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Pharmacometrics is positioned to have a greater impact in the vaccine space



3

Motivation: Heterogeneity in vaccine efficacy, trial size & time

Methods, Real vaccine example, Simulations: 
Framework for immunogenicity-based estimation of efficacy in subgroups

Background: Predictive biomarkers in vaccine development

Conclusions: Impact in vaccine development and future work

Outline



Are some demographic groups less protected than others?
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Assessing covariate effects on vaccine efficacy (VE) in phase 3 is challenging
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Phase 3 trials are typically designed for overall VE 
assessment

Covariate effects on VE are often evaluated in 
effectiveness studies
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Phase 3 trials are typically designed for overall VE 
assessment

Phase 3 randomized clinical trial of Vaxzevria for COVID-19 
prevention (~30 thousand participants) did not reveal significant 
age effect on efficacy

Falsey AR et al. Phase 3 Safety and Efficacy of AZD1222 (ChAdOx1 nCoV-19) Covid-19 Vaccine. 
The New England Journal of Medicine 385, 2348-2360 (2021).

Covariate effects on VE are often evaluated in 
effectiveness studies
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Phase 3 trials are typically designed for overall VE 
assessment

Phase 3 randomized clinical trial of Vaxzevria for COVID-19 
prevention (~30 thousand participants) did not reveal significant 
age effect on efficacy

Falsey AR et al. Phase 3 Safety and Efficacy of AZD1222 (ChAdOx1 nCoV-19) Covid-19 Vaccine. 
The New England Journal of Medicine 385, 2348-2360 (2021).

Covariate effects on VE are often evaluated in 
effectiveness studies

Cerqueira-Silva T et al. Influence of age on the effectiveness and duration of protection of 
Vaxzevria and CoronaVac vaccines: A population-based study. The Lancet Regional Health –
Americas 6, 1001544 (2022).

Retrospective study of >75 million Brazilian vaccinees showed 
significant age effect on effectiveness of Vaxzevria
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Could we have anticipated this?



Precision of efficacy can be increased by using additional information
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https://www.fda.gov/regulatory-information/search-fda-guidance-documents/adjusting-
covariates-randomized-clinical-trials-drugs-and-biological-products

2023: FDA Guidance “Adjusting for Covariates in Randomized 
Clinical Trials for Drugs and Biological Products”

2020: Benkeser et al.’s article “Improving precision and power in 
randomized trials for COVID-19 treatments using covariate adjustment, 
for binary, ordinal, and time-to-event outcomes”

Benkeser D et al. Improving precision and power in randomized trials for COVID-19 treatments using 
covariate adjustment, for binary, ordinal, and time-to-event outcomes. Biometrics 77, 1139-1508 
(2021).



10

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/adjusting-
covariates-randomized-clinical-trials-drugs-and-biological-products

2023: FDA Guidance “Adjusting for Covariates in Randomized 
Clinical Trials for Drugs and Biological Products”

2020: Benkeser et al.’s article “Improving precision and power in 
randomized trials for COVID-19 treatments using covariate adjustment, 
for binary, ordinal, and time-to-event outcomes”

Benkeser D et al. Improving precision and power in randomized trials for COVID-19 treatments using 
covariate adjustment, for binary, ordinal, and time-to-event outcomes. Biometrics 77, 1139-1508 
(2021).

Can use of a predictive biomarker increase precision of VE?

Precision of efficacy can be increased by using additional information



Biomarkers in vaccine development
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Cox RJ, Brokstad KA. Not just antibodies: B cells and T cells mediate immunity to COVID-19. 
Nature Reviews Immunology 20, 581-582 (2020).

Immunogenicity: immune responses (antibodies, T cells) 
induced by vaccination
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Cox RJ, Brokstad KA. Not just antibodies: B cells and T cells mediate immunity to COVID-19. 
Nature Reviews Immunology 20, 581-582 (2020).

Immunogenicity: immune responses (antibodies, T cells) 
induced by vaccination

Correlate of protection (CoP): an immune marker that 
correlates with and may be biologically responsible for 
vaccine-induced protection

Plotkin SA, Gilbert PB. Correlates of protection. Plotkin’s Vaccines. 7th ed., 35-40 
(Elsevier, 2017).

Dudasova J et al. A method to estimate probability of disease and vaccine efficacy 
from clinical trial immunogenicity data. npj Vaccines 6, 133 (2021).



Methods: Modeling probability of disease (PoD) with phase 3 data
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Step 1: Is immunogenicity biomarker a CoP?
               (Multiple logistic regression)

Step 2: Estimate VE in covariate-defined subgroups using 
the immunogenicity marker

Step 3: Qualification of the model
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Step 1: Is immunogenicity biomarker a CoP?
               (Multiple logistic regression)

•  Linear or non-linear effect of immunogenicity titer, 𝑇𝑇

Step 2: Estimate VE in covariate-defined subgroups using 
the immunogenicity marker

Step 3: Qualification of the model

y = 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇 + 𝛽𝛽2𝑇𝑇2

Dudasova J et al. Elucidating vaccine efficacy using a correlate of protection, demographics, and logistic regression. BMC Medical Research Methodology 24, 101 (2024).

𝑦𝑦 = ln
𝑝𝑝

1 − 𝑝𝑝
= 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇
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Dudasova J et al. Elucidating vaccine efficacy using a correlate of protection, demographics, and logistic regression. BMC Medical Research Methodology 24, 101 (2024).

Prentice RL. Surrogate endpoints in clinical trials: definition and operational criteria. Statistics in Medicine 8, 431-440 (1989).
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Step 1: Is immunogenicity biomarker a CoP?
               (Multiple logistic regression)

•  Linear or non-linear effect of immunogenicity titer, 𝑇𝑇

• Effect of baseline covariates, e.g., 𝐴𝐴

• Prentice criterion 4 for a CoP: conditional independence of vaccination status, 𝑉𝑉

Step 2: Estimate VE in covariate-defined subgroups using 
the immunogenicity marker
• Use the best-fitting PoD model from Step 1

Step 3: Qualification of the model

Calculate 95% confidence interval accounting for: 
• the uncertainty regarding the PoD curve parameters 

(by parametric resampling of the posterior distribution for parameters)
• the variability in the observed data (by bootstrapping)

VE = 1 − RR = 1 − 𝑝𝑝vaccinated
𝑝𝑝control ,𝑦𝑦 = ln

𝑝𝑝
1 − 𝑝𝑝

= 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇 y = 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇 + 𝛽𝛽2𝑇𝑇2

𝑦𝑦 = 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇 + 𝛽𝛽2𝐴𝐴 + 𝛽𝛽1,2𝐴𝐴 � 𝑇𝑇

𝑦𝑦 = 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇 + 𝛽𝛽2𝐴𝐴 + 𝛽𝛽3𝑉𝑉
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Dudasova J et al. Elucidating vaccine efficacy using a correlate of protection, demographics, and logistic regression. BMC Medical Research Methodology 24, 101 (2024).

Prentice RL. Surrogate endpoints in clinical trials: definition and operational criteria. Statistics in Medicine 8, 431-440 (1989).

𝑦𝑦 = 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇 + 𝛽𝛽2𝐴𝐴
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Step 2: Estimate VE in covariate-defined subgroups using 
the immunogenicity marker
• Use the best-fitting PoD model from Step 1

Step 3: Qualification of the model
• Evaluate degree of consistency between VE estimated in Step 2 and case-count VE

• Use an independent dataset when possible

𝑦𝑦 = 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇 + 𝛽𝛽2𝐴𝐴

𝑦𝑦 = ln
𝑝𝑝

1 − 𝑝𝑝
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Calculate 95% confidence interval accounting for: 
• the uncertainty regarding the PoD curve parameters 

(by parametric resampling of the posterior distribution for parameters)
• the variability in the observed data (by bootstrapping)



Case-study: Immune correlates assessment and immunogenicity-based VE 
for Zoster Vaccine (Zostavax)
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Step 1: Is immunogenicity biomarker a CoP?
               (Multiple logistic regression)

Step 2: Estimate VE in covariate-defined subgroups using 
the immunogenicity marker

Step 3: Qualification of the model
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Step 1: Is immunogenicity biomarker a CoP?
               (Multiple logistic regression)

Step 2: Estimate VE in covariate-defined subgroups using 
the immunogenicity marker

Step 3: Qualification of the model

• Effect of age on PoD is insignificant
• Effect of vaccination status on PoD is insignificant

PoD = Probability of Disease

• Effect of age on immunogenicity is significant
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Step 1: Is immunogenicity biomarker a CoP?
               (Multiple logistic regression)

Step 2: Estimate VE in covariate-defined subgroups using 
the immunogenicity marker

Step 3: Qualification of the model

Age group Control Vaccinated Vaccine Efficacy, % (95% CI)

Person-years 
at risk

Cases
Person-

years at risk
Cases Case-count-

based estimation
Immunogenicity-
based estimation

Younger 
(≤ 69 years)

1,059 12 983 5 55 (-27 to 84) 58 (24 to 68)

Older 
(≥ 70 years)

654 11 728 4 67 (-2 to 90) 52 (18 to 63)

1,326 participants of the immunogenicity  substudy to the phase 3 Shingles Prevention Study (SPS), 32 cases:

Levin MJ et al. Varicella-zoster virus–specific immune responses in elderly recipients of a herpes zoster vaccine. The 
Journal of Infectious Diseases 197, 825-835 (2008).

Oxman MN et al. A vaccine to prevent herpes zoster and postherpetic neuralgia in older adults. The New England 
Journal of Medicine 352, 2271-2284 (2005).

PoD = Probability of Disease

• Effect of age on PoD is insignificant
• Effect of vaccination status on PoD is insignificant

• Effect of age on immunogenicity is significant
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Step 1: Is immunogenicity biomarker a CoP?
               (Multiple logistic regression)

Step 2: Estimate VE in covariate-defined subgroups using 
the immunogenicity marker

Step 3: Qualification of the model

Age group Control Vaccinated Vaccine Efficacy, % (95% CI)

Person-years 
at risk

Cases
Person-

years at risk
Cases Case-count-

based estimation
Immunogenicity-
based estimation

Younger 
(≤ 69 years)

1,059 12 983 5 55 (-27 to 84) 58 (24 to 68)

Older 
(≥ 70 years)

654 11 728 4 67 (-2 to 90) 52 (18 to 63)

1,326 participants of the immunogenicity  substudy to the phase 3 Shingles Prevention Study (SPS), 32 cases:

Levin MJ et al. Varicella-zoster virus–specific immune responses in elderly recipients of a herpes zoster vaccine. The 
Journal of Infectious Diseases 197, 825-835 (2008).

Oxman MN et al. A vaccine to prevent herpes zoster and postherpetic neuralgia in older adults. The New England 
Journal of Medicine 352, 2271-2284 (2005).

38,546 participants of the phase 3 SPS, 957 cases:

Age group Vaccine Efficacy, % (95% CI),
Case-count-based estimation

Younger 
(≤ 69 years)

64 (56 to 71)

Older 
(≥ 70 years)

38 (25 to 48)PoD = Probability of Disease

• Effect of age on PoD is insignificant
• Effect of vaccination status on PoD is insignificant

• Effect of age on immunogenicity is significant



Simulated vaccine phase 3 trials: Immunogenicity-based VE estimated by logistic 
regression is accurate and precise, when immunogenicity fully mediates the protection  

23Dudasova J et al. Elucidating vaccine efficacy using a correlate of protection, demographics, and logistic regression. BMC Medical Research Methodology 24, 101 (2024).

Definition of simulation scenarios i, ii, iii, iv by shapes of the true 
PoD curve

VE point estimates by immunogenicity-based logistic 
regression are generally closer to the “truth” (lower variance)



Additional resources
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https://cran.r-project.org/web/packages/vaxpmx/index.html

2024: R package vaxpmx available at CRAN2024: Dudasova et al.’s article “Elucidating vaccine efficacy using 
a correlate of protection, demographics, and logistic regression”

Dudasova J et al. Elucidating vaccine efficacy using a correlate of protection, demographics, and 
logistic regression. BMC Medical Research Methodology 24, 101 (2024).
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Summary of learnings:

• Use of immunogenicity data can increase precision in estimating vaccine efficacy

• Key especially in analyses of data from smaller trials (e.g., phase 2b studies), or in subgroup analyses in phase 3 trials

• Illustrated with a real vaccine example

• Demonstrated via a simulation study

• Implemented in the vaxpmx R package

Impact:

• Understanding heterogeneity in efficacy sooner enables better-informed decisions by:

• vaccines developers (e.g., go/no-go decisions, reformulation strategies, booster strategies)

• public health authorities (e.g., decisions based on risk-benefit profile, vaccine recommendations, modifications to immunization schedules) 

Future work:

• Predicting durability of efficacy using time-dependent immunogenicity
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Let’s impact the vaccine space with modeling and simulation together…
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