy of vaccination even for this

most optimistic scenario.
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Figure 2—figure supplement 2. Power to estimate Direct, Indirect and Total efficacy from two-level design (SOR model). Expected values of the
Direct, Indirect and Total efficacies of vaccination using a two-level design with 50% of herds vaccinated at 25% and es = 30% of herds as unvaccinated
whole-herd controls. We explore a range of assumed vaccine-induced reductions in susceptibility (A,B) es = 30%, (C,D) es = 60%, (E,F) es = 90%) and
infectiousness (Linetype, e; =0, 30, 60, 90%). The expected effect sizes (A,C,E) are illustrated by the median of the posterior predictive distribution for
each measure. Power (B,D,F) is calculated using a classical hypothesis test on the relative risk of infection (RR) in vaccinated compared to unvaccinated
animals (described fully in Materials and methods section). Note that in this design, Direct Efficacy can be estimated relative to either within-herd (WH)
or between-herd (BH) control animals. 100 herds provides >90% power to estimate a protective direct efficacy for a true efficacy of 60%, however >150
herds are required to achieve an 80% power to estimate a true efficacy of 30%. For the SOR model, the indirect efficacy is predicted to be ~10% as a
consequence of the greater instantaneous number of infectious animals within herds as compared to the SORI model. This predicted effect size is still

Figure 2—figure supplement 2 continued on next page
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small and as such there is still only a 70% power of estimating a positive indirect efficacy for a study size of 300 herds. Power to estimate the Total
Efficacy is likewise increased with a >90% chance of estimating a positive Total Efficacy from 300 herds.
DOI: https://doi.org/10.7554/eLife.27694.006
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Figure 2—figure supplement 3. Posterior predictive distributions for Direct, Indirect and Total efficacy from two-
level design (SOR model). Posterior predictive distributions for the direct, indirect and total vaccine efficacy (effect
size) as estimated by relative risk ratios plotted against the number of trial herds for a 3-year trial duration. Direct
efficacy is estimated in two ways using within-herd (WH) and between-herd (BH) controls. Median effect size is
plotted as a solid line, with shaded region illustrating 95% credible intervals. Plotted distributions are for the most
optimistic scenario of an assumed reduction in susceptibility and infectiousness of eg, e; = 90%. While the 95%
credible interval for the effect size remains comfortably above zero for both measures of direct efficacy, there is a
substantial risk of estimating a erroneous negative indirect and total efficacy of vaccination even for this most
optimistic scenario.
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Figure 3. Posterior predictive distributions for within-herd prevalence for 3-, 6- and 9-year trial durations (SORI model). (A) Posterior predictive

distributions for the proportion of reactors disclosed within a herd (within-herd prevalence) for trial-durations of 3, 6 and 9 years under policies where
reactor animals are retained within herds (orange, FALSE) or removed when disclosed (blue, TRUE). Over a 3-year period, retention of reactors makes
very little difference to the overall attack rate due to the relatively low transmission rates and long inter-generational period. (B) Posterior predictive
distributions for the proportion of reactors disclosed within a herd (within-herd prevalence) for trial-durations of 3, 6 and 9 years in unvaccinated (0%
coverage, Blue) and partially vaccinated (50% coverage, Yellow) herds for the most optimistic scenario of an assumed reduction in susceptibility

and infectiousness of e, e, = 90%. Even for this most optimistic scenario, a 50% coverage of vaccination is predicted to have very little impact on within-

herd transmission for trial-durations of up to 9 years.
DOI: https://doi.org/10.7554/eLife.27694.008
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Figure 3—figure supplement 1. Posterior predictive distributions for within-herd prevalence for 3-, 6- and 9-year trial durations (SOR model). (A)
Posterior predictive distributions for the proportion of reactors disclosed within a herd (within-herd prevalence) for trial-durations of 3, 6 and 9 years
under policies where reactor animals are retained within herds (orange, FALSE) or removed when disclosed (blue, TRUE). Over a 3-year period,
retention of reactors makes very little difference to the overall attack rate due to the relatively low transmission rates and long inter-generational
period. (B) Posterior predictive distributions for the proportion of reactors disclosed within a herd (within-herd prevalence) for trial-durations of 3, 6 and
9 years in unvaccinated (0% coverage, Blue) and partially vaccinated (50% coverage, Yellow) herds for the most optimistic scenario of an assumed
reduction in susceptibility and infectiousness oes, e; = 90%. Even for this most optimistic scenario, a 50% coverage of vaccination is predicted to have

very little impact on within-herd transmission for trial-durations of up to 9 years.
DOV https://doi.org/10.7554/eLife.27694.009
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Figure 4. Power to estimate effect of vaccination on herd level incidence (SORI model). Simplest design to
measure vaccine effectiveness with 50:50 mix of control and vaccinated herds and a target coverage of either 50%
or 100% for a 3-year trial period. We explore a range of assumed vaccine-induced reductions in susceptibility (A,B)
es = 30%(C,D) es = 60%(E,F) es = 90% and infectiousness (e; =0, 30, 60, 90%). For an assumed vaccine efficacy of
90% (reduction in susceptibility), the SORI model predicts a ~ 10% reduction in herd level incidence (defined as
the proportion of herds with at least one DIVA test positive animal or slaughterhouse case) for 100% vaccination
coverage and ~ 5% for 50%. For this effect size ~ 500 herds would be required to achieve the target 80% trial
power for whole herd vaccination. In excess of 2000 herds (the upper range considered) would be required for a
50% within herd target coverage.

DOI: https://doi.org/10.7554/eLife.27694.010
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Figure 4—figure supplement 1. Posterior predictive distribution for effect size of vaccination on herd level
incidence (SORI model). Posterior predictive distribution of the % difference in incidence (effect size) between
vaccinated and control herds for a three-year trial duration for the SORI model plotted against herd size. Median
value is plotted as a solid line, with shaded region illustrating 95% credible intervals for 100% within-herd target
coverage of vaccination (black) and 50% target coverage (orange). Plotted distributions are for an assumed
reduction in susceptibility of e = 90% and the reduction in infectiousness as indicated in the heading of each
panel.

DOI: https://doi.org/10.7554/eLife.27694.011
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Figure 4—figure supplement 2. Predicted effect of vaccination on herd level incidence (SOR model). Simplest design to measure vaccine efficiency
with 50:50 mix of control and vaccinated herds and a target coverage of either 50 or 100% for a 3-year trial period. We explore a range of assumed
vaccine-induced reductions in susceptibility (A,B) es = 30%(C,D) es = 60%(E,F) es = 90% and infectiousness (¢; =0, 30, 60, 90%). For an assumed vaccine
efficacy of 90% (reduction in susceptibility) the SOR model predicts a ~ 12% reduction in herd level incidence (defined as the proportion of herds with
at least one DIVA test positive animal or slaughterhouse case) for 100% vaccination coverage and ~ 5% for 50%. For this effect size, ~ 500 herds would
be required to achieve the target 80% trial power for whole herd vaccination. In excess of 1500 herds would be required for a 50% within herd target
coverage.

DOI: https://doi.org/10.7554/eLife.27694.012
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Figure 4—figure supplement 3. Posterior predictive distribution for effect size of vaccination on herd level
incidence (SOR model). Posterior predictive distribution of the % difference in incidence (effect size) between
vaccinated and control herds for a 3-year trial duration for the SOR model plotted against herd size. Median value

is plotted as a solid line, with shaded region illustrating 95% credible intervals for 100% within-herd target
coverage of vaccination (black) and 50% target coverage (orange). Plotted distributions are for an assumed

reduction in susceptibility of e = 60% and the reduction in infectiousness ¢; as indicated in the heading of each

panel.
DOI: https://doi.org/10.7554/eLife.27694.013
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Figure 5. Predicted effect of vaccination on duration of restrictions (SORI model). Simplest design to measure
vaccine effectiveness with 50:50 mix of control and vaccinated herds and a target coverage of either 50 or 100%
for a 3-year trial period. We explore a range of assumed vaccine-induced reductions in susceptibility (A,B)

es = 30%(C,D) es = 90%(E,F) es = 90% and infectiousness (e; = 0, 30, 60, 90%). For an assumed vaccine efficacy of
90% (reduction in susceptibility), the SORI model predicts a ~ 20% reduction in prolonged breakdowns (defined as
the proportion of herds that take more than 1 short interval test to clear restrictions) for 100% vaccination
coverage and ~ 10% for 50%. For this effect size, ~ 250 herds would be required to achieve the target 80% trial
power for whole herd vaccination. In excess of 1500 herds (the upper range considered) would be required for a
50% within herd target coverage.

DOV https://doi.org/10.7554/eLife.27694.014
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Figure 5—figure supplement 1. Posterior predictive distribution for effect size of vaccination on duration of
restrictions (SORI model). Posterior predictive distribution of the % difference in the probability of a prolonged
breakdown (effect size) between vaccinated and control herds for a 3-year trial duration for the SORI model
plotted against herd size. Median value is plotted as a solid line, with shaded region illustrating 95% credible
intervals for 100% within-herd target coverage of vaccination (black) and 50% target coverage (orange). Plotted
distributions are for an assumed reduction in susceptibility of eg = 60% and the reduction in infectiousness ¢; as
indicated in the heading of each panel.

DOI: https://doi.org/10.7554/eLife.27694.015
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Figure 5—figure supplement 2. Predicted effect of vaccination on duration of restrictions (SOR model). Simplest design to measure vaccine
effectiveness with 50:50 mix of control and vaccinated herds and a target coverage of either 50 or 100% for a 3-year trial period. We explore a range of
assumed vaccine-induced reductions in susceptibility (A,B) es = 30%(C,D) es = 60%(E,F) 5 = 90% and infectiousness (e; = 0, 30, 60, 90%). For an
assumed vaccine efficacy of 90% (reduction in susceptibility), the SOR model predicts a ~ 15% reduction in prolonged breakdowns (defined as the
proportion of herds that take more than 1 short interval test to clear restrictions) for 100% vaccination coverage and ~ 5% for 50%. For this effect size, ~
400 herds would be required to achieve the target 80% trial power for whole herd vaccination. In excess of 2000 herds (the upper range considered)
would be required for a 50% within herd target coverage.
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Conlan et al. eLife 2018;7:€27694. DOI: https://doi.org/10.7554/eLife.27694 16 of 29


https://doi.org/10.7554/eLife.27694.016
https://doi.org/10.7554/eLife.27694

eLI FE Research article Computational and Systems Biology | Epidemiology and Global Health

o e

25 -
0 -

o
M
N 251 Coverage
S B 100%
Eﬁ — 50%
N

N
(63
1

o
1

60 90
100 200 300 100 200 300
Herds

—25 -

Figure 5—figure supplement 3. Posterior predictive distribution for effect size of vaccination on duration of
restrictions (SOR model). Posterior predictive distribution of the % difference in the probability of a prolonged
breakdown (effect size) between vaccinated and control herds for a 3-year trial duration for the SOR model plotted
against herd size. Median value is plotted as a solid line, with shaded region illustrating 95% credible intervals for
100% within-herd target coverage of vaccination (black) and 50% target coverage (orange). Plotted distributions
are for an assumed reduction in susceptibility of eg = 90% and the reduction in infectiousness ¢; as indicated in the
heading of each panel.
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Figure 6. Predicted effect of vaccination on probability of recurrence (SORI model). Simplest design to measure
vaccine effectiveness with 50:50 mix of control and vaccinated herds and a target coverage of either 50 or 100%
for a 3-year trial period. We explore a range of assumed vaccine-induced reductions in susceptibility (A,B)

es = 30%(C,D) es = 60%(E,F) es = 90% and infectiousness (e; = 0, 30, 60, 90%). For an assumed vaccine efficacy of
90% (reduction in susceptibility), the SORI model predicts a ~ 15% reduction in prolonged breakdowns (defined as
the proportion of herds that take more than 1 short interval test to clear restrictions) for 100% vaccination
coverage and ~ 5% for 50%. For this effect size, ~ 500 herds would be required to achieve the target 80% trial
power for whole herd vaccination. In excess of 2000 herds (the upper range considered) would be required for a
50% within herd target coverage.
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Figure 6—figure supplement 1. Posterior predictive distribution for effect size of vaccination on probability of
recurrence (SORI model). Posterior predictive distribution of the % difference in the probability of a recurrent
breakdown (effect size) between vaccinated and control herds for a 3-year trial duration for the SORI model
plotted against herd size. Median value is plotted as a solid line, with shaded region illustrating 95% credible
intervals for 100% within-herd target coverage of vaccination (black) and 50% target coverage (orange). Plotted
distributions are for an assumed reduction in susceptibility of eg = 90% and the reduction in infectiousness ¢; as
indicated in the heading of each panel.
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Figure 6—figure supplement 2. Predicted effect of vaccination on probability of recurrence (SOR model). Simplest design to measure vaccine

effectiveness with 50:50 mix of control and vaccinated herds and a target coverage of either 50 or 100% for a 3-year trial period. We explore a range of

Figure 6—figure supplement 2 continued on next page
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Figure 6—figure supplement 2 continued

assumed vaccine-induced reductions in susceptibility (A,B) es = 30%(C,D) es = 60%(E,F) es = 90% and infectiousness (g; = 0, 30, 60, 90%). For an
assumed vaccine efficacy of 90% (reduction in susceptibility), the SOR model predicts a ~ 15% reduction in prolonged breakdowns (defined as the
proportion of herds that take more than 1 short interval test to clear restrictions) for 100% vaccination coverage and ~ 5% for 50%. For this effect size, ~
300 herds would be required to achieve the target 80% trial power for whole herd vaccination. In excess of 2000 herds (the upper range considered)
would be required for a 50% within herd target coverage.
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Figure 6—figure supplement 3. Posterior predictive distribution for effect size of vaccination on probability of
recurrence (SOR model). Posterior predictive distribution of the % difference in the probability of a prolonged
breakdown (effect size) between vaccinated and control herds for a 3-year trial duration for the SOR model plotted
against herd size. Median value is plotted as a solid line, with shaded region illustrating 95% credible intervals for
100% within-herd target coverage of vaccination (black) and 50% target coverage (orange). Plotted distributions
are for an assumed reduction in susceptibility of eg = 90% and the reduction in infectiousness ¢;as indicated in the

heading of each panel.
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Appendix 2—figure 1. Experimental transmission study to demonstrate vaccine efficacy Both phases consist of two experimental groups with 52(4N)
co-housed animals. Within each experimental group there is a balanced number of seeder (26, 2N) and sentinel animals (26,2N). 50% of the sentinel
animals are vaccinated (N = 13) and 50% unvaccinated controls (N = 13). For Phase | the seeders (Sg) are recruited from the field. At the end of Phase |,

the exposed control animals and vaccinated animals are group together and used as the seeder animals (Sy and Sy respectively) and set in contact with
a fresh set of (uninfected) sentinels.
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Appendix 2—figure 2. Power to estimate 75% total vaccine efficacy for SOR and SORI parameter estimates for contact times of one, two and three
years Statistical power as a function of group size to estimate a significant difference in vaccinated and unvaccinated groups at the 95% level for an
effect size of 75% total vaccine efficacy based upon SOR and SORI parameter estimates. Grey line indicates the 80% power level.
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Appendix 2—figure 2—figure supplement 1. Power to estimate 50% total vaccine efficacy for SOR and SORI parameter estimates for contact times of

1, 2 and 3 years Statistical power as a function of group size to estimate a significant difference in vaccinated and unvaccinated groups at the 95% level
for an effect size of 50% total vaccine efficacy based upon SOR and SORI parameter estimates. Grey line indicates the 80% power level.
DOI: https://doi.org/10.7554/eLife.27694.035
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Appendix 2—figure 2—figure supplement 2. Power to estimate 25% total vaccine efficacy for SOR and SORI parameter estimates for contact times of
one, two and three years Statistical power as a function of group size to estimate a significant difference in vaccinated and unvaccinated groups at the
95% level for an effect size of 25% total vaccine efficacy based upon SOR and SORI parameter estimates. Grey line indicates the 80% power level.
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Appendix 3—figure 1. Posterior estimates of rates of cattle-to-cattle transmission from Weybridge pilot study
(Left) Posterior distribution and maximum likelihood estimate for frequency dependent transmission rate (B)
calculated from final size distribution (Khatri et al., 2012 (Right) Posterior predictive distributions for effective
(frequency dependent) transmission parameter (8) from field estimates of the SOR transmission model with an
assumed herd size of 10 (black) and 100 (orange, dashed). MLE estimate from Weybridge pilot study is show by
vertical black dashed line.
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Appendix 3—figure 2. Simulated probability of a randomly selected reactor being in the S, R or | compartment for the SORI 2012 and SORI 2015
models Predictive distributions for the probability of reactor animals being in the S, O, R and | compartments for the SORI 2012 and SORI 2015 models.
For consistency, these proportions are used as initial conditions for ‘reactor’ animals used as seeders in Phase | for the respective model scenarios. The
true proportion of individuals in each epidemiological state will depend on the distribution of latent periods — which is unknown — but assumed to be
exponential for these models (constant rate of progression).
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Appendix 3—figure 3. Point predictions for the predicted experimental
R

for a 1 year transmission experiment from field estimates of bTB transmission rates (Appendix 3—table 1).
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