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Abstract 

 Few individuals are up-to-date on COVID-19 vaccines, leading to widespread gaps in 

protection. Current vaccine communication strategies emphasize availability, with limited 

effectiveness for recurring vaccinations and vaccine-hesitant individuals. Previously, we 

identified a leading factor limiting vaccine uptake: misconceptions about immunity. To address 

this gap, we developed an intervention that targeted beliefs about immunity, providing 

personalized feedback about likely protection against COVID-19. In an online sample of 

participants (N=882, stratified by age and gender), this intervention effectively changed 

immunity beliefs and increased vaccination intentions. Our personalized intervention was 

particularly effective for older adults, who are at greater risk of severe illness if not sufficiently 

protected by vaccination. Two months later, belief changes endured, and self-reported vaccine 

uptake was approximately 8x higher than the national rate in the United States during the same 

time period. Crucially, our intervention was substantially more effective than existing, non-

personalized interventions used by national public health organizations. We then scaled our 

intervention to a public website and replicated our findings in an independent sample that was 

stratified to approximate the demographic makeup of the United States (N=553). Overall, our 

novel psychological intervention changed immunity beliefs and motivated vaccination, of 

relevance for COVID-19, influenza, and future pandemic threats.  
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Introduction 1 

Beliefs about immunity have important implications for health behaviors. If an individual 2 

is aware that they are vulnerable to a disease, they might stay up-to-date on vaccines, take a 3 

diagnostic test if they experience symptoms, or take precautions to protect themselves and 4 

others. Routine vaccines, such as for COVID-19 or influenza, can safely restore and update 5 

immunity to account for evolving viruses. However, uptake remains low—as of December 2024, 6 

only 21.0% of U.S. adults were up-to-date on COVID-19 vaccines, and 40.8% were up-to-date 7 

on influenza vaccines1,2. In the present studies, we tested interventions designed to correct 8 

misconceptions about waning immunity and motivate uptake of COVID-19 vaccines. 9 

Immunity conferred by COVID-19 infections or vaccinations wanes over time, 10 

potentially at different rates3–8. Hybrid immunity acquired through both vaccination and infection 11 

also wanes over time, but at a slower rate than immunity developed through vaccination or 12 

infection alone7,9–11. Irrespective of whether individuals have been infected, vaccinated, or both, 13 

protection against infection declines more rapidly4,5,12, whereas protection against severe illness 14 

declines at a slower rate6,7,13. Updated COVID-19 vaccines, reformulated for evolving viral 15 

variants, help restore and maintain protection12–15. Restoring protection is particularly important 16 

for older adults and individuals who are at higher risk of severe illness13,16,17. 17 

        However, few Americans are up-to-date on COVID-19 vaccines1. The CDC currently 18 

recommends that nearly all individuals at least 6 months of age should receive an updated 19 

COVID-19 vaccine18. Previously, we found that many individuals chose not to receive a booster 20 

vaccine because they believed they still had strong protection against infection and/or severe 21 

illness19. These individuals likely overestimated their protection—72% had not been infected or 22 

vaccinated in the previous 6 months, and 51% reported no prior documented infections. 23 
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Prior studies have investigated strategies for increasing COVID-19 vaccine uptake20–25. 1 

Existing recommendations for motivating vaccination emphasize dialogues with trusted 2 

messengers, such as healthcare providers and community leaders26. This approach can help 3 

address vaccine hesitancy, but is difficult to scale. Text-message reminders (focusing on vaccine 4 

availability or ownership) can increase vaccination shortly after vaccine rollout27, but are not 5 

effective for hesitant individuals and less relevant to routine vaccinations28,29. Importantly, 6 

promoting booster vaccines requires different strategies, relative to motivating primary 7 

vaccinations21,30. To our knowledge, prior interventions have not aimed to address the unique 8 

challenges associated with motivating uptake of updated COVID-19 vaccines (e.g., 9 

misconceptions about waning immunity, viral variants, safety, or effectiveness19). For instance, 10 

an individual who mistakenly believes that they still have strong immunity may conclude that the 11 

expected value of a booster vaccine is outweighed by the expected costs (e.g., mild side effects, 12 

inconvenience, or rare adverse events)31. We propose that changing beliefs about immunity is an 13 

important understudied mechanism for motivating vaccination. 14 

Beliefs about immunity are conceptually related to beliefs about risk. Numerous studies 15 

have investigated risk perception during COVID-1932,33; perceived risk of COVID-19 is related 16 

to vaccine uptake, mask wearing, social distancing, and risk taking34–39. Furthermore, political 17 

attitudes strongly influence perceived risk of COVID-19 and behavioral intentions40–43. Prior 18 

studies have shown that COVID-19 risk perception is inaccurate, such as when participants 19 

attempt to estimate the risk of viral exposure in social distancing scenarios44 or in public 20 

gatherings39,45. Importantly, improving the accuracy of risk estimation—as opposed to 21 

unilaterally increasing perceived risk—is necessary to balance public health goals with mental 22 

health and societal well-being46–48. 23 
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How might beliefs about immunity and risk influence health behaviors? Two theoretical 1 

frameworks of behavior change offer potential mechanisms. The Theory of Planned Behavior 2 

proposes that attitudes, subjective norms, and perceived behavioral control shape intentions and 3 

behavior 49. Changing beliefs about immunity—such as by informing people that immunity 4 

wanes over time—could change attitudes by increasing the perceived value of vaccination50,51. 5 

An alternative framework, Fuzzy-Trace Theory52–54, proposes that “gist” representations, which 6 

capture the general meaning and emotional context of information, endure in memory and guide 7 

decision making (even when verbatim details, like risk statistics, are forgotten). A prediction that 8 

arises from this framework is that clearly conveying a gist concept (e.g., “I am vulnerable to 9 

COVID-19”), such as by using a meter to illustrate categories of risk or protection, may be more 10 

effective than providing detailed information about risk statistics or vaccination guidelines.  11 

Previously, we developed an interactive online intervention designed to change perceived 12 

risk of viral exposure39. Imagining the possible consequences of risky actions (hosting an indoor, 13 

unmasked gathering) enhanced learning from feedback in a subsequent “risk quiz” about local 14 

viral exposure risk. This intervention corrected risk underestimation and overestimation, and 15 

decreased willingness to take risks. Importantly, we also found that imagining a personalized 16 

scenario (featuring yourself and close others) was particularly effective for older adults, who 17 

were less likely to learn from numerical risk information55. Drawing on these findings, we later 18 

developed a public website with risk assessment tools, again showing that quiz feedback (paired 19 

with illustrations that contextualized risk) decreased risk-taking intentions45,56,57. 20 

Overall, prior studies indicate that beliefs about immunity and risk influence vaccine 21 

uptake, but these beliefs are often inaccurate. Informational interventions can correct risk 22 

misestimation and potentially motivate vaccination. Personalized interventions may be 23 
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particularly effective for older adults, who are at increased risk of severe illness due to COVID-1 

19, as well as other preventable diseases. Here, we tested new interventions to motivate uptake of 2 

updated COVID-19 vaccines, targeting beliefs about immunity as a psychological mechanism.  3 

Present Studies 4 

We predicted that providing personalized information about immunity would correct risk 5 

misestimation and motivate vaccination. In Study 1 (Session 1), we tested online interventions 6 

with 883 U.S. residents across the adult lifespan (ages 18-93). After providing information about 7 

all prior COVID-19 vaccine doses and documented infections, participants were randomly 8 

assigned to one of three interventions (Figure 1). Participants in the Immunity Estimator 9 

condition (n=296) received personalized feedback about estimated protection against COVID-19 10 

based on each individual’s history of vaccines and infections. We compared the Immunity 11 

Estimator intervention with two alternative interventions. In the CDC-Flyer condition (n=292), 12 

participants read a CDC-produced informational flyer that promoted the updated COVID-19 13 

vaccine and described eligibility criteria. The purpose of this condition was to test whether the 14 

Immunity Estimator condition was more effective than the existing standard treatment, a flyer 15 

that was already widely used. In the Alternative-Flyer (Alt-Flyer) condition (n=295), we 16 

modified the CDC-Flyer to add information about waning immunity. The purpose of this 17 

condition was to test whether a minor modification to existing materials would be sufficient to 18 

correct beliefs about immunity.  19 

Before and after completing one of these interventions, participants answered survey 20 

questions about perceived risk of COVID-19 infection and severe illness, beliefs about safety 21 

and effectiveness of the updated COVID-19 vaccine, intentions to get a vaccine dose, 22 

awareness of the updated vaccine and eligibility criteria, and interest in learning more about 23 
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COVID-19 risks. After a two-month delay (Session 2), we recontacted participants to assess 1 

these beliefs again and investigate post-intervention vaccine uptake.  2 

We predicted that the Immunity Estimator condition would be most effective at 3 

correcting risk perception and motivating vaccination. We expected that the Alt-Flyer would be 4 

modestly effective and the CDC-Flyer would be less effective, because it did not address beliefs 5 

about immunity. Importantly, we assessed the effectiveness of each intervention by measuring 6 

within-subjects changes in beliefs and intentions (comparing pre- and post-intervention 7 

measures); the purpose of comparing the three intervention conditions was to determine whether 8 

the Immunity Estimator condition was effective above and beyond the potential benefits of 9 

existing, simpler communication strategies. 10 

Following Study 1, we scaled the personalized Immunity Estimator intervention to a 11 

public website (https://covid19immunity.com/). In Study 2, soon after the release of new updated 12 

COVID-19 vaccines, we replicated our findings in a new sample of 553 U.S. participants 13 

(stratified to approximate the demographic makeup of the United States) who interacted with the 14 

website version of the intervention.  15 
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Figure 1. Overview of Study 1 procedure. Participants first provided information about all prior 

COVID-19 infections and vaccinations (Immunity History), followed by survey questions 

(Repeated Survey Measures). Participants were then randomly assigned to view one of three 
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informational interventions: the Personalized, CDC-Flyer, and Alt-Flyer conditions. After 

completing one of the three interventions, participants completed the Repeated Survey Measures 

again. After a two-month delay, we recontacted participants to return for a follow-up survey.  

 

 1 

Study 1 Results 2 

Correcting Risk Misestimation 3 

To test whether baseline beliefs about risk were aligned with reality, we summed pre-4 

intervention ratings of perceived risk of infection (if exposed to COVID-19) and severe illness (if 5 

infected with COVID-19) to obtain a composite score of perceived risk. We then correlated this 6 

score with the immunity scores derived from each participant’s history of COVID-19 infections 7 

and vaccinations (Methods, Measures). There was no association between perceived risk and 8 

estimated protection, suggesting that beliefs about immunity were miscalibrated (r=0.01, 95% CI 9 

[–0.06, 0.08], t=0.31, p=0.757). 10 

We then tested whether the interventions corrected risk misestimation. Ideally, a risk 11 

literacy intervention should bidirectionally recalibrate perceived risk, with the degree of change 12 

determined by the magnitude and direction of misestimation (i.e., prediction error 39,58,59). After 13 

an intervention, individuals who are underestimating risk should report increases in perceived 14 

risk, whereas individuals who are overestimating risk should report decreases in perceived risk.  15 

To test these predictions, we calculated a risk error score for each participant (Methods, 16 

Measures). Positive risk error scores indicate overestimation, negative scores indicate 17 

underestimation, and zero indicates accurate estimation. Using linear regression, we predicted 18 

change in perceived risk of infection from risk error (continuous variable), condition (Immunity 19 

Estimator, CDC-Flyer, or Alt-Flyer), vaccination status (0=unvaccinated, 1=one or more 20 

COVID-19 vaccine doses) and all interactions.  21 
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There was a main effect of risk error on perceived risk of infection (β=0.21, 95% CI 1 

[0.11, 0.30], t=4.35, p<0.0001), indicating that the intervention effectively corrected both 2 

underestimation and overestimation of risk. There was also an interaction between risk error and 3 

condition (F(2,870)=7.45, p=0.0006, η2
p=0.02) (Figure 2A). Risk error predicted change in 4 

perceived risk in the Immunity Estimator (β=0.48, 95% CI [0.29, 0.66], t=5.14, p<0.0001) and 5 

Alt-Flyer conditions (β=0.14, 95% CI [0.01, 0.28], t=2.13, p=0.034), but not in the CDC-Flyer 6 

condition (β=0.00, 95% CI [-0.17, 0.17], t=0.01, p=0.990). The effect of risk error was 7 

significantly stronger in the Immunity Estimator condition relative to the CDC-Flyer (β=0.48, 8 

95% CI [0.18, 0.77], t=3.77, p=0.0005) and Alt-Flyer conditions (β=0.33, 95% CI [0.06, 0.60], 9 

t=2.89, p=0.011); there was no significant difference between the two Flyer conditions (β=0.14, 10 

95% CI [-0.11, 0.40], t=1.31, p=0.389). There was also an interaction between risk error and 11 

vaccination status (F(1,870)=8.18, p=0.004, η2
p=0.01); the effect of risk error on change in 12 

perceived risk was stronger for vaccinated individuals. There were no other significant effects; 13 

all parameter estimates are reported in Table S1.  14 

We then repeated the analysis described above, but predicted change in perceived risk of 15 

severe illness. Overall, results were very similar to the analysis of perceived risk of infection 16 

(Figure 2B). However, in this model, there was also a three-way interaction among risk error, 17 

condition, and vaccination status (F(2,870)=3.61, p=0.028, η2
p=0.01); the effect of risk error on 18 

change in perceived risk (in the Immunity Estimator and Alt-Flyer conditions) was stronger for 19 

vaccinated individuals. Detailed results are reported in Table S2. 20 

Results indicated that baseline beliefs about risk were not aligned with reality. The 21 

Immunity Estimator condition was the most effective strategy for correcting perceived risk of 22 
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infection and severe illness. The Alt-Flyer condition was modestly effective, and the CDC-Flyer 1 

condition did not correct perceived risk.  2 

Individual Differences: Age and Politics 3 

Next, we investigated potential moderators: age and political ideology. As none of the 4 

interventions were effective at changing perceived risk in unvaccinated individuals, for the 5 

following analysis we subset the data to individuals who had received at least one dose of a 6 

COVID-19 vaccine (N=677). On the basis of our prior studies39,55, we predicted that only the 7 

personalized intervention (Immunity Estimator) would be effective for older adults. In contrast, 8 

we expected that both the Alt-Flyer and Immunity Estimator interventions would be effective for 9 

younger adults. We also predicted that intervention effects would be weaker for politically-10 

conservative individuals40–43.  11 
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Figure 2. Correction of risk misestimation. Providing information about waning immunity 

corrected misconceptions about risk of COVID-19 infection (A) and associated severe illness 

(B). X-axis indicates risk error scores; positive values indicate risk underestimation, zero 

indicates accurate estimation, and negative values indicate risk overestimation. Positive slopes 

indicate that perceived risk (y-axis) changed to correct risk misestimation. Among unvaccinated 
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participants (left panels), none of the interventions were effective (slopes did not differ from 

zero). Among vaccinated participants (right panels), the Immunity Estimator and Alt-Flyer 

conditions both effectively corrected risk misestimation in both directions, though the Immunity 

Estimator condition was substantially more effective (i.e., steeper slope). In the CDC-Flyer 

condition, perceived risk did not change, regardless of the degree of risk misestimation. Lines 

depict slope estimates derived from linear regression models. Shaded bands around lines indicate 

95% confidence intervals. Dotted horizontal line marks zero change in perceived risk. Plots 

depict unstandardized variables. Note that here we plot slope estimates without individual points 

to improve comparison of slopes across conditions; plots including raw data from all 882 

participants are included in the Supplementary Information (Figure S1, S2). *** p < 0.001 

 

 1 
Using linear regression, we predicted change in perceived risk of infection from the 2 

variables condition, risk error, and the interaction term. We also tested whether age (continuous 3 

variable) or political attitudes (continuous variable) moderated these effects. There was an 4 

interaction among age, risk error, and condition (F(2,659)=4.81, p=0.008, η2
p=0.01) (Figure 3A). 5 

Follow-up tests sampled levels of the continuous age variable to compare younger (age=20), 6 

middle-aged (age=40), and older adults (age=60). As predicted, older adults showed recalibration 7 

of perceived risk in the Immunity Estimator condition (β=0.73, 95% CI [0.56, 0.90], t=8.31, 8 

p<0.0001), but not in the Alt-Flyer (β=0.13, 95% CI [−0.04, 0.30], t=1.51, p=0.132) or CDC-9 

Flyer conditions (β=0.04, 95% CI [−0.11, 0.20], t=0.56, p=0.574). In contrast, younger and 10 

middle-aged adults responded to both the Immunity Estimator (Younger: β=0.30, 95% CI [0.07, 11 

0.54], t=2.53, p=0.012; Middle-Aged: β=0.52, 95% CI [0.39, 0.65], t=7.74, p<0.0001) and Alt-12 

Flyer (Younger: β=0.39, 95% CI [0.16, 0.63], t=3.33, p=0.001; Middle-Aged: β=0.26, 95% CI 13 

[0.12, 0.40], t=3.74, p=0.0002) conditions. 14 

There was also an interaction among political attitudes, risk error, and condition 15 

(F(2,659)=3.74, p=0.024, η2
p=0.01) (Figure 3B). Follow-up tests sampled levels of the continuous 16 

political attitudes variable to compare moderately-liberal (2/5 on political attitudes scale) and 17 

moderately-conservative (4/5) participants. In the Immunity Estimator condition, liberals showed 18 
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a stronger effect of risk error on change in perceived risk than conservatives (β=0.37, 95% CI 1 

[0.15, 0.58], t=3.36, p=0.0008). The effect of risk error did not differ by political attitudes in the 2 

CDC-Flyer (β=0.14, 95% CI [−0.08, 0.35], t=1.26, p=0.207) or Alt-Flyer conditions (β=−0.08, 3 

95% CI [−0.33, 0.16], t=−0.67, p=0.504). However, risk error still predicted change in perceived 4 

risk among moderately-conservative participants in the Immunity Estimator (β=0.28, 95% CI 5 

[0.05, 0.50], t=2.45, p=0.015) and Alt-Flyer conditions (β=0.29, 95% CI [0.05, 0.53], t=2.36, 6 

p=0.018).  7 

Other results from this model (testing the subset of vaccinated individuals), were 8 

consistent with the previous model that included the full sample of participants without 9 

moderators. Additional results are reported in Table S3. The effects of age and political attitudes 10 

were specific to perceived risk of infection; there were no significant interactions for perceived 11 

risk of severe illness (Table S4).  12 

Overall, analysis of individual differences revealed that the Immunity Estimator 13 

intervention was particularly effective for older adults, who did not respond to the Alt-Flyer. 14 

Although conservatives were less responsive to the interventions, the Immunity Estimator and 15 

Alt-Flyer conditions were still effective for moderately-conservative participants. 16 
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Figure 3. Correction of risk misestimation by age and political attitudes. Shaded bands indicate 

95% confidence intervals around lines. A) For younger adults (ages 18-39) and middle-aged 

adults (ages 40-59), both the Immunity Estimator and Alt-Flyer conditions were effective at 

correcting risk misestimation. For older adults (ages 60+), only the Immunity Estimator 

condition was effective. In the statistical model, age was included as a continuous variable; lines 

depict model-derived slope estimates for 20, 40, and 60 year-old individuals, controlling for 

political attitudes. B) Liberal and conservative participants alike showed changes in perceived 

risk in response to both the Immunity Estimator and Alt-Flyer conditions, but effects were 

weaker for conservatives. In the statistical model, political attitudes were modelled with a 
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continuous variable; lines depict model-derived slope estimates for moderately-liberal (2/5) and 

moderately-conservative (4/5) participants, controlling for age. Shaded bands indicate 95% 

confidence intervals. Plots depict unstandardized variables. Note that here we plot slope 

estimates without individual points to improve comparison of slopes across conditions; plots 

with raw data are included in the Supplementary Information (Figure S3). * p < 0.05, ** p < 

0.01, *** p < 0.001 

 

  

Intentions, Knowledge, and Beliefs 1 

Next, we investigated whether the interventions changed intentions, beliefs, or 2 

knowledge regarding COVID-19 vaccines. For each measure, we conducted one-sample t-tests 3 

on the overall change scores (post-intervention−pre-intervention). We also used ANOVA to 4 

compare change scores across conditions; with the exception of interest in learning about 5 

COIVD-19 risks, there were no significant differences among conditions. Descriptive statistics 6 

and ANOVA results are reported in the Supplementary Information (Table S5, Beliefs, Attitudes, 7 

and Knowledge about COVID-19 Booster Vaccines). 8 

Among the subset of participants who were eligible but had not yet received an updated 9 

COVID-19 vaccine (n=387), 34.6% already intended to receive the dose at baseline. Post-10 

intervention, there was a small increase in vaccination intentions (3.1% increase; t(386)=3.25, 11 

p=0.001, Cohen’s d=0.17, 95% CI [0.06, 0.27]). This subset of participants also reported 12 

increased knowledge of eligibility criteria (t(377)=3.61, p=0.0004, Cohen’s d=0.19, 95% CI [0.08, 13 

0.29]).  14 

Among all participants, we observed increased awareness of the updated vaccine 15 

(t(881)=2.50, p=0.013, Cohen’s d=0.08, 95% CI [0.02, 0.15]), but no changes in perceived vaccine 16 

safety (t(881)=1.65, p=0.100, Cohen’s d=0.06, 95% CI [-0.01, 0.12]) or effectiveness (t(881)=1.45, 17 

p=0.146, Cohen’s d=0.05, 95% CI [-0.02, 0.11]). These effects did not differ across conditions, 18 

suggesting that providing information about waning immunity did not decrease confidence in 19 
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vaccine safety or effectiveness. Participants also reported decreased interest in learning about 1 

COVID-19 risks (t(881)=−3.48, p=0.0005, Cohen’s d=−0.12, 95% CI [−0.18, −0.05]); comparing 2 

conditions revealed that this effect was driven by the CDC-Flyer (F(2,879)=3.01, p=0.050, 3 

η2=0.01).  4 

Session 2: Follow-Up Survey 5 

 After two months, we recontacted participants who (at baseline) were eligible but had not 6 

yet received an updated vaccine; 291 participants returned (Immunity Estimator n=98, CDC-7 

Flyer n=99, Alt-Flyer n=94). We aimed to investigate vaccine uptake and test whether perceived 8 

risk remained realigned with actual risk.  9 

Updated Booster Vaccine Uptake 10 

 During the two months after Session 1, updated COVID-19 vaccine coverage among 11 

adults in the U.S. increased by 0.9%1. We tested whether the proportion of participants who 12 

received an updated vaccine was greater than this national increase. During the study period 13 

between February–April 2023, in the Immunity Estimator condition, 7.1% (95% CI: 2–12%) of 14 

participants received an updated COVID-19 vaccine, significantly more than the national 15 

increase (t(97)=2.4, p=0.019, Cohen’s d=0.24, 95% CI [0.04, 0.44]). Similarly, in the Alt-Flyer 16 

condition, 7.4% (95% CI: 2–13%) of participants received a vaccine (t(93)=2.4, p=0.018, Cohen’s 17 

d=0.25, 95% CI [0.04, 0.46]). In the CDC-Flyer condition, 3.0% (95% CI: 0–6%) of participants 18 

received a vaccine; this increase did not significantly differ from the national benchmark 19 

(t(98)=1.2, p=0.222, Cohen’s d=0.12, 95% CI [−0.07, 0.32]). Overall, rates of updated vaccine 20 

uptake during the post-intervention period in the Immunity Estimator and Alt-Flyer conditions—21 

the two interventions that informed about waning immunity—were approximately 8x greater 22 

(95% CI: 2–14x) than the rate among all U.S. adults.  23 
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Next, we tested whether recent vaccine uptake differed across conditions, controlling for 1 

other variables that we expected would predict vaccination. Using generalized linear regression, 2 

we predicted recent vaccine uptake (1=received dose, 0=did not receive dose) from the variables 3 

condition (Immunity Estimator, Alt-Flyer, CDC-Flyer), prior intentions reported immediately 4 

post-intervention (1=planned to receive dose, 0=unsure/did not plan to receive dose), risk error 5 

(continuous variable), and all interaction terms. We also included covariates for age and political 6 

attitudes (continuous variables). 7 

 There was a main effect of prior intentions; participants who previously planned to get a 8 

booster vaccine were more likely to do so (β=0.18, 95% CI [0.05, 0.31], t=2.65, p=0.008). There 9 

was also an interaction between condition and prior intentions (χ2
(2, N=291)=7.10, p=0.029). 10 

Among participants who had intended to get a booster vaccine, uptake was highest in the 11 

Immunity Estimator condition (14% acted on their intentions). This effect was driven by the 12 

contrast between the Immunity Estimator and Alt-Flyer conditions (Immunity Estimator > Alt-13 

Flyer: β=0.48, 95% CI [0.01, 0.96], t=2.0, p=0.047; Immunity Estimator > CDC-Flyer: β=0.29, 14 

95% CI [−0.79, 0.22], t=1.13, p=0.260; Alt-Flyer > CDC-Flyer: β=−0.19, 95% CI [−0.70, 0.31], 15 

t=0.75, p=0.454). Among participants who had reported not intending to get a vaccine, uptake 16 

was higher in the Alt-Flyer condition. This effect was driven by the contrast between the Alt-17 

Flyer and CDC-Flyer conditions (Alt-Flyer > CDC-Flyer: β=0.39, 95% CI [0.03, 0.75], t=2.16, 18 

p=0.031; Alt-Flyer > Immunity Estimator: β=0.30, 95% CI [−0.07, 0.67], t=1.61, p=0.108; 19 

CDC-Flyer > Immunity Estimator: β=−0.09, 95% CI [−0.45, 0.27], t=−0.49, p=0.625). There 20 

were no other significant effects. All parameter estimates are reported in Table S6. 21 

 Overall, during the two months post-intervention, vaccine uptake in the Immunity 22 

Estimator and Alt-Flyer conditions was substantially greater than the rate among all U.S. adults 23 
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during the same time period. Participants in the Immunity Estimator condition who reported 1 

intending to get a vaccine dose post-intervention were most likely to act on their intentions.  2 

Risk Perception Two Months Later 3 

 Lastly, we assessed perceived risk two months after intervention. Using linear regression, 4 

we predicted perceived risk (average of perceived risk of infection/severe illness) from the 5 

variables condition, actual risk (inverse of protection category scores), risk error (baseline risk 6 

misestimation), and all relevant interaction terms. We expected that the interventions, particularly 7 

the Immunity Estimator, would lead to enduring alignment between perceived and actual risk. 8 

 Overall, actual risk continued to predict perceived risk in Session 2 (β=0.68, 95% CI 9 

[0.54, 0.82], t=9.57, p<0.0001). The strength of this association differed across conditions 10 

(Figure 4B); there was an interaction between condition and actual risk (F(2,282)=5.79, p=0.003, 11 

η2
p=0.04). Perceived-actual risk alignment was stronger in the Immunity Estimator condition 12 

relative to the CDC-Flyer (β=0.58, 95% CI [0.24, 0.91], t=3.40, p=0.0008); other contrasts were 13 

not significant (Alt-Flyer > CDC-Flyer: β=0.30, 95% CI [−0.05, 0.65], t=1.67, p=0.096, 14 

Immunity Estimator > Alt-Flyer: β=0.28, 95% CI [−0.06, 0.62], t=1.60, p=0.110). Risk error also 15 

predicted perceived risk, indicating that baseline misestimation was not fully corrected (β=−0.93, 16 

95% CI [−0.1.08, −0.79], t=−13.04, p<0.0001). There was no main effect of condition 17 

(F(2,282)=0.42, p=0.656, η2
p=0.003), nor an interaction between condition and risk error 18 
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(F(2,282)=2.24, p=0.108, η2
p=0.02). Overall, perceived risk remained aligned with actual risk two 1 

months post-intervention, especially in the Immunity Estimator condition. 2 

Figure 4. Follow-up survey results (291 participants who had not received a booster vaccine at 

Time 1). A) Comparing the proportion of participants who recently received a booster vaccine 

across the three intervention conditions. Dotted black line marks 0.9%, the increase in booster 

vaccine coverage among adults in the United States during the same 2-month period 1. 

Proportions for each condition were compared with this national benchmark. Error bars indicate 

SEM. B) Comparing the association between perceived and actual risk across conditions. Two 

months post-intervention, perceived risk was positively correlated with actual risk in all 

conditions, with the strongest alignment in the Immunity Estimator condition. Lines depict 

estimated slopes for each condition, derived from a linear regression model controlling for 

baseline risk misestimation. Shaded bands indicate 95% confidence intervals. Plots depict 

unstandardized variables. Note that here we plot slope estimates without individual points to 

improve comparison of slopes across conditions; plots including raw data from all participants 

are included in the Supplementary Information (Figure S4). * p < 0.05, ** p < 0.01, *** p < 

0.001 

 



IMMUNITY BELIEFS, RISK PERCEPTION, AND VACCINATION  21 

 

Figure 5. Overview of the COVID-19 Immunity Estimator website used in Study 2. Users added 

“events” (prior COVID-19 infections or vaccine doses) to a table, reporting the event type, 

month, and date. After entering all events, participants viewed a feedback page (Figure S5). The 

website included both English and Spanish language versions. 
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Study 2 Results 1 

Following Study 1, we scaled our Immunity Estimator intervention to a free and 2 

accessible public website, covid19immunity.com (Figure 5, Figure S5). In 09/2023, updated 3 

COVID-19 vaccines were released. In 12/2023, we recruited an online sample (stratified by age, 4 

sex, and race to approximate the demographics of the U.S.) of 606 participants to complete 5 

surveys before and after interacting with the Immunity Estimator website. After exclusions (see 6 

Methods), the sample included survey data from 553 participants and matching Immunity 7 

Estimator website data from 290 participants. Descriptive statistics are provided in Table S7. 8 

Intentions, Knowledge, and Beliefs 9 

 To assess the effects of the Immunity Estimator website on beliefs and intentions, we 10 

calculated change scores (post-intervention–pre-intervention). Among participants who had not 11 

yet received an updated COVID-19 vaccine, the intervention significantly increased intentions to 12 

get an updated vaccine (t(370)=3.84, p=0.0001, d=0.20, 95% CI [0.10, 0.30]). Among all 13 

participants, the intervention increased perceived risk of infection (t(552)=6.78, p<0.0001, d=0.29, 14 

95% CI [0.20, 0.37]), perceived knowledge about the updated COVID-19 vaccines (t(552)=5.81, 15 

p<0.0001, d=0.25, 95% CI [0.16, 0.33]), perceived vaccine effectiveness (t(552)=4.09,  p<0.0001, 16 

d=0.17, 95% CI [0.09, 0.26]), and perceived vaccine safety (t(552)=2.51, p=0.012, d=0.11, 95% CI 17 

[0.02, 0.19]). The intervention did not change interest in learning about COVID-19 risks 18 

(t(552)=−0.92, p=0.356, d=−0.04, 95% CI [−0.12, 0.04]) or perceived risk of severe illness 19 

(t(552)=−0.98, p=0.325, d=0.04, 95% CI [−0.04, 0.13]). 20 

Correcting Risk Misestimation 21 

 Next, we tested whether the Immunity Estimator website corrected risk misestimation. As 22 

in Study 1, in Study 2 we calculated a risk error score for each participant (Methods, Measures), 23 
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comparing baseline perceived risk with inversed immunity scores to identify the direction and 1 

magnitude of risk misestimation. Using linear regression, we predicted change in perceived risk 2 

of infection from risk error, vaccination status (0 doses vs. 1+ doses), and the interaction term. 3 

We also included age and political ideology as covariates.   4 

 Replicating our prior findings, risk error predicted change in perceived risk of infection 5 

(β=0.48, 95% CI [0.66, 0.30], t=5.19, p<0.0001) (Figure 6A). Participants who underestimated 6 

risk reported increased perceived risk, whereas those who overestimated risk reported decreased 7 

perceived risk. In addition, there were main effects of vaccination status (β=−0.26, 95% CI 8 

[−0.45, −0.08], t=−2.78, p=0.006) and age (β=−0.11, 95% CI [−0.22, −0.01], t=−2.78, p=0.034), 9 

such that vaccinated individuals and younger adults reported greater increases in perceived risk. 10 

There were no other significant effects; all parameter estimates are reported in Table S8. We also 11 

tested a separate model with change in perceived risk of severe illness as the dependent variable. 12 

Again, risk error was robustly associated with change in perceived risk (β=0.40, 95% CI [0.20, 13 

0.60], t=3.90, p=0.0001) (Figure 6B). There were no other significant effects; all parameter 14 

estimates are reported in Table S9. 15 
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Figure 6. Correction of risk misestimation in Study 2. Replicating findings from the Immunity 

Estimator condition in Study 1 (reproduced in panels A and B), participants who used the 

Immunity Estimator website reported changes in perceived risk of infection (C) and severe 

illness (D) that scaled with the direction and magnitude of feedback (risk error, x-axis). Lines 

depict estimates slopes from a multiple linear regression model. Shaded bands indicate 95% 

confidence intervals. Dotted horizontal line marks zero change in perceived risk. Plots depict 

unstandardized variables. Note that here we plot slope estimates without individual points to 

improve comparison of slopes across conditions; plots with raw data are included in the 

Supplementary Information (Figure S6). ** p < .01, *** p < .001  
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Discussion 1 

 Protection against many viral infections, including COVID-19, weakens as time passes 2 

after an infection and/or vaccine dose3,4,7,9. Understanding waning immunity is crucial for health 3 

behavior; those who overestimate immunity may (i) neglect to stay up-to-date on vaccinations; 4 

(ii) not take an antigen test when experiencing symptoms; or (iii) engage in behaviors that 5 

increase exposure risk. In Study 1, we showed that our Immunity Estimator intervention—which 6 

provided personalized feedback about estimated protection against COVID-19 infection and 7 

severe illness—effectively corrected both underestimation and overestimation of COVID-19 8 

risk. Two months later, corrections to risk perception endured, and the increase in booster 9 

vaccine uptake was substantially higher than the national increase. Crucially, this approach was 10 

more effective than other informational interventions (a CDC-produced flyer about COVID-19 11 

vaccines, or a modified flyer informing about waning immunity), especially for older adults. In 12 

Study 2, we developed a public website for the Immunity Estimator intervention and replicated 13 

our findings. The Immunity Estimator intervention corrected risk misestimation and increased 14 

vaccination intentions, perceived vaccine safety and effectiveness, and awareness of updated 15 

vaccines. Overall, we found that providing personalized information about protection against 16 

COVID-19 corrected risk misestimation and motivated vaccination.  17 

Correcting Risk Misestimation 18 

 In Study 1, baseline beliefs about risk (of infection and severe illness) were not aligned 19 

with our immunity estimates. This misalignment coheres with our prior findings that perceived 20 

risk of virus exposure is inaccurate39, and many individuals who are not up-to-date on vaccines 21 

erroneously believe they still have strong protection due to prior infection and/or vaccination19. 22 
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Prior studies have investigated risk perception during the COVID-19 pandemic32,39,40,45, but have 1 

not sought to change risk perception by communicating information about waning immunity.   2 

In the Immunity Estimator condition, we provided personalized feedback about estimated 3 

protection against viral infection and severe illness, based on one’s history of infections and/or 4 

vaccinations. We paired these immunity estimates with personalized guidance about booster 5 

vaccines and eligibility criteria. The intervention effectively recalibrated perceived risk: 6 

participants who had underestimated risk reported increased perceived risk, whereas those who 7 

had overestimated risk reported decreased perceived risk. Bidirectionally correcting risk 8 

perception is important; risk underestimation may increase viral transmission, but risk 9 

overestimation can harm mental health46,60. Unilaterally encouraging risk aversion can increase 10 

anxiety without furthering public health goals47. 11 

Two months later, perceived risk remained aligned with actual risk. Although participants 12 

were not able to review their immunity feedback during the two-month delay, the intervention 13 

may have motivated broader information seeking about COVID-19 risk and immunity; in prior 14 

work, we showed that post-intervention information seeking supported durable effects55. In 15 

Study 2, we robustly replicated the effect of the Immunity Estimator intervention correcting risk 16 

perception. These findings parallel other studies on learning from feedback, which have shown 17 

that prediction error (i.e., surprise elicited by feedback that challenges one’s prior beliefs) drives 18 

belief updating depending on the direction and magnitude of the error39,58,59,61.  19 

 We compared the Immunity Estimator condition with two other informational 20 

interventions. We aimed to test whether the Immunity Estimator intervention was more effective 21 

than existing, simpler communication strategies. In the CDC-Flyer condition, we showed 22 

participants a CDC-produced informational flyer that promoted the updated COVID-19 vaccines. 23 
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In the Alt-Flyer condition, we modified the CDC-Flyer to add information about waning 1 

immunity, testing whether a minor change to existing materials would be sufficient to correct 2 

beliefs. Although the specific information provided (and the likely cognitive mechanisms) 3 

differed across conditions, we aimed to demonstrate that the Immunity Estimator intervention 4 

was more effective than the existing standard of treatment (analogous to comparing a new 5 

antidepressant with psychotherapy). We found that the Alt-Flyer was modestly effective, but the 6 

CDC-Flyer was not effective at correcting risk misestimation. These results demonstrated that 7 

the Immunity Estimator intervention was more effective than existing approaches, justifying 8 

large-scale implementation. The effectiveness and durability of the Immunity Estimator 9 

intervention—which clearly conveyed “gist” by illustrating levels of protection with a meter 10 

graphic—aligns with predictions from Fuzzy-Trace Theory52–54, which proposes that gist-like, 11 

categorical thinking about risk drives health behavior more than verbatim information (such as 12 

the details included in the two Flyer conditions). 13 

Vaccine Beliefs, Intentions, and Uptake 14 

 We also investigated vaccine-related beliefs, intentions, and uptake. In Study 1, across all 15 

three intervention conditions, participants reported modest increases in vaccination intentions, 16 

perceived knowledge about COVID-19 vaccines, and awareness of eligibility criteria. Beliefs 17 

about the safety and effectiveness of the vaccines did not change, nor did beliefs differ across the 18 

three intervention conditions. Two months post-intervention, the rate of booster vaccination in 19 

the Immunity Estimator and Alt-Flyer conditions was 8x higher (95% CI: 2–14x) than the 20 

nationwide increase among U.S. adults during the same time period. Participants in the Immunity 21 

Estimator condition were most likely to act on their stated intentions to receive a booster dose. 22 
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In Study 2, participants who used our Immunity Estimator tool to receive personalized 1 

feedback again reported increased vaccination intentions, as well as increases in perceived 2 

awareness, safety, and effectiveness of the updated vaccines. Importantly, these findings 3 

demonstrate that providing information about waning immunity—with a quick and accessible 4 

online tool—motivates vaccine uptake without undermining confidence in the safety or 5 

effectiveness of vaccines.  6 

Our findings relate to prior evidence that personalizing communications20 and 7 

emphasizing self-relevance (e.g., “a vaccine is reserved for you”)27 can motivate vaccination. 8 

Other studies have tailored vaccine messaging for specific demographics and patient populations, 9 

but with limited effectiveness62–64. Personalized approaches to vaccine communication could 10 

enhance message effectiveness, particularly for underserved populations65,66. Our findings 11 

expand on the existing literature on COVID-19 vaccination interventions in several 12 

ways20,21,24,30. We investigated updated COVID-19 vaccines, which are associated with 13 

particularly low uptake and unique challenges19, and implicated immunity beliefs as a key 14 

intervention target. Targeting immunity beliefs may also be effective for increasing routine 15 

vaccination for other illnesses, such as influenza.  16 

Individual Differences: Political Ideology and Age 17 

Several demographic variables moderated our effects. Our interventions were less 18 

effective for unvaccinated participants and those who identified as politically conservative. 19 

These findings align with prior evidence that political partisanship is related to risk perception, 20 

beliefs about COVID-19, and vaccine uptake40–43,67–69. Importantly, however, the Immunity 21 

Estimator and Alt-Flyer conditions still corrected risk misestimation among moderately 22 

conservative participants. These results align with our prior findings that although conservatives 23 
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were less likely to engage with COVID-19 risk information, those who did engage with our 1 

intervention responded similarly to liberals45.  2 

Intervention effects also differed by age. Younger and middle-aged adults responded to 3 

both the Immunity Estimator and Alt-Flyer conditions, whereas only the Immunity Estimator 4 

condition was effective for older adults. This finding conceptually replicates our prior work, in 5 

which we demonstrated that a personalized intervention (imagining a scenario that involves 6 

yourself and close others) was the most effective strategy for changing risk perception among 7 

older adults55. Communicating risk to older adults is particularly important because older adults 8 

are at considerably higher risk of severe illness and death due to many viruses, including 9 

COVID-19 16 and influenza70.  10 

Limitations and Future Directions 11 

 The present study is subject to several limitations. In Study 1, we used quota sampling to 12 

stratify our sample by age and sex; in Study 2, we instead stratified our sample to approximate 13 

the demographic makeup of the United States. However, we lack the statistical power to 14 

investigate race or ethnicity as moderators in either study. Future studies that oversample 15 

underrepresented groups are needed to investigate other factors that may influence beliefs about 16 

immunity and vaccines71.  17 

 Our immunity estimates are also imperfect. Our estimates were informed by diverse 18 

evidence from studies of antibody levels and vaccine effectiveness, but prior studies have yielded 19 

different estimates for the rate at which immunity wanes3–5,8,12–15,17,72,73. Protection also depends 20 

on viral evolution and reformulation of vaccines. Furthermore, as stated to our participants, our 21 

immunity estimates did not account for personal risk factors like age and pre-existing conditions, 22 

which influence the risk of severe illness.  23 
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In Study 1, although the rate of vaccine uptake was greater than the national average, 1 

relatively few participants received a booster vaccine within the two months post-intervention. 2 

Some participants who did not initially report planning to get a booster dose did so after the 3 

intervention (particularly in the Alt-Flyer condition). These participants may have been unsure or 4 

erroneously believed they were ineligible; we lack sufficient statistical power to analyze these 5 

uncommon response options. Further research is needed to replicate our vaccine uptake findings 6 

in a longitudinal sample that is adequately powered to detect small effects. Lastly, beliefs about 7 

immunity may also influence other behavioral intentions, such as willingness to take a COVID-8 

19 test, wear a mask, or avoid situations with high exposure risk. For instance, prior studies have 9 

linked perceived risk to many preventative health behaviors during the COVID-19 pandemic33–10 

36,42. Future studies could explore whether beliefs about immunity predict other health behaviors.  11 

Conclusion 12 

 Here, we demonstrated that a new intervention—an “immunity estimator” tool that 13 

provides personalized information about protection against viral infection and severe illness—14 

effectively changed risk perception and motivated booster vaccine uptake. This intervention 15 

corrected risk underestimation and overestimation, immediately and two months later. Likewise, 16 

our personalized Immunity Estimator intervention increased vaccination intentions immediately 17 

post-intervention, as well as vaccine uptake during the two-month period post-intervention. This 18 

personalized approach to risk communication was particularly effective for older adults, who are 19 

at greater risk of severe illness. We then converted our intervention to an accessible public 20 

website and replicated our findings. Importantly, existing promotional materials for vaccines 21 

failed to correct misconceptions about immunity or increase vaccination. Overall, we 22 

demonstrate that personalized guidance about immunity can change health beliefs and behaviors. 23 
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We implicate immunity beliefs as a promising target for interventions to increase routine 1 

vaccinations, such as for COVID-19 and influenza. 2 
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Materials & Methods 1 

Study 1: Participants 2 

We recruited 900 participants from Prolific, an online platform for paid study 3 

participants. The study was described as a “survey about COVID-19 experiences.” Data 4 

collection took place between 2/10/23 and 2/13/23.  5 

We used quota sampling to recruit equal numbers of younger adults (ages 18-39), middle-6 

aged adults (ages 40-59), and older adults (ages 60+). In order to participate, users needed to be 7 

fluent in English and currently residing in the United States. Due to low diversity among older 8 

adults in the Prolific participant pool, we did not stratify our sample by race or ethnicity. We 9 

excluded 17 participants who failed an attention check during the task. We also excluded one 10 

participant who provided inaccurate information (claimed to have received the bivalent booster, 11 

but had only received one dose of the Johnson & Johnson vaccine). After exclusions, the final 12 

sample included 883 participants. Detailed demographic information is provided in the 13 

Supplementary Information (Supplemental Methods, Participant Demographics).  14 

Study 1: Procedure 15 

Participants first answered questions about their prior experiences with COVID-19 16 

infections and vaccines, as well as their beliefs and attitudes pertaining to COVID-19 risk and 17 

vaccines. We then randomly assigned participants to one of three intervention conditions: 18 

Immunity Estimator, CDC-Flyer, or Alt-Flyer. After completing one of these three interventions, 19 

participants completed a post-intervention questionnaire that reiterated some of the pre-20 

intervention questions (to assess changes in beliefs), in addition to demographics questions. 21 

In total, the task took approximately 5 minutes. Participants were compensated with 22 

$1.40. All participants provided informed consent by clicking a button on a digital form before 23 



IMMUNITY BELIEFS, RISK PERCEPTION, AND VACCINATION  33 

beginning the task. The study was approved by the Duke University Institutional Review Board 1 

and the Georgia Institute of Technology Institutional Review Board. 2 

Pre-Intervention Questionnaire 3 

 We first asked participants to provide information about their prior experiences with 4 

COVID-19 infections and vaccinations. Participants reported the number of prior COVID-19 5 

infections (diagnosed with a rapid test or PCR test, with or without symptoms), then reported 6 

when each infection occurred (date of first positive test). Next, participants reported the number 7 

of prior COVID-19 vaccine doses; if a participant had completed a two-part primary vaccination 8 

series, they were instructed to count this as two doses. For each prior vaccine dose, participants 9 

reported the date the vaccine was received and the brand (Pfizer, Moderna, Johnson & Johnson / 10 

Janssen, AstraZeneca, or Novavax) of each vaccine dose. 11 

 Based on each participant’s vaccine history, we identified whether or not each participant 12 

had likely received an updated bivalent booster vaccine. Updated booster vaccines were made 13 

available across the United States on September 2nd, 2022, replacing the previous monovalent 14 

booster vaccines; after this date, all booster doses administered in the U.S. should have used the 15 

updated formula. However, exceptions are possible (e.g., if the participant received an updated 16 

booster dose earlier as part of a clinical trial, or if a participant received a vaccine dose outside of 17 

the United States). We provided this information to participants and asked them to verify whether 18 

or not they had received an updated booster vaccine. At this point, participants were also allowed 19 

to review their vaccine history and return to the previous page to correct any input errors. 20 

 Participants then completed a questionnaire about perceived risk and COVID-related 21 

beliefs and attitudes. Participants first rated their perceived risk of getting infected with COVID-22 

19 (if exposed to the virus) and perceived risk of getting severely ill with COVID-19 (if 23 
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infected), as well as their interest in learning more about COVID-19 risks. Next, participants 1 

answered several questions about the updated booster vaccines. Participants rated the extent of 2 

their prior knowledge about the updated vaccines, whether or not they believed they were 3 

eligible to receive an updated vaccine, perceived safety and effectiveness of the updated 4 

vaccines, and intentions to get a dose of the updated vaccine (if they had not yet done so). 5 

Further information about these questions and response options is provided in the Supplementary 6 

Information. 7 

Immunity Estimator Intervention 8 

Immunity Estimation. The Immunity Estimator condition provided personalized 9 

information about an individual’s protection against COVID-19 infection and severe illness, 10 

along with vaccination guidance. We first informed participants, “Next, we will show you some 11 

personalized information about your current protection against COVID-19. Our 12 

recommendations for you are tailored to your personal history with COVID-19 vaccines and 13 

infections. Note that the risk of getting very sick or dying due to COVID-19 is greater if you are 14 

above age 50, are overweight or obese, have a weakened immune system, or have underlying 15 

health conditions (including diabetes, cancer, heart conditions, or lung conditions).” 16 

To provide personalized guidance, we calculated an immunity score for each participant. 17 

In brief, these immunity scores were determined by each individual’s history of COVID-19 18 

infections and vaccines, accounting for the number and recency of immune-modifying events. 19 

Detailed information about the calculation of immunity scores is reported in the Supplementary 20 

Information (Supplemental Methods). Due to feasibility issues and privacy concerns, we did not 21 

ask participants to report their medical histories to account for other risk factors, such as pre-22 

existing conditions.  23 
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Participants were not directly shown their immunity scores. Instead, we used the 1 

immunity scores to classify participants into five levels of protection. Participants with 0 points 2 

(i.e., unvaccinated and with no confirmed COVID-19 infections) were classified as “No 3 

Protection.” Participants with 1-2 points were classified as “Weak Protection”; we estimated that 4 

these participants had weak protection against infection, but moderate protection against severe 5 

illness. Participants with 3-6 points were classified as “Moderate Protection” (weak protection 6 

against infection, moderately strong protection against severe illness). Participants with 7-10 7 

points were classified as “Moderately Strong Protection” (moderate protection against infection, 8 

strong protection against severe illness). Participants with 11+ points were classified as “Strong 9 

Protection” (strong protection against infection, strong protection against severe illness).  10 

Feedback Page. Participants viewed a personalized feedback page (participants were not 11 

permitted to proceed until at least five seconds had elapsed). At the top of the feedback page, we 12 

displayed a meter graphic indicating the participant’s protection level, as described above. Below 13 

the meter, we provided more information about waning immunity and vaccine eligibility. The 14 

full text of the feedback is provided in the Supplementary Information (Supplemental Methods, 15 

Immunity Estimator Text). In brief, the feedback message was tailored to each participant, 16 

including general information about waning immunity, personalized guidance about protection 17 

and current vaccine eligibility guidelines, and a statement about how vaccines safely boost 18 

protection (as opposed to acquiring natural immunity through infections, which are associated 19 

with greater health risks).  20 

Informational Flyer Interventions 21 

We compared the Immunity Estimator intervention with two other interventions that 22 

provided similar information without personalization. The CDC-Flyer was an active control 23 
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condition; we presented a digital copy of a publicly available, CDC-approved informational flyer 1 

that was intended to motivate uptake of updated booster vaccines (e.g., in clinics and 2 

pharmacies). The Alt-Flyer was a modified version of the CDC-Flyer; we added text about 3 

waning immunity to emphasize that protection must be restored and maintained over time. In 4 

both conditions, participants were required to view the flyer for at least five seconds before they 5 

were permitted to proceed with the task. 6 

We predicted that the Immunity Estimator condition would be the most effective at 7 

correcting risk misestimation. We expected modest benefits from the Alt-Flyer, which provided 8 

information about waning immunity but did not offer personalized guidance. In contrast, we 9 

expected that the CDC-Flyer would not effectively correct risk misestimation, because existing 10 

promotional materials did not address waning immunity.  11 

Post-Intervention Questionnaire 12 

 After completing one of the three interventions described above (Immunity Estimator, 13 

CDC-Flyer, or Alt-Flyer), participants completed a post-intervention questionnaire. As in the pre-14 

intervention questionnaire, we assessed perceived risk of COVID-19 infection and severe illness, 15 

interest in learning about COVID-19 risk, knowledge about the updated booster vaccine and 16 

one’s eligibility to receive it, perceived safety and effectiveness of the updated booster vaccine, 17 

and intentions to get an updated booster vaccine. We also measured COVID-skepticism with two 18 

items previously used in other studies of COVID-19 attitudes and vaccine hesitancy 74. For 19 

participants who were eligible to receive an updated booster dose, we also provided a link to a 20 

government appointment-finder tool for COVID-19 vaccines. Lastly, participants completed a 21 

demographics survey.   22 

 23 
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Follow-Up Survey 1 

Two months after the initial study, we recontacted participants who had been eligible to 2 

receive an updated booster vaccine but had not yet done so (at the time of the initial study). Of 3 

the 384 participants who were recontacted, 291 (76%) completed the follow-up survey. Data 4 

collection took place between 4/11/23 and 4/18/23. 5 

In the follow-up survey, we asked participants to report any recent infections or vaccine 6 

doses that had occurred in the past two months. Participants then responded to the same set of 7 

survey questions that had previously been included in the post-intervention questionnaire (see 8 

above). For participants who had not received a COVID-19 vaccine in the past two months, we 9 

asked about intentions to get an updated booster vaccine. Those who reported planning to get an 10 

updated booster were then prompted to specify when they planned to get the dose (within the 11 

next week, in 2-4 weeks, in 4-8 weeks, in 2-6 months, in 6-12 months, or more than a year from 12 

now). Lastly, participants rated their agreement (5-point Likert scale ranging from 1=Strongly 13 

Disagree to 5=Strongly Agree) with two statements that probed beliefs about whether or not 14 

COVID-19 vaccines were beneficial personally (“COVID-19 vaccines are beneficial for me as 15 

an individual”) or societally (“COVID-19 vaccines are beneficial for people in general.”)  16 

Study 2: Participants 17 

 We recruited a sample of 606 participants from Prolific that was stratified by age, sex, 18 

and race variables to approximate the demographics of the United States. Data collection took 19 

place between 12/15/23 and 12/18/23. Notably, COVID-19 vaccines were updated again between 20 

Study 1 and Study 2; the latest formula was made available on 9/14/23. Participants were paid $1 21 

to complete a task that took up to 5 minutes. All participants provided informed consent by 22 

clicking a button on a digital form before beginning the task. The study was approved by the 23 
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Duke University Institutional Review Board and the Georgia Institute of Technology Institutional 1 

Review Board. 2 

We excluded 19 participants who failed an attention check, 17 participants who did not 3 

click the link to view the Immunity Estimator tool, and 17 participants who remained on the 4 

Immunity Estimator website for less than 10 seconds. Analysis of survey questions (e.g., 5 

perceived safety and effectiveness of COVID-19 vaccines) included the remaining 553 6 

participants. Analysis of risk misestimation included data from 290 of these participants who 7 

successfully submitted data on the Immunity Estimator website with a matching ID variable. 8 

While interacting with the Immunity Estimator website, 25 participants (8.0% of the sample) 9 

edited their infection and vaccine history to add or correct events, creating multiple entries in the 10 

database. To retrieve the final records, we retained the last submission from each participant and 11 

excluded any prior submissions. Detailed information about participant demographics is reported 12 

in the Supplementary Information (Supplemental Methods, Participant Demographics).  13 

Study 2: Procedure 14 

Before interacting with the Immunity Estimator website (https://covid19immunity.com/), 15 

participants completed a questionnaire about COVID-19-related beliefs and attitudes. We first 16 

informed participants that COVID-19 vaccines had been recently updated to increase protection 17 

against new variants of the virus. Participants were asked to report whether they had received a 18 

dose of a COVID-19 vaccine on or after 9/14/23, and if so, which brand they had received. 19 

As in Study 1, participants then rated the perceived risk of getting infected with COVID-20 

19 (if exposed to the virus) and perceived risk of getting severely ill with COVID-19 (if 21 

infected). Participants also rated their interest in learning more about COVID-19 risks, prior 22 

knowledge about the updated vaccines (2023-2024 updated bivalent formula), perceived 23 
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eligibility to receive an updated vaccine, perceived safety and effectiveness of the updated 1 

vaccines, recent vaccine uptake, and intentions to receive a dose of the updated vaccine (if they 2 

had not yet done so). Further information about these questions and response options is provided 3 

in the Supplementary Information. 4 

Participants were then instructed to click a link that directed them to our public Immunity 5 

Estimator website. Within the survey, we tracked clicks on the link and timed the duration of 6 

interaction before participants proceeded with the survey. Participants were free to read and 7 

interact with the Immunity Estimator website in the same way that other unpaid users would 8 

interact with the website. When participants submitted vaccine and infection history via the 9 

Immunity Estimator tool, we saved these responses and used URL parameters to link website 10 

data with survey data. After interacting the Immunity Estimator website, participants returned to 11 

the survey and responded to the same questions about COVID-19-related beliefs and attitudes. 12 

Immunity Estimator Website 13 

 The Immunity Estimator website provided a user-friendly interface for inputting one’s 14 

vaccine and infection history and receiving personalized guidance about protection and vaccines 15 

(Figure S5). In brief, users were prompted to add “events” to a table, specifying the month and 16 

year of all prior COVID-19 vaccines and infections. Users were able to add, delete, and edit 17 

events as needed. Upon completing their personal history, users clicked a button labelled 18 

“Estimate my immunity” to calculate and reveal feedback. The website then displayed a 19 

feedback page that included two protection meter graphics (reflecting protection against 20 

infection and severe illness, respectively), general information about waning immunity, 21 

personalized guidance about immunity and vaccine eligibility, and a statement about how 22 

COVID-19 vaccines safely strengthen immunity (even for individuals who acquired natural 23 
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immunity through infection). The full text of the feedback page is provided in the Supplementary 1 

Information (Supplemental Methods, Immunity Estimator Text).  2 

On a separate page titled “About our Estimator”, we provided additional information 3 

about how we estimated protection, other factors that influence protection and risk (e.g., age and 4 

comorbidities), and our institutional affiliations and funding sources. We also provided a link to 5 

the CDC’s webpage on COVID-19 vaccine guidance (https://www.cdc.gov/coronavirus/2019-6 

ncov/vaccines/stay-up-to-date.html). 7 

Immunity Score Calculation 8 

 Immunity scores were estimated using a similar method as in Study 1. However, we 9 

adjusted the calculation of these scores to reflect new empirical evidence regarding immunity 10 

against SARS-CoV-2. In Study 2, users received separate scores for protection against infection 11 

and severe illness. Immunity scores were intended to account for multiple factors that influence 12 

protection against SARS-CoV-2: differing rates of waning for protection against infection vs. 13 

severe illness, the number of prior immune-modifying events, synergistic effects of hybrid 14 

immunity, benefits of recent infections or vaccinations, and exposure to variants of SARS-CoV-2 15 

that were circulating at the time that the study was conducted. As in the preliminary version of 16 

the tool tested in Study 1, users were not shown their precise immunity scores, only the 17 

protection meters and summary text. Detailed information about the calculation of immunity 18 

scores is reported in the Supplementary Information (Supplemental Methods, Calculation of 19 

Immunity Scores). 20 

Statistical Analysis 21 

 Data were preprocessed and analyzed with R (v4.3.2), implemented in R Studio 22 

(v2023.12.1). All follow-up tests for significant interaction terms were corrected with Tukey’s 23 
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HSD to account for multiple comparisons. All statistical models reported in the main text and 1 

Supplementary Information use z-scored continuous variables to enable reporting of standardized 2 

effect sizes. However, plots depict unstandardized variables for ease of interpretation. ANOVA 3 

models use Type III Sum of Squares to account for interaction effects. 4 

To assess risk misestimation, we calculated a risk error score for each participant. On the 5 

basis of their immunity scores (calculated on the basis of prior infections and vaccines), 6 

participants were classified into 5 protection categories (ranging from 1=no protection to 7 

5=strong protection); these categories determined the feedback provided in the Immunity 8 

Estimator condition. We reverse-scored participants’ protection category scores to get a risk 9 

category measure that was directly comparable to the 5-point scale used for perceived risk 10 

ratings. We then calculated risk error scores by subtracting each participant’s pre-intervention 11 

perceived risk ratings from their risk category scores. A risk error score of zero indicates accurate 12 

estimation of risk (i.e., perceived risk is appropriately calibrated to one’s actual immunity). 13 

Scores that are further from zero in either direction indicate more severe risk misestimation. 14 

Negative risk error scores indicate risk underestimation, whereas positive risk error scores 15 

indicate risk overestimation. Note that in Study 2, we calculated separate immunity scores and 16 

displayed separate feedback meters for protection against infection vs. protection against severe 17 

illness; therefore, we calculated separate risk error scores for these two protection types.  18 

We measured political attitudes by averaging responses to two questions on the 19 

demographics survey; participants rated their social and economic political attitudes on a 5-point 20 

scale (1=very liberal … 3=centrist … 5=very conservative). The variable for political attitudes 21 

was continuous in statistical models, but visualizations and follow-up tests compare moderately-22 

liberal participants (2/5) and moderately-conservative (4/5) participants. Likewise, age was 23 
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included in statistical models as a continuous variable, but visualizations and follow-up tests 1 

show the effect of age at three levels: younger adults (age=20), middle-aged adults (age=40), and 2 

older adults (age=60). 3 
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