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Abstract 

This study proposes a three-part model to assess and characterize the risk of serious adverse 

events (SAEs) when two vaccines are administered on the same day or in close proximity within 

a self-controlled case series framework. Simulations showed that the three-part model yielded 

unbiased relative incidences (RIs) after each vaccination and during the overlapping risk period, 

while censoring follow-up at dose 2 reduced estimation precision but produced unbiased point 

estimates. Assuming positive multiplicative and positive additive effects, including the 

overlapping risk period in the first risk interval overestimated the RI after the first dose by 6.0%-

26.0%, while including it in the second overestimated the second RI by 7.3%-34.0%. Overall 

analysis using the three-part model found no increased ischemic stroke risk 42 days after 

Pfizer-BioNTech bivalent COVID-19 vaccination or after influenza vaccination or during the 

overlapping risk period among Kaiser Permanente Southern California members <65 years.  

Among those with a prior-year history of SARS-CoV-2 infection, the overlapping period showed 

a significantly increased risk (RI=2.74 [95% confidence intervals, 1.07–7.07]), indicating both 

positive multiplicative and additive effects. Further research is needed to validate these 

ischemic stroke findings with chart review confirmation and to apply the model to other 

vaccination scenarios. 

Keywords: self-controlled case series; coadministration; overlapping risk period; simulation; 
vaccine safety study; ischemic stroke; mRNA COVID-19 vaccines; influenza vaccines 
 

Abbreviations: SAE, serious adverse event; SCCS, self-controlled case series design; MMR, 

measles-mumps-rubella vaccination; ITP, immune thrombocytopenic purpura; GBS, Guillain-

Barré syndrome; RI, relative incidence. 

 

Past vaccine safety studies have shown that the risk intervals for some serious adverse events 

(SAEs) can last weeks after vaccination. For example, in studies examining the association 

between measles-mumps-rubella vaccination (MMR) and immune thrombocytopenic purpura 

(ITP) among children aged 12-23 months, it was found that the risk of ITP was elevated 3.2-
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14.6-fold 1-42 days after MMR vaccination (1,2). In another study, an increased risk of Guillain-

Barré syndrome (GBS) was observed 1-42 days following administration of monovalent 

inactivated vaccine against H1N1 (3). Because of the weeks-long risk interval, an overlapping 

risk period can occur when different vaccines are administered on the same day or in close 

proximity. Coadministration of different vaccines on the same day, such as COVID-19 and 

influenza vaccines, is a strategy recommended by the Centers for Disease Control and 

Prevention (CDC) to enhance vaccination coverage and prevent missed opportunities (4). 

Coadministration has been shown to improve vaccination rates by reducing the number of 

healthcare visits required, which is especially beneficial during pandemics or peak influenza 

seasons (5). Studies have demonstrated that administering COVID-19 and influenza vaccines 

simultaneously is generally safe and effective. For instance, a randomized controlled trial 

showed that coadministration of COVID-19 and influenza vaccines did not compromise the 

immune response to either vaccine, while maintaining a favorable safety profile (6). Another 

study reported similar immunogenicity and no significant increase in adverse events when 

COVID-19 and influenza vaccines were given together compared to when they were given as 

separate administrations (7). However, several studies have shown inconsistent results 

regarding the potential association between ischemic stroke and bivalent COVID-19 vaccination 

coadministered with influenza vaccination on the same day. Specifically, a self-controlled case 

series (SCCS) study conducted in England reported no increased risk of ischemic stroke 

following coadministration of bivalent COVID-19 and influenza vaccines among individuals aged 

65 years and older (8). Similarly, a study among Medicare beneficiaries aged 65 and older 

showed no significantly elevated risk for stroke immediately after receiving bivalent COVID-19 

vaccine (9). However, among Medicare beneficiaries who received a bivalent COVID-19 

vaccine along with a high-dose or adjuvanted influenza vaccine, there was a significant 

association with nonhemorrhagic stroke within 22 to 42 days post-vaccination for the Pfizer-

BioNTech bivalent COVID-19 vaccine and a significant association with transient ischemic 
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attack within 1 to 21 days post-vaccination for the Moderna bivalent COVID-19 vaccine (9). 

Another SCCS study identified a marginally statistically significant elevated risk of ischemic 

stroke among individuals <65 years who received the Pfizer-BioNTech bivalent COVID-19 

vaccine and the influenza vaccine on the same day (10). 

 

Overlapping risk periods can also occur when two doses of the same vaccine are administered 

in close succession, such as in the two-dose primary series of mRNA COVID-19 vaccines 

(Pfizer-BioNTech COVID-19 vaccine [BNT162b2] and Moderna COVID-19 vaccine [mRNA-

1273]). If two doses of the same vaccine are administered in close proximity, there could be an 

overlapping risk period where the two risk intervals overlap. It is methodologically challenging 

and clinically important to appropriately assess and characterize the risk of SAEs for two 

different vaccines administered together (or in close succession) or the two-dose primary series 

of mRNA COVID-19 vaccines due to the overlapping risk intervals.  

 

Past studies considered only the risk of SAEs following bivalent COVID-19 vaccination alone 

and following coadministration with the influenza vaccine on the same day, without accounting 

for the risk after influenza vaccination alone and coadministration of bivalent COVID-19 vaccine 

in close proximity but not on the same day. In this study, we propose a three-part model within 

the SCCS framework to estimate the risk associated with each of the two vaccines individually, 

as well as during their overlapping risk period, and to further characterize the risk during this 

overlap. In a simulation study, we compared the three-part model to three existing methods that 

avoid the overlapping risk period issue (11,12). We applied the three-part model to assess the 

risk of ischemic stroke after Pfizer-BioNTech bivalent COVID-19 vaccination and influenza 

vaccination among Kaiser Permanente Southern California (KPSC) members < 65 years during 

the 2022-2023 season. 
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METHODS 
 
Standard SCCS 
 
The standard SCCS design was originally developed for studying transient exposures like 

vaccinations and acute recurrent outcomes such as febrile convulsions and aseptic meningitis 

(12, 13). In this design, an individual's observation period is divided into risk and control 

intervals, allowing for the comparison of incidence rates within the same individual and implicit 

adjustment for time-invariant confounders. SCCS data are typically analyzed using conditional 

Poisson regression or fixed effect models, conditioning on the total number of SAEs within each 

individual (12-14). Standard SCCS can be applied for multiple exposures. When multiple doses 

are administered on the same day or different days, an interaction term for the multiple 

exposures is included in the SCCS model to estimate the risk during the overlapping risk period 

(12); however, the parameterization for the overlapping risk period is a function of the risk after 

each vaccine and does not fully characterize the risk during the overlapping risk period. 

A three-part model for two doses of vaccines 
 

In this study, we considered risk of SAEs after coadministration of multiple doses of vaccines 

both on the same day and in close proximity in addition to risk of SAEs after each dose. Let d1 

and d2 represent the two doses, and r1 and r2 represent the two risk intervals after d1 and d2, 

respectively. The control intervals, risk intervals, and a possible overlapping risk period are 

illustrated in Figure 1. 

These doses can be the two doses of the same vaccine, such as the 2-dose primary series of 

mRNA COVID-19 vaccines, or one dose each of two different vaccines, such as the bivalent 

COVID-19 vaccine and the influenza vaccine. Further, let β1 and β2 represent the coefficients 

for the relative incidence (RI) of a SAE of interest during r1 and r2, respectively, as compared to 

control intervals. For those who received 2 doses, if d2 was administered after r1 (there was no 

overlap between r1 and r2), assuming known risk intervals and a constant risk, and conditioning 
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on the total number of SAEs within an individual, the conditional likelihood can be calculated as 

follows: 

𝐿𝑁𝑂 = [
𝐶0 exp(𝐗c0𝛉)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1)+𝐶1 exp(𝐗c1𝛉)+ 𝑅2 exp(𝐗r2𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑐0

 

[
 𝑅1 exp(𝐗r1𝛉+β1)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1)+𝐶1 exp(𝐗c1𝛉)+ 𝑅2 exp(𝐗r2𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑟1

 

[
𝐶1 exp(𝐗c1𝛉)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1)+𝐶1 exp(𝐗c1𝛉)+ 𝑅2 exp(𝐗r2𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑐1

 

[
𝑅2 exp(𝐗r2

𝛉+β2)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1)+𝐶1 exp(𝐗c1𝛉)+ 𝑅2 exp(𝐗r2𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑟2

  

[
𝐶2exp (𝐗c2𝛉)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1)+𝐶1 exp(𝐗c1𝛉)+ 𝑅2 exp(𝐗r2𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑐2

   (1) 

 

where 𝐶0, 𝑅1, 𝐶1, 𝑅2, and 𝐶2 represent person-time in days for the partitioned intervals (Figure 

1); 𝑦𝑐0
, 𝑦𝑟1

, 𝑦𝑐1
, 𝑦𝑟2

, and 𝑦𝑐2
 are numbers of SAEs in these intervals (for rare SAE, they are binary 

values of 1 or 0); β1 and β2 are the coefficients for the vaccination effects after doses 1 and 2; 

𝐗𝑐0
, 𝐗r1

, 𝐗c1
, 𝐗r2

, and 𝐗c2
 represent the row vector of time-varying covariates for these intervals; 

and 𝛉 represents the column vector of corresponding coefficients. Time-varying covariates 

include, but are not limited to, factors such as seasonality. Although seasonality and other time-

varying covariates were incorporated into the theoretical models, for simplicity, they were not 

included in the simulation. 

If d2 was administered during r1, there was an overlap between r1 and r2. Let  r12 denote the 

overlapping risk period with a length of 𝑅12 and β12 denote the coefficient for the  RI12 of an 

SAE. The conditional likelihood for individuals with an overlapping risk period can be calculated 

as: 
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𝐿𝑂𝐿 = [
𝐶0 exp(𝐗c0

𝛉)

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)+ 𝑅12 exp(𝐗 r12𝛉+β12)+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑐0

 

[
𝑅1

′ exp(𝐗
r1

′ 𝛉+β1)

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)+ 𝑅12 exp(𝐗 r12𝛉+β12)+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦
𝑟1

′

 

[
 𝑅12 exp(𝐗 r12𝛉+β12)

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)+ 𝑅12 exp(𝐗 r12𝛉+β12)+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑟12

 

[
𝑅2

′ exp(𝐗
r2

′ 𝛉+β1)

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)+ 𝑅12 exp(𝐗 r12𝛉+β12)+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦
𝑟2

′

   

[
𝐶2exp (𝐗c2𝛉)

𝐶0 exp(𝐗c0
𝛉)+𝑅1

′ exp(𝐗
r1

′ 𝛉+β1)+ 𝑅12 exp(𝐗 r12
𝛉+β12)+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2
𝛉)

]

𝑦𝑐2

   (2) 

where 𝑅1
′ =  𝑅1 −  𝑅12 and 𝑅2

′ =  𝑅2 −  𝑅12.  

For those who received only one dose, the likelihood function is:  

𝐿𝑑1 = [
𝐶0 exp(𝐗𝑐0𝛉)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1)+𝐶1 exp(𝐗c1𝛉)
]

𝑦𝑐0

 [
 𝑅1 exp(𝐗 𝑟1𝛉+β1)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1)+𝐶1 exp(𝐗c1𝛉)
]

𝑦𝑟1

 

[
𝐶1 exp(𝑿𝑐1𝛉)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1)+𝐶1 exp(𝐗c1𝛉)
]

𝑦𝑐1

      (3) 

 

Maximum likelihood estimates of β1, β2, and β12 can be obtained by maximizing the likelihood 

functions. Estimated RIs after doses 1 and 2 and during the overlapping risk period are RÎ1 =

eβ̂1 , RÎ2 = eβ̂2 and RÎ12 = eβ̂12. 

Three other methods and their likelihood functions 

In addition to the three-part model, three other methods have been used to avoid the 

overlapping risk period issue: 1) censoring follow-up upon receiving dose 2; 2) including the 

overlapping risk period in r1, although this approach is uncommon; and 3) including the 

overlapping risk period in r2 (Figure 2).  

The likelihood function for the overlapping risk period 𝐿𝑂𝐿 can be modified to model these three 

other methods.   

1) For censoring follow-up upon receiving dose 2: 
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𝐿𝑂𝐿(1) = [
𝐶0 exp(𝐗c0

𝛉)

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)

]

𝑦𝑐0

 [
𝑅1

′ exp(𝐗
r1

′ 𝛉+β1)

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)

]

𝑦
𝑟1

′

   (4) 

where the length of the first risk interval became 𝑅1
′ = 𝑅1 − 𝑅12, and the corresponding 

coefficient remained the same, β1. 

 

2) For including the overlapping risk period in r1: 

𝐿𝑂𝐿(2) = [
𝐶0 exp(𝐗c0𝛉)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1
′ )+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑐0

 

[
 𝑅1 exp(𝐗 r1𝛉+β1

′ )

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1
′ )+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦 𝑟1

  

[
𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)

𝐶0 exp(𝐗c0𝛉)+ 𝑅1 exp(𝐗r1𝛉+β1
′ )+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2𝛉)
]

𝑦
𝑟2

′

  

[
𝐶2 exp(𝐗c2𝛉)

𝐶0 exp(𝐗c0
𝛉)+ 𝑅1 exp(𝐗r1

𝛉+β1
′ )+𝑅2

′ exp(𝐗
r2

′ 𝛉+β2)+𝐶2 exp(𝐗c2
𝛉)

]

𝑦𝑐2

      (5) 

where the length of the first risk interval remained the same, but the corresponding coefficient 

became β1
′  and the length of the second risk interval became 𝑅2

′ = 𝑅2 − 𝑅12. 

3) For including the overlapping risk period in r2: 

𝐿𝑂𝐿(3) = [
𝐶0 exp(𝐗c0𝛉)

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)+ 𝑅2 exp(𝐗r2𝛉+β2

′ )+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑐0

 

[
𝑅1

′ exp(𝐗
R1

′ 𝛉+β1)

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)+ 𝑅2 exp(𝐗r2𝛉+β2

′ )+𝐶2 exp(𝐗c2𝛉)
]

𝑦 𝑟′1

  

[
 𝑅2 exp(𝐗 r2𝛉+β2

′ )

𝐶0 exp(𝐗c0𝛉)+𝑅1
′ exp(𝐗

r1
′ 𝛉+β1)+ 𝑅2 exp(𝐗r2𝛉+β2

′ )+𝐶2 exp(𝐗c2𝛉)
]

𝑦𝑟2

  

[
𝐶2 exp(𝐗c2𝛉)

𝐶0 exp(𝐗c0
𝛉)+𝑅1

′ exp(𝐗
r1

′ 𝛉+β1)+ 𝑅2 exp(𝐗r2
𝛉+β2

′ )+𝐶2 exp(𝐗c2
𝛉)

]

𝑦𝑐2

      (6) 

where the length of the second risk interval remained the same, but the corresponding 

coefficient became β2
′ , and the length of the first risk interval became 𝑅1

′ = 𝑅1 − 𝑅12. 

Characterization of the risk during the overlapping risk period 

 

Given the nonlinear relationship (log link) between risk of SAEs and vaccination, we used 

specific definitions (Table 1) to characterize the risk during the overlapping risk period (15). Let 
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A = RI1 + RI2 − 1 denote the threshold function for defining an additive effect. If RÎ12 = Â =

RÎ1 + RÎ2 − 1, there is no interaction on the additive scale for exposure to both vaccines; if 

RÎ12 > Â, the risk during the overlapping risk period is positive additive; if RÎ12 < Â, the risk 

during the overlapping risk period is negative additive. For the multiplicative effect, let M =

(RI1)(RI2) denote the threshold function for defining a multiplicative effect. Similarly, if RÎ12 = M̂, 

there is no interaction on the multiplicative scale for exposure to both vaccines; if RÎ12 > M̂, the 

risk is positive multiplicative; if RÎ12 < M̂, the risk is negative multiplicative.  

 

To illustrate these effects, we assume β1 = β2 = β, then A = 2eβ − 1 and M = e2β. Vaccine 

safety studies often focus on an increased risk of SAE, meaning β1 > 0 and β2 > 0, in the first 

quadrant of a coordinate plane where A and M can be plotted. The first quadrant is divided into 

three areas: 1) when RI12 > M, the risk during r12 is both positive multiplicative and positive 

additive; 2) when A < RI12 < M, the risk during r12 is positive additive but negative multiplicative; 

3) when RI12 < A, the risk during r12 is both negative additive and negative multiplicative.  

Compared to RI1 and RI2, RI12 > M indicates a dramatic increase in risk, A < RI12 < M indicates 

a moderate increase in risk, and RI12 < A, indicates no increase in risk during the overlapping 

risk period compared to the risk after each vaccination.  

 

Simulations 

 
Simulation algorithm and analyses.   

We conducted extensive simulation studies to 1) evaluate the performance of three existing 

methods that estimate only risks after doses 1 and 2 and the performance of the three-part 

model that estimates risks after doses 1 and 2 as well as during the overlapping risk period; 2) 

assess the ability of the three-part model to characterize the risk during the overlapping period. 

SCCS data for two doses during an observation period were simulated as described in a 
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previous study (16). Briefly, in each simulated dataset, 10,000 hypothetical individuals who 

received dose 1 were assumed to have an observation period of 120 days (𝑡 = 1 to 120), 

consisting of 3 control intervals (c0, c1, and c2) and two risk intervals (𝑅1 = 28 days and 𝑅2 = 28 

days). We assumed all individuals received dose 1 on day 15, with 𝐶0 = 14 days. Among the 

10,000 individuals, 20% did not receive dose 2, with 𝐶1 = 78 days; 30% received dose 2 

uniformly between day 44 and day 90, and r1 and r2 did not overlap; 50% received dose 2 

uniformly between day 36 and day 42, and r1 and r2 overlapped. We then simulated cases, 𝑦𝑡, 

during c0, r1, c1, r2, and c2 according to the daily logit model (7) as in previous studies 

(14,16,17): 

prob (𝑦𝑡|𝑘𝑟) =
exp(β0+𝑘1β1+𝑘2β2+𝑘12β12)

1+exp(β0+𝑘1β1+𝑘2β2+𝑘12β12)
       (7)  

where 𝑦𝑡 is a binary variable for occurrence of SAEs, prob (𝑦𝑡|𝑘𝑟) is the probability of 𝑦𝑡=1 on 

day 𝑡; 𝑘𝑠 are indicators, 𝑘1 = 1 if 𝑡 falls in the first risk interval r1, otherwise 𝑘1 = 0;  𝑘2 = 1 if 𝑡 

falls in the second risk interval r2, otherwise 𝑘2 = 0; 𝑘12 = 1 if 𝑡 falls in the overlapping risk 

period r12, otherwise 𝑘12 = 0. β0 determines the baseline rate of SAEs during the control 

intervals and equals to -9, -8, -7 in the simulation, representing annual event rates of 4.5%, 

12.2%, and 33.3%, respectively. For rare SAEs, approximately, exponentiation of β is RI for a 

risk interval (i.e., r1, r2, and r12). 

We simulated data for β2 = β1 and β2 = 1.5β1. We only described the simulation method and 

results for β2 = β1 due to similar results. Let β2 = β1 = β (i.e. RI1 = RI2 = RI) where RI =

1.5, 2.0, 4.0. Simulations assumed 1) a positive multiplicative effect: RI12 = RI1RI2 + 𝑋 , where 𝑋 

equals 0.5, 1.0, and 2.0; 2) a positive additive and negative multiplicative effect: A < RI12 < M; 

for simplicity, we used RI12 =
M+A

2
=

(e2β+2eβ−1)

2
=

(RI2+2RI−1)

2
 because A <

(A+M)

2
< M. Note that 

because M > A, a positive multiplicative effect implies a positive additive effect.  
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Each of the 1000 simulated datasets were analyzed using the four methods described in the 

Methods section. 

Simulation evaluation metrics.   

1. Means and average standard deviations (SD) of RIs: we reported means and SD of RIs 

after doses 1 and 2 from the four approaches and RI12 (SD) during the overlapping risk 

period from the three-part model across 1000 replicas for the four methods described in 

the Methods section. Percentage bias (%) was calculated as (
estimated RI−true RI

true RI
) × 100. 

2. Percentage of correct characterization: we calculated the percentage of simulated 

datasets in which using RIs from the three-part model correctly characterized the risk as 

simulated.   

All analyses were conducted using SAS Enterprise Guide 8.2 (SAS Institute Inc., Cary, North 

Carolina). A SAS program for fitting the three-part SCCS model is available (Appendix S1). This 

study was approved by the Kaiser Permanente Southern California Institutional Review Board. 

RESULTS 

Simulation results  

Mean and standard deviation of estimated relative incidences. Under the assumption of a 

positive multiplicative effect, across different levels of RI and positive multiplicative effects 

during the overlapping risk period, censoring follow-up at dose 2 decreased estimation 

precision, indicated by increased SD for estimated RI1 and RI2 with a greater impact on RI2, 

while point estimates of RI1 and RI2 were largely unbiased. Including r12 in r1 overestimated RI1, 

with percentage bias ranging from 6.0% to 26.0%, and had no impact on point estimates of RI2 

and SD of both RI1and RI2. Including r12 in r2 overestimated RI2, with percentage bias ranging 

from 7.3% to 34.0%, and similarly had no impact on point estimate of RI1 and SD of both RI1and 

RI2 (Table 2).  
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Under the assumption of a positive additive effect and negative multiplicative effect, similar 

trends were observed as under the assumption of a positive multiplicative effect, but with less 

magnitude. Including r12 in r1 overestimated RI1, with percentage bias ranging from 2.6% to 

14.8%. Similarly, including r12 in r2 overestimated RI2, with percentage bias ranging from 4.0% 

to 19.3% (Table 3). 

Compared to the true values of RIs under which the data were simulated, the three-part model 

yielded unbiased estimates of RI1, RI2, and RI12 across different values of β0, RI, and 𝑋 under 

the assumption of a positive multiplicative effect (Table 2), and across different values of β0 and 

RI under the assumption of a positive additive and negative multiplicative effect (Table 3). 

Characterizing the risk during the overlapping risk period. Under the assumption of a positive 

multiplicative effect, the likelihood of correctly characterizing RI12 increased when SAEs were 

common and the true risk during r12 was greater (i.e., higher 𝑋 value). For example, when RI1 =

RI2=1.5 and RI12 = RI1RI2 + 0.5 = 2.75, with β0 = −9, −8, −7, the correct characterization 

percentages were 64.1%, 75.3%, and 85.6%, respectively. When RI1 = RI2 = 1.5 and β0 = −7, 

with 𝑋=0.5, 1 and 2, the correct characterization percentages were 85.6%, 98.6%, and 100%, 

respectively (Table 4). Conversely, when 𝑋 is relatively smaller than RI, the percentages of 

correct characterization decreased; for example, when 𝑋 =0.5 and β0 = −7, with RI =

1.5, 2.0 and 4.0, the percentages of correct characterization decreased from 85.6% to 58.6%.  

Under the assumption of a positive additive and negative multiplicative effect, and given for 

RI1 = RI2, the percentages of correct characterization decreased with fewer SAEs (i.e., smaller 

value for β0). Given a fixed value for β0, the percentages of correct characterization increased 

with higher values of RI1 = RI2 (Table 5). 

ACCEPTED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/advance-article/doi/10.1093/aje/kw

af115/8156453 by guest on 10 June 2025



 

 

Note that theoretically, the category of negative additive and positive multiplicative effects does 

not exist. However, in a simulation study, this scenario can occur when SAEs are rare. This 

rarity explains why there are no or very few instances of this category in Tables 4 and 5. 

Application of the three-part model to assess ischemic stroke risk following the Pfizer-

BioNTech bivalent COVID-19 vaccine and influenza vaccine 

In a recent SCCS study (10) analyzing electronically identified ischemic strokes in the KPSC 

population, an elevated risk of ischemic stroke was found within 42 days after vaccination 

among individuals aged <65 years who received both the Pfizer-BioNTech bivalent COVID-19 

vaccine and an influenza vaccine on the same day (RI=2.13 [95% confidence intervals (CI), 

1.01–4.46]), particularly among those with a history of SARS-CoV-2 infection (RI=3.94 [95% 

CI,1.10–14.16]). After conducting chart review of ischemic stroke events, the RIs were no longer 

statistically significantly elevated. In that study, only those who received either the Pfizer-

BioNTech bivalent COVID-19 vaccine alone or those who received both the Pfizer-BioNTech 

bivalent COVID-19 vaccine and an influenza vaccine on the same day were considered as 

exposed and potentially carrying an elevated risk for ischemic stroke, ignoring the potential risk 

after influenza vaccination that was received either alone or with the Pfizer-BioNTech bivalent 

COVID-19 vaccine in close proximity (not on the same day).  

In the current study, we re-analyzed electronically identified ischemic strokes among Pfizer-

BioNTech bivalent COVID-19 and influenza vaccine recipients who were KPSC members aged 

<65 years from September 1, 2022, to March 31, 2023. Due to limited resources, we were 

unable to review and confirm the large number of electronically identified ischemic stroke 

events. We used the three-part model to estimate the ischemic stroke risk after the Pfizer-

BioNTech bivalent COVID-19 vaccination, after influenza vaccination, and during the 

overlapping risk period due to coadministration of these two vaccines on the same day or within 

42 days (as we prespecified the risk interval to be 42 days after Pfizer-BioNTech bivalent 
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COVID-19 vaccination and after influenza vaccination). We accounted for seasonality by 

including the month as a covariate in the models. We assumed that the order of receiving these 

vaccines had no impact on the risk during the overlapping period. Additionally, we excluded Day 

0 (vaccination day) from the analyses because it was indistinguishable which event occurred 

first, the vaccination or the ischemic stroke. The existing event-dependent SCCS cannot 

accommodate SAEs among two vaccinations administered in close proximity (18). To account 

for the impact of prior SAEs on subsequent vaccination, we excluded a 14-day washout period 

during the pre-vaccination interval that was not part of the overlapping risk period (19). Figure 3 

shows the risk and control intervals for five hypothetical individuals who experienced ischemic 

strokes from September 1, 2022, to March 31, 2023. 

Characteristics of those who had ischemic stroke events during the study period by type of 

vaccine are presented in Table S1. The number of ischemic stroke events and person-years by 

risk and control intervals are shown in Table S2. In the overall analysis among members aged 

<65 years, ischemic stroke risk was not increased after Pfizer-BioNTech bivalent COVID-19 

vaccination (RI=1.09 [95% CI, 0.74–1.63]) or after influenza vaccination (RI=1.17 [95% CI, 0.97–

1.42]) or during the overlapping risk period (RI =1.20 [95% CI, 0.72–1.98]) (Table 6). For those 

without a history of SARS-CoV-2 infection, no vaccination was associated with an increased risk 

of ischemic stroke. Among individuals with a history of SARS-CoV-2 infection in the past year, 

the risk of ischemic stroke was increased during the overlapping risk period (RI=2.74 [95% CI, 

1.07–7.07]), but not after Pfizer-BioNTech bivalent COVID-19 vaccination (RI=0.97 [95% CI, 

0.44–2.13]) or after influenza vaccination (RI= 1.06 [95% CI, 0.70–1.61]). Because (RI12=2.74) 

was greater than (RI1RI2=0.97 x 1.06=1.03) and (RI1 + RI2-1=1.03), the risk during the 

overlapping risk period showed a positive multiplicative effect and a positive additive effect 

among those with a history of SARS-CoV-2 infection. In the overall analysis and among those 
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without SARS-CoV-2 infection, no evidence of a positive additive or positive multiplicative effect 

was observed during the overlapping risk period. 

DISCUSSION 

We proposed a three-part model for estimating three RIs separately for the overlapping risk 

period and after each of two doses when the second dose was administered before the end of 

the first dose’s risk interval in an SCCS design. The methods used in this study extend the prior 

SCCS analysis of ischemic stroke risk (10) in several significant ways. Unlike the previous 

study, which did not consider the risk associated with influenza vaccination alone or the 

potential synergistic effects of administering COVID-19 and influenza vaccines in close 

proximity, this study applies a novel three-part SCCS model. This model allows for distinct 

characterization of risks attributable to each vaccine individually and during overlapping risk 

intervals, providing more nuanced insights into potential additive or multiplicative effects. By 

including overlapping risk periods due to coadministration on the same day or in close proximity, 

we address potential biases inherent in prior approaches, such as potential overestimation of 

risk in a single vaccine group. This approach offers a robust framework for identifying and 

characterizing elevated risks in overall analyses and in specific subgroups, such as individuals 

with a history of SARS-CoV-2 infection. Simulation studies showed that both the three-part 

model and censoring follow-up at d2 provided unbiased estimates for RIs while only the three-

part model provided unbiased estimates for the overlapping risk period. Including the 

overlapping risk period in either r1 or r2 overestimated RIs for those risk intervals. Additionally, 

the three-part model effectively characterized risk during the overlapping period, with correct 

characterization rates increasing with higher baseline event rates and a greater elevated risk 

during the overlapping period compared to the risk after each dose alone. 

We applied the three-part model to assess ischemic stroke risk after Pfizer-BioNTech bivalent 

COVID-19 vaccination and influenza vaccination within a 42-day risk interval among KPSC 
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members aged <65 years from September 1, 2022, to March 31, 2023. Overall, no increased 

risk of ischemic stroke was found after the Pfizer-BioNTech bivalent COVID-19 vaccination or 

after influenza vaccination or during the overlapping risk period. Similarly, among those without 

a history of SARS-CoV-2 infection, no increased ischemic stroke risk was found. For those with 

a history of SARS-CoV-2 infection, an increased risk was observed during the overlapping risk 

period but not after either vaccination alone, indicating a positive multiplicative effect during the 

overlapping period. Chart review was not conducted to confirm ischemic stroke events when an 

elevated risk was detected based on electronic data due to limited resources and the large 

number of ischemic stroke events. 

The three-part model relies on several key assumptions to estimate and characterize risk during 

overlapping risk periods. First, it assumes known and accurately defined risk intervals for each 

vaccine, which are critical for appropriately partitioning person-time into distinct risk and control 

intervals. Second, the model assumes that the risk due to coadministration on the same day is 

equivalent to the risk when vaccines are administered in close proximity, enabling a unified 

treatment of overlapping intervals. Third, it assumes that the order of vaccine administration 

does not influence the risk within the overlapping period, ensuring symmetric characterization of 

risk regardless of the sequence of vaccinations. Fourth, the model presumes that the risk within 

overlapping intervals can be independently characterized as additive, multiplicative, or both, 

relative to individual vaccine risks. Finally, accurate identification of SAEs is essential, as 

misclassification could affect risk estimates after each vaccine and after coadministration on the 

same day or in close proximity (20, 21). 

This study has several limitations. First, in our simulation study, we did not account for situations 

where the SAE was negatively associated with vaccination (RI<0). However, the study's goal 

was to develop methods to assess possible elevated risks (RI>1) after vaccination. Additionally, 

for simplicity, we did not include time-varying covariates (e.g., seasonality) in the simulation 
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study. However, we expect similar results if time-varying covariates were included in the 

simulation study. In the real-world example, we included calendar month to adjust for 

seasonality. Second, we assumed that the order of receiving the two vaccines did not impact 

the risk after each vaccination or during the overlapping risk period. Third, we did not report type 

I errors and empirical power in evaluating the performance of these four methods. However, an 

overestimated RI generally leads to inflated type I error rates under the null hypothesis and 

inflated empirical power under the alternative hypothesis (16). Fourth, the three-part model is 

currently designed for two doses, but we believe it can be extended to accommodate more 

doses with added complexity. Fifth, the ischemic stroke findings should be interpreted with 

caution because this was a single-site study with limited sample size. Additionally, ischemic 

stroke events were not chart reviewed, and mild transient ischemic attacks and people with a 

history of ischemic stroke were included (16). Lastly, we did not compare the three-part model 

to another model (12) that parameterizes the coefficient of the overlapping risk period as a 

function of the risk after each vaccine and the coefficient of an interaction term. 

In summary, considering the vaccination of two doses of the same vaccine or one dose each of 

two different vaccines, we propose fitting a three-part model to estimate the risk of SAEs after 

each vaccination and during the overlapping risk period in one SCCS analysis. By comparing 

the risk during the overlapping period to those after each vaccination, one can determine the 

characteristics of the risk during the overlapping period. A positive multiplicative effect would 

indicate a significant increase in risk if the two doses were given on the same day or in close 

proximity, suggesting the need for a greater interval between them. A positive additive effect but 

negative multiplicative effect would suggest a moderate increase in risk, suggesting that the 

elevated risk may be acceptable for coadministration on the same day or in close proximity, 

depending on the severity of the SAE. In the example, we observed that coadministration of 

Pfizer-BioNTech bivalent COVID-19 and influenza vaccines might be linked to an increased risk 

ACCEPTED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/advance-article/doi/10.1093/aje/kw

af115/8156453 by guest on 10 June 2025



 

 

of ischemic stroke among individuals aged < 65 years who had a history of COVID-19 infection 

in prior year. However, these findings should be interpreted cautiously due to the lack of chart 

review to confirm the electronically identified ischemic stroke events. Further studies with 

validated outcomes are needed to confirm these observations. Future research could involve 

applying these methods to other vaccinations to evaluate SAE risks and to validate findings 

across different populations and vaccination scenarios. 
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Figure Captions 

Figure 1. Risk and control intervals for 1) an individual who received one dose; 2) an individual 

who received two doses without overlap between r1 and r2; and 3) an individual who received 
two doses with an overlap (r12) between r1 and r2  
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Figure 2. Four methods for handling the overlapping risk period: 1) the three-part model; 2) 
censoring follow-up upon receiving dose 2; 3) including the overlapping risk period in r1; 

and 4) including the overlapping risk period in r2   
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Figure 3. Timeline for analysis of electronically identified ischemic stroke events among 
members aged <65 years of Kaiser Permanente Southern California who received Pfizer-
BioNTech bivalent COVID-19 and influenza vaccination during the period from September 1, 
2022, to March 31, 2023 
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Table 1. Threshold functions for a multiplicative effect and an additive effect, and 

definitions of four effect types 

Threshold function for a multiplicative effect M = (RI1)(RI2)  eβ12 = eβ1eβ2 

a positive multiplicative effect RI12 > M  eβ12 > eβ1eβ2 

a negative multiplicative effect RI12 < M  eβ12 < eβ1eβ2 

Threshold function for an additive effect A = RI1 + RI2 − 1  eβ12 = (eβ1 + eβ2) − 1 

a positive additive effect RI12 > A  eβ12 > (eβ1 + eβ2) − 1 

a negative additive effect RI12 < A  eβ12 < (eβ1 + eβ2) − 1 
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Table 2. Under the assumption of a positive multiplicative effect§ during the overlapping 

risk period: means and standard deviations (SD) of estimated relative incidences (RI) 

after doses 1 and 2 from the four methods and RI12 (SD) during the overlapping risk 

period from the three-part model 

Simulation 

parameters 

Estimated parameters 

Censoring follow-

up upon receiving 

dose 2 

Including r12 in r1 Including r12 in r2 Three-part model 

RI

¶ 

RI12 β0 

 RI1 

(SD) 

 RI2 

(SD) 

 RI1 

(SD) 

 RI2 

(SD) 

 RI1 

(SD) 

 RI2 

(SD) 

  RI1 

(SD) 

 RI2 

(SD) 

 

RI12 

(SD

) 

1.

5 

2.7

5 

-

9 

1.55 

(0.39) 

1.58 

(0.53) 

1.62 

(0.28) 

1.53 

(0.32) 

1.53 

(0.28) 

1.65 

(0.33) 

1.52 

(0.28) 

1.54 

(0.33) 

2.8

5 

(1.1

8) 

    
-

8 

1.51 

(0.22) 

1.53 

(0.30) 

1.60 

(0.17) 

1.51 

(0.18) 

1.51 

(0.17) 

1.63 

(0.19) 

1.51 

(0.17) 

1.52 

(0.18) 

2.7

8 

(0.6

9) 

    
-

7 

1.50 

(0.13) 

1.51 

(0.17) 

1.59 

(0.10) 

1.50 

(0.11) 

1.50 

(0.10) 

1.61 

(0.11) 

1.50 

(0.10) 

1.50 

(0.11) 

2.7

5 

(0.4

1) 

2 4.5 
-

9 

2.06 

(0.48) 

2.11 

(0.65) 

2.22 

(0.36) 

2.03 

(0.39) 

2.04 

(0.34) 

2.28 

(0.41) 

2.04 

(0.34) 

2.05 

(0.39) 

4.6

3 

(1.5

2) 

    
-

8 

2.02 

(0.28) 

2.03 

(0.35) 

2.19 

(0.21) 

2.01 

(0.22) 

2.02 

(0.20) 

2.25 

(0.23) 

2.01 

(0.20) 

2.02 

(0.22) 

4.5

6 

(0.9

3) 

    
-

7 

2.00 

(0.16) 

2.01 

(0.21) 

2.18 

(0.13) 

1.99 

(0.14) 

2.01 

(0.12) 

2.23 

(0.14) 

2.00 

(0.12) 

2.00 

(0.14) 

4.5

0 

(0.5

4) 
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4 
16.

5 

-

9 

4.10 

(0.80) 

4.19 

(1.04) 

4.94 

(0.66) 

3.99 

(0.60) 

4.10 

(0.58) 

5.22 

(0.75) 

4.06 

(0.57) 

4.08 

(0.63) 

16.

77 

(3.4

1) 

    
-

8 

4.01 

(0.45) 

4.05 

(0.56) 

4.89 

(0.39) 

3.93 

(0.35) 

4.06 

(0.34) 

5.15 

(0.43) 

4.02 

(0.34) 

4.03 

(0.37) 

16.

56 

(1.9

6) 

    
-

7 

4.00 

(0.27) 

4.01 

(0.34) 

4.85 

(0.24) 

3.91 

(0.22) 

4.04 

(0.21) 

5.10 

(0.27) 

4.00 

(0.21) 

4.00 

(0.23) 

16.

31 

(1.2

2) 

1.

5 

3.2

5 

-

9 1.55 

(0.39) 

1.58 

(0.53) 

1.65 

(0.29) 

1.53 

(0.32) 

1.53 

(0.28) 

1.70 

(0.34) 

1.52 

(0.28) 

1.54 

(0.33) 

3.3

5 

(1.2

9) 

    
-

8 1.51 

(0.22) 

1.53 

(0.30) 

1.63 

(0.17) 

1.51 

(0.18) 

1.51 

(0.17) 

1.68 

(0.19) 

1.51 

(0.17) 

1.52 

(0.18) 

3.2

9 

(0.7

7) 

    
-

7 1.50 

(0.13) 

1.51 

(0.17) 

1.62 

(0.10) 

1.50 

(0.11) 

1.50 

(0.10) 

1.66 

(0.11) 

1.50 

(0.10) 

1.50 

(0.11) 

3.2

5 

(0.4

5) 

2 5 
-

9 2.06 

(0.48) 

2.11 

(0.65) 

2.25 

(0.36) 

2.03 

(0.38) 

2.04 

(0.34) 

2.32 

(0.42) 

2.04 

(0.34) 

2.05 

(0.39) 

5.1

5 

(1.6

4) 

    
-

8 2.02 

(0.28) 

2.03 

(0.35) 

2.23 

(0.21) 

2.00 

(0.22) 

2.02 

(0.20) 

2.29 

(0.23) 

2.01 

(0.20) 

2.02 

(0.22) 

5.0

6 

(0.9

7) 

    
-

7 2.00 

(0.16) 

2.01 

(0.21) 

2.21 

(0.13) 

1.99 

(0.14) 

2.01 

(0.12) 

2.27 

(0.15) 

2.00 

(0.12) 

2.00 

(0.14) 

5.0

0 

(0.5

7) 
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4 17 
-

9 4.10 

(0.80) 

4.19 

(1.04) 

4.97 

(0.66) 

3.98 

(0.60) 

4.10 

(0.58) 

5.27 

(0.75) 

4.06 

(0.57) 

4.08 

(0.63) 

17.

27 

(3.4

9) 

    
-

8 4.01 

(0.45) 

4.05 

(0.56) 

4.92 

(0.39) 

3.93 

(0.35) 

4.06 

(0.34) 

5.20 

(0.43) 

4.02 

(0.34) 

4.03 

(0.37) 

17.

05 

(2.0

1) 

    
-

7 4.00 

(0.27) 

4.01 

(0.34) 

4.88 

(0.24) 

3.90 

(0.22) 

4.04 

(0.21) 

5.15 

(0.27) 

4.00 

(0.21) 

4.00 

(0.23) 

16.

79 

(1.2

5) 

1.

5 

4.2

5 

-

9 1.55 

(0.39) 

1.58 

(0.53) 

1.72 

(0.29) 

1.52 

(0.32) 

1.53 

(0.28) 

1.79 

(0.35) 

1.52 

(0.28) 

1.54 

(0.33) 

4.3

7 

(1.4

7) 

    
-

8 1.51 

(0.22) 

1.53 

(0.30) 

1.70 

(0.17) 

1.51 

(0.18) 

1.52 

(0.17) 

1.77 

(0.20) 

1.51 

(0.17) 

1.52 

(0.18) 

4.3

1 

(0.9

0) 

    
-

7 1.50 

(0.13) 

1.51 

(0.17) 

1.69 

(0.10) 

1.49 

(0.11) 

1.51 

(0.10) 

1.75 

(0.12) 

1.50 

(0.10) 

1.50 

(0.11) 

4.2

5 

(0.5

3) 

2 6 
-

9 2.06 

(0.48) 

2.11 

(0.65) 

2.32 

(0.37) 

2.02 

(0.38) 

2.05 

(0.34) 

2.41 

(0.43) 

2.04 

(0.34) 

2.05 

(0.39) 

6.1

6 

(1.8

2) 

    
-

8 2.02 

(0.28) 

2.03 

(0.35) 

2.30 

(0.22) 

2.00 

(0.22) 

2.03 

(0.20) 

2.38 

(0.24) 

2.01 

(0.20) 

2.02 

(0.22) 

6.0

4 

(1.0

7) 

    
-

7 2.00 

(0.16) 

2.01 

(0.21) 

2.28 

(0.13) 

1.98 

(0.14) 

2.01 

(0.12) 

2.36 

(0.15) 

2.00 

(0.12) 

2.00 

(0.14) 

6.0

0 

(0.6

3) 
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4 18 
-

9 4.10 

(0.80) 

4.19 

(1.04) 

5.04 

(0.67) 

3.98 

(0.60) 

4.10 

(0.58) 

5.36 

(0.76) 

4.06 

(0.57) 

4.08 

(0.63) 

18.

28 

(3.6

3) 

    
-

8 4.01 

(0.45) 

4.05 

(0.56) 

4.99 

(0.39) 

3.92 

(0.35) 

4.06 

(0.34) 

5.29 

(0.44) 

4.02 

(0.34) 

4.03 

(0.37) 

18.

04 

(2.0

9) 

    
-

7 4.00 

(0.27) 

4.01 

(0.34) 

4.95 

(0.24) 

3.90 

(0.22) 

4.04 

(0.21) 

5.23 

(0.28) 

4.00 

(0.21) 

4.00 

(0.23) 

17.

77 

(1.3

1) 

§RI12 = RI1RI2 + X, where X is a positive number and equals 0.5, 1.0, or 2.0; ¶RI1 =

RI2 = RI 
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Table 3. Under the assumption of a positive additive and negative multiplicative effect¥ 

during the overlapping risk period: means and standard deviations (SD) of estimated 

relative incidences (RI) after doses 1 and 2 from the four methods and RI12 (SD) during 

the overlapping risk period from the three-part model 

Simulation 

parameters 

Estimated parameters 

Censoring 

follow-up upon 

receiving dose 2 

Including r12 in 

r1 

Including r12 in 

r2 
Three-part model 

RI¶ RI12 β0  RI1 

(SD) 

 RI2 

(SD) 

 RI1  

(SD) 

 RI2 

(SD) 

 RI1 

(SD) 

 RI2 

(SD) 

 RI1 

(SD) 

 RI2 

(SD) 

 RI12 

(SD) 

1.5 2.125 -9 
1.55 

(0.39) 

1.58 

(0.53) 

1.57 

(0.28) 

1.53 

(0.32) 

1.53 

(0.28) 

1.60 

(0.32) 

1.52 

(0.28) 

1.54 

(0.33) 

2.23 

(1.02) 

    -8 
1.51 

(0.22) 

1.53 

(0.30) 

1.55 

(0.16) 

1.51 

(0.18) 

1.51 

(0.17) 

1.57 

(0.18) 

1.51 

(0.17) 

1.52 

(0.18) 

2.15 

(0.59) 

    -7 
1.50 

(0.13) 

1.51 

(0.17) 

1.54 

(0.10) 

1.50 

(0.11) 

1.50 

(0.10) 

1.56 

(0.11) 

1.50 

(0.10) 

1.50 

(0.11) 

2.13 

(0.35) 

2 3.5 -9 
2.06 

(0.48) 

2.11 

(0.65) 

2.14 

(0.35) 

2.04 

(0.39) 

2.04 

(0.34) 

2.18 

(0.40) 

2.04 

(0.34) 

2.05 

(0.39) 

3.60 

(1.32) 

    -8 
2.02 

(0.28) 

2.03 

(0.35) 

2.12 

(0.21) 

2.01 

(0.22) 

2.02 

(0.20) 

2.16 

(0.22) 

2.01 

(0.20) 

2.02 

(0.22) 

3.54 

(0.80) 

    -7 
2.00 

(0.16) 

2.01 

(0.21) 

2.11 

(0.12) 

2.00 

(0.14) 

2.01 

(0.12) 

2.14 

(0.14) 

2.00 

(0.12) 

2.00 

(0.14) 

3.50 

(0.47) 

4 11.5 -9 
4.10 

(0.80) 

4.19 

(1.04) 

4.59 

(0.63) 

4.02 

(0.61) 

4.08 

(0.58) 

4.77 

(0.70) 

4.06 

(0.57) 

4.08 

(0.63) 

11.77 

(2.73) 

    -8 
4.01 

(0.45) 

4.05 

(0.56) 

4.54 

(0.37) 

3.97 

(0.36) 

4.04 

(0.34) 

4.70 

(0.40) 

4.02 

(0.34) 

4.03 

(0.37) 

11.56 

(1.57) 

    -7 
4.00 

(0.27) 

4.01 

(0.34) 

4.51 

(0.22) 

3.94 

(0.22) 

4.02 

(0.21) 

4.66 

(0.25) 

4.00 

(0.21) 

4.00 

(0.23) 

11.40 

(0.93) 

¥RI12 =
A+M

2
=

(RI2+2RI−1)

2
; ¶RI1 = RI2 = RI 
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Table 4.  Percentage of effect types in the overlapping risk period under the assumption 

of a positive multiplicative effect§ 

Simulation 

parameters  

Percentage of effect types in the overlapping risk period (%) 

RI¶ RI12 β0 Positive 

multiplicative 

(correct 

characterization)  

Positive 

additive and 

negative 

multiplicative 

Negative 

additive and 

positive 

multiplicative 

Negative 

additive and 

negative 

multiplicative 

1.5 2.75 -9 64.1 10.5 0.1 25.3 

  -8 75.3 11.1 0 13.6 

  -7 85.6 10.1 0 4.3 

2.0 4.5 -9 60 25.6 0 14.4 

  -8 68.5 27.4 0 4.1 

  -7 77.9 21.9 0 0.2 

4.0 16.5 -9 53.6 46.4 0 0 

  -8 55.4 44.6 0 0 

  -7 58.6 41.4 0 0 

1.5 3.25 -9 77.1 8.1 0.1 14.7 

  -8 89.6 7.4 0 3 

  -7 98.6 1.3 0 0.1 

2.0 5 -9 70.1 21.4 0 8.5 

  -8 81.4 17.5 0 1.1 

  -7 94.9 5.1 0 0 

4.0 17 -9 58.4 41.6 0 0 

  -8 63.8 36.2 0 0 

  -7 72.1 27.9 0 0 

1.5 4.25 -9 93 3.5 0 3.5 

  -8 98.8 1.1 0 0.1 

  -7 100 0 0 0 

2.0 6 -9 85.1 12.7 0 2.2 

  -8 95.5 4.5 0 0 

  -7 99.9 0.1 0 0 
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4.0 18 -9 67.2 32.8 0 0 

  -8 77 23 0 0 

  -7 89.6 10.4 0 0 

§RI12 = RI1RI2 + X, where X is a positive number and equals 0.5,1.0, or 2.0; ¶RI1 = RI2 =

RI. 
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Table 5.  Percentage of effect types in the overlapping risk period under the assumption 

of a positive additive and negative multiplicative effect¥  

Simulation 

parameters  

Percentage of effect types in the overlapping risk period (%) 

RI¶ RI12 β0 Positive additive and 

negative multiplicative 

(correct 

characterization) 

Positive 

additive and 

positive 

multiplicative  

Negative 

additive and 

positive 

multiplicative 

Negative 

additive and 

negative 

multiplicative 

1.5 2.125 -9 10.5 43.1 0.3 46.1 

    -8 15.5 41.3 0 43.2 

    -7 23.3 37.8 0 38.9 

2.0 3.5 -9 29.5 34.8 0 35.7 

    -8 43.5 28.8 0 27.7 

    -7 65.9 18.8 0 15.3 

4.0 11.5 -9 89.3 9.0 0 1.7 

    -8 98.5 1.5 0 0 

    -7 100 0 0 0 

¥RI12 =
A+M

2
=

(RI2+2RI−1)

2
; ¶RI1 = RI2 = RI. 
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Table 6. Relative incidences in the 42 days after Pfizer-BioNTech bivalent COVID-19 

vaccination, in the 42 days after influenza vaccination, and during the overlapping risk 

period§ among members aged <65 years of Kaiser Permanente Southern California 

during the period from September 1, 2022 to March 31, 2023 

 Relative incidence (95% CI) 

 After Pfizer-BioNTech 

bivalent COVID-19 

vaccination 

After influenza 

vaccination 

During the 

overlapping risk 

period 

Overall  1.09 (0.74–1.63) 1.17 (0.97–1.42) 1.20 (0.72–1.98) 

With history of SARS-

CoV-2₽ 

0.97 (0.44–2.13) 1.06 (0.70–1.61) 2.74 (1.07–7.07) 

Without history of SARS-

CoV-2 

1.14 (0.72–1.81) 1.20 (0.96–1.50) 0.91 (0.50–1.68) 

§Due to coadministration of Pfizer-BioNTech bivalent COVID-19 and influenza vaccines 

on the same day or in proximity; ₽Had SARS-CoV-2 infection (ie, SARS-CoV-2 positive 

laboratory test or a COVID-19 diagnosis) during the year prior (08/31/2021-08/31/2022); 

Day 0 (vaccination day) was excluded; a 14-day washout window in control intervals 

before vaccinations was also excluded. 
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