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Abstract

Background Corona Virus Disease 2019 (COVID-19) mRNA vaccine effectiveness (VE) has recently declined,

and reports about COVID-19 breakthrough infection have increased. We aimed to conduct a meta-analysis on popula-
tion-based studies of the prevalence and incidence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
breakthrough infection amongst older adults worldwide.

Methods Studies from PubMed, Embase, Cochrane Library, and Web of Science were systematically screened

to determine the prevalence and incidence of SARS-CoV-2 breakthrough infection in older adults from inception

to November 2, 2022. Our meta-analysis included 30 studies, all published in English. Pooled estimates were calcu-
lated using a random-effect model through the inverse variance method. Publication bias was tested through funnel
plots and Egger’s regression test, and sensitivity analyses were performed to confirm the robustness of the results. This
research was performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines.

Results Thirty publications were included in this meta-analysis (17 on prevalence, 17 on incidence, and 4 on both).
The pooled prevalence of COVID-19 breakthrough infection among older adults was 7.7 per 1,000 persons (95%
confidence interval [95%Cl] 4.0-15.0). At the same time, the pooled incidence was 29.1 per 1000 person-years (95%Cl
15.2-55.7).

Conclusions This meta-analysis provides estimates of prevalence and incidence in older adults. We concluded

that the prevalence and incidence of SARS-CoV-19 breakthrough infection in older people was low. The prevalence
and incidence of breakthrough infection admitted to hospital, severe-critical, and deathly was significantly lower. Oth-
erwise, there was considerable heterogeneity among estimates in this study, which should be considered when inter-
preting the results.
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Introduction
The COVID-19 pandemic caused by SARS-CoV-2
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6,86,850,594 deaths and 757,264,511 confirmed cases,
reported to WHO [2].

Currently, COVID-19 vaccination is recognized as
one of the most extraordinary measures to control the
global COVID-19 pandemic, reducing the morbid-
ity of COVID-19. As of February 21, 2023, there were
180 candidate vaccines in clinical development and
199 in pre-clinical development, including the follow-
ing main categories: protein subunit vaccines, viral vec-
tor vaccines, inactivated virus vaccines, and DNA- and
mRNA-based vaccines, among others [3].

Vaccines against SARS-CoV-2 have effectively pre-
vented COVID-19, but rare breakthrough infections
have been reported. A study found that the immune
effect of older adults after being vaccinated with
COVID-19 vaccines was less effective than that of
young people. Still, safety is higher in older people after
vaccination [4]. Older adults may represent a vulner-
able group with a higher risk of breakthrough infection,
worse outcomes, and even death from COVID-19 than
young adults. Therefore, there is a concern for the prev-
alence and incidence rate of SARS-CoV-2 breakthrough
infection amongst older adults. Based on studies, we
conducted a meta-analysis to estimate the prevalence
and incidence of SARS-CoV-2 breakthrough infection
amongst older adults and compare the prevalence and
incidence in different degrees of severity.

We adopted the definition of breakthrough infec-
tion as testing positive for SARA-COV-2 via reverse-
transcription polymerase chain reaction (RT-PCR) or
rapid antigen-detection diagnostic test from any sam-
ple (i.e., nasal swab, nasal wash, nasopharyngeal swab
oropharyngeal swab, saliva, sputum, bronchoalveolar
lavage fluid, pleural fluid, or lung tissue.) in any clinical
setting regardless of the degree of severity after 14 days
since the last dose of any SARS-CoV-2 vaccine [5-7].

Materials and methods
Search strategy
A systematic literature search was conducted using
PubMed, Cochrane Library, Embase, and Web of Sci-
ence databases to identify all relevant studies until
November 2, 2022. The snowballing method was used
to hand searching of the reference lists of relevant stud-
ies during the same period.

The MeSH terms were:

(1) “COVID-19 infections”  [Title/

Abstract])

(2) “elderly” [Title/Abstract]
(3) “COVID 19 Vaccines” [Title/ Abstract]

breakthrough
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The above search terms were run in PubMed and were
customized for each database when necessary.

The literature obtained by the systematic search is man-
aged by NoteExpress, and duplicate literature is deleted
with NoteExpress. We screened the titles and abstracts of
obtained studies to delete irrelevant studies. At last, XH
J and ML H independently conducted full-text screening
to determine eligibility. Any discrepancies were resolved
by discussion with XX W.

Inclusion criteria

Studies were included if (1) They contain a cohort of
older adults vaccinated for at least 14 days regardless of
sex and geographic location, (2) The prevalence or inci-
dence of SARS-CoV-2 breakthrough infection among
older adults was reported, or it could be calculated based
on available data in the article. (3) They were cross-sec-
tional, cohort, or randomized controlled studies.

Exclusion criteria

Studies were excluded if (1) They were reviews, letters,
comments, protocols, conference abstracts, systematic
reviews, meta-analyses, case reports, animal studies,
preprint studies, case—control studies, or test-negative
design studies, (2) They examined older adults living in
institutions (i.e., living in nursing homes, long-term care
facilities or sheltered) because they were more likely to
have a functional impairment and low self-rated health
condition [8]. (3) They did not report sufficient data and
information, and efforts to contact the authors were
unsuccessful. (4) Their older population sample size was
less than 500. (5) They were published in different articles
with duplicate participants.

Quality assessment and data extraction
Two reviewers assessed the risk of bias in the cohort
studies using the NOS (The Newcastle—Ottawa Scale),
the risk of bias in the randomized controlled stud-
ies using the Cochrane Risk of Bias tool, and the risk
of bias in cross-sectional studies using the JBI (Joanna
Briggs Institute) Critical Appraisal ChecKklist for Analyti-
cal Cross-Sectional Studies. For cohort studies, A scores
from 7-9, 4-6, and 1-3 were, respectively, deemed as
high, moderate, and low quality. For Cross-Sectional
Studies, A score from>5, 3—4, and 0-2 were, respec-
tively, considered as high, moderate, and low-quality [9].
Two reviewers independently assessed the quality of each
included study, and disagreements were resolved by con-
sensus. Furthermore, we contacted the authors for data
collection in our meta-analysis when the article did not
report enough information.

We used a standardized Excel form to extract data
from the included studies, including the study author,
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publication year, country, study type, vaccine type and
dose, study period, age range, sample size, and break-
through infection regardless of the degree of sever-
ity, breakthrough infection at distinct severity stages
(Symptomatic SARS-CoV-2 breakthrough infection,
breakthrough infection admitted to hospital, Severe—crit-
ical breakthrough infection, and breakthrough infection
death), person-years (convert person-days into person-
years according to 365 days of a year), and the number
of older adults with SARS-CoV-2 breakthrough infec-
tion. And two reviewers (XH J and ML H) independently
extracted these data.

Statistical analysis

For each study included in the analyses, the prevalence
was estimated in each group by dividing the number of
breakthrough infection cases in older adults by the total
number of older individuals receiving the vaccine. Simi-
larly, the incidence expressed in person-years was cal-
culated by dividing the number of older individuals who
were breakthrough infected during a specified time frame
by the total number of person-years vaccinated during
that time.

Statistical analyses were performed using R version
4.2.2. Pooled prevalence and incidence and correspond-
ing 95% confidence interval (CI) were obtained using
the metaprop and metarate functions in the meta statis-
tic package [10]. Using log transformation, the random-
effects model was employed through the inverse variance
method to pool prevalence and incidence. We use forest
plots to describe statistical results.

Heterogeneity among the studies was evaluated by the
I? statistics, in which I? values from 50-90 may represent
substantial heterogeneity, and from 75% to 100 indicated
considerable heterogeneity [11]. The significance of the
heterogeneity test was assessed using Cochran’s Q test,
in which a p-value of<0.05 implied significant hetero-
geneity. A subgroup analysis was carried out based on
different degrees of severity: Symptomatic SARS-CoV-2
breakthrough infection, breakthrough infection admitted
to hospital, Severe—critical breakthrough infection, and
breakthrough infection death. Publication bias was tested
through the apparent symmetry of the funnel plot and
Egger’s regression test, where a statistically significant
intercept at «=0.05 indicated evidence of funnel plot
asymmetry. And leave-one-out sensitivity analyses were
performed to confirm the robustness of the results.

Results

Literature screening process and results

Initially, 1,044 studies were searched from English data-
bases, among which 14 were from PubMed, 288 from
EMBASE, 17 from Cochrane Library, and 725 from Web
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of Science. Hand-searching contributed to 110 stud-
ies. After reading the complete text, the studies that
did not meet the inclusion criteria were excluded and
finally included in the meta-analysis. A total of 17 stud-
ies reported the prevalence of COVID-19 breakthrough
infection among older adults, 17 on incidence, and 4 on
both. The study selection procedure is outlined in Fig. 1.

Baseline characteristics and risk of included studies

Most of the included studies were cohort studies
(19/30,63.33%), cross-sectional studies (5/30, 16.67%),
and randomized controlled studies (6/30,20.00%). The
details of included studies are shown in Table 1. The risk
of bias in included studies is graphically demonstrated in
Table 2, Table 3, and Table 4. All types of studies included
were of moderate to high quality. Only 4 cohort studies
were of moderate quality, and the other 26 were of high
quality.

The prevalence of meta-analysis of outcome

The prevalence of breakthrough infection among older
adults

Based on 17 studies involving 14,579,373 older adults
with different vaccines, doses, and health conditions, the
prevalence ranged from 0.7 to 59.7 per 1000 individu-
als. The pooled prevalence of SARS-CoV-2 breakthrough
infection in older adults was 7.7 (95%CI 4.0-15.0) per
1000 individuals. The studies included in this meta-anal-
ysis had considerable heterogeneity, as shown by an I
value of 99.98% and a statistically significant Q test (p=0)
(Fig. 2).

Subgroup analysis based on the degree of severity

of the breakthrough infection

Upon classifying the degree of severity of the break-
through infection among older adults, it was noted that
symptomatic breakthrough infection had a prevalence
of 6.1 (3.4-10.9) per 1000 individuals, the pooled prev-
alence of breakthrough infection admitted to hospital
was 1.2 (0.6-2.5) per 1000 individuals, the pooled preva-
lence of severe—critical breakthrough infection was 1.1
(0.2-7.4) per 1000 individuals, and the pooled preva-
lence of breakthrough infection deathly was 0.5 (0.2-1.7)
per 1000 individuals (Fig. 3). By subgroup analysis of the
prevalence of breakthrough infection in different degrees
of severity, I? was not significantly reduced.

Publication bias and sensitivity analysis

We tested the 17 studies for publication bias, and there
was no evidence of publication bias for any of the esti-
mates of prevalence using visual inspection of fun-
nel plots or the Begg or Egger test (all p>0.05) (Fig. 4).
A sensitivity analysis that omitted one study did not
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Identification of studies via datab and

Identification of studies via other methods

Fig. 1 PRISMA Flow Diagram

significantly change these estimates. (6.8 per 1000 indi-
viduals versus 9.1 per 1000 individuals) (Fig. 5).

The incidence of meta-analysis of the outcome

The incidence of breakthrough infection among older adults
Based on 17 studies, incidence ranged from 4.1 to 1,016.6
per 1000 person-years. The pooled incidence of break-
through infection in older adults with different vaccines,
doses, and health conditions was 29.1 (15.2-55.7) per
1000 person-years. The studies included in this meta-
analysis had considerable heterogeneity, as shown by an
I? value of 100.00% and a statistically significant Q test

(p=0) (Fig. 6).

Subgroup analysis based on the degree of severity

of the breakthrough infection

Upon classifying the severity of the breakthrough infec-
tion among older adults, it was noted that sympto-
matic breakthrough infection had an incidence of 16.8
(5.4-52.6) per 1000 person-years, the pooled incidence
of breakthrough infection admitted to hospital was 6.4
(4.1-9.9) per 1000 person-years, the pooled incidence
of Severe—critical breakthrough infection was 4.9 (1.7—
14.3) per 1000 person-years, and the pooled incidence
of breakthrough infection deathly was 1.6 (0.7-3.9) per
1000 person-years (Fig. 7). By subgroup analysis of the
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incidence of breakthrough infection in different degrees
of severity, I was not significantly reduced.

Publication bias and sensitivity analysis

We tested the 17 studies for publication bias, and there
was no evidence of publication bias for any of the esti-
mates of incidence using visual inspection of funnel plots
or the Begg or Egger test (all p>0.05) (Fig. 8). A sensitiv-
ity analysis that omitted one study did not significantly
change these estimates. (23.3 per 1000 person-years ver-
sus 32.9 per 1000 person-years) (Fig. 9).

Discussion

This is a meta-analysis of international studies on the
prevalence and incidence of SARS-CoV-2 breakthrough
infection among older adults. Our findings suggest that
the pooled prevalence of breakthrough infections was
7.7 per 1000 individuals, and the pooled incidence of
breakthrough infection was 29.1 per 1000 person-years.
This indicates that the vaccine efficacy in older adults is
still relatively high. Prevalence and incidence and corre-
sponding 95% confidence interval (CI) were summarized
using metaprop and metarate in the meta-analysis statis-
tics package. Publication bias was tested through funnel
plots and Egger’s regression test, and leave-one-out sen-
sitivity analyses were performed to confirm the robust-
ness of the results.
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Study ID Country Study type Vaccine type and study period agerange samplesize outcome
dose
Barak Mizrahi 2021.11 Israel retrospective cohort  the BNT162b2-2dose  2021.6.1-2021.7.27 >60 55,512 1@
[12] study
Laith). Abu-Raddad Qatar retrospective cohort  the BNT162b2-2dose  2020.12.21-2021.9.19 >60 67,808 1
2021.11[13] study MRNA-1273-2dose
Aharona Glatman- Israel retrospective cohort  the BNT162b3-1 2020.12.21-202126  >60 NA 12P3¢445¢
Freedman 2021.10 study or 2dose
[14]
Matthew W Reynolds  USA Cross-Sectional study  BioNTech-2dose 2020.12.15-20219.16  >60 2436 1
20229 15] Moderna-2dose
Ad26.COV2.5-1dose
Jose-Miguel Yamal USA Cross-Sectional study  BioNTech-2dose 2020.12.14-2021930 >60 NAf 1
2022.5[16] Moderna-2dose
Ad26.COV2.S-1dose
Yinon M. Bar-ON Israel retrospective cohort  the BNT162b2-3 2022.1.10-2022.3.2 >60 1,252,331 14
20224 17] study or 4dose
SaraYTartof 2021.10  USA retrospective cohort ~ the BNT162b2-1dose  2020.12.14-2021.88  >65 8923 13
[6] study
Utkarsh Agrawal Scotland prospective cohort ChAdOx1-1dose 2020.12.8-20214.18  >65 912,348 3or5
2021.121[18] study the BNT162b3-1dose
Eli S. Rosenberg USA retrospective cohort  the BNT162b3-NA 2021.5.1-2021.9.3 >65 2,088,491 13
2021.12[19] study Mrna-1273-NA
Ad26.COV2.S-NA
Ori Magen 20224 Israel retrospective cohort  the BNT162b3-3 2022.1.3-2022.2.18 >60 364,244 12,345
[20] study or four dose
Veerle Stouten 20224  Belgium Cross-Sectional study BNT162b2 -2 dose 2021.2.1-2021.6.18 >65 2,105,175 12
[21] MRNA-1273-2 dose
ChAdOx1-2 dose
Ad26.COV2.5-1dose
Amelia Green 2022.7  England Cross-Sectional study BNT162b2 -2dose 2020.12-2021.11 >60 5,583,760 1345
[22] ChAdOx1 nCoV-19-
2dose
MRNA-1273-2dose
J. Daniel Kelly2022.9  USA retrospective cohort  BNT162b2 -3 dose 2021.7.1-2022.5.30 >65 1,100,248 2 30r5
[23] study MRNA-1273-3 dose
Ad26.COV2.5-2 dose
Nina Breinholt Steerke  Denmark Cross-Sectional study BNT162b2 -2 dose 2021.7.1—2022.2.1 >65 2918 1
2022.8 [24] mMRNA-1273-2dose
ChAdOx1-1 dose
Eric J Haas 2021.5 [25] Israel retrospective cohort  the BNT162b3-2dose  2021.1.24-2021.4.3 >65 1,015,620 12,345
study
Karin Hardt 2022.9 Belgium, Randomized con- Ad26.COV2S-2dose 2020.11.16-2021.6.25 >60 1894 4
[26] Brazil trolled Trail
Colombia
France
Germany
the Philippines
South Africa
Spain
the UK
the USA
Jerald Sadoff 2022.2  Argentina Randomized con- Ad26.COV2.S-1dose  20209.21—2021.79  >60 6735 4
[27] Brazil, trolled Trail
Chile
Colombia,
Mexico
Peru
South Africa

The United States
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Table 1 (continued)
Study ID Country Study type Vaccine type and study period agerange samplesize outcome
dose
Raches Ella 2021.12 Indian Randomized con- BBV152-2 dose 2020.11.16-20215.17 >60 893 2
[28] trolled Trail
Hana M El Sahly USA Randomized con- MRNA-1273-2dose 2020.10.23-2021326 >65 3626 2
2021.11 [29] trolled Trail
scott A Halp- Argentina, Randomized con- The Ad5-nCoV vac- 2020.9.22.-2021.1.15  >60 1323 24
erin 2022.1 [30] Chile, trolled Trail cine-1 dose
Mexico
Pakistan
Russia
Ann R. Falsey 2021.12  the United States Randomized con- ChAdOx1 nCoV-19-2  2020.8.28-2021.3.5 >65 4827 2
[31] Chile, trolled Trail dose
Peru
Giulia Vivaldi 2022.11 UK prospective cohort ChAdOx1 nCoV-19-  2020.5.1-2022.2.21 >60 15,777 1
[32] study 2dose
BNT162b2 -3
or 4dose

MRNA-1273-4 dose

Alejandro Jara 2021.7 prospective cohort CoronaVac-2 dose 2021.2.2-2021.5.1 >60 2,230,270 1345
(33] study
Sharon Hui Xuan Tan retrospective cohort  the BNT162b2-2dose  2021.9.15-2021.10.31 >60 127,077 14
2022.2 [34] study the mRNA1273-

2dose
Jennifer M. Polinski cohort study Ad26.COV2.S-1dose  2020.3.1-2021.8.31 >65 125,402 13
2022.3 [35]
Tyler N. A. Winkelman cohort study the BNT162b2-2dose  2020.10.25- >65 780,723 3
2022.3 [36] Mrna1273-2dose 2021.10.30

Ad26.COV2.S-1dose
Massimo Fabiani retrospective cohort  the BNT162b2-2dose  2020.12.27-2021.11.7 >65 10,485,794 1 3or5
2022.2 [37] study Mrna1273-2dose
Julia Hippisley-Cox prospective cohort the BNT162b2-1 2020.12.8-2021.6.15  >65 2,454,586 35
2021.9[38] study or 2dose

ChAdOx1nCoV-19-1

or 2dose
Peter Nordstrom cohort study the BNT162b2-2dose  2021.1.12—2021.104 >65 NA 1
2022.3 [39] Mrna1273-2dose

ChAdOx1nCoV-

19-2dose
Srinivasa Vit- Retrospective cohort  ChAdOx1nCoV- 2021.1.18-2021.1025 >65 5,463,138 2 3or5
tal Katikireddi 2022.1 study 19-2dose

[40]

2 SARS-CoV-2 breakthrough infection, regardless of the degree of severity
b Symptomatic SARS-CoV-2 breakthrough infection

€ SARS-CoV-2 breakthrough infection admitted to hospital

9 Severe—critical SARS-CoV-2 breakthrough infection

€ SARS-CoV-2 breakthrough infection death

fNot available

In this meta-analysis, incidence is higher than preva-
lence, Firstly most of the studies included in this study
were observed within six months of vaccination. And
different studies included were observed for different
lengths, which may result in higher incidence than preva-
lence. In particular, people with breakthrough infections
have milder symptoms, faster recovery, shorter hospital
stays, and are less likely to be infectious than primary

infections which may lead to a decrease in the prevalence
[41-43].

We can observe considerable heterogeneity in the
included studies, as indicated by high I?>. However,
this observation is common in meta-analyses estimat-
ing prevalence and incidence. Due to the nature of
non-comparative proportional data, we often observe
diverse point estimates among different studies than for
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Table 2 Bias assessment of the included cohort studies
Included studies  Selections Comparability Outcome Total
score

Representativeness Selection  Ascertainment Demonstration Comparability Assessment  Was follow Adequacy

of the exposed of the of exposure that outcome of  of cohorts on of outcome up long of follow

cohort non- Interest was not  the basis of enough for up of

exposed present at start the design or outcomes  cohorts
cohort of study analysis to occur

Barak Miz- * * * * *x * 0 % 3
rahi-2021.11 [12]
LaithJ. Abu- * * * 0 *x * * 0 7
Raddad,-2021.11
[13]
Aharona Glatman-  * * * * *% * 0 0 7
Freedman-2021.10
[14]
Yinon M. Bar- * * * * *x * 0 * 8
ON-202241[17]
Sara Y Tartof * * * 0 *x x * 0 7
-2021.10 [6]
Utkarsh * * * 0 *% * 0 0 6
Agrawal-2021.12
[18]
Eli S. Rosen- * * * * *% x 0 0 7
berg,-2021.12 [19]
Ori Magen-20224  * * 0 * *x * 0 0 6
[20]
J. Daniel Kelly,- 0 * * 0 xx * x 0 6
20229 [23]
EricJ Haas-2021.5  * * * * *% * 0 0 7
[25]
Giulia * * 0 0 xx 0 * 0 5
Vivaldi-2022.9 [32]
Alejandro Jara- * * * * *x * 0 0 7
2021.7 [33]
Sharon Hui Xuan ¥ * * * *x * 0 0 7
Tan 2022.2 [34]
Jennifer M. Polinski  * * * * *% * * x 9
2022.3 [35]
Tyler N. A.Winkel- ¥ * * * *x * * * 9
man 2022.3 [36]
Massimo Fabiani * * * * *% * * 0 8
2022.2 [37]
Julia Hippisley-Cox  * * * * *% * * 0 8
2021.9 [38]
Peter Nordstrom * * * 0 *x * * 0 7
20223 [39]
Srinivasa Vittal * * * * *% * * % 9
Katikireddi 2022.1
[40]

comparatives [44]. Also, including studies with substan-
tial sample sizes and, thus, minor standard errors led to
an overestimation of the I? statistic [45, 46].

Vaccines cannot provide 100% protection. Recently,
estimates of COVID-19 mRNA vaccine effective-
ness (VE) have declined, and reports about COVID-
19 breakthrough infection have increased. The body’s
immune system can remember past infections but can-
not guarantee a lasting response. Some infections and

immunizations provide lifelong protection, but for oth-
ers, regular reminders in the form of booster shots or
new, reformulated vaccines are required [47].
Immunosenescence (a process of dysfunction) occurs
with age leading to changes in the immune function
of older adults [48]. Combined with decreased organ
spirometry and comorbidities, older adults are more
likely to develop breakthrough infections. A study about
hospitalized patients with breakthrough COVID-19
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Table 4 Bias assessment of the included randomized controlled studies
Included studies Random allocation Allocation Evaluation of  Data integrity Selective report others
concealment blindness

Jerald Sadoff-2022.2 [27] Low risk Low risk Low risk Low risk Low risk Low risk
Raches Ella-2021.12 [28] Low risk Low risk Low risk Low risk Low risk Low risk
Hana M El Sahly-2021.11 [29] Low risk Low risk Low risk High risk Low risk Low risk
Scott A Halperin -2022.1 [30] Low risk Low risk Low risk Low risk Low risk Low risk
Ann R. Falsey-2021.12 [31] Low risk Low risk Low risk Low risk Low risk High risk
Karin Hardt-2022.9 [26] Low risk Low risk Low risk Low risk Low risk Unclear

Study Events Total Proportion [95%-CI] Weight Prevalence

Barak Mizrahi (2021.11) 100 55512 0.0018[0.0015;0.0022] 6.0%

LaithJ Abu-Raddad (2021.11) 244 22162 0.0110[0.0097;0.0125] 6.0% N

Matthew W Reynolds (2022.9) 18 2233 0.0081[0.0048;0.0127] 58% e

Utkarsh Agrawal (2021.12) 961 912348 0.0011[0.0010;0.0011] 6.0%

Eli S. Rosenberg (2021.12) 9289 2088491 0.0044[0.0044;0.0045] 6.0%

Ori Magen (2022.4) 7929 219858 0.0361[0.0353;0.0369] 6.0%

Veerle Stouten (2022.4) 63307 2105175 0.0301[0.0298;0.0303] 6.0%

Amelia Green (2022.7) 133105 5583760 0.0238 [0.0237;0.0240] 6.0%

J. Daniel Kelly (2022.9) 11986 1100280 0.0109[0.0107;0.0111] 6.0%

Nina Breinholt Staerke (2022.8) 151 2918 0.0517 [0.0440;0.0604] 6.0% >

Jerald Sadoff (2022.2) 103 6735 0.0153[0.0125;0.0185] 6.0% —a

Raches Ella (2021.12) 5 893 0.0056[0.0018;0.0130] 54% ————+——

Hana M El Sahly (2021.11) 9 3626 0.0025[0.0011;0.0047] 57% —+—

scott A Halperin (2022.1) 10 1323 0.0076[0.0036;0.0139] 57% T

Ann R. Falsey (2021.12) 5 3696 0.0014[0.0004;0.0032] 54% =+

Giulia Vivaldi (2022.11) 942 15777 0.0597[0.0561;0.0635] 6.0% 4

Julia Hippisley-Cox (2021.9) 1675 2454586 0.0007 [0.0007;0.0007] 6.0%

Random effects model 14579373 0.0077 [0.0040; 0.0150] 100.0% = T ——

Heterogeneity: /> = 99.9772%, 1> = 1.9098, p =0 ' ' ' ' '

0 0.01 0.02 0.03 0.04
prevalence

Fig. 2 Forest plot of the pooled prevalence in older adults (Considerable heterogeneity: 12=99.98% and a statistically significant Q test (p=0))

infection shows that the hospitalized patients with
breakthrough infection were composed mainly of older
men with multiple comorbidities [49]. The mortality of
patients over 65 years old hospitalized with COVID-19
after a vaccine breakthrough infection remained high but
might be lower than that of unvaccinated hospitalized
older patients [50].

And due to the weakening of vaccine-induced immu-
nity over time, Vaccine protection against symptomatic
disease begins to decline around 10 weeks from the sec-
ond dose. The waning of protection against hospitaliza-
tion was more significant among older adults [51]. But
the third ‘booster’ dose seems to help. One report found
about 60-70% protection from an infection two weeks
after the third dose, and protection from severe illness
seems strong [52], also because of the increased immune
evasion by SARS-CoV-2 variants. In 2022, Omicron
swept the globe. Some data suggest that existing vaccines
designed for the original SARS-CoV-2 cannot provide
much protection against infection with the variant, even

though they seem to reduce the risk of hospitalization or
death [47].

Older adults with COVID-19 breakthrough infections
have a lower viral load, shorter hospital stays, and are
less likely to be infectious than primary infections [43].
While some of these breakthrough infections could lead
to secondary transmissions, and indeed some of them
did have high viral loads, the risk of onward transmission
is reduced compared to primary infections. The mRNA
vaccines seem to protect not only against the acquisition
of infection but also against transmission of infection.
We must scale up vaccination globally to robustly control
infection transmission and the extent of the pandemic
[51]. Therefore, vaccination is recommended for unvac-
cinated older people.

Vaccine allocation is also a problem in the initial roll-
out of vaccines when doses are still scarce. Guidelines for
vaccine prioritization have been elaborated by the Stra-
tegic Advisory Group of Experts of the WHO (WHO,
2020) and the US Advisory Committee on Immunization
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Study Events Total Proportion [95%-CI] Weight Prevalence
Ori Magen (2022.4) 3036 232252 0.0131[0.0126;0.0135] 14.9% L
Veerle Stouten(2022 4) 19640 2105175 0.0093[0.0092; 0.0095] 14.9%
J. Daniel Kelly, (2022.8)> 11986 1100280 0.0109[0.0107;0.0111] 149%
Raches Ella(2021.12) 5 983 0.0051[0.0017;0.0118] 135% —F———
Hana M El Sahly(2021.11) 9 3626 0.0025[0.0011;0.0047] 141% —+—
scott A Halperin (2022.1) 10 1323 0.0076[0.0036;0.0139] 14.2% —_|T— &
Ann R. Falsey(2021.12) 5 3696 0.0014[0.0004;0.0032] 13.5% —+—

3447335 0.0061 [0.0034; 0.0109] 100.0% —
Eli S. Rosenberg, (2021.12) 1739 2088491 0.0008 [0.0008; 0.0009] 25.0%
Ori Magen (2022.4) 264 240268 0.0011[0.0010;0.0012] 25.0%
Amelia Green(2022.7) 19860 5583760 0.0036[0.0035;0.0036] 25.0%
Julia Hippisley-Cox (2021.9) 1675 2454586 0.0007 [0.0007;0.0007] 25.0%

10367105 0.0012 [0.0006; 0.0025] 100.0% <=
Ori Magen (2022.4) 125 240556 0.0005 [0.0004; 0.0006] 27.2%
Amelia Green(2022.7) 1240 5583760 0.0002[0.0002;0.0002] 27.3%
Jerald Sadoff(2022.2) 103 6735 0.0153[0.0125;0.0185] 272% ——
scott AHalperin (2022.1) 1 1323 0.0008 [0.0000; 0.0042] 18.2% +—

5832374 0.0011 [0.0002; 0.0074] 100.0% <~ ———=—

Ori Magen (2022 4) 37 240654 0.0002[0.0001;0.0002] 33.0%
Amelia Green(2022.7) 5910 5583760 0.0011[0.0010;0.0011] 33.5%
Julia Hippisley-Cox (2021.9) 1982 2454586 0.0008 [0.0008; 0.0008] 33.5%

8279000 0.0005 [0.0002; 0.0017] 100.0% <
Heterogeneity: /° = 99.9745%, 7> = 1.9890, p = 0 ! ' ‘ ' ' !
Test for subgroup differences: y; = 20.03, df = 3 (p < 0.01) 0 0.005 0.01 0015 002 0025 003

prevalence

Fig. 3 Forest plot of the pooled prevalence in older adults in different degrees of severity

Practices (ACIP) of the CDC (Dooling et al., 2021), mak-
ing older adults one of the priority groups to be vacci-
nated [53].

With the emergence of new variants and the gradual
increase in breakthrough infections, many countries have
implemented booster dose schedules. However, in the
world, only 34.4% of people received a booster by Feb 26,
2023. In some low- and middle-income countries such as
India, the percentage of people who received a booster
has been only 6.52% [54]. Therefore, there is an urgent
need to thoroughly learn more about the safety and effi-
cacy of boosters to reduce people’s hesitancy about vac-
cines, and to date, there has been no significant difference
in the incidence of adverse effects between the second
dose and the booster dose in most clinical studies [55, 56].

Due to the increasing global demand for vaccine
boosters, different booster vaccination regimens are
needed to increase coverage in times of vaccine short-
age. However, knowledge of the safety and efficacy of
homologous or heterologous booster vaccination still

needs to be improved. Therefore, there is an urgent
need to assess the effectiveness and safety of different
booster vaccination regimens to inform the vaccine
policies of countries using these vaccines [50].

In addition, another issue to highlight is the need
for more equitable distribution of COVID-19 vac-
cines. However, while few high-income countries’ gov-
ernments understand how to vaccinate their whole
populations during the pandemic, most low- and mid-
dle-income countries have been trusting the COVID-
19 Vaccines Global Access (COVAX) to acquire
enough doses to vaccinate 20% of their population [56].
COVAX is dedicated entirely to accelerating the devel-
opment and manufacture of COVID-19 vaccines and
ensuring vaccines reach poor countries. And it is might
urgent to rationalize vaccination policies, particularly
for older adults, frail patients, and their caregivers.
Public vaccine improvement efforts should decrease all
characteristics of public health risk instead of favoring
its business financial characteristics [57].
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Fig. 4 Egger test of publication bias of the included studies on prevalence
Study Proportion 95%-Cl P-value Tau2 Tau 12
Omitting Barak Mizrahi (2021.11) —= 0.0085 [0.0043;0.0167] . 1.8838 1.3725 99.9784%
Omitting LaithJ Abu-Raddad (2021.11) — 0.0075 [0.0037;0.0153] . 20314 1.4253 99.9786%
Omitting Matthew W Reynolds (2022.9) — 0.0077 [0.0038; 0.0156] . 20366 1.4271 99.9786%
Omitting Utkarsh Agrawal (2021.12) — 0.0088 [0.0046; 0.0169] . 1.7461 1.3214 99.9755%
Omitting Eli S. Rosenberg (2021.12) — 0.0080 [0.0040;0.0162] . 20169 1.4202 99.9665%
Omitting Ori Magen (2022 4) — 0.0070 [0.0036;0.0138] . 1.8706 1.3677 99.9780%
Omitting Veerle Stouten (2022.4) - 0.0071 [0.0036; 0.0140] . 1.9085 1.3815 99.9759%
Omitting Amelia Green (2022.7) —— 0.0072 [0.0036; 0.0144] . 1.9500 1.3964 99.9782%
Omitting J. Daniel Kelly (2022.9) — 0.0076 [0.0037;0.0153] . 2.0321 1.4255 99.9764%
Omitting Nina Breinholt Staerke (2022.8) — 0.0069 [0.0035;0.0133] . 1.7825 1.3351 99.9786%
Omitting Jerald Sadoff (2022.2) — 0.0074 [0.0037;0.0149] . 2.0072 1.4168 99.9786%
Omitting Raches Ella (2021.12) — 0.0079 [0.0039; 0.0159] . 2.0217 1.4219 99.9786%
Omitting Hana M El Sahly (2021.11) —a 0.0083 [0.0041;0.0165] . 1.9479 1.3957 99.9786%
Omitting scott A Halperin (2022.1) — 0.0077 [0.0038; 0.0156] . 2.0339 1.4262 99.9786%
Omitting Ann R. Falsey (2021.12) — 0.0085 [0.0044;0.0167] . 1.8473 1.3591 99.9786%
Omitting Giulia Vivaldi (2022.11) — 0.0068 [0.0035;0.0131] . 1.7404 1.3193 99.9783%
Omitting Julia Hippisley-Cox (2021.9) —m 0.0091 [0.0048;0.0170] . 1.6033 1.2662 99.9697%
Random effects model —_ 0.0077 [0.0040; 0.0150] . 1.9098 1.3820 99.9772%

| I T I I T
-0.015 -0.005 0 0.005
Fig.5 Sensitivity analysis of the included studies on prevalence

Study limitations

This report has some limitations. First, it was restricted
to studies published in English, excluding potentially rel-
evant studies in other languages. Secondly, the inclusion
of studies with a sample size greater than 500 may result

1
0.015

in the loss of small eligible studies. Thirdly, considerable
heterogeneity was observed in the included studies, as
indicated by high I>. And it was not possible to explore
the causes of the heterogeneity and come up with a
more valid estimate. Caution should be exercised when
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Study Events Time
Aharona Glatman-Freedman(2021.10) 4166 61112
Jose-Miguel Yamal(2022.5) 2868 145263
Yinon M. Bar-ON(2022.4) 141198 138891
Sara Y Tartof (2021.10) 84 7549
Utkarsh Agrawal (2021.12) 961 133182
Veerle Stouten(2022.4) 63307 947295
Amelia Green(2022.7) 133105 2695570
Eric J Haas(2021.5) 1284 140555
Karin Hardt(2022.9) 4 343
Jerald Sadoff(2022.2) 103 2004
Alejandro Jara (2021.7) 7510 182365
Sharon Hui Xuan Tan (2022.2) 13430 62037
Jennifer M. Polinski (2022.3) 752 43927
Tyler N. A. Winkelman (2022.3) 1233 111829
Massimo Fabiani (2022.2) 48697 3615932
Peter Nordstrom (2022.3) 914 221506

Srinivasa Vittal Katikireddi (2022.1) 61435 1688681

Random effects model
Heterogeneity: I° = 99.9986%, ©> = 1.8561, p =0

Fig. 6 Forest plot of the pooled incidence in older adults (considerable heterogeneity: 12=100.00% and a statistically significant Q test (p=0))

Study Events Time
subgroup = symptom

Aharona Glatman-Freedman(2021.10) 2260 61093
Veerle Stouten(2022 4) 19640 1036000
Eric J Haas(2021.5) 437 140555

Srinivasa Vittal Katikireddi

Random effects model

61435 1688681

subgroup = hospitalization

Aharona Glatman-Freedman(2021.10) 584 61112
Sara Y Tartof (2021.10) 56 7698
Amelia Green(2022.7) 19860 2712471
Eric J Haas(2021.5) 259 140555
Alejandro Jara (2021.7) 1344 183526
Jennifer M. Polinski 252 44004
Tyler N. A Winkelman 1233 111829
Random effects model

subgroup = severe-critical

Aharona Glatman-Freedman(2021.10) 410 61112

Yinon M. Bar-ON(2022 4)
Amelia Green(2022.7)
Eric J Haas(2021.5)

1440 103497
1240 2714282
160 140555

Karin Hardt(2022.9) 4 343
Jerald Sadoff(2022.2) 103 2004
Alejandro Jara (2021.7) 331 183703
Sharon Hui Xuan Tan 436 62037

Random effects model

subgroup = death

Aharona Glatman-Freedman(2021.10) 205 61112
Amelia Green(2022.7) 5910 2714374
Eric J Haas(2021.5) 61 140555
Alejandro Jara (2021.7) 402 183687

Random effects model

Heterogeneity: I = 99.9786%, 1 = 16380, p = 0
Test for subgroup differences: 3, = 11.55, df =3 (p < 0.01)

Rate [95%-CI] Weight

0.0370 [0.0355; 0.0385]
0.0190 [0.0187;0.0192]
0.0031[0.0028; 0.0034] 25.0%
0.0364 [0.0361; 0.0367] 25.0%
0.0168 [0.0054; 0.0526] 100.0%

25.0%
25.0%

0.0096 [0.0088; 0.0104]
0.0073 [0.0056; 0.0095]
0.0073 [0.0072; 0.0074]
0.0018 [0.0016; 0.0021]
0.0073 [0.0069; 0.0077]
0.0057 [0.0051; 0.0065] 14.3%
0.0110[0.0104;0.0117] 14.3%
0.0064 [0.0041; 0.0099] 100.0%

14.3%
14.2%
14.3%
14.3%
14.3%

0.0067 [0.0061; 0.0074]
0.0139[0.0132, 0.0147]
0.0005 [0.0004; 0.0005]
0.0011[0.0010; 0.0013]
0.0117 [0.0044; 0.0311]
0.0514 [0.0424; 0.0623)
0.0018 [0.0016; 0.0020] 12.7%
0.0070 [0.0064; 0.0077] 12.7%
0.0049 [0.0017; 0.0143] 100.0%

12.7%
12.7%
12.7%
12.7%
11.0%
12.7%

0.0034 [0.0029; 0.0038]
0.0022 [0.0021, 0.0022]
0.0004 [0.0003; 0.0006] 24.8%
0.0022 [0.0020; 0.0024] 251%
0.0016 [0.0007; 0.0039] 100.0% ¢

25.0%
251%

incidence
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Rate [95%-CI] Weight incidence
0.0682[0.0661;0.0703] 5.9%
0.0197 [0.0190; 0.0205] 5.9%
1.0166[1.0113;1.0219] 59%
0.0111[0.0090; 0.0138] 5.9%
0.0072[0.0068; 0.0077] 59%
0.0668 [0.0663; 0.0674] 59%
0.0494[0.0491;0.0496] 59%
0.0091[0.0086; 0.0096] 5.9%
0.0117[0.0044;0.0311] 52% =+
0.0514[0.0424;0.0623] 59% L =
0.0412[0.0403;0.0421] 59%
0.2165[0.2129;0.2202] 59%
0.0171[0.0159;0.0184] 59%
0.0110[0.0104;0.0117] 59%
0.0135[0.0133;0.0136] 59%
0.0041[0.0039; 0.0044] 59%
0.0364[0.0361;0.0367] 5.9%
0.0291 [0.0152; 0.0557] 100.0%r e . : = . l
0 0.05 0.1 0.15 0.2 0.25 03
incidence

r
0

Fig. 7 Forest plot of the pooled incidence in older adults in different degrees of severity
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Fig. 8 Egger test of publication bias of the included studies on incidence

Study

Omitting Aharona Glatman-Freedman(2021.10)
Omitting Jose-Miguel Yamal(2022.5)
Omitting Yinon M. Bar-ON(2022.4)

Omitting Sara Y Tartof (2021.10)

Omitting Utkarsh Agrawal (2021.12)
Omitting Veerle Stouten(2022.4)

Omitting Amelia Green(2022.7)

Omitting Eric J Haas(2021.5)

Omitting Karin Hardt(2022.9)

Omitting Jerald Sadoff(2022.2)

Omitting Alejandro Jara (2021.7)

Omitting Sharon Hui Xuan Tan (2022.2)
Omitting Jennifer M. Polinski (2022.3)
Omitting Tyler N. A. Winkelman (2022.3)
Omitting Massimo Fabiani (2022.2)

Omitting Peter Nordstrom (2022.3)

Omitting Srinivasa Vittal Katikireddi (2022.1)

Random effects model

Incidence Rate

T T T T
-0.06-0.04-0.02 0
Fig. 9 Sensitivity analysis of the included studies on incidence

300

Rate 95%-Cl P-value Tau2 Tau 12
—+—— 0.0275 [0.0139; 0.0546] - 1.9295 1.3891 99.9987%
——— 0.0298 [0.0149; 0.0594] . 1.9696 1.4034 99.9987%
= 0.0233 [0.0140;0.0389] . 1.0813 1.0399 99.9888%
—+— 0.0309 [0.0156; 0.0610] - 1.9141 1.3835 99.9987%
—+— 0.0317 [0.0163;0.0619] . 1.8409 1.3568 99.9987%
—+—— 0.0276 [0.0139; 0.0546] - 1.9319 1.3899 99.9987%
——— 0.0281 [0.0141;0.0560] . 1.9610 1.4004 99.9986%
—+— 0.0313 [0.0159; 0.0614] . 1.8840 1.3726 99.9987%
—+— 0.0306 [0.0155; 0.0603] - 1.9200 1.3856 99.9987%
——— 0.0280 [0.0141;0.0558] . 1.9575 1.3991 99.9987%
—+—— 0.0284 [0.0142;0.0567] . 1.9722 1.4044 99.9987%
— 0.0256 [0.0135;0.0486] . 1.6947 1.3018 99.9987%
—+—— 0.0300 [0.0151;0.0598] . 1.9602 1.4001 99.9987%
—+— 0.0309 [0.0156;0.0610] . 1.9128 1.3830 99.9987%
—+— 0.0305 [0.0154; 0.0605] . 1.9378 1.3920 99.9984%
—+—— 0.0329 [0.0173; 0.0626] . 1.7067 1.3064 99.9987%
——— 0.0287 [0.0143;0.0572] . 1.9772 1.4061 99.9986%
*:‘::I=—-I 0.0291 [0.0152; 0.0557] . 1.8561 1.3624 99.9986%

T
0.02 0.04 0.06

interpreting pooled estimates of prevalence and inci-
dence separately. Fourthly, most of the studies included
in this study were observed within six months of vacci-
nation. More research is needed to prove that vaccines
protect older people against infection for longer. Finally,

some studies provided little information about the poten-
tial influencing factors such as vaccine type, vaccine
dose, gender, prior infection, time from vaccination to
breakthrough infection, comorbidity, and lifestyle of the
included older adults on the prevalence and incidence of
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COVID-19 breakthrough infection. It was also impossi-
ble to conduct meta-analyses among some groups due to
the less information from studies assessing those factors.
so more research is needed to explore these issues.

Publication implications

This study shows that for the elderly population, the
prevalence and incidence of breakthrough infection after
vaccination are low. That reduces the hesitation of the
elderly for vaccination and increases people’s willingness
to vaccinate. It is conducive for humans to control and
termination of the COVID-19 epidemic.

Suggestions for future study

Firstly, longer studies can be conducted to determine the
prevalence and incidence of breakthrough infections over
a longer period after vaccination. Secondly, the difference
in prevalence and incidence of breakthrough infection
between previously infected and vaccinated popula-
tions can be studied. Thirdly, if more information about
the health status, different variants of SARS-CoV-2, and
sex of the study population is available, the impact of
these factors on prevalence and incidence can be stud-
ied. Finally, the Short- or long-term health status of older
adults after breakthrough infection.

Conclusion

The findings suggest that the prevalence and incidence
of SARS-CoV-19 breakthrough infection in older peo-
ple was low. Therefore, older people should be less hesi-
tant about vaccines. Since most of the current research
on breakthrough infection in the older adults is within
6 months after vaccination, a longer observation study of
breakthrough infection in the older adults should be con-
ducted to provide more adequate evidence for the pro-
tection of the older adults by vaccines.
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