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Abstract 

 
Background 
Observational vaccine effectiveness (VE) studies based on real-world data are a crucial 
supplement to initial randomized clinical trials of Coronavirus Disease 2019 (COVID-19) 
vaccines.  However, there exists substantial heterogeneity in study designs and 
statistical methods for estimating VE. The impact of such heterogeneity on VE 
estimates is not clear. 
 
Methods 
We conducted a two-step literature review of booster VE: a literature search for first or 
second monovalent boosters on January 1, 2023, and a rapid search for bivalent 
boosters on March 28, 2023.  For each study identified, study design, methods, and VE 
estimates for infection, hospitalization, and/or death were extracted and summarized via 
forest plots.  We then applied methods identified in the literature to a single dataset from 
Michigan Medicine (MM), providing a comparison of the impact of different statistical 
methodologies on the same dataset.   
 
Results 
We identified 53 studies estimating VE of the first booster, 16 for the second booster.  
Of these studies, 2 were case-control, 17 were test-negative, and 50 were cohort 
studies.  Together, they included nearly 130 million people worldwide.   VE for all 
outcomes was very high (around 90%) in earlier studies (i.e., in 2021), but became 
attenuated and more heterogeneous over time (around 40%-50% for infection, 60%-
90% for hospitalization, and 50%-90% for death). VE compared to the previous dose 
was lower for the second booster (10-30% for infection, 30-60% against hospitalization, 
and 50-90% against death).  We also identified 11 bivalent booster studies including 
over 20 million people.  Early studies of the bivalent booster showed increased 
effectiveness compared to the monovalent booster (VE around 50-80% for 
hospitalization and death).  
 
Our primary analysis with MM data using a cohort design included 186,495 individuals 
overall (including 153,811 boosted and 32,684 with only a primary series vaccination), 
and a secondary test-negative design included 65,992 individuals tested for SARS-CoV-
2.  When different statistical designs and methods were applied to MM data, VE 
estimates for hospitalization and death were robust to analytic choices, with test-
negative designs leading to narrower confidence intervals.  Adjusting either for the 
propensity of getting boosted or directly adjusting for covariates reduced the 
heterogeneity across VE estimates for the infection outcome. 
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Conclusion 
While the advantage of the second monovalent booster is not obvious from the literature 
review, the first monovalent booster and the bivalent booster appear to offer strong 
protection against severe COVID-19.  Based on both the literature view and data 
analysis, VE analyses with a severe disease outcome (hospitalization, ICU admission, 
or death) appear to be more robust to design and analytic choices than an infection 
endpoint.  Test-negative designs can extend to severe disease outcomes and may offer 
advantages in statistical efficiency when used properly. 
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Introduction 

 
The first emergency use authorization (EUA) of vaccines for Coronavirus Disease 2019 
(COVID-19) in the US in December 2020 ushered in a new era of the pandemic, with 
mRNA vaccines having shown strong efficacy against both confirmed infection and 
severe outcomes in randomized clinical trials.1  After the EUA and broad administration 
of the vaccines, observational studies sought to measure real-world vaccine 
effectiveness (VE) against infection and severe disease outcomes such as 
hospitalization and death.  Many early observational studies reported strong 
effectiveness against both infection and severe disease, consistent with clinical trials.2  
 
However, in late 2021, early data on waning immunity motivated officials in the US and 
other countries to approve booster doses of COVID-19 vaccines.3–5  The landscape has 
further evolved with the approval and administration of additional booster doses,6 
emergence of new and more immune-evasive severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) variants,6–8 bivalent boosters updated for such new 
variants,9–11 and general increase in vaccine availability worldwide.12,13  In the US as of 
May 3, 2023, 81.4% of the population has received at least one dose of a COVID-19 
vaccine, while 16.9% of the population has received a new bivalent booster.14  This 
dynamically evolving environment of vaccine-conferred immunity has led to an 
exploding number of papers and preprints on VE in 2022.  Our sweep of all VE literature 
identified 380 papers and preprints in 2022, compared to 77 in 2021.   
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Figure 1: Number of published COVID-19 VE articles, preprints, or conference 
abstracts in each of 3 time periods: 2021 (January 2021 – December 2021), first half of 
2022 (January 2022 – June 2022), and second half of 2022 (July 2022 – December 
2022).  Bars representing each time period are colored by class of study design, with 
the percentage of literature having each design in that time period indicated by the 
percentages given inside each shaded area.  
 
However, reported VEs for the first booster versus primary series vaccination in such 
studies have varied immensely, particularly for infection where estimates from as high 
as 93% to as low as negative effectiveness can be found.15–17  Differing epidemiological 
circumstances, including pre-existing natural immunity and contemporary variant 
circulation, may explain some of the differences between study results, but there still 
remains substantial heterogeneity in VE estimates reported by studies in the same 
country at around the same time, particularly in the US.18,19   
 
Another factor that may explain some of the substantial differences in the results of VE 
studies is heterogeneity in study design and statistical methods.  In a systematic review 
and meta-analysis of VE studies for primary series vaccination, Zeng et al. noted that 
“there is high heterogeneity between studies, and high statistical heterogeneity is also 
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observed in most analysis.”20  The same has been observed in booster VE studies 
regarding both study design and statistical methods.  For example, in Figure 1, we see 
in the latter half of 2022, of the 177 papers, 49 (28%) used a test-negative design, 118 
(67%) used a cohort design, and 10 (6%) used a case-control design.  In addition to 
differences in study design, studies made different choices regarding adjustment for 
confounding, stratification, and other aspects of statistical analysis.  The effect of these 
choices on the ultimate VE estimates for infection, hospitalization, and death is not 
clear.   
 
In this study we attempt to analyze study design and analysis heterogeneity for COVID-
19 booster VE studies using a two-step process.  First, we conduct a literature review of 
studies estimating booster VE relative to primary series vaccination or second booster 
VE relative to first booster vaccination, summarizing VE estimates and methodology 
found in current work.  We also report VE estimates from early studies of the bivalent 
booster.  Second, we implement several different methods found in the literature on 
electronic health record (EHR) data from Michigan Medicine (MM), demonstrating how 
study design and analysis decisions can influence reported VE estimates and results 
within the same dataset. 
 

Methods 
 

Literature Review 
 
Database Search 
 
We performed a search in the PubMed and Embase databases on January 1, 2023, for 
published articles or preprints written in English after January 1, 2021, that provided a 
VE estimate of the first booster versus primary series, or second booster versus first 
booster, against infection, hospitalization, ICU admission, or death.  The search used 
the following 4 groups of terms, requiring chosen articles to include a term from each 
group in their title and/or abstract: (1) terms for COVID-19 generally, (2) terms for 
indicating either the first or second booster, (3) terms for a VE metric, and (4) terms 
indicating real-life outcomes of interest (infection, hospitalization, ICU admission, and 
death).  For detailed information on the search strategy, including specific verbiage for 
term blocks, see Supplementary Methods A1 and A2.   
 
Article Selection Process 
 
Database search results, along with several additional articles found from Google 
Scholar, were screened for potential duplicates by Rayyan (a web tool for literature and 
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systematic reviews) and then removed if confirmed as a duplicate by manual title and 
abstract review.21  The remaining articles were subjected to a two-step review process 
of a title and abstract review followed by a full text review.  As inclusion criteria, we 
required included articles to (1) study a vaccine approved for COVID-19 (in any 
country); (2) generate a VE metric (a proportion/percentage, odds ratio, risk ratio, or 
hazard ratio) against infection, hospitalization, ICU admission, and/or death; (3) 
generate the VE metric for the first booster (first dose after a primary series of 
vaccination, including both 1 and 2 dose regimens) compared to the primary series, or 
the second booster compared to the first booster (sometimes termed relative VE, or 
rVE, by papers).  The first step of the title and abstract review was conducted to select 
articles that met the inclusion criteria in items (1) and (2), while the second step of the 
full text review selected articles that met final inclusion criteria in item (3).  We also 
constructed a PRISMA diagram describing this process.22 
 
We additionally conducted a rapid review of bivalent boosters (which were first 
approved in the US in August 2022) on March 28, 2023, by searching “covid-19 
‘bivalent’ booster ‘vaccine effectiveness’” in Google Scholar.  We selected articles and 
CDC Morbidity and Mortality Weekly Report releases that generated bivalent booster 
(targeting either the BA.1 or BA.4/5 variants) VE estimates based on the title and 
information shown in the preview on the search page.  Unlike the main search for 
monovalent boosters, we did not enforce the requirement of VE being calculated 
compared to a certain number of previous boosters, as many studies now calculate 
bivalent booster VE in comparison with any number of previous monovalent boosters. 
 
Data Collection and Presentation 
 
The study period, country of the study, general study design, dose and type of vaccine, 
and VE estimates (against infection, hospitalization, severe disease, and/or death for 
dose comparisons of interest) were collected in the full-text review of each included 
study.  Study design was classified as one of test-negative, matched test-negative, 
case-control, cohort, or matched cohort.  With the level of heterogeneity in vaccine 
brands used, study design, statistical methods, definitions of outcomes, and setting 
within our inclusion criteria, we did not perform any pooling of results or meta-analysis, 
with an emphasis on narrative synthesis instead.  We simply visualized aggregate 
results by plotting VE estimates from the studies by using forest plots stratified by 
booster number (1st or 2nd), outcome (infection or hospitalization/severe disease or 
death), and time since vaccination (including a category for studies that did not stratify 
on time since vaccination).  Studies in forest plots were displayed in (ascending) 
chronological order of last month in the study period, with publication date of the study 
used to break ties.  For the bivalent booster forest plot, when the source studies were 
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stratified by miscellaneous factors, we plotted results corresponding to only the oldest 
age, most recent variant, longest time since previous dose, and a 2-month time since 
boosted strata. 
 
Forest plots were created in R, version 4.2.2.23  Aggregated data files collected in the 
literature review and code used to create plots can be found at 
https://github.com/smeah/COVID19BoosterVE. 
 

Michigan Medicine Data Analysis 
 
Study Population 
 
We implemented both cohort and test-negative designs with two different study 
populations. Study design and statistical methods for the test-negative analysis can be 
found in Supplementary Methods A3. Our cohort design study population for the main 
analysis consisted of 186,495 individuals after exclusion criteria (from 272,399 before 
exclusion criteria) who received two or three doses of the BNT162b2 (Pfizer) or mRNA-
1273 (Moderna) vaccines and had at least two EHR entries at MM between October 1, 
2021, and December 31, 2022.  Individuals were eligible to contribute person-time from 
the start of the study period to their last EHR entry or the end of the study period 
(December 31, 2022), whichever occurred first.  Any individuals with a documented 
infection prior to the start of the study period or missing values of any covariates were 
excluded from the analysis.  We present analysis results for those who were boosted 
before or during October – December 2021 in the main text due to more complete 
information with longer follow-up data.  Results for all other subsequent quarters are 
presented in the supplementary appendix (Figures A8-A9, A11, and A13 for the main 
study population). 
 
Exposures  
 
We considered three different exposure definitions (depending on booster dose) in this 
study in separate models.  In our main analysis, we considered as exposure exactly 
three doses of the BNT162b2 or mRNA-1273 vaccines, and as reference two doses of 
BNT162b2 or mRNA-1273, both restricted to only the first 120 days of person-time, with 
individuals being censored after.  We included both homologous and heterologous 
monovalent vaccine regimens, provided all doses were either BNT162b2 or mRNA-
1273 (we did not include bivalent boosters).  As secondary analyses, to understand the 
sequential benefit of serial boosting, we considered as exposure three or more doses of 
BNT162b2 or mRNA-1273 and four or more doses, with the reference groups being two 
doses and three doses, respectively.  
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Outcomes 
 
We considered COVID-19 infection and severe COVID-19 disease as outcomes in 
different models.  Infection was defined as a COVID-19 diagnosis or positive PCR test 
for SARS-CoV-2.  Severe COVID-19 disease was defined as hospitalization or an ICU 
admission within 30 days of a positive PCR test or death within 60 days. 
 
Statistical Analysis 
 
We used Cox regression to model the association between each combination of 
outcome and exposure in our analysis.24–26  VE was calculated by exponentiating the 
coefficient for vaccination, giving the hazard ratio for the outcome for those boosted 
compared to those in the previous stage of vaccination, then subtracting it from one, 

i.e., VE� � 1� �
����� � 1� HR� Vax:Outcome (see Supplementary Methods A4 for definitions 

of vaccination and outcome indicators).  Aside from the outcome event, individuals were 
censored at the end of the study period, time of their last EHR entry (if before the end of 
the study period), death for any reason, and a positive PCR test (when infection was not 
the outcome event of interest). 
 
We compared covariate adjustment, matching, and propensity score methods in the 
analysis. The (same) set of covariates was used for adjustment, matching, and 
propensity score generation: age, sex, BMI, race/ethnicity (non-Hispanic white, non-
Hispanic black, other, and unknown), neighborhood development index (NDI),27,28 
population density (quartiles), healthcare worker status, whether the subject was 
receiving primary care at Michigan Medicine or not, Charlson Comorbidity Index 
(categories of 0, 1-2, 3-4, and >= 5),29 number of documented negative SARS-CoV-2 
PCR tests from the subject at any time (categories of 0, 1, 2-3, 4-5, 6-10, >= 11).  When 
used in exact matching, age was additionally categorized into three bins (18-49, 50-65, 
and >= 65), and BMI was categorized into four bins (underweight, healthy weight, 
overweight, and obese). 
 
Matching and propensity score methods included exact matching, propensity score 
matching, regression adjustment for propensity score, and inverse probability weighting 
on propensity score (IPW).  We calculated separate propensity scores for both receiving 
a booster and reporting a SARS-CoV-2 PCR test at any time.  We implemented both 
unstratified and stratified Cox proportional hazard models for matched data.  For 
propensity score methods, we performed analysis with and without regression 
adjustment of the covariate set.  Supplementary Table A1 summarizes each of these 
methods and provides associated model statements.    

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 28, 2023. ; https://doi.org/10.1101/2023.06.22.23291692doi: medRxiv preprint 

https://doi.org/10.1101/2023.06.22.23291692
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 
 

 
All analyses were conducted in R, version 4.2.2.23  Code examples and code used for 
analysis can be found at https://github.com/smeah/COVID19BoosterVE.  Data cannot 
be shared publicly due to patient confidentiality.  The data underlying the results 
presented in the study are available from the University of Michigan Precision Health 
Analytics Platform at https://precisionhealth.umich.edu/tools-resources/data-access-
tools/ for researchers who meet the criteria for access to confidential data. 
 

Results  
 

Literature Review 
 
Included Studies 
 
324 records were identified through the database search and 69 satisfied our inclusion 
criteria, with 53 of them estimating VE for the first booster, and 16 for the second 
booster.  Figure A1 displays the PRISMA flow diagram describing the process of article 
selection.  Tables A2-A4 present summaries of the types of study designs adopted in 
the included studies.  Out of the 69 included studies, 17 used a test-negative design (4 
with matching), 2 a non-test-negative case-control design (none with matching), and 50 
used a cohort design (19 with matching).  The proportion of cohort designs was higher 
for second booster studies compared to first booster studies (81% versus 70%, 
respectively).  The 69 studies in the literature review included 129,368,483 individuals 
(or tests in designs where tests, not individuals, were the unit of observation) in total. 
 
First Booster VE Against Infection 
 
A forest plot summarizing first booster versus primary series VE against infection for 
studies not stratified on time since booster can be found in Figure 2, while VE stratified 
by 2 weeks, 1 month, 2 months, and 3 months since booster administration can be 
found in Figures A2-A3. 
 
Infection VE for the first booster was high (80%-95%) for the earliest published studies 
in 2021, but then waned by the start of 2022 to around 50% (Figure 2).  Similar patterns 
were noted in time-stratified studies (Figures A2-A3).  In such studies, a clear pattern of 
waning immunity can be observed.  Infection VE one month after vaccination ranged 
from 41%-59% in 2022 studies, then (except for one outlier reporting a VE of 69%) fell 
to -4%-44% (with most studies around 30%) three months after infection. 
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Cohort designs, including both with and without matching, were the majority class of 
study design (Figure 2).  Test-negative designs however appeared to be popular for 
earlier studies stratifying on time since vaccination (Figures A2-A3).  The earliest 
studies were predominantly from Israel, followed by studies in the US and Western 
Europe (particularly the UK), then followed by studies from Asia (although the US 
contributed many later studies as well).  Perhaps related to the timing of studies, Israeli 
studies for the most part exhibited similar VE, while studies from the US or Europe 
displayed a high degree of heterogeneity of VE estimates.   
 
There were no clear differences in booster VE when comparing study populations with 
mRNA or non-mRNA primary series vaccines (Figure 2).  However, studies comparing 
the first booster to a non-mRNA primary series vaccination sometimes exhibited slightly 
lower VE compared to studies using an mRNA primary series, when from around the 
same time and when stratified by time since vaccination (Figures A2-A3).   
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Figure 2: First booster VE compared to primary series against infection, in studies 
unstratified by time since booster administration.  Studies are sorted in chronological 

11 

 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 28, 2023. ; https://doi.org/10.1101/2023.06.22.23291692doi: medRxiv preprint 

https://doi.org/10.1101/2023.06.22.23291692
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

order of last month included in the study period (with publication date being used to 
break ties).  Year of study end date (noting that the end of 2021 was a time 
approximately corresponding to the dominance of the Omicron variant in many 
countries) is denoted by dashed lines in the figure, with studies completed after the year 
start below the respective year marker.   
Abbreviations: TN, test-negative; MTN, matched test-negative; CC, case-control (non-
test-negative); MCC, matched case-control (non-test-negative); C, cohort; MC, matched 
cohort. 
S1/S2: System number for McConeghy et al.48 
 
First Booster VE Against Hospitalization/Severe Disease or Death 
 
A forest plot summarizing first booster versus primary series VE against hospitalization 
or severe disease and against death can be found in Figure 3, while VE stratified by 1 
month, 2 months, and 3 months since booster administration can be found in Figure A4 
for hospitalization/severe disease and Figure A5 for death. 
 
Similar to infection VE, early studies examining VE against hospitalization or severe 
disease outcomes exhibited very high VE (81%-97%), particularly the earliest Israeli 
studies (Figures 3, A4).  However, the drop in VE in later studies was not nearly as 
precipitous (with just Kislaya et al.30 outlying), declining to around 44%-80%.  It also 
occurred later than with infection, in mid-2022 (Figures 3, A4).  Similarly, VE against 
mortality was high in early studies (80%-90%) and dropped only slightly (again apart 
from Kislaya et al.30) in later studies to 62%-89% (Figures 3, A5).   
 
When comparing studies stratified on time since vaccination, the effect of waning 
immunity for the outcomes of severe disease and death over 3 months since 
vaccination was much less than for infection.  VE against hospitalization ranged from 
64%-91% one month after vaccination in 2022 studies and from 48%-79% three months 
after vaccination in studies also ending in 2022.   
 
The cohort study design was far more dominant in hospitalization/severe disease or 
mortality VE studies than infection studies (Figure 3).  There were only two mortality 
studies that used a non-cohort design: one case-control and one test-negative (Figures 
3, A5).   
 
Like infection VE, hospitalization/severe disease studies did not display a clear divide in 
VE estimates between mRNA and non-mRNA primary series.  For mortality outcomes, 
many studies used a mixed selection of primary series vaccinations, so it was 
impossible to disentangle differences in VE across these subgroups. 
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Figure 3: First booster VE compared to primary series against hospitalization or severe 
disease outcomes and mortality in separate panels, in studies unstratified by time since 
booster administration.  Studies are sorted in chronological order of last month included 
in the study period (with publication date being used to break ties).  Year of study end 
date (noting that the end of 2021 was a time approximately corresponding to the 
dominance of the Omicron variant in many countries) is denoted by dashed lines in the 
figure, with studies completed after the year start below the respective year marker. 
Abbreviations: TN, test-negative; MTN, matched test-negative; CC, case-control (non-
test-negative); MCC, matched case-control (non-test-negative); C, cohort; MC, matched 
cohort. 
 
 
Second Booster VE 
 
Forest plots summarizing second booster versus first booster VE against 
hospitalization/severe disease and mortality for studies can be found in Figure 4.  An 
additional plot for second booster VE against infection can be found in Figure A6.  
Forest plots summarizing second booster VE stratified by time since vaccination are not 
included on account of the small number of studies for each time strata.   
 
Similar to first booster results, second booster versus first booster VE was higher for the 
early set of studies (30%-61% for infection, 40-68% for hospitalization/severe disease, 
74%-93% for death), often in Israel, and dropped for later studies in other settings 
(Figures 4, A6).  But overall, VE estimates across the board appeared to be lower for 
the second booster.  The decline through later study dates was still more pronounced 
for infection than for hospitalization/severe disease and mortality.  Infection VE in later 
studies fell to 14%-31% (Figure A6). VE against hospitalization after the early Israeli 
studies was in the range of 34%-60% (Figure 4).  VE against death ranged from 49%-
90%, with more later studies being closer to the lower bound (Figure 4).   
 
Cohort designs were dominant for second booster studies.  Every second booster 
mortality study in the review used a cohort design, and the test-negative design was 
used by just Grewal et al. for infection and severe disease outcomes.31,32  Most second 
booster studies estimating infection VE used matching, though several 
hospitalization/severe disease studies and most mortality designs did not use matching.   
 
There were no easily discernible patterns regarding first booster type (mRNA versus 
non-mRNA).  
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Figure 4: Second booster VE compared to primary series against hospitalization or 
severe disease outcomes and mortality in separate panels, in studies unstratified by 
time since booster administration.  Studies are sorted in chronological order of last 
month included in the study period (with publication date being used to break ties).   
Abbreviations: TN, test-negative; MTN, matched test-negative; CC, case-control (non-
test-negative); MCC, matched case-control (non-test-negative); C, cohort; MC, matched 
cohort. 
 
Bivalent Booster VE 
 
Our Google Scholar query for bivalent booster VE returned 853 articles and we 
screened the first 40 of them (in addition to another article identified through the 
citations of these articles).  We ultimately included 11 articles (including 4 CDC 
Morbidity and Mortality Weekly Reports) generating bivalent booster VE estimates.  4 of 
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the studies used a test-negative design (none using matching), and 7 used a cohort 
design (1 using matching).  Full study characteristics can be found in Table A5, and a 
forest plot summarizing the estimates can be found in Figure 5.  The 11 studies 
included 23,215,145 individuals (or tests in designs where tests, not individuals, were 
the unit of observation) in total. 
 
VE against infection was unclear, with two cohort studies failing to find a VE significantly 
different from zero, and two test-negative studies finding a VE of 43%.  VE against 
hospitalization/severe disease however was much higher, in the range of 48%-81%.  VE
against death was close to 80% in most studies, but was also characterized by wide 
confidence intervals due to limited follow-up data. 
 

Figure 5: Bivalent booster (targeting either BA.1 or BA.4/5) VE compared to a previous 
dose against infection, hospitalization/severe disease, and mortality only in separate 
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panels.  Studies are sorted in chronological order of last month included in the study 
period (with publication date being used to break ties).  For studies with stratified 
results, we displayed results corresponding to only the oldest age, most recent variant, 
longest time since previous dose, and a 2-month time since boosted strata.  For 
Andersson et al., 2023,49 the Nordic countries included were Denmark, Finland, 
Norway, and Sweden (Iceland and Greenland were not included).  
Abbreviations: TN, test-negative; MTN, matched test-negative; CC, case-control (non-
test-negative); MCC, matched case-control (non-test-negative); C, cohort; MC, matched 
cohort. 
 

Michigan Medicine Data Analysis 
 
Study Population 
 
The MM EHR cohort corresponding to the main analysis (first booster versus primary 
series) included 186,495 individuals overall, with 153,811 boosted before or during Q4 
2021, and 32,684 fully vaccinated but not boosted before the end of Q4 2021 (i.e., 
eligible to be included in the comparative primary series vaccination group).  A full set of 
descriptive statistics for the cohort can be found in Table A6.  Boosted individuals were 
generally older (57.0 vs. 47.6 average age for boosted and fully vaccinated, 
respectively) and had a higher percentage of non-Hispanic whites (77.5% vs. 68.6%) 
than individuals not boosted by Q4 2021.  In addition, they had more comorbidities (1.01 
vs 0.87 average Charlson Index) and were, on average, from less affluent 
neighborhoods (47.1% vs. 38.7% of individuals in the lowest quartile).  Both groups 
were majority female (by self-reporting), but boosted individuals were a higher 
proportion male (42.9% vs. 39.9%).  Rates of working in healthcare (1.6% vs. 2.3%) and 
number of negative tests (1.35 vs. 1.47 average) were slightly lower for boosted than 
fully vaccinated individuals.  There were not notable differences between the boosted 
and fully vaccinated in BMI (28.7 vs. 28.9 average), population density of residence 
area (24.5% vs 25.0% in least dense quartile), and proportion receiving primary care at 
Michigan Medicine (51.2% vs. 51.6%).  Study population characteristics for the test-
negative analysis are given in Table A7 and display similar patterns.   
 
In the cohort analysis, 7.77% of boosted and 6.55% of fully vaccinated individuals had a 
positive test in the follow-up period, while 0.40% of boosted and 0.38% of fully 
vaccinated individuals had severe disease.  5.21% of test-positives (of any vaccination 
status) developed severe disease. 
 
Estimated Vaccine Effectiveness 
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VE estimates obtained by applying different statistical methodologies for infection and 
severe disease outcomes using the cohort design are shown in Figure 6.  Associated 
Kaplan-Meier curves can be found in Figure A7.  A summary of the propensity score 
models can be found in Table A10.  Corresponding results using the test-negative 
design can be found in Figures A10-A12.  Results using different study start dates can 
be found in Figures A8-A9 for the cohort design, and A11 and A13 for the test-negative 
design.   
 
Point estimates of infection VE ranged from about 42% to 54% across different 
statistical methods (Figure 6).  We note that either regression adjustment for the full set 
of covariates or accounting (with either matching, weighting, or adjustment) for 
propensity of receiving a booster led to more conservative VE estimates (42%-48%).   
Solely adjusting, matching, or weighting for propensity of testing led to higher VE 
estimates compared to other methods (52%-54%).  For any matching strategy, 
stratification of the Cox proportional hazards model led to lower VE estimates (43%-
46%).  Matching, in general, led to wider confidence intervals for VE due to loss of 
observations. 
 
VE estimates for severe disease fell in a range from about 45% to 68%, but generally 
had much wider confidence intervals than infection VE because of a limited number of 
events (Figure 6).  Excluding matching methods (i.e., methods that discard 
observations) however, VE ranged only from 53% to 59%.  Matching methods in 
general had wider confidence intervals, as with infection VE. All confidence intervals for 
severe disease were largely overlapping. 
 
The test-negative analysis (Figures A10, A12) demonstrated a similar pattern: VE 
estimates against infection ranged from 40% to 57%, while VE against severe disease, 
aside from some erratic results with exact matching, ranged from 65% to 75%.  With the 
test-negative results for the infection outcome, there were two clusters of VE estimates: 
one for methods that involved covariate adjustment (ranging from 53% to 57%) and 
another for methods that did not (ranging from 41% to 47%).  However, one noteworthy 
observation was the reduction in the length of the confidence interval by using a test-
negative design, particularly when using IPW (by the propensity of boosting) and 
covariate adjustment.  While the severity VE for the cohort design corresponding to the 
same method was 56% (95% CI: 43%-66%), the test-negative design VE was 67% 
(95% CI: 62%-72%), a much narrower confidence interval. 
 
A necessary consideration for the use of the test-negative design to estimate severity 
VE is the choice of control group.33  Within the same method, we observed only slight 
variation in point estimates depending upon the choice of the control group, which could 
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be one of test-negatives, those without severe disease regardless of test results, and 
test-positives without severe disease, as the control group.  In all methods except exact 
matching, where small sample sizes produced erratic results, VE estimates from using 
each of the three control groups all were within a 6-percentage point interval or smaller 
(Figure A12). 
 
Results for the secondary study populations can be found in the Supplementary 
Appendix.  Both cohort and test-negative results for the vaccination group of one or 
more boosters can be found in Figures A14-A23, while cohort and test-negative results 
for the vaccination group of two or more boosters can be found in Figures A24-A33. 
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Figure 6: First booster/third dose vs. primary series/second dose VE against infection 
(first panel) and severe disease (second panel) with various matching designs during a 
study period of October 1, 2021 to December 31, 2022. 
Abbreviations: Unadj., unadjusted; Adj., adjusted for covariates; EXM, exact matching; 
EXM-S, exact matching with matching strata stratification in Cox regression; PSM, 
propensity score matching with a 0.2 caliper; PSM-S, propensity score matching with a 
0.2 caliper and matching strata stratification in Cox regression; PSA; adjustment for 
propensity score; PSA-CA, adjustment for propensity score and for covariates; IPW, 
inverse probability weighting of propensity score; IPW-CA, inverse probability weighting 
of propensity score also adjusting for covariates. 
 

Discussion 
 

Literature Review 
 

Choice of Boosters: VE of First, Second, and Bivalent Boosters 
 
First Booster 
 
We found that the preponderance of the literature suggests that, relative to a primary 
series vaccination, a first booster provides strong protection against both hospitalization 
and death from COVID-19.  This protection remained strong even in studies conducted 
later in 2022 (44%-80% for hospitalization, 62%-89% for death) (Figures 3, A4-A5).  We 
however caution that we did not examine longer periods of time since vaccination 
beyond 3 months. 
 
Protection against infection was much more fragile, shown most clearly in our forest 
plots stratified on time since vaccination, where the decrease in VE as time progressed 
followed a relatively linear pattern (Figure A3).  These plots also conveyed a decline in 
protection against infection between one- and three-months post-booster (41%-59% to -
4%-44%) (Figure A3). 
 
We acknowledge that the first booster VE estimates from Kislaya et al.30 are outliers 
that we have chosen to largely ignore in our description of trends (Figure 3).  In addition 
to producing estimates much lower than any other study in our review, this study 
produced much higher VE estimates for the second booster relative to the first booster 
than the first booster relative to primary series vaccination.  We suspect selection bias 
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between vaccination groups in this study’s cohort, which was EHR-based and limited 
only to older residents.   
 
Second Booster 
 
We observed that a second monovalent booster provided additional protection over the 
first booster against hospitalization and death (Figure 4).  However, this protection was 
notably lower than the protection afforded by the first booster over primary series 
vaccination for all outcome measures.  Also, protection against infection was very low in 
general (around 10%-30% for later studies) (Figure A6). 
 
The VE results for the second monovalent booster suggest that there may be 
diminishing returns of continually boosting with the same vaccine targeting the ancestral 
Wuhan variant, particularly as SARS-CoV-2 continues to evolve further away from this 
variant.  Fortunately, recent vaccine development has given the world a new option. 
 
Bivalent Booster 
 
Our primary literature search occurred at a time where there was little bivalent booster 
literature formally published in scientific journals, thus limiting its scope to monovalent 
boosters targeting the ancestral SARS-CoV-2 strain.  However, many developed 
countries have now shifted their vaccination rollout exclusively to bivalent boosters 
targeting Omicron variants.  While the specific VE estimates of the bivalent booster 
could be much different than that of the monovalent boosters that we included in our 
literature review, our findings on the design and analysis of VE studies are just as 
applicable to bivalent booster VE studies.   
 
Our rapid review in late March 2023 offers a glimpse into the early evidence of bivalent 
booster effectiveness.  The current results seem promising, suggesting increased 
effectiveness of bivalent boosters compared to monovalent boosters, at least for severe 
disease outcomes.  Many of the more recent second monovalent booster studies 
reported a VE against hospitalization or severe disease of around 50% or lower, with 
multiple studies below 40% (Figure 4).  In contrast, out of the 6 bivalent booster studies 
with hospitalization/severe disease VE estimates, all reported a VE of at least 48%, and 
the second lowest VE reported was 57% (Figure 5).  Of particular interest is Lin et al.,10 
who calculated VE of a monovalent and bivalent booster in the same study, finding a 
much higher VE against severe disease for the bivalent booster (61.8%, 95% CI: 
48.2%-71.8%) compared to the monovalent (24.2%, 95% CI: 1.4%-42.8%).  We note 
that not all the studies on the bivalent booster are encouraging: Poukka et al.34 reported 
sharply waning immunity, with a severe disease VE of 26% for both a hospitalization 
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(95% CI: -9%-50%) and mortality (95% CI: -13%-51%) outcome between 61-90 days 
after booster administration. The jury is still out on longer follow-up time and whether a 
recommended annual booster is sufficient to ensure protection in the endemic stage of 
the pandemic. 
 
Choice of Designs: Cohort and/or Test-Negative 
 
Cohort Design 
 
Cohort studies were usually viewed in a time-to-event paradigm, where the time since 
study start or booster administration to an outcome event of interest or censoring event 
was compared between fully vaccinated and boosted groups.  This comparison was 
done using Cox regression, often adjusted for a set of covariates, or performed on a 
matched cohort, sometimes using stratified Cox regression with the matched sets as 
strata (with the final hazard ratio pooled between strata).  VE was calculated as the 

hazard ratio from Cox regression subtracted from one, i.e., VE� � 1 � �
����� � 1 �

HR� Vax:Outcome. 
 
Censoring criteria for studies using Cox regression typically included documented 
COVID-19 infection (for non-infection endpoints), the end of the study, death for non-
COVID-related reasons, or the administration of an additional dose of the COVID-19 
vaccine.  Individuals in the referent group for VE calculation were often allowed to re-
enter the cohort as a member of the other group after receiving the next dose of the 
vaccine.  A small number of studies used this post-vaccination incubation period as an 
alternative referent group for the effectiveness of this dose.35  Cohort studies using 
matching would often censor both sides of the matched pair when the one in the 
referent group received the next dose.36 
 
Less commonly, cohort studies were analyzed in terms of counts of individuals at risk. 
In this situation, VE was calculated through a Poisson regression (where VE� � 1�

�
����� � 1� IRR� Vax:Outcome). These models included calendar time as a covariate. For 

example, Bar-On et al. fit a model of person-days at risk for COVID-19 and adjusted for 
calendar day.5 
 
Test-Negative Design 
 
Statistical methods were very similar between test-negative designs for infection.  Test-
negative designs used logistic regression to estimate VE, or conditional logistic 
regression if they employed matching.  The response variable was the test result, and 
explanatory variables were the vaccination status of the individual at the time of the test, 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 28, 2023. ; https://doi.org/10.1101/2023.06.22.23291692doi: medRxiv preprint 

https://doi.org/10.1101/2023.06.22.23291692
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 
 

along with other adjustment covariates. VE was calculated as the implied odds ratio for 

the vaccination status term subtracted from 1, i.e., VE� � 1 � �
����� � 1 �OR� Vax:Outcome. 

 
Test-negative designs were not very common for outcomes besides infection, as testing 
data essentially serves as a case-control for infection, but not other outcomes.  Most 
severe disease endpoints were evaluated with a cohort design.  Nonetheless, a few 
test-negative studies tackled severe disease endpoints, though the reference group for 
severe disease often varied between those who tested negative and any who did not 
experience severe disease, regardless of test results.  We give a more detailed 
overview of this choice of control group in Supplementary Methods A3. 
 
As an alternative strategy, a few test-negative studies used a secondary matched non-
test-negative case-control design to estimate VE against severe disease endpoints.37  A 
few studies that evaluated VE against hospitalization but not infection tackled this 
control-group problem by designing a case-control sample among those hospitalized, 
not those presenting for infection, with matching used to ensure the appropriateness of 
controls.38  Another case-control design was used by Silva-Valencia et al.39 where 
cases were those dead from COVID-19, and controls were risk-set sampled and 
matched from the healthy at-risk population at the time of the case’s death. 
 

Choice of Analysis: Covariate Adjustment, Matching, Weighting, and 
Stratification 
 
Choice of Adjustment or Matching Covariates 
 
Regression adjustment covariates (or matching covariates in studies using matching 
and not adjusting further on these covariates) differed somewhat between studies, but 
generally followed similar patterns.  Most studies adjusted or matched on age and sex, 
and many also on one or more covariates related to the subject’s economic status 
(including race/ethnicity and living conditions), along with comorbidities, as either a 
comorbidity index or a set of several covariates each responding to individual 
comorbidities.  Studies with longer follow-up periods had adjustment for time periods at 
risk.  Test-negative studies often adjusted for the time of the test. Some studies 
adjusted for exposure to disease in healthcare settings.  Without the convenient built-in 
control that a test-negative design offered, many cohort studies also adjusted for the 
number of negative PCR tests taken either before the study or in total before the study 
end date, accounting in some sense for inclination for testing.40 
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There were several studies included in this review that presented completely unadjusted 
VE metrics.17,41–43  These were often shorter articles or preprints, often from countries or 
populations with little prior (English-language) booster VE literature.  
 
Matching and Weighting 
 
Matching was a strategy used in some but not all test-negative and cohort designs.  It 
served as an alternative way to adjust for covariates beyond the standard regression 
adjustment used in unmatched studies.  Some matched studies used matching in lieu of 
regression adjustment entirely, having entirely unadjusted regressions after matching.  
Others matched on some covariates and adjusted for a few remaining ones.  A small 
number of studies both matched on and regression-adjusted for numeric covariates, 
typically binned into several categories in the matching step and then either treated as a 
continuous variable or modeled with splines within the categories in the regression 
step.44  
 
The most popular type of matching performed was exact matching, where only 
individuals with exact matches in all considered covariates were matched.  This 
generally consisted of binning variables into several bins or categories before 
performing exact matching.  Observations were matched either in pairs or unbalanced 
ratios of every subject sharing the same exact matching values depending on the study.  
Observations not receiving an exact match were discarded.   
 
A less common method found in the literature was propensity score matching.  This 
consisted first of the generation of a propensity for receiving a booster through the 
regression of the covariates on the vaccination status variable.  Pairs of subjects with 
different exposure statuses were then matched with a nearest neighbor algorithm (Table 
1).  Some studies introduced a caliper, or maximum allowable distance between 
propensity scores for matching observations, with matches with a greater distance 
discarded.  Previous literature including Austin45 has suggested a caliper of 0.2 
standard deviations of the logit of the propensity score as a recommended value, and 
this was the value typically used by studies using propensity score matching.46   
 
Even less common in the literature was the use of a propensity score not via matching, 
but with IPW instead.16  This involved weighting observations in the study sample by the 
inverse of their propensity for vaccination/booster (more detail is included in Table 1).  
Compared to propensity score matching with a caliper, IPW provides potential efficiency 
benefits by not fully excluding any observations. 
 
Stratification 
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Stratification was a key area where different strategies were employed by different 
studies.  Many studies did not stratify their results at all, but those that did often chose 
different stratification variables.  One of the most popular stratification conditions was 
time since booster vaccination (for a test or contributed person-time), a condition that 
could capture the process of waning immunity.  A parallel consideration was 
stratification or inclusion criteria on time since primary series vaccination for the referent 
group; shorter amounts of time provide a comparison of two fresh vaccine regimens, 
while a longer period of time provides a more useful policy decision on the utility of 
vaccination for those booster-eligible (in some cases both were provided; Mattiuzzi and 
Lippi43 provided strata before and after booster eligibility).  Another popular stratification 
condition, at least in countries with different widely used vaccinations, was brand of 
booster, primary series, or entire vaccination series, with mRNA boosters sometimes 
(but often not) being combined in one stratum.  A type of stratification used in studies 
with longer follow-up time was stratification on type of variant (usually done on a date of 
variant dominance, as opposed to genetic testing of cases), done most commonly in 
studies that spanned both Delta and Omicron periods.47   
 
Limitations 
 
There are several notable limitations of our review that may prevent it from being truly 
representative of the entirety of booster VE literature and provide a word of disclaimer to 
its interpretation.  First and foremost, we limited our search to English-language articles 
only.  While our search was still able to include articles from a broad selection of 
countries, this may have systematically excluded literature from certain areas of the 
world.  Also, we chose to limit the scope of the review to articles that estimated VE of a 
booster relative to the previous dose in the vaccine regimen only.  Many booster VE 
articles, particularly for the first booster, evaluated VE as relative to no vaccination, and 
such articles (including 47 of 116 VE articles in our search) were excluded from our 
search (Figure A1).  Additionally, our forest plots, even after stratification by time since 
booster, grouped together in the same plot articles with major differences in design and 
even their target estimand (e.g., prospective versus retrospective studies, symptomatic 
versus all types of infection, etc.), which may affect the interpretation of such plots.   
 

Michigan Medicine Data Analysis 
 
The VE estimates from our MM data analysis provided results that were relatively 
consistent with the literature review for the US during the relevant time period, a 
reassuring occurrence.   

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted June 28, 2023. ; https://doi.org/10.1101/2023.06.22.23291692doi: medRxiv preprint 

https://doi.org/10.1101/2023.06.22.23291692
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 
 

Nevertheless, the main utility of the data analysis is not the specific VE estimates, but 
that it allowed us to apply many of the methods we identified through our literature 
review (and a few new ones) to the same healthcare system (with the caveat that the 
cohort and test-negative design have different definitions of study cohorts).   
 
It should be noted that the methods we examined even under the same design do not 
all target the same estimand.  First and foremost, exact and propensity score matching 
alter the study population by matching on the treated units and discarding observations 
without satisfactory matches.  Secondly, we included methods that estimated either 
marginal or conditional relationships.  A comparison between different 
matching/propensity score methods is therefore not able to decompose differences in 
the true parameter or estimator.  While we keep this fact in mind and refer to it when 
relevant, we note however that such a distinction is not crucial to the purposes of this 
comparison: we intended to document how different analysis decisions can change VE 
estimates, regardless of what side of the decomposition leads to such changes.  As 
observed in the literature review, VE studies in practice have targeted either marginal or 
conditional estimands, and have certainly differed, often systematically, in target 
population, so such a comparison across different estimands serves only to better 
reflect the landscape in the literature. 
 
For multiple methods, the infection VE using only propensity for testing was notably 
higher than the VE using propensity for boosting or adjustment for covariates.  In fact, 
the VE using only propensity for testing was closer to an unadjusted estimate.  This may 
indicate, with an infection outcome, accounting for propensity of testing alone is not 
sufficient to control confounding bias.   
 
However, using a propensity score for either boosting or testing did not make a notable 
difference for a severe disease outcome.  No statistical method had a non-overlapping 
confidence interval for severity VE.  This is in part because confidence intervals were 
generally wider with a limited number of events, but, particularly excluding matching 
methods that discard observations, point estimates were also largely in agreement.  
Generally, our results suggest that inference regarding a severe disease outcome is 
more robust to changes in statistical methodology than an infection outcome, even 
between models targeting conditional and marginal average treatment effects.   
 
The takeaway message from our analysis of the test-negative design suggests that, for 
infection VE, we may need to adjust for an expanded set of covariates despite the 
design attempting to control for confounding due to healthcare seeking behavior.  Also, 
the test-negative design with weighting and covariate adjustment led to narrower 
confidence intervals for the severity VE compared to the cohort design.  Finally, 
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applying the test-negative design to severe disease involves a choice of several 
different control groups, but this only seems to lead to slight differences in results. 
 

Conclusion 
 
As we advance into the endemic stage of the COVID-19 pandemic, infections are less 
likely to be reported.  Our study indicates severity endpoints are more robust to choice 
of statistical methodology than infection endpoints.  However, since severe COVID-19 
(as defined as hospitalization or death) is a rare outcome in a world with hybrid 
immunity,14 test-negative designs, which can be extended to severe disease outcomes, 
may offer more efficiency when properly used.  But when using test-negative designs 
for infection, one must adjust for an expanded set of relevant covariates instead of 
purely relying on the design properties to mitigate confounding.  Finally, our work is not 
just relevant to COVID-19 vaccines, but potentially may apply to other vaccination 
assessments as well. 
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