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Concerns about the duration of protection conferred by coronavirus disease 2019 (COVID-19) vaccines have
arisen in postlicensure evaluations. “Depletion of susceptibles,” a bias driven by differential accrual of infection
among vaccinated and unvaccinated individuals, may obscure vaccine effectiveness (VE) estimates, hindering
interpretation. We enrolled California residents who received molecular SARS-CoV-2 tests in a matched, test-
negative design, case-control study to estimate VE of mRNA-based COVID-19 vaccines between February 23
and December 5, 2021. We analyzed waning protection following 2 vaccine doses using conditional logistic
regression models. Additionally, we used data from a population-based serological study to adjust for “depletion-
of-susceptibles” bias and estimated VE for 3 doses, by time since second dose receipt. Pooled VE of BNT162b2
and mRNA-1273 against symptomatic SARS-CoV-2 infection was 91.3% (95% confidence interval (CI): 83.8,
95.4) at 14 days after second-dose receipt and declined to 50.8% (95% CI: 19.7, 69.8) at 7 months. Adjusting for
depletion-of-susceptibles bias, we estimated VE of 53.2% (95% CI: 23.6, 71.2) at 7 months after primary mRNA
vaccination series. A booster dose of BN162b2 or mRNA-1273 increased VE to 95.0% (95% CI: 82.8, 98.6). These
findings confirm that observed waning of protection is not attributable to epidemiologic bias and support ongoing
efforts to administer additional vaccine doses to mitigate burden of COVID-19.

bias; COVID-19; depletion of susceptibles; SARS-CoV-2; vaccination; vaccine effectiveness

Abbreviations: aOR, adjusted odds ratio; CDPH, California Department of Public Health; CI, confidence interval; COVID-19,
coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; VE, vaccine effectiveness.

Vaccination has been critical for mitigation of the ongoing
coronavirus disease 2019 (COVID-19) pandemic (1). Vac-
cines currently available in the United States provide robust
protection against severe COVID-19 outcomes including
hospitalization and death (2–4). However, suboptimal vac-
cine uptake in various settings (5), continued public health
guidance for isolation of infected and exposed individuals,
and lower vaccine effectiveness (VE) among clinically
vulnerable patient populations (6–8) highlight the need for
robust immunity within the general population to suppress
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) transmission (9). Postlicensure observational studies
(10–12) have estimated declining VE over time following

immunization for individuals who received 2 doses of
mRNA-based vaccines. Whereas studies analyzing variant-
specific protection have identified only modest differences
in VE against Delta (B.1.617.2), Alpha (B.1.1.7), and earlier
SARS-CoV-2 lineages among individuals who completed
their primary series (13–16), the real-world durability of
protection for SARS-CoV-2 infection remains of concern.
These considerations have been amplified following the
emergence of the Omicron (B.1.1.529) variant, which is
associated with additional immune escape (17–19).

In epidemiologic studies, it is critical to distinguish wan-
ing of VE from time-varying confounders in the association
between vaccination and disease. Under both observational
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and randomized studies, differential accrual of immunity
through natural exposure to SARS-CoV-2 among vaccinated
and unvaccinated persons may gradually erode vaccine-
associated differences in disease incidence (20–23). Termed
“depletion-of-susceptibles bias” (24), this phenomenon may
merit consideration in studies of COVID-19 vaccines due to
the substantial likelihood for cases to evade detection due
to asymptomatic or mild clinical presentation (24), particu-
larly in the context of high rates of transmission that have
persisted following COVID-19 vaccine rollout in the United
States. The potential contribution of such biases to reported
waning of COVID-19 VE remains unclear (25), along with
the role of other factors including patients’ age and clinical
risk profile, vaccine product received (26), and spacing of
vaccine doses (27).

We analyzed data from a test-negative design, case-
control study to characterize differences in VE associated
with time since receipt of mRNA-based COVID-19 vac-
cines, to assess the extent of waning that may be attributable
to depletion-of-susceptibles bias, and to determine the
effectiveness of administering a third mRNA vaccine doses
under real-world conditions.

METHODS

Recruitment

As part of an ongoing study (28–30), we enrolled Cal-
ifornia residents with SARS-CoV-2 molecular diagnostic
test results reported to the California Department of Public
Health (CDPH) between February 24 and December 5,
2021. Analyses were limited to this time window to exclude
cases with Omicron variant infection, which accounted for
the majority of new-onset SARS-CoV-2 infections in Cali-
fornia by late December 2021 and is associated with reduced
VE (19, 31). Trained interviewers administered a telephone
questionnaire in English and Spanish to individuals whose
test result was reported to CDPH in the preceding 48 hours
(Web Appendix 1, available at https://doi.org/10.1093/aje/
kwad017). Cases and control participants were defined as
individuals testing positive and negative for SARS-CoV-2,
respectively. We sampled cases across 9 regions of Califor-
nia (Web Table 1; Web Figure 1). For each enrolled case,
interviewers attempted to enroll 1 control, matched by age
category, sex, and geographic region, from a random sam-
ple of individuals testing negative for SARS-CoV-2 whose
results were reported to CDPH within the same week.

Individuals were eligible to participate if they had not
previously received confirmation of SARS-CoV-2 infection,
based on their recollection of any previous positive test result
(e.g., molecular, antigen, or serological) or clinical diagno-
sis. This analysis excludes data from participants aged ≤12
years, who were ineligible to receive vaccination until late in
the study period, as well as participants who reported receiv-
ing vaccines other than BNT162b2 (Pfizer/BioNTech, New
York, New York) or mRNA-1273 (Moderna, Cambridge,
Massachusetts), due to limited observations.

The study protocol was approved as public health surveil-
lance by the State of California Health and Human Services

Agency Committee for the Protection of Human Subjects
(Project Number: 2021-034).

Exposures

The primary exposure of interest was each participant’s
self-reported COVID-19 vaccination status. Participants
who indicated receipt of a COVID-19 vaccine were asked
to identify the vaccine manufacturer and dates of receipt
for each dose. Participants were asked to reference their
physical vaccination card or another recall aid (e.g.,
California Digital COVID-19 Vaccine Record (https://
myvaccinerecord.cdph.ca.gov), calendar reminder, or e-mail
confirmation of vaccine appointment, etc.) to confirm their
vaccination history during the interview. Participants who
completed their primary series of 2 doses of BNT162b2
or mRNA-1273 more than 14 days before SARS-CoV-2
testing were considered fully vaccinated. Other participants
who reported receipt of BNT162b2 or mRNA-1273 at the
time of testing, and who had not completed their primary
series ≥14 days before testing, were considered partially
vaccinated. Participants who reported receipt of no COVID-
19 vaccine doses at the time of testing were considered
unvaccinated. Individuals who reported receiving a third
dose prior to their testing date were considered as a separate
group.

All participants were further asked to indicate their rea-
sons for seeking a SARS-CoV-2 test and to list all potential
symptoms of COVID-19 they had experienced in the 14
days prior to testing; participants who did not indicate expe-
riencing symptoms were prompted with a list of common
nonsevere symptoms (fever, chills, myalgia, loss of appetite,
cough, shortness of breath) to verify their asymptomatic
status. We also asked whether participants sought health care
in association with their SARS-CoV-2 diagnosis, including
telehealth consultations and outpatient care (at physician
offices, urgent care, or retail pharmacy locations), whether
they presented to an emergency room, and whether they were
hospitalized. Participants also self-reported whether they
had any preexisting or immunocompromising conditions
that placed them at higher risk for SARS-CoV-2 infection or
COVID-19. We categorized chronic conditions reported by
participants using broad classes previously reported by the
US Centers for Disease Control and Prevention (32); within
our sample, these categories included conditions associated
with weakened immune systems, respiratory disorders, car-
diovascular or metabolic disorders, and disorders of the liver
and/or kidneys (Web Table 2).

Outcomes

The primary endpoint for our analyses was symptomatic
SARS-CoV-2 infection, defined as a positive SARS-CoV-2
test result with ≥1 symptom reported up to 14 days before
testing. This symptomatic infection endpoint was the pre-
ferred study endpoint because asymptomatic infections were
underrepresented among cases in this sample, who self-
referred for testing; prospective testing strategies would be
needed to recruit cases with a representative distribution of

Am J Epidemiol. 2023;192(6):895–907

https://doi.org/10.1093/aje/kwad017
https://doi.org/10.1093/aje/kwad017
https://myvaccinerecord.cdph.ca.gov
https://myvaccinerecord.cdph.ca.gov


Bias-Corrected Waning of COVID-19 Vaccine Effectiveness 897

infection severity including asymptomatic infections (33,
34). As secondary endpoints, we further considered any
SARS-CoV-2 infection (regardless of symptoms), infec-
tion with fever and ≥1 respiratory symptom reported, and
infection for which participants sought or received medical
care or advice (beyond testing) in any care setting (virtual,
outpatient, emergency department, or inpatient).

Time-varying protection after receipt of second dose

Our primary analysis estimated VE against symptomatic
SARS-CoV-2 infection among fully vaccinated participants,
in relation to time since receipt of the second dose. Power
requirements for determining VE at differing effectiveness
thresholds under our study design have been described
previously (26). To assess waning of VE, we estimated
the adjusted odds ratio (aORs) of prior vaccination among
cases versus controls using conditional logistic regression,
including an interaction between vaccination status and
time from full vaccination (14 days after second dose
receipt) to participants’ test date to allow for changes in
protection over time. This approach allowed the relationship
between infection risk and vaccination status to vary as a
function of time since vaccination. We used the Bayesian
information criterion to compare fit of alternative models
formulated with linear, square-root, or logarithmic functions
of time since second dose receipt, thus allowing for differing
patterns of change in vaccine protection over time. We
defined VE(t) = (1 − aOR(t)) × 100% to describe the
level of protection experienced t days after participants
were considered fully vaccinated. We defined conditional
logistic regression strata according to participants’ age
group, sex, week of study enrollment, and geographic region
to account for potential confounding in the relationship
between vaccination status and infection outcomes.

We repeated these analyses for alternative SARS-CoV-2
infection and symptomatic disease endpoints, redefining the
control group as individuals that tested negative for SARS-
CoV-2 and met the same thresholds for symptoms as case
participants to mitigate potential confounding from associ-
ation between test-seeking and willingness to be vaccinated
(29, 30). We also repeated analyses restricting the sample
to participants who reported referencing their vaccination
records during telephone interviews to verify robustness of
our primary analyses to exposure misclassification.

We undertook the same analyses in subgroups within
which we hypothesized that initial VE or risk of waning
protection could differ. These included groups defined by
product received (BNT162b2 or mRNA-1273), participant
age (<50 vs. ≥50 years old), and presence of self-reported
preexisting conditions (individuals reporting immunocom-
petency without any chronic underlying conditions vs. those
reporting chronic conditions or weakened immune status).
We also undertook subgroup analyses for immunocompe-
tent participants who reported only cardiovascular disease
(including hypertension) or obesity as comorbid conditions,
as these were the most prevalent conditions reported among
all participants.

Second-dose protection associated with varying
interdose intervals

Based on previous evidence that spacing between
COVID-19 vaccine doses impacts immunogenicity (35),
we also assessed whether 2-dose VE and subsequent
waning varied in association with the time interval between
receipt of the first and second dose (interdose interval).
We hypothesized that the length of the interdose interval
(between the first and second doses) could influence the
initial strength of protection conferred by 2 doses or the
persistence of protection over time after receipt of a second
dose. We extended the conditional logistic regression frame-
works described above to test these hypotheses, assessing
improvements in fit of alternative model formulations
using the Bayesian information criterion, described in Web
Table 3.

Risk-of-bias analysis

We next sought to determine whether inferences of
time-varying VE were robust to depletion-of-susceptibles
bias resulting from the differential acquisition rates of
natural (infection-derived) immunity among vaccinated and
unvaccinated persons within the population (21). While
we attempted to reduce such bias in our study design by
excluding participants who reported a history of SARS-
CoV-2 infection prior to their test, such exclusions are
imperfect since a substantial proportion of infections go
undiagnosed, especially if symptoms did not occur (36, 37).
Following previous work (20, 22, 33), we considered that the
aOR of prior vaccination t days before testing, comparing
cases and controls, would measure the quantity:

aOR(t) = θ(t) × Pr (U|Z = 1, t)

Pr (U|Z = 0, t)
.

Here we defined θ(t) as the relative susceptibility of
fully vaccinated individuals, compared with unvaccinated
individuals, t days after vaccination, owing only to vaccine-
derived protection, such that VE(t) = (1 − θ(t)) × 100%.
We defined Pr (U|Z, t) as the probability that individuals
remained uninfected (U), given their vaccination status (con-
sidering Z = 1 to indicate fully vaccinated status and
Z = 0 to indicate unvaccinated status, for individuals
offered vaccination t days previously). Thus, aOR at t days
after vaccination was considered to represent differences
in infection outcomes under prevailing levels of naturally
acquired immunity in the vaccinated and unvaccinated pop-
ulations. For simplicity, this formulation did not account for
recurrent infections; substantial protection was associated
with naturally acquired immunity for both vaccinated and
unvaccinated individuals prior to emergence of the Omicron
variant (38), resulting in low risk of reinfection over the time
span of several months.

We used the product limit formula to estimate the pro-
portion of fully vaccinated and unvaccinated Californians

Am J Epidemiol. 2023;192(6):895–907
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Table 1. Descriptive Attributes of Participants Included in the Analysis of Waning Vaccine Effectiveness Against Symptomatic Infection in
California, February to November 2021

All Participants (n = 2,238) Cases (n = 1,052) Controls (n = 1,186)
Variable

No. % No. % No. %

Age, years

13–17 123 5.5 53 5.0 70 5.9

18–29 742 33.2 342 32.5 400 33.7

30–49 853 38.1 400 38.0 453 38.2

50–64 370 16.5 186 17.7 184 15.5

≥65 150 6.7 71 6.7 79 6.7

Sexa

Male 1,047 46.8 486 46.2 561 47.3

Female 1,190 53.2 566 53.8 624 52.6

Household income, $

<50,000 565 25.2 292 27.8 273 23.0

50,000–99,999 512 22.9 253 24.0 259 21.8

100,000–149,999 286 12.8 104 9.9 182 15.3

≥150,000 307 13.7 119 11.3 188 15.9

Refuse 334 14.9 172 16.3 162 13.7

Not sure 234 10.5 112 10.6 122 10.3

Race/ethnicity

Non-Hispanic White 969 43.3 448 42.6 521 43.9

Non-Hispanic Black 107 4.8 63 6.0 44 3.7

Hispanic (any race) 631 28.2 321 30.5 310 26.1

Asian 208 9.3 84 8.0 124 10.5

Native American 27 1.2 16 1.5 11 0.9

Native Hawaiian 15 0.7 6 0.6 9 0.8

Middle Eastern 11 0.5 7 0.7 4 0.3

More than 1 race 212 9.5 76 7.2 136 11.5

Refuse 58 2.6 31 2.9 27 2.3

Region of residenceb

Predominantly urban regions

San Francisco Bay Area 223 10.0 102 9.7 121 10.2

Greater Los Angeles Area 241 10.8 123 11.7 118 9.9

Greater Sacramento Area 250 11.2 110 10.5 140 11.8

San Diego and southern border 253 11.3 119 11.3 134 11.3

Predominantly rural regions

Central Coast 276 12.3 130 12.4 146 12.3

Northern Sacramento Valley 260 11.6 126 12.0 134 11.3

San Joaquin Valley 246 11.0 109 10.4 137 11.6

Northwestern California 250 11.2 116 11.0 134 11.3

Sierras Region 239 10.7 117 11.1 122 10.3

Preexisting conditions

No preexisting conditions 1,679 75.5 807 77.4 872 73.8

Any preexisting conditionsc 545 24.5 235 22.6 310 26.2

Cardiovascular disease and/or obesity 329 14.7 154 14.6 175 14.8

Immunocompromising conditions 92 4.1 25 2.4 67 5.6

Table continues

Am J Epidemiol. 2023;192(6):895–907
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Table 1. Continued

All Participants (n = 2,238) Cases (n = 1,052) Controls (n = 1,186)
Variable

No. % No. % No. %

Vaccination

Vaccination statusd

Unvaccinated 1,366 61.3 800 76.2 566 48.0

Partially vaccinated 222 10.0 65 6.2 157 13.3

Fully vaccinated 640 28.7 185 17.6 455 38.6

Product received

BNT162b2 497 22.3 150 14.3 347 29.5

mRNA-1273 365 16.4 100 9.5 265 22.5

Dosing intervale

Below recommended interval 192 22.0 74 29.4 118 19.0

At recommended interval 434 49.8 115 45.6 319 51.5

Above recommended interval 246 28.2 63 25.0 183 29.5

a One case-participant identified as nonbinary but was excluded from analysis due to small strata.
b Counties grouped into each region in Web Table 1.
c Specific conditions reported by participants enumerated in Web Table 2. Numbers may not sum to the total due to missing responses from

some participants.
d Participants defined as fully vaccinated at the time of testing if >14 days had passed following receipt of a second dose of BNT162b2

(Pfizer/BioNTech, New York, New York) or mRNA-1273 (Moderna, Cambridge, Massachusetts). Participants who received JNJ-78436735
(Janssen, Beerse, Belgium) were excluded from this analysis. Participants who had received at least 1 dose of any coronavirus disease 2019
(COVID-19) vaccine but did not meet these criteria for fully vaccinated status were considered partially vaccinated. Participants who had not
received any COVID-19 vaccine doses were considered unvaccinated. Total may sum to less than the total number of participants due to missing
responses from some participants.

e Dosing interval calculated by days elapsed between doses. Participants who received the second dose 21 days (BNT162b2) or 28 days
(mRNA-1273) after the first dose were classified “at recommended interval.”

remaining uninfected by time t:

Pr (U|Z = z, t) = Pr (U|Z = z, t = 0)

× exp
(
−ρ

∑
τ<t

λz (τ)
)

.

Here, λz (τ) indicated daily incidence rates of SARS-
CoV-2 infection among California residents with vaccina-
tion status Z = z, computed as a 7-day moving average
around each day τ between February and December 2021
(39). To account for the underreporting of cases, the multi-
plier ρ conveyed the ratio of total SARS-CoV-2 infections to
reported cases over the period of interest. We used estimates
of ρ (mean = 2.6, 95% confidence interval: 2.3, 2.9) from
a statewide serological study conducted between April and
June 2021 (40), and we conducted sensitivity analyses allow-
ing for differing values of ρ among vaccinated and unvacci-
nated persons, which may have arisen due to differences in
the likelihood of symptoms or test-seeking between these
groups (33). Last, the term Pr (U|Z = z, t = 0) indicated the
proportion of individuals who remained uninfected at the
time of receiving vaccination, or (for those who remained
unvaccinated) at the time vaccination became available to
them.

We assumed that prevalence of prior infection could dif-
fer among vaccine recipients and nonrecipients for various
reasons, including the initial prioritization of COVID-19
vaccines for populations at high risk of exposure (e.g., essen-
tial workers) and, conversely, because willingness to receive
vaccination could be correlated with other risk-mitigating
behaviors. We conducted sensitivity analyses allowing for
Pr (U|Z = z, t = 0) equal to 100%, 90%, and 80%, for both
the vaccinated and unvaccinated, based on estimates of
statewide population seroprevalence as of November 2020
(41).

To estimate bias-corrected VE, we solved for θ(t) accord-
ing to

θ(t) = aOR(t) × Pr (U|Z = 0, t)

Pr (U|Z = 1, t)
= aOR(t)

× Pr (U|Z = 0, t = 0) × exp
(−ρ

∑
τ<tλ0 (τ)

)

Pr (U|Z = 1, t = 0) × exp
(−ρ

∑
τ<tλ1 (τ)

) ,

for aOR(t) estimated via the conditional logistic regression
framework described above in our primary analyses.

Thus, naive (bias-uncorrected) VE measured as
[1 − aOR(t)] × 100% would be interpreted to represent

Am J Epidemiol. 2023;192(6):895–907
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Figure 1. Descriptive attributes of California residents seeking testing for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, enrolled between February to December 2021. Distribution of the days elapsed between vaccination and SARS-CoV-2 testing
among individuals who received 2 doses of either BNT162b2 (Pfizer/BioNTech, New York, New York) or mRNA-1273 (Moderna, Cambridge,
Massachusetts). Plots show the distribution of BNT162b2 (A) and mRNA-1273 (B), for which second doses are recommended ≥21 and ≥28
days after first dose, respectively, and distribution of the days elapsed between participants’ date of full vaccination for cases testing positive for
SARS-CoV-2 (C) and controls testing negative (D). Participants were considered fully vaccinated if they were tested ≥14 days after their second
dose of mRNA-1273 or BNT162b2.

differences in risk of symptomatic SARS-CoV-2 infection
among unvaccinated individuals and those vaccinated t
days previously, owing to levels of both vaccine-derived
and naturally acquired protection within the vaccinated and
unvaccinated populations. In contrast, bias-corrected VE,
measured as [1 − θ(t)] × 100%, represented the degree of
vaccine-conferred protection against symptomatic infection
t days after vaccination, adjusting for effects of differential
prevalence of naturally acquired protection within the
vaccinated and unvaccinated populations.

Protection after third dose receipt

Last, we sought to estimate VE for 3 doses of BNT162b2
or mRNA-1273 against symptomatic SARS-CoV-2
infection, ≥7 days after receipt of the third dose. We defined

3-dose VE relative to receipt of zero doses and 2 doses
at varying time intervals after the second dose (defined
categorically by months since individuals were considered
fully vaccinated with 2 doses). Assuming 90% VE of ≥3
doses, we determined that analyses with 85 cases and 85
controls, where 10% of controls had received ≥3 doses,
would provide 80% power to infer VE > 0% at 2-sided
P < 0.05.

We estimated the aOR for prior receipt of 3 doses, relative
to zero doses and 2 doses, using logistic regression models
that included participants’ age group, sex, region, presence
of immunocompromising or comorbid conditions, and the
week of study enrollment as categorical covariates. We
defined third-dose VE as (1 − aOR) × 100%. As our study
period encompassed only a narrow window of time after
individuals were recommended to receive booster doses,
analyses did not distinguish protection as a function of time
since receipt of the third dose.

Am J Epidemiol. 2023;192(6):895–907
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Figure 2. Two-dose vaccine effectiveness against symptomatic
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection over time, California, February to December 2021. Esti-
mates from a conditional logistic regression model matching cases
and controls on age group, sex, region, and week of SARS-CoV-2
testing are shown for vaccine effectiveness of 2 doses of BNT162b2
(Pfizer/BioNTech, New York, New York) or mRNA-1273 (Moderna,
Cambridge, Massachusetts) by days since participants were fully
vaccinated. Shaded areas denote 95% confidence intervals around
point estimates. Numerical estimates plotted in this figure are pre-
sented in Web Table 4. Model estimates a 40.2% (95% confidence
interval: 17.5, 73.7) reduction in vaccine effectiveness over 7 months.

RESULTS

Enrollment and descriptive analyses

Between February 24 and December 5, 2021, we enrolled
2,238 participants, including 1,052 cases (testing positive
for SARS-CoV-2) and 1,186 controls (testing negative for
SARS-CoV-2; Table 1). In total, 862 participants, including
250 cases (24% of 1,052) and 612 controls (52% of 1,186),
reported receiving any mRNA vaccine doses prior to SARS-
CoV-2 testing.

Among these 862 vaccinated participants, 497 (58%) and
365 (42%) reported receipt of BNT162b2 and mRNA-1273,
respectively. In total, 640 participants were fully vaccinated
at the time of their SARS-CoV-2 test. While participants
received second doses as few as 14 days after their primary
doses, the majority received their second dose at or after the
recommended interval (21 days for BNT162b2 and 28 days
for mRNA-1273; Figure 1A–B). Positive tests among vacci-
nated cases occurred between zero and 251 days after they
were considered fully vaccinated (Figure 1C). In contrast,
the majority of controls were enrolled within the first 100
days after being considered fully vaccinated (Figure 1D).

Time-varying protection after receipt of second dose

We estimated the pooled VE for 2 doses of BNT162b2 or
mRNA-1273 against symptomatic SARS-CoV-2 infection
to be 91.3% (95% confidence interval (CI): 83.8, 95.4) at
14 days after second-dose receipt but declined thereafter

(Figure 2). We estimated that VE for 2 doses of BNT162b2
or mRNA-1273 reached 50.8% (95% CI: 19.7, 69.8) 7
months after individuals were considered fully vaccinated
(absolute difference in VE: 40.2%, 95% CI: 17.5, 73.7).
Lower bounds of the 95% CI crossed zero at 8 months
after participants were considered fully vaccinated with 2
doses (VE = 42.9%, 95% CI: −0.1, 67.1; Web Table 4). We
obtained similar findings in analyses excluding individuals
(n = 114) who reported receipt of BNT162b2 or mRNA-
1273 but did not reference their vaccination record during
the interview (Web Figure 1). Estimates were near identical
in analyses restricting the control sample to participants who
tested negative for SARS-CoV-2 and reported at least 1
symptom (Web Figure 2). Waning was likewise evident in
analyses considering endpoints of any SARS-CoV-2 infec-
tion, infection with fever and ≥1 respiratory symptom, and
infection for which participants received care in any clinical
setting.

Waning effects did not vary by vaccine manufacturer
(Figure 3A–B). Over a 7-month interval from the date par-
ticipants were considered fully vaccinated, we estimated
40.5% (95% CI: 17.6, 73.2) and 40.4% (95% CI: 17.7, 74.2)
absolute reductions in VE against symptomatic infection
for recipients of BNT162b2 and mRNA-1273, respectively.
Over the same interval, participants aged ≥50 years (n =
520) experienced a 42.6% (95% CI: 10.2, 103.3) absolute
reduction in VE, compared with 34.9% (95% CI: 14.4, 64.0)
absolute reduction in VE among participants aged 13–49
years (n = 1,718; Figure 3C–D). Among 545 participants
who reported having any preexisting conditions, the reduc-
tion in estimated VE over a 7-month interval was 53.0%
(95% CI: −4.1, 143.4; Figure 3F). However, the estimated
reduction in VE was 33.1% (95% CI: 10.3, 69.1; Figure 3E)
among individuals who did not report any preexisting con-
ditions.

Lengthening the dosing interval from 21 days to 51 days
for either BNT162b2 or mRNA-1273 was associated with
an absolute increase in VE of 16.3% (95% CI: −2.4, 28.7)
at 14 days after receipt of the second dose (VE = 75.6%
(95% CI: 66.0, 82.4) vs. VE = 92.1% (95% CI: 75.8, 97.4);
Figure 4). We did not identify evidence for differences in the
degree of vaccine effectiveness waning for participants who
received second doses at longer time intervals after their first
dose, although these analyses were limited by the low degree
of variability in second-dose timing (Web Figure 3; Web
Table 3).

Risk-of-bias analysis

Throughout the study period, incidence rates of reported
COVID-19 among unvaccinated persons exceeded those
among the vaccinated (Web Figure 4). Incidence rates
among the unvaccinated and vaccinated peaked at 90
cases per day per 100,000 and 15 cases per day per
100,000 respectively, in late July 2021. For a hypothetical
cohort that became fully vaccinated as of May 2021,
assuming 20% of the population had been infected by
this time, bias-corrected VE as of December 2021 (7
months after participants were considered fully vaccinated)
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Figure 3. Two-dose vaccine effectiveness against symptomatic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection over
time within distinct participant strata, California, February to December 2021. Vaccine effectiveness estimates are partitioned for 2 doses by
time since participants were considered fully vaccinated, for BNT162b2 (Pfizer/BioNTech, New York, New York) recipients (A), mRNA-1273
(Moderna, Cambridge, Massachusetts) recipients (B), participants aged 13–49 years (C), participants aged ≥50 years (D), participants with
no self-reported preexisting conditions (E), and participants who self-reported any preexisting conditions (F). Comorbid conditions within the
participant sample are enumerated in Web Table 2. Estimates obtained via conditional logistic regression models matching cases and controls
on age group, sex, region, and week of SARS-CoV-2 testing. Shaded areas denote 95% confidence intervals (CIs) around point estimates.
Model estimates a 7-month reduction of 40.5% (95% CI: 17.6, 73.2) for BNT-162b2 (A); 40.4% (95% CI: 17.7, 74.2) for mRNA-1723 (B); 34.9%
(95% CI: 14.4, 64.0) for participants under 50 years of age (C); 42.6% (95% CI: 10.2, 103.3) for participants over 50 years of age (D); 33.1%
(95% CI: 10.3, 69.1) for those who are healthy with no preexisting conditions (E); and 53.0% (95% CI: −4.1, 143.4) for those with preexisting
conditions (F).

Am J Epidemiol. 2023;192(6):895–907



Bias-Corrected Waning of COVID-19 Vaccine Effectiveness 903

0

25

50

75

100

14 21 28 35 42 49 56 63

Va
cc

in
e 

Ef
fe

ct
iv

en
es

s,
 %

No. of Days Between
First and Second Dose

Figure 4. Two-dose vaccine effectiveness against symptomatic
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection by interval between receipt of first and second doses, Cali-
fornia, February to December 2021. Two-dose vaccine effectiveness
estimates presented as of 14 days after second dose receipt, accord-
ing to the length of the interval between receipt of first and second
doses. Estimates were obtained via conditional logistic regression
models matching cases and controls on age group, sex, region, and
week of SARS-CoV-2 testing. Shaded areas denote 95% confidence
intervals around point estimates. Longer-term vaccine effectiveness
for 2 doses plotted according to the length of the interdose interval in
Web Figure 3.

was 53.2% (95% CI: 23.6, 71.2), compared with 50.8%
(95% CI: 19.7, 69.8) without bias correction (Figure 5I).
The direction and magnitude of bias varied according to
whether prevaccination prevalence of naturally acquired
immunity was higher among individuals who opted to
receive or not to receive vaccination (Web Table 5). For
example, when assuming 0% initial prevalence of naturally
acquired immunity among the vaccinated and 20% initial
prevalence of naturally acquired immunity among the
unvaccinated, bias-corrected VE after 7 months was 62.5%
(95% CI: 38.9, 77.0). This scenario corresponds to bias
driven by enhanced naturally acquired immunity among
the unvaccinated, which masks differences in susceptibility
attributable to vaccination. Under a reverse scenario of 20%
initial prevalence of naturally acquired immunity among the
vaccinated, and 0% initial prevalence of naturally acquired
immunity among the unvaccinated, bias-corrected VE was
41.5% (95% CI: 4.5, 64.1). This scenario corresponds to
bias driven by low susceptibility among the vaccinated as
a result of naturally acquired immunity in conjunction with
vaccine-derived protection.

Protection after receipt of third dose

We enrolled 3 cases and 22 controls who reported
receiving a third mRNA vaccine dose ≥7 days before
their SARS-CoV-2 test (Table 1, Web Table 6); these

participants received their third dose within 7–76 days
before testing. Among all 3-dose recipients, 22 (88.0% of
25) received 3 doses of a single product, while 3 (12.0% of
25) received mixed series. The median time between second
and third dose receipt was 213 days. Participants who had
received 3 doses of BNT162b2 or mRNA-1273 experienced
95.0% (95% CI: 82.8, 98.6) protection against symptomatic
SARS-CoV-2 infection relative to unvaccinated participants
(Table 2). The relative effectiveness of 3 doses versus 2
doses 1 month after participants had completed their primary
series was 71.6% (95% CI: −45.4, 94.3). The relative
effectiveness of 3 doses versus 2 doses at 8 months after
participants had completed their primary series was 87.9%
(95% CI: 51.9, 97.0).

DISCUSSION

Our study demonstrates waning protection against
symptomatic SARS-CoV-2 infection with increasing time
from receipt of 2 doses of BNT162b2 or mRNA-1273.
Depletion-of-susceptibles bias resulting from acquisition of
immunity through natural infection did not account for the
observed waning of VE with increasing time from receipt
of the second dose; estimates correcting for depletion-
of-susceptibles bias differed minimally from primary
regression-based VE estimates accounting for time-varying
protection unless analyses assumed substantial baseline
differences in prevalence of naturally acquired immunity
among individuals who received or did not receive vaccina-
tion. These results substantiate previous reports of waning
protection up to 5 months after individuals completed
their primary vaccination series with BNT162b2 (10–
12, 42–44), demonstrating the persistence of statistically
significant protection against symptomatic infection through
7 months. Our study builds on other findings from the
United States that third doses of BNT162b2 or mRNA-
1273 restore waning VE to levels resembling observations
14 days after receipt of a second dose, thus conferring
substantial protection against pre-Omicron variants (45).
This study’s findings that waning of 2-dose VE is not
driven by epidemiologic bias, and that VE is restored after
a third dose, provide evidence in support of the decision by
CDPH, and subsequently the Centers for Disease Control
and Prevention, to recommend booster doses for all adults
≥6 months after primary series completion.

Point estimates from our study suggested earlier declines
in immunity among older adults (aged ≥50 years) than
among younger adults (aged <50 years). Although these
results should be interpreted cautiously given our limited
sample size in older age groups, they are consistent with
knowledge that functional changes in innate and adaptive
immunity associated with immunosenescence at older ages
may reduce the effectiveness of vaccines among older adults
(46). Prior studies with greater enrollment of older adults
have reported similar findings (9, 10). Our analyses also sug-
gested that, compared with immunocompetent individuals
without comorbidities, individuals with weakened immune
function or comorbid conditions experienced greater reduc-
tions in VE over time after receipt of their second doses (47).
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Figure 5. Two-dose vaccine effectiveness against symptomatic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection as
of December 2021 by time since second dose receipt, correcting for depletion-of-susceptibles bias, in a hypothetical cohort. “Naive” (bias-
uncorrected) estimates of 2-dose vaccine effectiveness from Figure 2 (gray) were overlaid with bias-corrected estimates (blue) accounting
for unreported infections among vaccinated and unvaccinated persons, as listed in Web Table 5, for hypothetical cohorts of individuals offered
vaccination 1–7 months prior to December 2021. Rows and columns correspond to differing assumptions about the proportion of individuals who
remained uninfected at the time vaccination was offered to them, among the vaccinated and unvaccinated, respectively. Scenarios considered
include: 100% uninfected among the vaccinated and the unvaccinated when offered vaccination (A), 90% uninfected among the unvaccinated
and 100% uninfected among the vaccinated (B), 80% uninfected among the unvaccinated and 100% uninfected among the vaccinated (C),
100% uninfected among the unvaccinated and 90% uninfected among the vaccinated (D), 90% uninfected among the unvaccinated and the
vaccinated (E), 80% uninfected among the unvaccinated and 90% uninfected among the vaccinated (F), 100% uninfected among the vaccinated
and 80% uninfected among the unvaccinated (G), 90% uninfected among the vaccinated and 80% uninfected among the unvaccinated (H), and
80% uninfected among the vaccinated and the unvaccinated (I). Corresponding numerical estimates are presented in Web Table 5.

Although our analyses address third doses only, our findings
are in conceptual agreement with current recommendations
prioritizing older and immunocompromised individuals for
additional booster doses (48).

Extended spacing between the first and second dose of
mRNA vaccines was employed in the United Kingdom,
Canada, and other countries as a dose-sparing strategy to
maximize coverage of first doses. Our findings suggest
that longer (>21 or >28 days) intervals between the first
and second doses of BNT162b2 or mRNA-1273 may be
associated with enhanced clinical protection. In the United
Kingdom, individuals receiving second doses 6–12 weeks
after their first dose experienced enhanced immunogenicity
as well as increased VE against SARS-CoV-2 infection for
BNT162b2, and enhanced immunogenicity for ChAdOx1
(Oxford/AstraZeneca, Cambridge, United Kingdom) (49).
Consideration of extended spacing of doses may thus be
appropriate in settings where supply and/or access remains
limited, although benefits should be weighed against

additional risk of infection during longer intervals between
doses.

Our analysis has limitations. The study is observational
in nature, and while we attempted to mitigate confounding
through matching on test-seeking (by design) as well as age,
sex, region, and time, unmeasured confounding in the asso-
ciation between COVID-19 vaccination and individuals’
likelihood of a positive test result may persist. Because
we enrolled participants and administered questionnaires
via telephone interviews, our study generally did not enroll
cases experiencing severe disease. The symptomatic SARS-
CoV-2 infection endpoint we monitored should thus be
considered to encompass mild or moderate infections, for
which most individuals had not been hospitalized by the time
of their interviews. Collection of isolates for sequencing was
not feasible under our retrospective study design; thus, it
was not possible to identify differences in VE across SARS-
CoV-2 variants. Data were collected in the study prior to,
during, and after the surge of the Delta variant in California,
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Table 2. Effectivenessa of Third Doses of BNT162b2 or mRNA-1273b Against Symptomatic SARS-CoV-2 Infection in California, February to
November 2021

Cases Controls

Exposure
No. % No. %

Absolute
VE vs. 0
Doses

95%
CI

Relative VE
of 3 Doses

vs. Indicated
Exposure

95%
CI

0 doses 942 83.6 842 64.9 1.0 Referent 95.0 82.8, 98.6

2 doses (fully vaccinated)

Fully vaccinated 1 month prior 12 6.5 88 19.3 89.2 80.7, 94.4 71.6 −45.4, 94.3

Fully vaccinated 2 months prior 19 10.3 82 18.0 82.4 71.2, 89.8 81.1 11.7, 96.0

Fully vaccinated 3 months prior 27 14.6 74 16.2 75.4 61.2, 84.8 84.1 33.6, 96.4

Fully vaccinated 4 months prior 28 15.1 56 12.3 72.3 55.5, 83.2 85.9 42.8, 96.6

Fully vaccinated 5 months prior 22 11.9 39 8.6 71.3 50.0, 83.9 84.4 37.1, 96.3

Fully vaccinated 6 months prior 27 14.6 45 9.9 70.1 49.7, 82.5 85.0 40.5, 96.4

Fully vaccinated 7 months prior 24 13.0 28 6.1 65.0 36.0, 81.0 85.3 41.1, 96.4

Fully vaccinated 8 months prior 23 12.4 22 4.8 58.4 19.9, 78.3 87.9 51.9, 97.0

3 doses

3 doses ≥7 days before testing 3 0.3 22 1.7 95.0 82.8, 98.6

Abbreviations: CI, confidence interval; VE, vaccine effectiveness.
a Logistic regression model adjusting for age, sex, region, week of testing, and presence of immunocompromising or comorbid conditions

used to assess the adjusted odds ratio of each vaccine exposure category (defined categorically by months since individuals were considered
fully vaccinated), defining the reference exposure as receipt of 0 doses (for absolute VE) or as receipt of 2 doses at each indicated time interval
(for recipients of 3 doses). Descriptive characteristics of 3 dose recipients are listed in Web Table 6.

b BNT162b2 (Pfizer/BioNTech, New York, New York) or mRNA-1273 (Moderna, Cambridge, Massachusetts).

and before emergence of Omicron as a prominent circu-
lating lineage. However, previous analyses distinguishing
protection against Delta, Mu, Alpha, and other SARS-CoV-2
variants have suggested that reductions in VE over time
are likely due to waning protection over time rather than
variant-specific differences in protection (10). While we
provide point estimates for waning protection within differ-
ing subgroups and against differing endpoints, analyses are
underpowered for determining whether durations of protec-
tion differ significantly across subgroups. Point estimates
from our study suggesting longer durations of protection
among younger individuals and those without medically sig-
nificant comorbid conditions (Figure 3) resemble findings
from large-scale studies linking participants’ SARS-CoV-2
testing results to comprehensive medical record data sets
(9, 40). However, our finding of faster waning of protection
against SARS-CoV-2 infection with fever and ≥1 respira-
tory symptom (Web Figure 2) is counterintuitive. This find-
ing may be an artifact of low statistical power or endpoint
misclassification due to imperfect reporting of symptoms, or
may be explained by the occurrence of more severe break-
through infections among individuals with poorer health
status, in the event of insufficient statistical adjustment.
Finally, while misclassification of self-reported vaccination
status is possible, our VE estimates were robust in analyses
excluding participants who did not reference a vaccination
card during the interview. Moreover, individuals’ familiarity

with referencing their vaccination records to enter restau-
rants, bars, workplaces, and other public spaces during the
COVID-19 pandemic likely reduces the risk for inaccurate
reporting of COVID-19 vaccination status relative to other
vaccines.

Given the limited duration of follow-up in early COVID-
19 vaccine trials, our results demonstrate the value of obser-
vational studies to monitor longer-term VE under real-world
circumstances. Our findings indicate that waning of VE for
BNT162b2 and mRNA-1273 is unlikely to be an artifact
of epidemiologic bias, despite such concerns often being
raised in studies stratifying VE by age or time since vac-
cination (17, 18). These findings are in agreement with prior
theoretical studies demonstrating that risk of bias in VE
estimates due to differential depletion of susceptibles is low
if vaccination confers substantial protection (25); during our
study period, point estimates of initial 2-dose protection
exceeded 90%. As bias is expected to be greater when
vaccines offer lower degrees of protection, our findings
may not hold for the Omicron variant, which is associated
with greater degrees of vaccine escape than prior variants
(31). Similar analyses integrating cumulative infection data
from serological studies should be prioritized to monitor
the contributions of naturally acquired and vaccine-derived
immunity to protection against SARS-CoV-2 as prevalence
of naturally acquired immunity increases within the popula-
tion (50).
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