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Long-term COVID-19 booster effectiveness by infection 
history and clinical vulnerability and immune imprinting: 
a retrospective population-based cohort study
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Summary
Background Long-term effectiveness of COVID-19 mRNA boosters in populations with different previous infection 
histories and clinical vulnerability profiles is inadequately understood. We aimed to investigate the effectiveness of a 
booster (third dose) vaccination against SARS-CoV-2 infection and against severe, critical, or fatal COVID-19, relative 
to that of primary-series (two-dose) vaccination over a follow-up duration of 1 year.

Methods This observational, matched, retrospective, cohort study was done on the population of Qatar in people 
with different immune histories and different clinical vulnerability to infection. The source of data are Qatar’s 
national databases for COVID-19 laboratory testing, vaccination, hospitalisation, and death. Associations were 
estimated using inverse-probability-weighted Cox proportional-hazards regression models. The primary outcome 
of the study is the effectiveness of COVID-19 mRNA boosters against infection and against severe COVID-19.

Findings Data were obtained for 2 228 686 people who had received at least two vaccine doses starting from Jan 5, 2021, 
of whom 658 947 (29·6%) went on to receive a third dose before data cutoff on Oct 12, 2022. There were 20 528 incident 
infections in the three-dose cohort and 30 771 infections in the two-dose cohort. Booster effectiveness relative to 
primary series was 26·2% (95% CI 23·6–28·6) against infection and 75·1% (40·2–89·6) against severe, critical, or 
fatal COVID-19, during 1-year follow-up after the booster. Among people clinically vulnerable to severe COVID-19, 
effectiveness was 34·2% (27·0–40·6) against infection and 76·6% (34·5–91·7) against severe, critical, or fatal 
COVID-19. Effectiveness against infection was highest at 61·4% (60·2–62·6) in the first month after the booster but 
waned thereafter and was modest at only 15·5% (8·3–22·2) by the sixth month. In the seventh month and thereafter, 
coincident with BA.4/BA.5 and BA.2·75* subvariant incidence, effectiveness was progressively negative albeit with 
wide CIs. Similar patterns of protection were observed irrespective of previous infection status, clinical vulnerability, 
or type of vaccine (BNT162b2 vs mRNA-1273).

Interpretation Protection against omicron infection waned after the booster, and eventually suggested a possibility for 
negative immune imprinting. However, boosters substantially reduced infection and severe COVID-19, particularly 
among individuals who were clinically vulnerable, affirming the public health value of booster vaccination.

Funding The Biomedical Research Program and the Biostatistics, Epidemiology, and the Biomathematics Research 
Core (both at Weill Cornell Medicine-Qatar), Ministry of Public Health, Hamad Medical Corporation, Sidra Medicine, 
Qatar Genome Programme, and Qatar University Biomedical Research Center.
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Introduction
With waning of vaccine and previous infection protection 
against SARS-CoV-2 infection and against severe 
COVID-19,1–3 repeat booster vaccination could sustain 
immune protection against infection and disease.4,5 How-
ever, the global population carries heterogeneous immune 
histories due to varying exposures to infection from 
different viral variants and vaccination.6 Booster effective-
ness can vary by previous infection and vaccination 
history, previous variant exposure, and by age and clinical 
vul nerability to severe COVID-19. Immune imprinting, 
a phen omenon in which the specific sequence of 

immunological events (due to infection or vaccination, or 
both) can enhance or compromise a person’s future 
immune protection, could affect the utility of booster 
vaccination.6–8 The optimal public health effect of boosters 
might not be achieved through a one size fits all approach.

We aimed to investigate the long-term real-world 
effectiveness of a booster (third dose) vaccination against 
SARS-CoV-2 infection and against severe,9 critical,9 or 
fatal10 COVID-19, relative to that of primary-series (two-
dose) vaccination, in people with different immune 
histories and different clinical vulnerability to infection, 
over a follow-up duration of 1 year.
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Methods
Study design and procedures
We conducted an observational, matched, retrospective, 
cohort study that emulated a randomised target trial.4,11 
The outcomes assessed were effectiveness of 
vaccination with a third (booster) dose relative to two-
dose (primary-series) vaccination against incidence of 
SARS-CoV-2 infection and of severe, critical, or fatal 
COVID-19. Incidence of breakthrough infection and 
associated severe, critical, or fatal COVID-19 were 
compared in the national cohort of people who received 
a booster vaccine dose (designated the three-dose 
cohort) to that in the national cohort of people who only 
received the primary series (designated the two-dose 
cohort). Incidence of infection was defined as the first 
PCR-positive or rapid antigen-positive test after the 
start of follow-up, regardless of symptoms. Infection 
severity classification followed WHO guidelines for 
COVID-19 case severity (acute-care hospitalisations),9 
criticality (intensive care unit hospitalisations),9 and 
fatality10 (appendix pp 11–12).

This study was done on the population of Qatar including 
data between Jan 5, 2021, earliest record of second-dose 

vaccination, and Oct 12, 2022. We analysed the national, 
federated databases for COVID-19 laboratory testing, 
vaccination, hospitalisation, and death, which were 
retrieved from the integrated, nationwide, digital-health 
information platform (appendix pp 2–4). Databases 
include all SARS-CoV-2-related data with no missing 
information since the onset of the pandemic, including all 
PCR tests regardless of location or facility, and from 
Jan 5, 2022 onwards to the present date, all rapid antigen 
tests conducted at health-care facilities (appendix p 9). 
SARS-CoV-2 testing is widely available and performed 
extensively in Qatar, mostly for non-clinical reasons.1,12 
Most infections are diagnosed not because of symptoms, 
but because of routine testing (appendix p 3).1,12 Qatar 
launched its COVID-19 vaccination programme in 
December, 2020, using BNT162b2 (Pfizer-BioNTech) and 
mRNA-1273 (Moderna)  vaccines.13 These vaccines are 
accessible at multiple facilities throughout the country and 
are provided free of charge regardless of citizenship or 
residency status. Demographic information, such as sex 
and age, were extracted as registered in the national health 
registry. Further descriptions of Qatar’s population and of 
the national databases have been reported previously.1,4,12 

Research in context

Evidence before this study
The long-term effectiveness of COVID-19 mRNA boosters 
against SARS-CoV-2 infection and against severe COVID-19 
remains to be understood. Booster effectiveness can vary by 
previous infection and vaccination history, previous variant 
exposure, and by age and clinical vulnerability to severe 
COVID-19. The utility of the booster vaccination can also be 
theoretically compromised by immune imprinting. Immune 
imprinting is a phenomenon in which the specific sequence of 
immunological events (whether due to infection, or 
vaccination, or both) can affect a person’s future immune 
protection. We searched PubMed and Google Scholar on 
Nov 14, 2022, using the search terms “third dose”, “booster 
vaccination”, “immunity”, “protection”, “immune imprinting”, 
“SARS-CoV-2”, and “COVID-19” with no language restrictions. 
We did not identify studies that provided a detailed 
characterisation of the long-term effectiveness of boosters by 
previous infection history and by clinical vulnerability profile.

Added value of this study
This study analysed the national federated databases for 
SARS-CoV-2 infection and COVID-19 vaccination in Qatar 
using an observational matched retrospective cohort study. 
Cohorts’ outcomes were assessed for a duration of 1 year 
starting from 7 days after booster vaccination. A third mRNA 
booster dose was associated with 26% reduction in incidence 
of infection and 75% reduction in incidence of severe 
COVID-19 relative to the two-dose primary series. The 
protective effects of boosters were similar irrespective of 
previous infection status and whether previous infection was 

with pre-omicron or omicron viruses, although our study had 
relatively few people with previous omicron infections. 
Boosters particularly elicited strong protection against severe 
COVID-19 in individuals more clinically vulnerable. However, 
protection against infection waned gradually by month after 
the booster and was negligible by the sixth month. In the 
seventh month and thereafter, incidence of infection was 
higher among people who had the booster compared with 
those with only the primary series, suggesting a possibility for 
negative immune imprinting. There was no evidence that 
imprinting affected protection against severe COVID-19, 
which remained high after a year of follow-up.

Implications of all the available evidence
Boosters are effective in preventing infection in the first 
6 months following vaccination even in individuals who 
recovered from previous pre-omicron or omicron infections. 
Although there was evidence suggesting negative immune 
imprinting after waning of short-term booster protection 
against infection, this imprinting finding does not negate the 
overall public health value of booster vaccination, as evidenced 
here by the booster’s strong protection against severe 
COVID-19. Although negative imprinting has been observed for 
influenza immunity, this has not undermined the public health 
value of seasonal influenza vaccinations—an outcome that 
could also apply for COVID-19 boosters. Imprinting could 
suggest the need for updated booster strategies to blunt its 
effect. The findings accentuate the need for longer-term follow-
up of boosted cohorts to better understand the effect of 
booster vaccination on both infection and severe disease.

See Online for appendix
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Participants
Cohorts were matched exactly one-to-one by sex, 10-year 
age group, nationality, number of coexisting conditions 
(0, 1, 2, 3, 4, 5, or ≥6 coexisting conditions), vaccine type 
(BNT162b2 or mRNA-1273), and previous infection status 
(no previous infection, or previous infection with either 
pre-omicron [B.1.1.529] or omicron viruses, or previous 
infections with both viruses) to balance observed 
confounders between exposure groups that are related to 
risk of infection.14–16 Matching by the considered factors 
was informed by results of previous studies that used 
matching to control for differences in infection exposure 
risk in Qatar.1,13,17–19

To control for time from second-dose vaccination, 
matching was also done by calendar week of the second 
dose (ie, matched pairs had to have second doses in the 
same calendar week). People receiving their third vaccine 
dose in a specific calendar week in the three-dose cohort 
were additionally matched to people in the two-dose 
cohort with records for SARS-CoV-2 testing in that same 
calendar week, ensuring that matched pairs were present 
in Qatar in the same period. Further details on matching 
are found in the appendix (pp 5–6).

People were eligible for inclusion in the three-dose 
cohort if they received three vaccine doses with the 
same mRNA vaccine and had no record for 
a SARS-CoV-2-positive test within 90 days before the 
start of follow-up. The second exclusion criterion 
applied to both groups of the study, which ensured that 
infections after the start of follow-up were incident 
infections and not prolonged SARS-CoV-2 positivity of 
earlier infections.20 People were eligible for inclusion in 
the two-dose cohort if they received two doses of the 
same mRNA vaccine. People receiving the paediatric 
BNT162b2 vaccine were excluded from both cohorts.

As in previous studies,4,21 to ensure time for sufficient 
immunogenicity, both members of each matched pair 
were followed up starting 7 days after the calendar date 
in which the person in the three-dose cohort received the 
third dose. For exchangeability,4,21 both members of each 
matched pair were censored at earliest occurrence of a 
person receiving a new vaccine dose. Accordingly, 
individuals were followed up until the first of any of the 
following events: a documented SARS-CoV-2 infection 
(regardless of symptoms), or fourth-dose vaccination for 
people in the three-dose cohort (with matched-pair 
censoring), or third-dose vaccination for people in 
the two-dose cohort (with matched-pair censoring), 
or death, or administrative end of follow-up on 
Oct 12, 2022.

The institutional review boards at Hamad Medical 
Corporation and Weill Cornell Medicine-Qatar approved 
this retrospective study with a waiver of informed 
consent. The study was reported according to STROBE 
guidelines (appendix pp 13–14). The authors vouch for 
the accuracy and completeness of the data and for the 
fidelity of the study to the protocol.

Statistical analysis
Eligible and matched cohorts were described using 
frequency distributions and measures of central tendency 
and were compared using standardised mean differences 
(SMDs). An SMD of 0·1 or less indicated adequate 
matching. Cumulative incidence of infection (defined as 
proportion of people at risk whose primary endpoint 
during follow-up was an infection) was estimated using 
the Kaplan-Meier estimator method. Incidence rate of 
infection in each cohort, defined as number of identified 
infections divided by number of person-weeks contributed 
by all individuals in the cohort was estimated with the 
corresponding 95% CI using a Poisson log-likelihood 
regression model with the Stata stptime command.

Overall hazard ratios (HRs), comparing incidence of 
infection in the cohorts and corresponding 95% CIs, were 
calculated using Cox regression adjusted for the matching 
factors with the Stata stcox command. The adjustment for 
the matching factors was done to ensure precise and 
unbiased standard variance.22 The overall HR provided a 
weighted average of the time-varying HRs.23 As the 
magnitude of the Cox-estimated HR in the presence of 
time variation in the HR depends on the scale and 
distribution of losses to follow-up (censoring) even if the 
losses occur at random,23 inverse-probability-weighted 
HRs were calculated to provide estimates that are 
representative for the entire time of follow-up. The 
presence of time variation in the HR could affect the Cox-
regression standard variance estimator,23 but applying 
bootstrapping methods23 to all analyses proved 
computationally unfeasible given the large number of 
study outcomes. However, a sensitivity analysis was 
conducted in which bootstrapping with 100 replications 
was used to derive the 95% CI only in the main analysis.

Vaccine effectiveness was estimated as 1–adjusted 
hazard ratio (aHR) if the aHR was less than 1, and as 
1/aHR–1 if the aHR was 1 or more.24 The latter was to 
ensure symmetric scale for both negative and positive 
effectiveness, ranging from –100% to 100%, leading to 
easier and meaningful interpretation of effectiveness, 
regardless of being positive or negative. For example, an 
effectiveness of 40% means that incidence of infection in 
the three-dose cohort was 40% less than that in the two-
dose cohort. Meanwhile, an effectiveness of –40% means 
that incidence of infection in the two-dose cohort was 
40% less than that in the three-dose cohort.

Waning of booster effectiveness over time was 
investigated. aHRs were estimated by month from the 
start of follow-up using separate Cox regressions with 
failures restricted to specific months. In each of these 
month-by-month analyses, the cohorts included people 
who were still at risk at the beginning of the month and 
not censored at earlier times.

Booster effectiveness was further estimated for specific 
subgroups in which both the three-dose cohort and the 
two-dose cohort had the same cofactor, such as a specific 
previous infection status, which was done by including 
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Full eligible cohorts Matched cohorts*

Three-dose cohort 
(n=658 947)

Two-dose cohort 
(n=2 228 686)†

SMD‡ Three-dose cohort 
(n=304 091)

Two-dose cohort 
(n=304 091)†

SMD‡

Median age, years 39 (32–47) 36 (30–44) 0·23§ 37 (31–44) 37 (31–44) 0·01§

Age, years ·· ·· 0·26 ·· ·· 0·00

0–9 1 (<0·01%) 11 (<0·01%) ·· ·· ·· ··

10–19 39 663 (6·0%) 132 021 (5·9%) ·· 11 909 (3·9%) 11 909 (3·9%) ··

20–29 80 310 (12·2%) 419 633 (18·8%) ·· 44 296 (14·6%) 44 296 (14·6%) ··

30–39 227 636 (34·5%) 840 553 (37·7%) ·· 127 304 (41·9%) 127 304 (41·9%) ··

40–49 172 513 (26·2%) 530 743 (23·8%) ·· 80 707 (26·5%) 80 707 (26·5%) ··

50–59 93 428 (14·2%) 219 088 (9·8%) ·· 31 225 (10·3%) 31 225 (10·3%) ··

60–69 35 866 (5·4%) 67 905 (3·0%) ·· 7473 (2·5%) 7473 (2·5%) ··

≥70 9530 (1·4%) 18 732 (0·8%) ·· 1177 (0·4%) 1177 (0·4%) ··

Sex ·· ·· 0·18 ·· ·· 0·00

Male 432 830 (65·7%) 1 644 730 (73·8%) ·· 225 155 (74·0%) 225 155 (74·0%) ··

Female 226 117 (34·3%) 583 956 (26·2%) ·· 78 936 (26·0%) 78 936 (26·0%) ··

Nationality¶ ·· ·· 0·39 ·· ·· 0·00

Bangladeshi 57 949 (8·8%) 312 144 (14·0%) ·· 33 199 (10·9%) 33 199 (10·9%) ··

Egyptian 54 168 (8·2%) 110 227 (4·9%) ·· 17 473 (5·7%) 17 473 (5·7%) ··

Filipino 89 736 (13·6%) 208 781 (9·4%) ·· 34 734 (11·4%) 34 734 (11·4%) ··

Indian 207 941 (31·6%) 549 301 (24·6%) ·· 110 465 (36·3%) 110 465 (36·3%) ··

Nepalese 26 055 (4·0%) 239 077 (10·7%) ·· 18 474 (6·1%) 18 474 (6·1%) ··

Pakistani 31 132 (4·7%) 106 388 (4·8%) ·· 12 946 (4·3%) 12 946 (4·3%) ··

Qatari 39 301 (6·0%) 199 432 (8·9%) ·· 29 820 (9·8%) 29 820 (9·8%) ··

Sri Lankan 19 069 (2·9%) 77 844 (3·5%) ·· 9490 (3·1%) 9490 (3·1%) ··

Sudanese 11 777 (1·8%) 46 267 (2·1%) ·· 3800 (1·2%) 3800 (1·2%) ··

Other nationalities|| 121 819 (18·5%) 379 225 (17·0%) ·· 33 690 (11·1%) 33 690 (11·1%) ··

Number of coexisting conditions ·· ·· 0·22 ·· ·· 0·00

None 494 154 (75·0%) 1 857 593 (83·3%) ·· 265 210 (87·2%) 265 210 (87·2%) ··

1 73 796 (11·2%) 189 741 (8·5%) ·· 21 078 (6·9%) 21 078 (6·9%) ··

2 42 121 (6·4%) 89 898 (4·0%) ·· 9 388 (3·1%) 9388 (3·1%) ··

3 21 633 (3·3%) 41 405 (1·9%) ·· 3905 (1·3%) 3905 (1·3%) ··

4 12 952 (2·0%) 23 532 (1·1%) ·· 2159 (0·7%) 2159 (0·7%) ··

5 7338 (1·1%) 13 409 (0·6%) ·· 1083 (0·4%) 1083 (0·4%) ··

6≥ 6953 (1·1%) 13 108 (0·6%) ·· 1268 (0·4%) 1268 (0·4%) ··

Vaccine type ·· ·· 0·12 ·· ·· 0·00

BNT162b2 429 788 (65·2%) 1 322 503 (59·3%) ·· 184 737 (60·8%) 184 737 (60·8%) ··

mRNA-1273 229 159 (34·8%) 906 183 (40·7%) ·· 119 354 (39·2%) 119 354 (39·2%) ··

Previous infection status** ·· ·· ·· ·· ·· 0·00

No previous infection 549 277 (83·4%) ·· ·· 267 107 (87·8%) 267 107 (87·8%) ··

Pre-omicron 90 307 (13·7%) ·· ·· 30 755 (10·1%) 30 755 (10·1%) ··

Omicron 17 500 (2·7%) ·· ·· 6023 (2·0%) 6023 (2·0%) ··

Pre-omicron and omicron 1863 (0·3%) ·· ·· 206 (0·1%) 206 (0·1%) ··

Data are n (%) or median (IQR). SMD=standardised mean difference. *Cohorts were matched exactly one-to-one by sex, 10-year age group, nationality, number of coexisting 
conditions, vaccine type, previous infection status, and calendar week of the second vaccine dose. People who received their third vaccine dose in a specific calendar week in the 
three-dose cohort were additionally matched to people who had a record for a SARS-CoV-2 test in that same calendar week in the two-dose cohort to ensure that matched 
pairs had presence in Qatar over the same time period. †All individuals with three doses had also two doses at some point and thus they are part of the two-dose cohort before 
receiving the third dose. Includes the 658 947 individuals in the three-dose cohort. ‡SMD is the difference in the mean of a covariate between groups divided by the pooled SD. 
An SMD of 0·1 or less indicates adequate matching. §SMD is the mean difference between groups divided by the pooled SD. ¶Nationalities were chosen to represent the most 
populous groups in Qatar. ||These comprise up to 173 other nationalities in the unmatched cohorts, and 106 other nationalities in the matched cohorts. **Ascertained at the 
start of follow-up. Accordingly, distribution is not available for the unmatched two-dose cohort, as the start of follow-up for each person in the two-dose cohort is determined 
by that of their match in the three-dose cohort (7 days after the third dose) after the matching is done. 

Table 1: Baseline characteristics of eligible and matched cohorts
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an interaction term in the Cox regression between vaccine 
exposure status and the cofactor. The previous-infection 
subgroups included people with no previous infection, 
previous infection with either pre-omicron or omicron 
viruses, and previous infections with both viruses. 
Previous infections were classified as pre-omicron if they 
occurred before Dec 19, 2021, which is the date of onset of 
the omicron wave in Qatar,25 and as omicron otherwise.

Similarly, booster effectiveness was estimated for 
people who are less clinically vulnerable to severe 
COVID-19, defined as people who are aged below 
50 years and with one or no coexisting conditions, 
and for people who are more clinically vulnerable to 
severe COVID-19, defined as people who are aged at 
least 50 years, or who are younger than 50 years but with 
two or more coexisting conditions (appendix pp 7–8). 
Effectiveness was also estimated for those vaccinated 
with BNT162b2 and mRNA-1273 vaccine types.

Sensitivity analyses were conducted by further 
adjusting the overall HR and the month-by-month HRs 
in the Cox regression for differences in testing rate (low 
testers defined as people having ≤2 tests per person-year, 
intermediate testers having 3–7 tests per person-year, and 
high testers having ≥8 tests per person-year during 
follow-up). These sensitivity analyses were done because 
most SARS-CoV-2 testing in Qatar is done for routine 
reasons and not because of symptoms, thereby potentially 
introducing differential ascertainment of infection across 
the cohorts if routine testing varied by cohort. Statistical 
analyses were performed using Stata (version 17.0).

Role of the funding source
The sponsor of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
The study population selection process is shown in the 
appendix (p 15), and the baseline characteristics of the 
full and matched cohorts are described in table 1. 
Matched cohorts each included 304 091 people. Of the 
304 091 people in the three-dose cohort, 39 203 (12·9%) 
entered the study first as people of the two-dose cohort. 
The uptake of second-dose and third-dose vaccinations in 
Qatar are shown in the appendix (p 16).

For the matched three-dose cohort, the median 
date of the first dose was April 15, 2021 (IQR 
March 16–May 24, 2021), of the second dose was 
May 12, 2021 (IQR April 6–June 19, 2021), and of the third 
dose was Jan 16, 2022 (IQR Dec 17, 2021–Feb 28, 2022). 
The median duration between the first and second doses 
was 22 days (IQR 21–28 days) and was 249 days between 
the second and third doses (IQR, 221–282 days). For the 
matched two-dose cohort, the median date of the first 
dose was April 15, 2021 (IQR March 16–May 23, 2021), 
and of the second dose was May 12, 2021 
(IQR April 6–June 19, 2021). The median duration 
between the first and second doses was 22 days 
(IQR 21–28 days).

Median duration of follow-up was 203 days 
(IQR 59–262 days;) for the three-dose cohort and 
190 days (45–256 days) for the two-dose cohort (figure 1). 
During follow-up, 20 528 infections were recorded in the 
three-dose cohort, of which seven infections progressed 
to severe COVID-19 (none progressed to critical or fatal 
infections; appendix p 15). Meanwhile, 30 771 infections 
were recorded in the two-dose cohort, of which 
25 infections progressed to severe, three infections to 
critical, and three infections to fatal COVID-19.

Cumulative incidence of infection was 12·9% (95% CI 
12·5–13·3) in the three-dose cohort and 15·1% (14·7–15·4) 

Figure 1: Cumulative incidence of SARS-CoV-2 infection in the matched three-dose and two-dose vaccination cohorts
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in the two-dose cohort 330 days after the start of follow-up 
(log-rank p<0·0001; figure 1). Incidence during follow-up 
was dominated by omicron subvariants including first a 
large BA.1 and BA.2 wave,26 and subsequently BA.4 and 
BA.527 and BA.2.75* (predominantly BA.2.75.2)28 waves 
(appendix p 17). A small proportion of the cohorts 
experienced low B.1.617.2 (delta) incidence, but only for a 
very short duration of follow-up.4

Booster effectiveness against infection was 26·2% 
(95% CI 23·6–28·6; table 2). A bootstrapping method 
with 100 replications yielded an identical 95% CI. Booster 
effectiveness against severe, critical, or fatal COVID-19 
was 75·1% (40·2–89·6).

Of 304 091 matched individuals, 151 894 in the three-
dose cohort (50·0%) and 137 709 (45·3%) in the two-dose 
cohort had a SARS-CoV-2 test during follow-up. The total 
number of tests was 344 855 in 142 836·6 person-years 
and 298 034 in 135 093·4 person-years corresponding to a 
testing frequency of 1·13 and 0·98 tests per person, and 
a testing rate of 2·4 and 2·2 tests per person-year, 
respectively. Among tests in which the reason for testing 
was available, the proportion of tests done because of 
symptoms was 5·1% (12 019 tests of 235 657) and 6·7% 
(15 247 tests of 226 442). Remaining tests were done for 
other reasons such as being travel related. Adjusting the 
aHR in a sensitivity analysis for differences in testing 
rate yielded a booster effectiveness against infection of 
28·1% (95% CI 25·4–30·7).

Among people with no previous infection, booster 
effectiveness was 26·3% (95% CI 23·6 to 28·8) against 
infection (table 2, figure 2; appendix p 18) and 74·4% 
(38·3 to 89·4) against severe, critical, or fatal COVID-19 
(table 2, figure 2). Booster effectiveness against infection 
was 24·9% (17·47 to 31·6%) among people with previous 
pre-omicron infection, 21·9% (–8·7 to 44·3) among 
people with previous omicron infection, and 62·8% 
(–52·3 to 93·4) among people with previous pre-omicron 
and omicron infections. Booster effectiveness against 
severe COVID-19 could not be estimated for each of 
these previous-infection subgroups because of too few 
severe COVID-19 cases.

Among people more clinically vulnerable to severe 
COVID-19, booster effectiveness was 34·2% (95% CI 
27·0 to 40·6) against infection (table 2, figure 2; appendix 
p 18) and 76·6% (34·5 to 91·7) against severe, critical, or 
fatal COVID-19 (figure 2). Among people less clinically 
vulnerable to severe COVID-19, booster effectiveness was 
23·4% (21·1 to 25·7%) against infection and 57·9% 
(–55·6 to 92·1%) against severe, critical, or fatal 
COVID-19. The wide 95% CI was a consequence of too 
few severe COVID-19 cases among people less clinically 
vulnerable to severe COVID-19.

Among people vaccinated with BNT162b2, booster 
effectiveness was 30·4% (95% CI 27·5–33·3) against 
infection and 74·0% (37·2–89·2) against severe, critical, 
or fatal COVID-19 (table 2; appendix pp 18–19). Among 
people vaccinated with mRNA-1273, booster effectiveness 

was 9·1% (5·0–13·0%) against infection. Effectiveness 
against severe, critical, or fatal COVID-19 could not be 
estimated because of too few severe cases. The p values 
for the interaction terms for all subgroup analyses were 
<0·01.

Booster effectiveness against infection was highest at 
61·4% (95% CI 60·2–62·6) in the first month after the 
start of follow-up, but waned gradually thereafter and 
was modest at only 15·5% (8·3–22·2) by the sixth month 
of follow-up (figure 3). In the seventh month and 
thereafter, coincident with follow-up time during which 
BA.4/BA.527 and BA.2.75*28 dominated incidence, 
effectiveness was progressively negative although with 
relatively wide 95% CIs. Adjusting the month-by-month 
aHRs in a sensitivity analysis for differences in testing 
rate showed similar results (appendix p 20).

A similar pattern of waning of booster protection was 
observed irrespective of previous infection status, 
clinical vulnerability to severe COVID-19, or vaccine type 
(figure 4; appendix p 21). Effectiveness against severe, 
critical, or fatal COVID-19 could not be estimated by 
time interval of follow-up because of a small number of 
severe COVID-19 cases.

Discussion
A third mRNA booster dose was associated with 
26·2% reduction in incidence of infection and 75·1% 
reduction in incidence of severe COVID-19 over a year of 
follow-up. However, protection against infection waned 
gradually by month after the booster and was negligible 

Effectiveness against 
SARS-CoV-2 infection 
(% [95% CI])†

Effectiveness against 
severe, critical, or fatal 
COVID-19 (% [95% CI])†

Overall booster effectiveness 26·2% (23·6 to 28·6) 75·1% (40·2 to 89·6)

Booster effectiveness by previous infection status

No previous infection 26·3% (23·6 to 28·8) 74·4% (38·3 to 89·4)

Previous pre-omicron infection 24·9% (17·4 to 31·6) ··‡

Previous omicron infection 21·9% (–8·7 to 44·3) ··‡

Previous pre-omicron and omicron infections 62·8% (–52·3 to 93·4) ··‡

Booster effectiveness by clinical vulnerability to severe COVID-19

People less clinically vulnerable to severe COVID-19 23·4% (21·1 to 25·7) 57·9% (–55·6 to 92·1)

People more clinically vulnerable to severe COVID-19 34·2% (27·0 to 40·6) 76·6% (34·5 to 91·7)

Booster effectiveness by vaccine type

Vaccinated with BNT162b2 30·4% (27·5 to 33·3) 74·0% (37·2 to 89·2)

Vaccinated with mRNA-1273 9·1% (5·0 to 13·0) ··‡

*Cohorts were matched exactly one-to-one by sex, 10-year age group, nationality, number of coexisting conditions, 
vaccine type, previous infection status, and calendar week of the second vaccine dose. People who received their third 
vaccine dose in a specific calendar week in the three-dose cohort were additionally matched to people who had a record 
for a SARS-CoV-2 test in that same calendar week in the two-dose cohort to ensure that matched pairs had presence in 
Qatar over the same time period. †Adjusted for sex, 10-year age group, ten nationality groups, number of coexisting 
conditions, previous infection status, calendar week of second vaccine dose, and calendar week of third vaccine dose or 
SARS-CoV-2 test. ‡Could not be estimated or estimates were unstable because there were too few or no infections that 
progressed to severe, critical, or fatal COVID-19.

Table 2: Effectiveness of booster relative to primary series against SARS-CoV-2 infection and against 
severe, critical, or fatal COVID-19 in the matched cohorts*
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by the sixth month. In the seventh month and thereafter, 
incidence of infection was higher among people who had 
the booster compared to those with only the primary 
series, suggesting a possibility for differential immune 
imprinting compromising protection in people who had 
the booster vaccination against the newer omicron 
sublineages. However, cohort size was much smaller at 
these late timepoints and CIs were wide. There was no 
evidence for imprinting compromising protection 
against severe COVID-19, but the number of severe 
COVID-19 cases was too small to allow concrete 
estimation.

Evidence for imprinting was observed only after 
complete waning of booster effectiveness, and coincident 
with infections with new omicron subvariants 
BA.4/BA.527 and BA.2.75*,28 consistent with a similar 
effect observed among cohorts who had a primary 
omicron infection, but different vaccination histories.8 
The booster dose, a pre-omicron immunological event, 
that occurred several months after the primary-series 
vaccination, another pre-omicron immunological event, 
could have trained the immune response to expect a 
specific narrow pre-omicron challenge; thus, the 
response was suboptimal when the actual challenge 

Figure 2: Booster effectiveness relative to the primary series against SARS-CoV-2 infection and severe, critical, or fatal COVID-19 by previous infection status 
(A, B) and by clinical vulnerability (C, D)
*Vaccine effectiveness could not be estimated because there were too few or no infections that progressed to severe, critical, or fatal COVID-19.
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was an immune-evasive omicron subvariant. Repeat 
immunological events of the same type (here pre-
omicron challenge) could be associated with lower 
protection against a new kind of immunological event 
(here omicron challenge).

This effect appears related to the memory component of 
the immune response, perhaps explaining why the effect 
was observed only after waning of the antibody-mediated 
short-term booster protection. People with a booster 
might have had their immune memory geared towards 
expecting a pre-omicron challenge.29 The imprinting effect 
seems to arise from the mismatch between immune 
memory and actual immune challenge.29 The effect also 
seems consistent with emerging in-vitro laboratory data,6 
and was observed irrespective of previous infection status, 
clinical vulnerability to severe COVID-19, or vaccine type.

Although imprinting is of concern when an 
antigenically divergent virus emerges, it does not negate 
the public health value of booster vaccinations. 
Imprinting affected protection against infection in the 
long term, but the booster was protective against 
infection in the short term, and overall infection 
incidence for the whole follow-up period was lower in 
the group with three doses than in the group with two 
doses. There was no evidence that imprinting affected 
protection against severe COVID-19, which remained 
high after a year of follow-up. Imprinting was observed 
for boosters based on index-virus (pre-omicron) design,30 
but it might not be observed for bivalent boosters, or 
might only be observed after a longer duration, as 
bivalent boosters could produce more effective 
antibodies against currently circulating viruses.

Imprinting might influence the optimal type and 
timing of boosters in the future. Although imprinting 
has been observed for influenza,31,32 this has not 
undermined the public health value of seasonal influenza 
vaccinations,33 an outcome that could also apply for 
COVID-19 boosters. The findings, however, do accentuate 
the need for longer-term follow-up of boosted cohorts to 
understand the full extent of the effects of booster 
vaccination on both infection and severe disease.

The protective effects of boosters, relative to primary 
series, were similar irrespective of previous infection 
status, highlighting the value of boosters even for those 
recovered from a previous infection, and irrespective of 
whether infections were due to pre-omicron or omicron 
viruses. This finding suggests that previous infection 
immunity and booster immunity could have acted 
independently of each other reflecting neither synergy 
nor redundancy of their individual biological effects, as 
suggested earlier for these two forms of protection.12 This 
finding is also consistent with neutralising antibodies 
being the correlate of protection against infection.34 
However, the majority of our cohort had no documented 
previous infection and thus estimates for the relatively 
small number of people with hybrid immunity had wide 
CIs and the role of immune imprinting in people with 

previous infections will need to be confirmed in other 
studies.

The booster was associated with considerable 
protection against infection and high protection against 
severe COVID-19 among people more clinically 
vulnerable to severe COVID-19, underscoring the value 
of booster vaccinations for this population. Although 
severe COVID-19 was rare among people less clinically 
vulnerable, the booster elicited considerable temporary 
protection against infection. Booster protection was 
higher among those more clinically vulnerable and those 
BNT162b2 vaccinated. This higher protection could be a 
consequence of the more rapid waning of primary-series 
protection among those more clinically vulnerable 
(mostly the older population) and those BNT162b2 
vaccinated, confirming earlier findings on this population 
and similar findings from other countries.1,4,13,19

This study has limitations. There were too few severe 
COVID-19 cases among some subgroups to allow 
estimation of effectiveness against severe COVID-19 in 
subgroup analyses or by time interval since the booster. 
The 95% CIs were calculated using Cox regression in the 
presence of a time-varying HR, and thus could have been 
conservative.23 However, deriving the 95% CI in the main 
analysis using bootstrapping23 with 100 replications 
yielded a 95% CI that was identical to that of Cox 
regression. Although the reason for testing was available 
for all PCR tests, it was available for only a proportion of 
rapid antigen tests and this availability varied over time. 
This non-systematic availability of data for reason for 
testing precluded representative estimation of booster 
effectiveness against each of the symptomatic and 
asymptomatic infections.

Imprinting was observed among people with the 
longest time of follow-up, that is among those who first 

Figure 3: Booster effectiveness relative to the primary series against SARS-CoV-2 infection by month since 
the start of the follow-up
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received the booster, but this population segment might 
not be representative of the wider population. A pattern 
of decreasing effectiveness over time could also arise 
from changes to the composition of the study population 
over time and thus might not reflect a genuine biological 
effect for booster vaccination. Yet, imprinting was 
observed among those who received the booster over 
several months and not only among those who became 
first eligible for the booster.

Individuals in the two-dose group were required to have 
been tested for SARS-CoV-2 on the week they were 
recruited. Such a requirement was not made for individuals 
in the three-dose group. Differing eligibility criteria 

between the two groups could bias the study if there was a 
correlation between testing and infection exposure. 
However, most of the testing in the study population was 
done for routine reasons, not because of infection exposure. 
Follow-up started 7 days after the test, and not immediately 
after the test. If bias existed, it would have particularly 
affected booster effectiveness in the first month of follow-
up. However, booster effectiveness in the first month of 
follow-up was similar to that found in the global literature 
of studies in different countries and populations.35 This 
bias therefore is not likely to have affected our results.

Qatar has unusually diverse demographics in that 
89% of the population are expatriates from over 

Figure 4: Booster effectiveness relative to the primary series against SARS-CoV-2 infection over time after booster by previous infection status (A, B) and by 
clinical vulnerability (C, D)
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C   Effectiveness of the third vaccine dose against SARS-CoV-2 infection by 
       month since the start of the follow-up in people who are less clinically 
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150 countries.14 Data on travel history of the study 
population were not available. As most of the population 
is an expatriate population, it is plausible that the rate of 
travel is higher than in other countries. Accordingly, a 
testing requirement was added in the matching to ensure 
presence in Qatar in the same period. Possibility of travel 
is also one of the reasons for matching by nationality, 
age, and sex, to balance rates of travel across the cohorts. 
These demographic factors provide a powerful proxy for 
socioeconomic status and occupation in Qatar,14–16 and 
thus of the rate of travel outside the country.

Testing frequency differed between cohorts, suggesting 
the possibility of bias due to differential outcome 
ascertainment. Receiving a booster dose could be 
correlated with health-seeking behaviour that would 
result in more frequent testing. Such bias could affect 
the estimated effectiveness and could explain the 
negative effectiveness observed late in the study, if the 
two-dose cohort was affected by a proportionally higher 
level of undocumented infections. However, the 
sensitivity analysis adjusting for the differences in testing 
rates showed similar findings to the main analysis 
findings. The study also matched observable confounders 
across cohorts to control for any potential effects of 
differentials in testing across confounder values. If bias 
due to differential outcome ascertainment appreciably 
affected the results, the effect of bias should have been 
observed throughout the time of follow-up, as testing 
guidelines did not materially change during follow-up. 
However, booster effectiveness in the first months of 
follow-up was similar to that found in the global literature 
of studies in different countries and populations.35 This 
bias therefore might not explain the negative effectiveness 
observed late in the study.

Home-based rapid-antigen testing is not documented 
(appendix p 4) and is not factored in these analyses. 
However, there is no reason to believe that home-based 
testing could have differentially affected the followed 
study cohorts to alter study estimates. Matching was 
done while factoring key sociodemographic 
characteristics of the population,14–16 and this might also 
have controlled or reduced differences in home-based 
testing between cohorts.

Effectiveness was estimated by previous infection 
status, but some infections might have never been 
documented, thereby introducing the possibility of 
misclassification bias in defining some of the previous-
infection subgroups, particularly the no-previous 
infection subgroup. However, the protective effects of 
boosters were similar irrespective of previous infection 
status, suggesting that such misclassification bias is not 
likely to have affected the study results. The variant and 
subvariant status of previous infections was determined 
by time of infection on the basis of the variant and 
subvariant that was dominant at the time (appendix p 17), 
and not based on viral genome sequencing of every 
infection. This approach in ascertaining variants and 

subvariants might have introduced misclassification bias 
in the variant and subvariant status of previous infections.

As an observational study, investigated cohorts were 
neither blinded or randomised, so effects for 
unmeasured or uncontrolled confounding factors 
cannot be excluded. Although matching covered key 
factors affecting infection exposure,14–16 it was not 
possible for other factors such as geography or 
occupation, for which data were unavailable. However, 
Qatar is essentially a city state and infection incidence 
was broadly distributed across neighbourhoods. 
Nationality, age, and sex (factors that were used in the 
matching) provide a powerful proxy for socioeconomic 
status and occupation in Qatar.14–16

The matching procedure used in this study was 
investigated in previous studies of different epi-
demiological designs, and using control groups to test 
for null effects.1,13,17–19 These control groups have included 
unvaccinated cohorts versus vaccinated cohorts within 
2 weeks of the first dose1,17–19 (when vaccine protection 
is negligible30), and mRNA-1273-vaccinated versus 
BNT162b2-vaccinated cohorts, also in the first 2 weeks 
after the first dose.13 These previous studies showed at 
different times during the pandemic that this procedure 
resulted in similar infection exposure levels across 
groups,1,13,17–19 suggesting that the matching strategy 
might also have controlled for differences in infection 
exposure in this study. Analyses were implemented on 
Qatar’s total population and large samples, perhaps 
minimising the likelihood of bias. As this study emulated 
a target trial,4,11 the matching algorithm was developed 
and exact matching was used to ensure that both cohorts 
are similar in terms of all factors known, or that have 
any potential to affect the risk of infection, other than 
the booster effect. Although this approach maximises 
the study’s internal validity, it reduces the size of the 
study cohorts relative to the full cohorts, which could 
have affected the study generalisability.

In conclusion, mRNA boosters reduced incidence of 
infection and severe COVID-19 11 months of follow-up 
after vaccination, particularly among those clinically vul-
nerable to severe COVID-19. However, protection against 
infection waned after the booster, and eventually 
suggested a possibility for negative immune imprinting. 
Both patterns of protection and imprinting were observed 
irrespective of previous infection status, clinical 
vulnerability to severe COVID-19, and vaccine type. 
Although the imprinting is a theoretical concern, it is 
unlikely to negate the public health value of the booster 
vaccination. There is need for longer-term follow-up of 
boosted cohorts to understand the full extent of the 
effects of the booster vaccination on both infection and 
severe disease, particularly in the face of new emerging 
omicron subvariants of SARS-CoV-2.
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