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Introduction 
Since the identification of SARS-CoV-2 in Wuhan, China, 
in December, 2019, new variants of concern have 
emerged.1 The most recent variant of concern, omicron 
(B.1.1.529), was originally identified in South Africa in 

November, 2021, and quickly outcompeted previous 
variants. Subsequently, large waves of COVID-19 that 
surpassed the levels recorded at any other time during 
the pandemic occurred in essentially every region across 
the globe.1 The omicron variant has numerous mutations 
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Summary
Background The SARS-CoV-2 omicron (B.1.1.529 BA.1) lineage was first detected in November, 2021, and is associated 
with reduced vaccine effectiveness. By March, 2022, BA.1 had been replaced by sub-lineage BA.2 in the USA. As new 
variants evolve, vaccine performance must be continually assessed. We aimed to evaluate the effectiveness and 
durability of BNT162b2 (Pfizer–BioNTech) against hospital and emergency department admissions for BA.1 and BA.2.

Methods In this test-negative, case-control study, we sourced data from the electronic health records of adult (aged 
≥18 years) members of Kaiser Permanente Southern California (KPSC), which is a health-care system in the USA, 
who were admitted to one of 15 KPSC hospitals or emergency departments (without subsequent hospitalisation) 
between Dec 27, 2021, and June 4, 2022, with an acute respiratory infection and were tested for SARS-CoV-2 by 
RT-PCR. Omicron sub-lineage was determined by use of sequencing, spike gene target failure, and the predominance 
of variants in certain time periods. Our main outcome was the effectiveness of two or three doses of BNT162b2 in 
preventing emergency department or hospital admission. Variant-specific vaccine effectiveness was evaluated by 
comparing the odds ratios from logistic regression models of vaccination between test-positive cases and test-negative 
controls, adjusting for the month of admission, age, sex, race and ethnicity, body-mass index, Charlson Comorbidity 
Index, previous influenza or pneumococcal vaccines, and previous SARS-CoV-2 infection. We also assessed 
effectiveness by the time since vaccination. This study is registered at ClinicalTrials.gov, NCT04848584, and 
is ongoing.

Findings Of 65 813 total admissions during the study period, we included 16 994 in our analyses, of which 7435 were 
due to BA.1, 1056 were due to BA.2, and 8503 were not due to SARS-CoV-2. In adjusted analyses, two-dose vaccine 
effectiveness was 40% (95% CI 27 to 50) for hospitalisation and 29% (18 to 38) for emergency department admission 
against BA.1 and 56% (31 to 72) for hospitalisation and 16% (–5 to 33) for emergency department admission against 
BA.2. Three-dose vaccine effectiveness was 79% (74 to 83) for hospitalisation and 72% (67 to 77) for emergency 
department admission against BA.1 and 71% (55 to 81) for hospitalisation and 21% (1 to 37) for emergency department 
admission against BA.2. Less than 3 months after the third dose, vaccine effectiveness was 80% (74 to 84) for 
hospitalisation and 74% (69 to 78) for emergency department admission against BA.1. Vaccine effectiveness 3 months 
or more after the third dose was 76% (69 to 82) against BA.1-related hospitalisation and 65% (56 to 73) against BA.1-
related emergency department admission. Against BA.2, vaccine effectiveness was 74% (47 to 87) for hospitalisation 
and 59% (40 to 72) for emergency department admission at less than 3 months after the third dose and 70% (53 to 81) 
for hospitalisation and 5% (–21 to 25) for emergency department admission at 3 months or more after the third dose.

Interpretation Two doses of BNT162b2 provided only partial protection against BA.1-related and BA.2-related hospital 
and emergency department admission, which underscores the need for booster doses against omicron. Although three 
doses offered high levels of protection (≥70%) against hospitalisation, variant-adapted vaccines are probably needed to 
improve protection against less severe endpoints, like emergency department admission, especially for BA.2.
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in its spike protein, including multiple mutations in the 
receptor-binding domain, one of the main targets for 
neutralising antibodies.2–5 Omicron has been associated 
with higher transmissibility6–9 and lower antibody 
neutralisation6,10 compared with older variants such as 
delta (B.1.617.2).7–9

Within months of the emergence of omicron, 
sub-lineage BA.2 became a dominant global variant and 
was classified as a new variant of concern. As of 
June 11, 2022, BA.2 and BA.2.12.1 accounted for 78% of 
all SARS-CoV-2 infections sequenced worldwide.1 BA.2 
shares several mutations with sub-lineage BA.1, but 
also has eight unique mutations present in its spike 
protein that are thought to be associated with 
differences in receptor binding affinity, transmissibility, 
and glycosylation.11–13

Previous studies have shown that the COVID-19 
vaccines BNT162b2 (Pfizer–BioNTech) and mRNA-1273 
(Moderna) are less effective against omicron BA.1 than 
against older variants of concern; however, protection 
against severe omicron-related COVID-19 in the general 
population after three vaccine doses has remained 
high.14–21 Nevertheless, data describing COVID-19 vaccine 
effectiveness against omicron BA.2 are sparse. A Swedish 
study showed that three doses of COVID-19 vaccines had 
a similar effectiveness against severe COVID-19 caused 
by BA.1 versus BA.2, but vaccine effectiveness after 
two doses decreased once BA.2 became the predominant 
circulating variant.22 Furthermore, a Danish household 
contact study reported increased transmissibility and 
reduced vaccine protection for BA.2 compared with 
BA.1.20 By contrast, studies done in the UK and Qatar 
have described similar vaccine effectiveness against 

severe COVID-19 for BA.1 and BA.2, without any 
differential waning between the two sub-lineages.23,24

As new SARS-CoV-2 variants evolve, vaccine effective-
ness must be continually assessed against a range of 
outcomes. We aimed to evaluate the effectiveness and 
durability of two and three doses of BNT162b2 against 
hospital and emergency department admissions for BA.1 
and BA.2 SARS-CoV-2 infection.

Methods 
Study design and participants 
In this test-negative, case-control study, we included adult 
(aged ≥18 years) members of Kaiser Permanente Southern 
California (KPSC), which is a large, integrated health-care 
system with more than 4·7 million members in southern 
California, USA.25 Eligible patients were admitted to 
one of 15 KPSC hospitals or emergency departments 
(without subsequent hospitalisation) between Dec 27, 2021, 
(a date when 90% of SARS-CoV-2 infections at KPSC were 
omicron; data not shown) and June 4, 2022, with a 
diagnosis of acute respiratory infection based on 
International Classification of Diseases (tenth revision) 
codes (appendix pp 1–3) and were tested for SARS-CoV-2 
by RT-PCR (a criterion that helps to reduce health-care 
seeking and testing bias).26 Members younger than 
18 years were not included because the timings of 
recommendations for mRNA vaccine doses differed by 
age and vaccine effectiveness might also vary for younger 
age groups. Participants were required to have at least 
1 year of health plan membership so that we could 
determine comorbidities and medical history. A 45-day 
gap in membership was allowed to account for any delays 
in renewal of membership. COVID-19-vaccinated 

Research in context

Evidence before this study
We searched PubMed, medRxiv, and press coverage without 
language restrictions for preprints and peer-reviewed articles 
published between Jan 1, 2020, and June 15, 2022, using the 
search terms “BNT162b2” AND “COVID-19” OR “SARS-CoV-2” 
AND “vaccin*” AND “effective*” OR “outcome” AND “omicron” 
OR “BA*”. We found that the omicron variant (B.1.1.529) of 
SARS-CoV-2 emerged in November, 2021, and has been 
associated with higher transmissibility and lower antibody 
neutralisation compared with older variants, including delta 
(B.1.617.2). Within months of the emergence of omicron, sub-
lineage BA.2 became the dominant strain around the world. 
There are sparse data describing vaccine effectiveness against 
BA.2. A Swedish study showed that three doses of COVID-19 
vaccines had a similar effectiveness against severe COVID-19 
caused by BA.1 versus BA.2, but vaccine effectiveness after 
two doses decreased once BA.2 became the predominant 
circulating variant. Furthermore, a Danish household contact 
study reported increased transmissibility and reduced vaccine 
protection for BA.2 compared with BA.1. By contrast, studies 

done in the UK and Qatar have described similar vaccine 
effectiveness against severe COVID-19 for BA.1 and BA.2, 
without any differential waning between the two sub-lineages.

Added value of this study
Our study compares the effectiveness of two and three doses of 
BNT162b2 (Pfizer–BioNTech) against hospital and emergency 
department admissions for BA.1 and BA.2. Overall, two doses 
provided only partial protection (16–56%) against 
hospitalisation and emergency department admission due to 
BA.1 or BA.2. Three doses offered high levels of protection 
(≥70%) against hospitalisation for BA.1 or BA.2 and emergency 
department admission for BA.1, but only partial protection 
(21%) against BA.2-related emergency department admission.

Implications of all the available evidence
A minimum of three doses of BNT162b2 is needed to protect 
against omicron-related hospitalisations. Variant-adapted 
vaccines are probably needed to protect against less severe 
endpoints, like emergency department admission, especially 
for BA.2.

See Online for appendix
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individuals must have received either two or three doses 
of BNT162b2; individuals who had received partial (ie, one 
dose) or heterologous vaccination were excluded. This 
study received ethics approval from the KPSC Institutional 
Review Board, which granted a waiver of informed 
consent. 

Procedures 
During the study period (Dec 27, 2021–June 4, 2022), all 
people admitted to KPSC hospitals were tested for 
SARS-CoV-2 and those with COVID-19 who presented to 
hospital for non-emergency conditions (eg, non-
emergency surgery and inpatient diagnostic procedures) 
had their appointments rescheduled to a later date. 
Patients tested outside of the KPSC system before their 
admission were re-tested within the KPSC system. 
Omicron sub-lineage (BA.1 vs BA.2) was determined by 
use of a combination of sequencing, spike gene target 
failure (SGTF), and the predominance of variants in 
certain time periods (appendix p 6). Specimens that 
underwent whole-genome sequencing (NovaSeq 6000 
Sequencing System S1 Flow Cell, which included the 
NovaSeq 6000 Sequencing System S1 Reagent Kit 
version 1.5 [300 cycles]; Illumina, San Diego, CA, USA) 
or were tested with the Thermo Fisher TaqPath COVID-19 
Combo Kit (Waltham, MA, USA), which can distinguish 
SGTF among SARS-CoV-2-positive specimens, were 
included in the analysis, as previously described.14 Viral 
sequences were assigned a Pango lineage by use of 
pangoLEARN. Mutations in the spike protein of omicron 
BA.1-positive specimens cause PCR probes targeting the 
spike gene to fail, but SGTF is rare for the BA.2 omicron 
sub-lineage.27,28 For samples tested with the Thermo 
Fisher kit, those with SGTF were characterised as BA.1 
between Dec 27, 2021, (study start) and May 8, 2022 (the 
date of nadir, when 13 [2%] of 611 samples had SGTF, 
with the subsequent increase suggesting the arrival of 
BA.4 or BA.5 sub-lineages). Therefore, samples with 
SGTF after May 8, 2022, were assumed to be BA.4 or 
BA.5 and were excluded from our analysis. Samples 
without SGTF were categorised as BA.2 from Jan 27, 2022, 
onwards (the date when BA.2 accounted for ≥90% of 
samples without SGTF; data not shown) and were 
excluded before this date (when samples without SGTF 
were presumably delta). Specimens that did not undergo 
whole-genome sequencing and were tested with RT-PCR 
but not by use of the Thermo Fisher kit specifically 
(ie, SGTF could not readily be determined) were assigned 
to BA.1 from Dec 27, 2021, to Feb 28, 2022, and to BA.2 
from April 12, 2022, to May 25, 2022, when 90% or more 
of known COVID-19 cases were due to these variants 
(data not shown). Specimens not assigned to a variant by 
one of these methods were excluded from our analyses. 
On the basis of the study period and the conditions we 
have specified, we assumed that all SARS-CoV-2 
infections were due to omicron. We did an internal 
validation study of isolates that had SGTF designation by 

Thermo Fisher and had undergone whole-genome 
sequencing to confirm the accuracy of sub-lineage 
identification by SGTF.

KPSC has an integrated electronic health record system 
that includes data, such as previous COVID-19 test 
results, for members across all settings of care. All KPSC 
members were eligible for COVID-19 vaccines at no cost 
on the basis of US Food and Drug Administration 
authorisation. Vaccination data were captured within the 
electronic health record system if provided at a KPSC site 
or were sourced from the California Immunization 
Registry. Patients were categorised as having received 
two doses of BNT162b2 if the emergency department or 
hospital admission was at least 14 days after the receipt of 
the second dose and they had not received three doses. 
Patients were categorised as having received three doses 
of BNT162b2 if they received a third dose of BNT162b2 at 
least 28 days after receiving two doses of BNT162b2, the 
hospital or emergency department admission occurred 
at least 14 days after the receipt of the third dose,14,29–31 and 
they had not received four doses. Individuals were 
considered unvaccinated if they had never received 
BNT162b2 or any other COVID-19 vaccine.

Outcomes and statistical analysis 
We compared patient and clinical characteristics by 
vaccination status and variant using the χ² test for 
categorical variables and Fisher’s exact test for binary 
variables. Our main outcome was the effectiveness of 
two or three doses of BNT162b2 in preventing emergency 
department or hospital admission. Unadjusted and 
adjusted vaccine effectiveness were evaluated by 
comparing the odds ratios (ORs) from logistic regression 
models of vaccination between test-positive cases and 
test-negative controls. Cases were patients with a hospital 
or emergency department admission for acute respiratory 
infection and a positive KPSC laboratory-confirmed 
SARS-CoV-2 RT-PCR test from a sample collected from 
14 days before the initial admission date to 3 days after 
the admission. Controls were patients with a hospital or 
emergency department admission for acute respiratory 
infection and a KPSC laboratory-confirmed negative 
SARS-CoV-2 RT-PCR test collected from 14 days before 
admission to 3 days after admission and no positive 
COVID-19 tests within 90 days of admission. If a patient 
met the inclusion criteria for either a case or a control 
and had multiple admissions that were more than 
30 days apart, the patient could contribute more than one 
event to the study.

Vaccine effectiveness was calculated as 1−OR multiplied 
by 100%, with corresponding 95% CIs calculated by use 
of the Wald method. Adjusted ORs and 95% CIs were 
estimated in multivariable logistic regression models by 
adjusting for the month of emergency department or 
hospital admission, age (18−49 years, 50−64 years, or 
≥65 years), sex (male or female), race and ethnicity 
(Hispanic, non-Hispanic White, non-Hispanic Black, 

For the California 
Immunization Registry see 

https://cairweb.org/

For pangoLEARN see https://
github.com/cov-lineages/

pangoLEARN

https://github.com/cov-lineages/pangoLEARN
https://cairweb.org/
https://cairweb.org/
https://cairweb.org/
https://github.com/cov-lineages/pangoLEARN
https://github.com/cov-lineages/pangoLEARN
https://github.com/cov-lineages/pangoLEARN
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non-Hispanic Asian or Pacific Islander, or other 
or unknown), body-mass index (<18·5 kg/m², 
18·5−24·9 kg/m², 25·0−29·9 kg/m², 30·0−34·9 kg/m², 
≥35·0 kg/m², or unknown), Charlson Comorbidity Index 
(0, 1, 2, 3, or ≥4), receipt of an influenza vaccine in the 
year before admission (yes or no), receipt of a 
pneumococcal vaccine in the 5 years before admission 
(to adjust for health-care seeking behaviour; yes or no), 
and documentation (PCR or lateral flow test) of previous 

SARS-CoV-2 infection (ever or never). Analyses were 
done separately for hospital and emergency department 
admission. Analyses were further stratified by variant 
(BA.1 vs BA.2) and immunocompetent status. By use of a 
previously published methodology,30 immunocompetence 
was defined as the absence of any immunocompromising 
conditions, including leukaemia, lymphoma, congenital 
immunodeficiencies, asplenia or hyposplenia, or HIV or 
AIDS; no history of haematopoietic stem-cell or solid 

Figure 1: Trial profile
ED=emergency department. *Samples for which the SARS-COV-2 variant could not be identified included those that were not tested with the Thermo Fisher TaqPath COVID-19 Combo Kit (and thus 
spike gene target failure could not be determined), those that did not undergo whole-genome sequencing, and those that could not be assigned a variant lineage on the basis of the time when the 
infection occurred.

65 813 admissions with COVID-19 test
29 507 hospital 
36 306 ED

20 121 with acute respiratory infection
6879 hospital

13 242 ED  

45 692 without acute respiratory infection
22 628 hospital
23 064 ED

998 excluded
370 admission <14 days since last vaccine dose 

116 hospital
254 ED

363 were partially vaccinated 
104 hospital
259 ED

265 received four vaccine doses
93 hospital 
172 ED

10 620 with positive COVID-19 test
3186 hospital
7434 ED

7435 with BA.1
2245 hospital
5190 ED 

1056 with BA.2
188 hospital
868 ED 

 

2129 with unknown variant
excluded*

753 hospital
1376 ED

8503 with negative COVID-19 test
3380 hospital
5123 ED 

2278 unvaccinated
844 hospital

1434 ED 

2368 had two
vaccine doses

825 hospital
1543 ED

3857 had three
vaccine doses
1711 hospital
2146 ED 

3543 unvaccinated
1238 hospital
2305 ED 

2761 had two vaccine
doses

672 hospital
2089 ED

1131 had three vaccine
doses
335 hospital
796 ED 

354 unvaccinated
80 hospital

274 ED

265 had two vaccine
doses

40 hospital
225 ED 

437 had three vaccine
doses

68 hospital
369 ED 
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organ transplantation; and no receipt of immuno-
compromising medication.30 We also assessed effective-
ness by the time since vaccination (admission <6 months 
vs ≥6 months since completion of two-dose [only] 
vaccination or <3 months vs ≥3 months since completion 
of three-dose vaccination).

Because secular trends might affect vaccine 
effectiveness estimates, we did additional analyses to 
explore the impact of different methods of accounting for 
secular trends. In addition to the primary analysis, which 

adjusted for the month of admission as a categorical 
variable, we fit models that (1) adjusted for date as a linear 
trend, (2) matched test-positive cases to test-negative 
controls on test date (closest match within 2 weeks), and 
(3) matched test-positive cases to test-negative controls on 
test date (closest match within 2 weeks), age, sex, race and 
ethnicity, and the number of vaccine doses received.  
Matching was 1:1 for BA.1 and BA.2 and two test-negative 
controls were matched to each test-positive case (where 
lower positivity rates allowed for more controls). 

Negative (n=8503) BA.1 (n=7435) BA.2 (n=1056) Total (n=16 994) p value*

Demographics

Age group

18−49 years 3208 (37·7%) 3570 (48·0%) 541 (51·2%) 7319 (43·1%) <0·0001

50−64 years 1541 (18·1%) 1664 (22·4%) 215 (20·4%) 3420 (20·1%) ··

≥65 years 3754 (44·1%) 2201 (29·6%) 300 (28·4%) 6255 (36·8%) ··

Sex

Female 4901/8502 (57·6%)† 4282 (57·6%) 640 (60·6%) 9823/16 993 (57·8%) 0·14

Male 3601/8502 (42·4%)† 3153 (42·4%) 416 (39·4%) 7170/16 993 (42·2%) ··

Race and ethnicity

Non-Hispanic Asian or Pacific Islander 702 (8·3%) 605 (8·1%) 130 (12·3%) 1437 (8·5%) <0·0001

Non-Hispanic Black 1129 (13·3%) 996 (13·4%) 126 (11·9%) 2251 (13·2%) ··

Hispanic 3378 (39·7%) 3581 (48·2%) 425 (40·2%) 7384 (43·5%) ··

Other or unknown 314 (3·7%) 283 (3·8%) 55 (5·2%) 652 (3·8%) ··

Non-Hispanic White 2980 (35·0%) 1970 (26·5%) 320 (30·3%) 5270 (31·0%) ··

Body-mass index

Underweight (<18·5 kg/m²) 321 (3·8%) 154 (2·1%) 19 (1·8%) 494 (2·9%) <0·0001

Normal or healthy weight (18·5–24·9 kg/m²) 2164 (25·4%) 1582 (21·3%) 271 (25·7%) 4017 (23·6%) ··

Overweight (25·0–29·9 kg/m²) 2383 (28·0%) 2097 (28·2%) 317 (30·0%) 4797 (28·2%) ··

Obese, class 1 (30·0–34·9 kg/m²) 1725 (20·3%) 1730 (23·3%) 241 (22·8%) 3696 (21·7%) ··

Obese, class 2–3 (≥35·0 kg/m²) 1822 (21·4%) 1780 (23·9%) 202 (19·1%) 3804 (22·4%) ··

Unknown 88 (1·0%) 92 (1·2%) 6 (0·6%) 186 (1·1%) ··

Comorbidities

Hypertension 4051 (47·6%) 2531 (34·0%) 336 (31·8%) 6918 (40·7%) <0·0001

Congestive heart failure 1522 (17·9%) 574 (7·7%) 77 (7·3%) 2173 (12·8%) <0·0001

Myocardial infarction 587 (6·9%) 256 (3·4%) 33 (3·1%) 876 (5·2%) <0·0001

Peripheral vascular disease 2806 (33·0%) 1381 (18·6%) 195 (18·5%) 4382 (25·8%) <0·0001

Cerebrovascular disease 674 (7·9%) 335 (4·5%) 47 (4·5%) 1056 (6·2%) <0·0001

Diabetes status

Diabetes with unknown glycated haemoglobin 138 (1·6%) 102 (1·4%) 10 (0·9%) 250 (1·5%) <0·0001

Diabetes with glycated haemoglobin <7·5% 1489 (17·5%) 897 (12·1%) 116 (11·0%) 2502 (14·7%) ··

Diabetes with glycated haemoglobin ≥7·5% 934 (11·0%) 740 (10·0%) 97 (9·2%) 1771 (10·4%) ··

Chronic obstructive pulmonary disease 2453 (28·8%) 1188 (16·0%) 176 (16·7%) 3817 (22·5%) <0·0001

Renal disease 1835 (21·6%) 984 (13·2%) 129 (12·2%) 2948 (17·3%) <0·0001

Malignancy 919 (10·8%) 384 (5·2%) 59 (5·6%) 1362 (8·0%) <0·0001

Organ transplant 55 (0·6%) 128 (1·7%) 9 (0·9%) 192 (1·1%) <0·0001

Charlson Comorbidity Index

0 3131 (36·8%) 3868 (52·0%) 589 (55·8%) 7588 (44·7%) <0·0001

1 1327 (15·6%) 1337 (18·0%) 165 (15·6%) 2829 (16·6%) ··

2 857 (10·1%) 655 (8·8%) 91 (8·6%) 1603 (9·4%) ··

3 594 (7·0%) 401 (5·4%) 52 (4·9%) 1047 (6·2%) ··

≥4 2594 (30·5%) 1174 (15·8%) 159 (15·1%) 3927 (23·1%) ··

(Table 1 continues on next page)
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Conditional logistic regression was used for modelling 
matched data. We also explored adjusting for the week of 
admission to allow for finer changes in secular effects 
than were allowed when adjusting for month. All analyses 
were done by use of SAS Enterprise Guide statistical 
software, version 7.1. This study is registered with 
ClinicalTrials.gov, NCT04848584.

Role of the funding source 
This study was sponsored by Pfizer. The study design 
was developed by KPSC but approved by Pfizer. Pfizer 
had no role in data collection or data analysis. Pfizer had 
a role in data interpretation, writing of the report, and in 
the decision to submit for publication.

Results 
Between Dec 27, 2021, and June 4, 2022, there were 
29 507 hospital admissions and 36 306 emergency 
department admissions with a documented SARS-CoV-2 
RT-PCR test across 15 KPSC hospitals in southern 
California (figure 1). 6879 (23·3%) of 29 507 hospital 
admissions and 13 242 (36·5%) of 36 306 emergency 
department admissions were for acute respiratory 
infection (figure 1). The final study population consisted of 
16 994 admissions. Patients were either SARS-CoV-2-
negative or SARS-CoV-2-positive, for which variant 
sub-lineage could be designated by the Thermo Fisher 
TaqPath COVID-19 Combo Kit (and thus SGTF could be 
determined), whole-genome sequencing, or the time when 
the infection occurred (ie, when ≥90% of all SARS-CoV-2 
infections were due to a particular variant). 8491 (50·0%) 
of 16 994 admissions had a positive SARS-CoV-2 test, with 
7435 (87·6%) having BA.1 and 1056 (12·4%) having BA.2. 
Of 16 994 admissions, 6175 (36·3%) were unvaccinated, 
5394 (31·7%) were vaccinated with only two doses, and 
5425 (31·9%) were vaccinated with three doses. The 
median age of the study population was 55 years 
(IQR 36−73). Compared with those who tested positive for 
SARS-CoV-2, those who tested negative were more likely to 

be older and White and have comorbidities and evidence 
of previous SARS-CoV-2 infection (table 1). Compared with 
participants who had received three vaccine doses, 
unvaccinated participants were more likely to be younger 
or Black or Hispanic and less likely to have comorbidities 
or have received a previous influenza or pneumococcal 
vaccine (table 2). One patient who was negative for 
SARS-CoV-2 had an unknown sex and was excluded from 
our adjusted analyses.

Of the 16 994 admissions in the study population, 
5813 (34·2%) were hospital admissions and 11 181 (69·5%) 
were emergency department admissions (without subse-
quent hospital admission). Of 2433 hospital admissions 
with positive SARS-CoV-2 tests, 2245 (92·3%) infections 
were designated BA.1 and 188 (7·7%) infections were 
designated BA.2 (figure 1). 5190 (85·7%) of 6058 emergency 
department admissions with positive SARS-CoV-2 tests 
were due to BA.1 and 868 (14·3%) were due to BA.2 
(figure 1). Of the 1056 infections identified as BA.2, 
14 (1·3%) were sequenced, 233 (22·1%) were run on 
Thermo Fisher and identified on the basis of SGTF status, 
and 809 (76·6%) were categorised by use of the date. Of 
the 7435 infections identified as BA.1, 1210 (16·3%) were 
sequenced, 2048 (27·5%) were run on Thermo Fisher and 
identified on the basis of SGTF status, and 4177 (56·2%) 
were categorised by use of the date. 40 patients had 
multiple events in the study. Nine patients had multiple 
events included in the BA.1 analysis and two patients had 
multiple events included in the BA.2 analysis. The 
remaining 29 patients had one BA.1 event and one BA.2 
event. We did an internal validation study of isolates that 
had SGTF designation by Thermo Fisher and had 
undergone whole-genome sequencing to confirm the 
accuracy of sub-lineage identification by SGTF. BA.1 sub-
lineage was confirmed by whole-genome sequencing in 
1250 (99·4%) of 1258 samples and BA.2 sub-lineage was 
confirmed in 461 (100·0%) of 461 samples.

In adjusted analyses, vaccine effectiveness against 
hospital admission due to BA.1 was 40% (95% CI 27 to 50) 

Negative (n=8503) BA.1 (n=7435) BA.2 (n=1056) Total (n=16 994) p value*

(Continued from previous page)

Vaccine and infection history

Influenza vaccine in the year before admission 4917 (57·8%) 3010 (40·5%) 545 (51·6%) 8472 (49·9%) <0·0001

Pneumococcal vaccine in the 5 years before 
admission

2085 (24·5%) 1504 (20·2%) 188 (17·8%) 3777 (22·2%) <0·0001

Previous positive SARS-CoV-2 PCR test 1922 (22·6%) 552 (7·4%) 117 (11·1%) 2591 (15·2%) <0·0001

BNT162b2 vaccination status

Unvaccinated 2278 (26·8%) 3543 (47·7%) 354 (33·5%) 6175 (36·3%) <0·0001

2 doses (only) <6 months ago 659 (7·8%) 846 (11·4%) 41 (3·9%) 1546 (9·1%) ··

2 doses (only) ≥6 months ago 1709 (20·1%) 1915 (25·8%) 224 (21·2%) 3848 (22·6%) ··

3 doses <3 months ago 1517 (17·8%) 788 (10·6%) 50 (4·7%) 2355 (13·9%) ··

3 doses ≥3 months ago 2340 (27·5%) 343 (4·6%) 387 (36·6%) 3070 (18·1%) ··

Data are n (%) or n/N (%), unless otherwise specified. *χ² test comparing negative, BA.1, and BA.2 groups. †One patient had an unknown sex and was excluded. 

Table 1: Characteristics of test-positive cases and test-negative controls 
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Unvaccinated 
(n=6175)

Two doses only 
(n=5394)

Three doses (n=5425) Total (n=16 994) p value*

Demographics

Age group

18−49 years 3133 (50·7%) 2800 (51·9%) 1386 (25·5%) 7319 (43·1%) <0·0001

50−64 years 1326 (21·5%) 1090 (20·2%) 1004 (18·5%) 3420 (20·1%) ··

≥65 years 1716 (27·8%) 1504 (27·9%) 3035 (55·9%) 6255 (36·8%) ··

Sex

Female 3494 (56·6%) 3284/5393 (60·9%)† 3045 (56·1%) 9823/16 993 (57·8%) <0·0001

Male 2681 (43·4%) 2109/5393 (39·1%)† 2380 (43·9%) 7170/16 993 (42·2%) ··

Race and ethnicity

Non-Hispanic Asian or Pacific Islander 301 (4·9%) 445 (8·2%) 691 (12·7%) 1437 (8·5%) <0·0001

Non-Hispanic Black 996 (16·1%) 738 (13·7%) 517 (9·5%) 2251 (13·2%) ··

Hispanic 2666 (43·2%) 2650 (49·1%) 2068 (38·1%) 7384 (43·5%) ··

Other or unknown 254 (4·1%) 213 (3·9%) 185 (3·4%) 652 (3·8%) ··

Non-Hispanic White 1958 (31·7%) 1348 (25·0%) 1964 (36·2%) 5270 (31·0%) ··

Body-mass index

Underweight (<18·5 kg/m²) 181 (2·9%) 147 (2·7%) 166 (3·1%) 494 (2·9%) <0·0001

Normal or healthy weight (18·5–24·9 kg/m²) 1421 (23·0%) 1198 (22·2%) 1398 (25·8%) 4017 (23·6%) ··

Overweight (25·0–29·9 kg/m²) 1646 (26·7%) 1535 (28·5%) 1616 (29·8%) 4797 (28·2%) ··

Obese, class 1 (30·0–34·9 kg/m²) 1388 (22·5%) 1155 (21·4%) 1153 (21·3%) 3696 (21·7%) ··

Obese, class 2–3 (≥35·0 kg/m²) 1440 (23·3%) 1288 (23·9%) 1076 (19·8%) 3804 (22·4%) ··

Unknown 99 (1·6%) 71 (1·3%) 16 (0·3%) 186 (1·1%) ··

Comorbidities

Hypertension 1921 (31·1%) 1961 (36·4%) 3036 (56·0%) 6918 (40·7%) <0·0001

Congestive heart failure 525 (8·5%) 633 (11·7%) 1015 (18·7%) 2173 (12·8%) <0·0001

Myocardial infarction 225 (3·6%) 245 (4·5%) 406 (7·5%) 876 (5·2%) <0·0001

Peripheral vascular disease 1065 (17·2%) 1113 (20·6%) 2204 (40·6%) 4382 (25·8%) <0·0001

Cerebrovascular disease 298 (4·8%) 298 (5·5%) 460 (8·5%) 1056 (6·2%) <0·0001

Diabetes status

Diabetes with unknown glycated 
haemoglobin

111 (1·8%) 70 (1·3%) 69 (1·3%) 250 (1·5%) <0·0001

Diabetes with glycated haemoglobin <7·5% 609 (9·9%) 679 (12·6%) 1214 (22·4%) 2502 (14·7%) ··

Diabetes with glycated haemoglobin ≥7·5% 539 (8·7%) 551 (10·2%) 681 (12·6%) 1771 (10·4%) ··

Chronic obstructive pulmonary disease 1142 (18·5%) 1081 (20·0%) 1594 (29·4%) 3817 (22·5%) <0·0001

Renal disease 740 (12·0%) 809 (15·0%) 1399 (25·8%) 2948 (17·3%) <0·0001

Malignancy 343 (5·6%) 341 (6·3%) 678 (12·5%) 1362 (8·0%) <0·0001

Organ transplant 29 (0·5%) 58 (1·1%) 105 (1·9%) 192 (1·1%) <0·0001

Charlson Comorbidity Index

0 3346 (54·2%) 2665 (49·4%) 1577 (29·1%) 7588 (44·7%) <0·0001

1 1078 (17·5%) 925 (17·1%) 826 (15·2%) 2829 (16·6%) ··

2 481 (7·8%) 459 (8·5%) 663 (12·2%) 1603 (9·4%) ··

3 297 (4·8%) 291 (5·4%) 459 (8·5%) 1047 (6·2%) ··

≥4 973 (15·8%) 1054 (19·5%) 1900 (35·0%) 3927 (23·1%) ··

Vaccine and infection history

Influenza vaccine in the year before admission 1311 (21·2%) 2651(49·1%) 4510 (83·1%) 8472 (49·9%) <0·0001

Pneumococcal vaccine in the 5 years before 
admission

1050 (17·0%) 1120 (20·8%) 1607 (29·6%) 3777 (22·2%) <0·0001

Previous positive SARS-CoV-2 PCR test 935 (15·1%) 900 (16·7%) 756 (13·9%) 2591 (15·2%) 0·0004

Data are n (%) or n/N (%), unless otherwise specified. *χ² test comparing unvaccinated, two vaccine doses, and three vaccine doses groups. †One patient had an unknown sex 
and was excluded.  

Table 2: Patient characteristics by vaccination status
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after two doses and 79% (74 to 83) after three doses 
(figure 2; appendix p 3). Vaccine effectiveness against 
emergency department admission due to BA.1 was 
29% (18 to 38) after two doses and 72% (67 to 77) after 
three doses. For BA.2, vaccine effectiveness against 
hospital admission was 56% (31 to 72) after two doses 
and 71% (55 to 81) after three doses and effectiveness 
against emergency department admission was 16% 
(–5 to 33) after two doses and 21% (1 to 37) after 
three doses. Results for our unadjusted analysis can be 
found in the appendix (p 5).

Vaccine effectiveness after two doses against 
hospitalisation due to BA.1 waned from 54% (95% CI 
38 to 65) at less than 6 months after the second dose to 
32% (16 to 45) at 6 months or more after the second dose 
(figure 2; appendix p 3), although 95% CIs between the 
two timepoints overlapped. Waning of vaccine 
effectiveness after two doses was also observed against 
BA.1-related emergency department admissions (42% 
[95% CI 31 to 52] at <6 months after the second dose vs 
19% [6 to 31] at ≥6 months after the second dose). Vaccine 
effectiveness after two doses did not wane against hospital 
admission due to BA.2 (56% [95% CI –2 to 81] at 
<6 months after the second dose vs 56% [28 to 73] at 
≥6 months after the second dose), although wide 95% CIs 
preclude strong conclusions about durability between the 
two timepoints. Vaccine effectiveness against emergency 
department admission for BA.2 was low, equalling 27% 
(95% CI –11 to 52) at less than 6 months after the second 
dose and 12% (–10 to 31) at 6 months or more after the 
second dose. Among 5394 admissions with only two doses 
of vaccine, 1546 (28·7%) occurred less than 6 months after 
the second dose. By variant, 846 (30·6%) of 2761 post-
second dose BA.1 admissions occurred less than 6 months 
after the second dose, compared with 41 (15·5%) of 
265 admissions for BA.2.

A third dose substantially increased vaccine effec-
tiveness against hospitalisation to 80% (95% CI 74 to 84) 
for BA.1 and 74% (47 to 87) for BA.2 at less than 3 months 
after the third dose (appendix p 3). 3 months or more 
after the third dose, no considerable waning of vaccine 
effectiveness against hospitalisation was observed for 
BA.1 (76% [69 to 82]) or BA.2 (70% [53 to 81]). Three doses 
also increased vaccine effectiveness against emergency 
department admission for BA.1 to 74% (69 to 78) at less 
than 3 months after the third dose, with some waning to 
65% (56 to 73) at 3 months or more after the third dose, 

although 95% CIs between the two timepoints 
overlapped. Vaccine effectiveness against emergency 
department admission for BA.2 increased to 59% 

Figure 2: Adjusted effectiveness of BNT162b2 against omicron-related 
hospital and emergency department admissions by sub-lineage

Vaccine effectiveness against hospital admission after two doses (A) and three 
doses (B) for BA.1 and after two doses (C) and three doses (D) for BA.2. Vaccine 

effectiveness against emergency department admission after two doses (E) and 
three doses (F) for BA.1 and after two doses (G) and three doses (H) for BA.2. 

Estimates were adjusted for the month of admission, age, sex, race and ethnicity, 
body-mass index, Charlson Comorbidity Index, previous influenza vaccination, 

previous pneumococcal vaccination, and previous SARS-CoV-2 infection.

Overall <6 months ≥6 months
Time since vaccination 

Overall <3 months ≥3 months
Time since vaccination 
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(40 to 72) at less than 3 months after the third dose but 
decreased to 5% (–21 to 25) at 3 months or more after the 
third dose. Among 5425 admissions with three vaccine 
doses, 2355 (43·4%) occurred less than 3 months after 
the third dose. By variant, 788 (69·7%) of 1131 post-third 
dose BA.1 admissions occurred less than 3 months after 
the third dose, compared with 50 (11·4%) of 
437 admissions for BA.2.

In the subset of immunocompetent patients (n=16 098), 
vaccine effectiveness was slightly higher than that in the 
total population (albeit with overlapping 95% CIs) for 
both outcomes after three doses (appendix p 3), but 
showed similar trends overall (appendix p 7). Only a small 
number of patients (896 [5·3%] of 16 994) were categorised 
as immunocompromised in this analysis and as such 
there are no results for this subgroup. In additional 
analyses considering alternative methods to address 
secular confounding, overall vaccine effectiveness 
estimates and patterns of waning were very similar to 
those in our main analysis (appendix pp 4–5). We also 
explored adjusting for the week of admission, but, 
because small numbers of events in some weeks led to 
convergence issues, we do not report these data.

Discussion 
Two doses of BNT162b2 provided only partial protection 
against BA.1-related and BA.2-related hospital and 
emergency department admission. Adjusted vaccine 
effectiveness against hospital admissions decreased to 
32% for BA.1 and to 56% for BA.2 at 6 months or more 
after the second dose. Against emergency department 
admission, vaccine effectiveness was 19% for BA.1 and 
12% for BA.2 at 6 months or more after the second dose. 
Three doses of BNT162b2 provided high levels of 
protection (≥70%) against both BA.1-related and 
BA.2-related hospitalisation. These findings, consistent 
with previous evidence,20,32 underscore the need for 
booster doses, particularly against omicron. For the 
milder outcome of emergency department admissions, 
vaccine effectiveness against BA.2 was only 59% at less 
than 3 months after the third dose, decreasing 
substantially at 3 months or more after the third 
dose (5%), whereas vaccine effectiveness against BA.1 
remained high (74%) at less than 3 months after dose 
three and was 65% at 3 months or more. These results 
could be explained by differences in the virological 
characteristics of BA.2 versus BA.1, including its higher 
transmissibility and increased immune evasion.11,20,33 
Supplementing our findings, current data suggest that 
variant-adapted vaccines are probably needed to improve 
protection against less severe endpoints, like emergency 
department admission, especially for BA.2.

Our findings are consistent with those of a 2022 study 
evaluating breakthrough BA.2 infections, in which people 
receiving three doses of BNT162b2 had a lower incidence 
of breakthrough SARS-CoV-2 infections (16·6%) than did 
people receiving only two doses (49·2%).34 Although a 

previous study34 showed that neutralising antibody titres 
were lower for BA.2 than for BA.1, it also showed that 
three doses of BNT162b2 enhanced neutralising activity 
against omicron and better activated spike protein-
specific memory B cells compared with only two doses.34 
Other reports have also shown similar findings for 
the effectiveness of mRNA vaccines against severe 
BA.2-related outcomes, whereby two doses offer only 
partial protection that is meaningfully bolstered by a 
booster dose.22–24 A US study35 of immunocompetent 
adults showed lower mRNA vaccine effectiveness against 
moderate and severe COVID-19-associated illness for 
BA.2 compared with BA.1. The study also showed that 
booster doses improved vaccine effectiveness against 
omicron and its sub-lineages.35 To date, only one study22 
done in Sweden has shown differences in vaccine 
effectiveness against severe COVID-19 between the BA.1 
and BA.2 sub-lineages. Based on how the BA.1 period was 
defined in this study, however, the delta variant could 
have accounted for as much as 25% of all infections 
designated BA.1. Given that vaccine effectiveness against 
delta is higher than against BA.1, incorrect designation 
could have biased vaccine effectiveness estimates 
upwards for BA.1.22 Similar to findings from Qatar,36 we 
observed only marginal differences in vaccine effec-
tiveness against hospitalisation for BA.1 versus BA.2. 
Disagreement between our findings and those of the 
Swedish study might be due to variation in how severe 
outcomes were defined, the timing of the two studies 
(and thus the prevalence of BA.2.12.1), hospitalisation 
criteria in the USA versus Sweden, population 
seroprevalence, or other factors.

We have previously shown that waning vaccine 
effectiveness against hospital and emergency department 
admissions is modified by immunocompromised status.15 
In this analysis, vaccine effectiveness was only minimally 
different among immunocompetent participants com-
pared with the overall population. However, this result 
was probably due to the small number of immuno-
compromised people in our population, which occurred, 
in part, because we excluded participants who had 
received four vaccine doses.

Our study is not without limitations. Because this study 
was observational and retrospective, there could have 
been residual confounding that was not controlled for in 
the analysis. However, the test-negative study design, 
which required patients to have an acute respiratory 
infection-related admission, helped to reduce bias related 
to differential health care-seeking behaviour and to 
ensure that cases were truly admitted for COVID-19 
rather than with COVID-19.37 Furthermore, during the 
study period, all people admitted to KPSC hospitals were 
tested for SARS-CoV-2 and those with COVID-19 who 
presented for non-emergency appoint ments had their 
appointment rescheduled for a later date; this approach 
does not eliminate all admissions with (rather than for) 
COVID-19, but does reduce their number. These hospital 
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policies probably helped to prevent incidental SARS-CoV-2 
infections from being included in our analyses. 
Nonetheless, future studies evaluating additional markers 
of COVID-19 severity, including the use of intensive care 
or mechanical ventilation, might better prevent the 
inclusion of patients who are hospitalised for non-
COVID-19-related conditions but test positive for 
SARS-CoV-2, which might engender the production of 
less biased estimates of vaccine effectiveness against 
severe COVID-19.37 

In the test-negative study design, differences in health 
care-seeking behaviour by vaccination status can still 
lead to bias. This bias is of particular concern for milder 
outcomes (eg, certain symptoms) that might or might 
not be medically attended. Our focus in this study on 
more severe outcomes (admission to the emergency 
department or hospital for acute respiratory infection) 
minimises this potential. Furthermore, we adjusted our 
analyses for previous pneumococcal and influenza 
vaccination to account for differences in health care-
seeking behaviour and particularly in the proclivity to 
vaccinate. The misclassification of cases and controls is 
unlikely in our study design because the patients in our 
analyses were systematically tested for SARS-CoV-2 by 
RT-PCR. Patients tested outside of the KPSC system 
before their admission were re-tested within the KPSC 
system. Ascertainment of previous SARS-CoV-2 infection 
status was limited to infections recorded in patients’ 
medical records. Because COVID-19 testing can be done 
at facilities outside of the KPSC system, including at 
home, it is likely that not all previous infections were 
documented in patients’ medical records. Under-
reporting of previous infection, especially among the 
unvaccinated, could lead to underestimation of vaccine 
effectiveness or overestimation of the degree of waning 
with time. Specifically, the number of unvaccinated 
controls with at least some level of natural immunity to 
SARS-CoV-2 probably increased during our study period, 
which would bias vaccine effectiveness estimates 
downwards.38,39 Whether increased natural immunity in 
the unvaccinated population stemming from the large 
BA.1 wave contributed to the dampening of vaccine 
effectiveness estimates during the subsequent BA.2 wave 
needs further investigation and could partially explain 
our findings. We distinguished BA.1 and BA.2 using 
several methods, including sequencing, SGTF, and the 
predominance of variants in certain time periods. 
Although this approach could have led to the misclassi-
fication of some variants, an internal validation study 
showed that the BA.1 sub-lineage was confirmed in 
99·4% of samples and the BA.2 sub-lineage was 
confirmed in 100% of samples. A descendent lineage, 
BA.2.12.1, rapidly emerged during our study period and 
accounted for 27% of all sequenced specimens in Los 
Angeles County, CA, USA, for the week ending 
April 30, 2022.40 We could not distinguish BA.2 from 
BA.2.12.1 in our analysis. However, in most studies, 

immune escape by BA.2.12.1 appears to be only 
moderately greater than that by BA.2 and differences in 
clinical severity by these descendant lineages are not 
well described.32,41,42 Thus, how the descendent lineage 
impacted our vaccine effectiveness estimates for BA.2 is 
unknown. By contrast, studies evaluating neutralising 
antibody titres against BA.4 and BA.5 suggest that these 
variants are likely to have an even greater escape potential 
against current vaccines than BA.1 or BA.2.41–44 Although 
we did not have sufficient data to assess vaccine 
effectiveness against BA.4 or BA.5, it will be important 
to evaluate the effectiveness of current and updated 
vaccines against these variants, which have become 
globally predominant, when feasible.

In conclusion, our data suggest that two doses of 
BNT162b2 provided only partial protection against 
BA.1-related and BA.2-related hospital and emergency 
department admission, which underscores the need for 
booster doses against omicron. Although three doses of 
BNT162b2 offered high levels of protection (≥70%) 
against BA.1-related and BA.2-related hospitalisation, 
variant-adapted vaccines are probably needed to improve 
protection against less severe endpoints, like emergency 
department admission, especially for BA.2.
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