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PICOBOO Recap

• COVID-19 vaccinations in immunocompetent participants 

• Participants randomised to receive a booster dose and may be rerandomised

• Strata: Primary schedule and age group

• Interventions: Pfizer, Moderna, Novavax, …

• Primary estimand: log10 ancestral SARS-CoV2 anti-spike IgG at 28 days

• Decision rules: Stop recruitment if adequate precision



Notation
• Participant: 𝑖𝑖 ∈ 𝑰𝑰 = {1,2, … ,𝑁𝑁}

• Primary Schedule: 𝑗𝑗 ∈ 𝑱𝑱 = {AZ, Pf, Mod}

• Age Group: 𝑙𝑙 ∈ 𝑳𝑳 = {12 −< 18, 18 −< 50, 50 −< 70, ≥ 70}

• Intervention: 𝑘𝑘 ∈ 𝑲𝑲 = {Pf, Mod, Nvx, Pf BA. 1, Mod BA. 1, Pf BA. 4/5, Mod BA. 4/5}

• Booster Number: 𝑚𝑚 ∈ 𝑴𝑴𝒊𝒊 ⊆ 𝑴𝑴 = {1,2,3}

• Covariates: 𝒙𝒙𝒊𝒊𝒊𝒊 = {𝑥𝑥𝑖𝑖𝑖𝑖𝑖, 𝑥𝑥𝑖𝑖𝑖𝑖𝑖, … , 𝑥𝑥𝑖𝑖𝑖𝑖𝑖𝑖}

• Outcome: 𝒚𝒚𝒊𝒊𝒊𝒊𝒌𝒌∗𝒍𝒍 ∈ ℝ 𝑀𝑀𝑖𝑖 ⊆ ℝ3 (𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∈ ℝ,𝒌𝒌∗ ⊆ 𝑲𝑲)
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Mean response conditional on covariates
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𝒀𝒀𝒊𝒊𝒊𝒊𝒌𝒌∗𝒍𝒍 ∼ N 𝜇𝜇𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 + 𝒙𝒙𝒊𝒊𝒊𝒊𝜷𝜷
𝑀𝑀𝑖𝑖 , 𝚺𝚺𝒍𝒍 𝑀𝑀𝑖𝑖 × 𝑀𝑀𝑖𝑖

3x3 variance-covariance matrixMultivariate outcome

Vector is length 𝑀𝑀𝑖𝑖 Matrix has dimension 𝑀𝑀𝑖𝑖 × 𝑀𝑀𝑖𝑖



Example: Participant has outcomes for 4th and 5th dose

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑌𝑌𝑖𝑖𝑖𝑖𝑘𝑘′𝑙𝑙𝑙

∼ N
𝜇𝜇𝑗𝑗𝑗𝑗𝑗𝑗𝑗 + 𝒙𝒙𝒊𝒊𝒊𝒊𝜷𝜷
𝜇𝜇𝑗𝑗𝑘𝑘′𝑙𝑙𝑙 + 𝒙𝒙𝒊𝒊𝒊𝒊𝜷𝜷

,
𝜎𝜎𝑙𝑙2 𝑟𝑟𝑙𝑙23𝜎𝜎𝑙𝑙2

𝑟𝑟𝑙𝑙𝑙𝑙𝜎𝜎𝑙𝑙2 𝜎𝜎𝑙𝑙2
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𝜇𝜇𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 ∼ N(𝜇𝜇𝑗𝑗𝑗𝑗𝑗𝑗 , 𝜏𝜏𝑗𝑗𝑗𝑗𝑗𝑗2 )First level: share between booster doses
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𝜇𝜇𝑗𝑗 ∼ N log10(20,517) , 0.52



Other prior distributions

𝛽𝛽𝑝𝑝 ∼ N(0,1)

𝚺𝚺𝒍𝒍 = 𝑸𝑸𝒍𝒍𝑹𝑹𝒍𝒍𝑸𝑸𝒍𝒍

𝑸𝑸𝒍𝒍 = 𝜎𝜎𝑙𝑙𝑰𝑰𝟑𝟑

𝑹𝑹𝒍𝒍 =
1 𝑟𝑟𝑙𝑙𝑙𝑙 𝑟𝑟𝑙𝑙𝑙𝑙
𝑟𝑟𝑙𝑙21 1 𝑟𝑟𝑙𝑙23
𝑟𝑟𝑙𝑙31 𝑟𝑟𝑙𝑙32 1

𝜎𝜎𝑙𝑙 ∼ Exponential(0.5)

𝑹𝑹𝒍𝒍 ∼ LKJcorr1(2)

1Lewandowski, et. al. (2009) – Cholesky decomposition



Simulated example

Assume:

𝑖𝑖 ∈ 𝑰𝑰 = 1,2, … , 300

𝑗𝑗 ∈ 𝑱𝑱 = {Pf}

𝑙𝑙 ∈ 𝑳𝑳 = {12 −< 18, 18 −< 50, 50 −< 70,≥ 70}

𝑘𝑘 ∈ 𝑲𝑲 = {Pf, Mod, Nvx}

𝑚𝑚 ∈ 𝑴𝑴𝒊𝒊 = 𝑴𝑴 = {2,3}

Scenarios:

1) SD = 0.2

2) SD = 0.3

3) SD = 0.4

4) SD = 0.5



Precision comparison



Change in precision



Change in precision

Are these changes meaningful?
It depends!

If the mean on the untransformed scale is 30,000 units (similar to our 
data) then an increase (decrease) of the precision of 0.04 units on the 

log10 scale corresponds to 3,000 units on the untransformed scale 

The benefits scale with the variability!



First Scheduled Analysis

𝑖𝑖 ∈ 𝑰𝑰 = {1,2, … , 266∗}

𝑗𝑗 ∈ 𝑱𝑱 = {AZ, Pf}

𝑙𝑙 ∈ 𝑳𝑳 = {12 −< 18,18 −< 50, 50 −< 70,≥ 70}

𝑚𝑚 ∈ 𝑴𝑴 = {1,2} but no rerandomised participants

*Analysis scheduled for 300 but only 266 “eligible” samples due to missed visit 
windows, exclusion due to COVID-19 infection, etc.



First Scheduled Analysis – Precision Comparison



Discussion

• Bayesian hierarchical model efficiently estimates parameters by allowing for 
information borrowing between subgroups

• Gains in precision scale with data variability (perhaps not surprisingly)

• Is the additional statistical machinery worthwhile?

• Will the gains (or lack of gains) in precision vary as PICOBOO progresses?
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