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Background With the emergence of new variants and sub-lineages of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), reinfections can signifi-
cantly impact herd immunity, vaccination policies, and decisions on other public
health measures. We conducted a systematic review and meta-analysis to syn-
thesise the global evidence on SARS-CoV-2 reinfections in the pre-Omicron era.

Methods We searched five global databases (MEDLINE, Embase, CINAHL Plus,
Global Health, WHO COVID-19) on 12 May 2022 and 28 July 2023 and three
Chinese databases (CNKI, Wanfang, CQvip) on 16 October 2022 for articles re-
porting incidence and outcomes of SARS-CoV-2 reinfection before the period of
Omicron (B.1.1.529) predominance. We assessed risk of bias using Joanna Briggs
Institute critical appraisal tools and conducted meta-analyses with random effects
models to estimate the proportion of SARS-CoV-2 reinfection among initially in-
fected cases and hospitalisation and mortality proportions among reinfected ones.

Results We identified 7593 studies and extracted data from 64 included ones
representing 21 countries. The proportion of SARS-CoV-2 reinfection was 1.16%
(95% confidence interval (CI)=1.01-1.33) based on 11 639 247 initially infected
cases, with >45 days between the two infections. Healthcare providers (2.28%;
95% CI=1.37-3.40) had a significantly higher risk of reinfection than the gen-
eral population (1.00%; 95% CI=0.81-1.20), while young adults aged 18 to 35
years (1.01%; 95% CI=0.8-1.25) had a higher reinfection burden than other age
groups (children <18 years old: 0.57%; 95% CI=0.39-0.79, older adults aged
36-65 years old: 0.53%; 95% CI=0.41-0.65, elderly >65 years old: 0.37%; 95%
CI=0.15-0.66). Among the reinfected cases, 8.12% (95% CI=5.30-11.39) were
hospitalised, 1.31% (95% CI=0.29-2.83) were admitted to the intensive care
unit, and 0.71% (95% CI=0.02-2.01) died.

Conclusions Our data suggest a relatively low risk of SARS-CoV-2 reinfection
in the pre-Omicron era, but the risk of hospitalisation was relatively high among
the reinfected cases. Considering the possibility of underdiagnosis, the reinfec-
tion burden may be underestimated.
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The first case of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
reinfection, which can be caused by the same or different variant from the initial
infection, was diagnosed on 25 August 2020 in Hong Kong [1-3]. Such cases were
assumed to be rare early on in the pandemic, as most studies reported reinfection
confirmed by whole genomic sequence alone [2-4]. Several later studies reported
varying rates and burdens of reinfection [5-7], potentially reflecting the inability
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of the primed immune system to sustain protection against subsequent infections or the higher capabili-
ties of the new variants to evade natural immunity [8,9], as well as a wide range of risk factors and adverse
outcomes [5,10,11].

As SARS-CoV-2 constantly mutates, it is important to systematically synthesise evidence related to reinfec-
tion to support effective public health measures. The Omicron (B.1.1.529) variant is phylogenetically and
antigenically distinct from earlier ones, with a substantially higher risk of immune escape [12,13]. We aimed
to estimate the global burden of SARS-CoV-2 reinfection before the period of Omicron predominance, strat-
ified by age, sex, region, and country income group. We also synthesised the evidence related to its clin-
ical severity and outcomes, including hospitalisation, intensive care unit (ICU) admission, and mortality.

METHODS

We registered the protocol of this systematic review in the International prospective register of systematic
reviews (PROSPERO) (CRD42023449712) and conducted it per the Preferred Reporting Items for System-
atic Review and Meta-Analysis Protocols (PRISMA-P 2020) guidelines [14]. Since we used data from pub-
lished primary studies, we did not seek formal ethical approval.

We searched five global databases (MEDLINE, Embase, Global Health, CINAHL, WHO COVID-19) on 12
May 2022 and again on 28 July 2023, and three Chinese databases (CNKI, Wanfang, CQvip) on 16 Oc-
tober 2022, with a broad search strategy containing keywords such as “Coronavirus disease (COVID-19)”
and “Reinfection” (Table S1 in the Online Supplementary Document).

Our study population were individuals with real-time reverse transcription polymerase chain reaction
(RT-PCR)-confirmed SARS-CoV-2 infection. The primary outcome of interest was reinfection, defined as
an individual with an initial infection determined by a positive RT-PCR test for SARS-CoV-2 and a second
positive RT-PCR test at least 45 days from the initial infection. Per pre-defined eligibility criteria (Table S2
in the Online Supplementary Document), we included observational (prospective and retrospective) stud-
ies, all controlled arms of cluster or individual randomised controlled trials, quasi-experimental studies,
and population and facility-based studies conducted in all countries, irrespective of income-group status.
We set no language restriction, but excluded studies published before January 2020. We excluded case
studies, case series, conference abstracts, technical reports, pre-print publications, systematic reviews and
studies that involved fewer than 100 patients with initial infection.

Two reviewers (NFI and AER for English language databases, FZ and XW for Chinese databases) inde-
pendently screened the titles and abstracts of retrieved studies, followed by the full texts of the ones se-
lected as possibly eligible. They then independently extracted data using a pre-designed form following an
initial pilot. We assessed risk of bias using the Joanna Briggs Institute (JBI) Critical Appraisal Tools [15].
A single reviewer (NFI or DK) conducted title and abstract screening and full-text review for the English
database update on 28 July 2023. A single reviewer (NFI) extracted data which were then cross-checked
by a second reviewer (DK). NFI performed risk of bias assessment for the additional studies. We extract-
ed information on the predominant SARS-CoV-2 variants in countries where the studies were conducted
from the CoVariants website if these were not reported in the article [16]. When data was unavailable for
a specific country, we used data from the nearest neighboring country as a proxy. The discrepancies be-
tween the two pairs of reviewers (NFI and AER, and NFI and DK) were first discussed and resolved with
a third reviewer (HN) if consensus was not reached.

Statistical analysis

We conducted all statistical analyses in Stata, version 15 (StataCorp LLC, College Station, Texas, USA). We
adopted a random effects model to report the pooled proportion of SARS CoV-2 reinfection among initial-
ly infected cases (reinfection incidence proportion) [17] and further disaggregated the pooled estimates
by age, sex, vaccination status, the predominant variant of circulation, study region (Asia, Europe, North
and South America), the World Bank country-income group, study design (prospective and retrospective),
cut-off duration (=45 days, 260 days, and =90 days) and sample sizes (<400, 400-900, and =1000) based
on data availability. We also reported the rate of reinfection (number of episodes) per 10000 days after the
initial infection (reinfection incidence rate) and estimated the pooled proportions of hospitalisation, ICU
admission, and mortality among reinfected cases through a random effects model [17].
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Incidence and outcome of pre-Omicron SARS-CoV-2 reinfection

We conducted sensitivity analysis by estimating the hospital admission and mortality proportions by sam-
ple size (<100 or 2100). We also did a subgroup meta-analysis for prospective design studies by population
type and leave-one-out analysis to demonstrate influential studies.

We reported 95% confidence intervals (Cls) for all pooled estimates, as well as I and Tao?* values to demon-
strate the level of heterogeneity across studies. We also conducted the meta-analyses using R, version 4.2.0.
(R Core Team, Vienna, Austria) to check for the reliability of the meta-estimates.

RESULTS

Study selection

We identified 12569 records in the initial literature search, of which 4976 were duplicates. We conducted
title and abstract screening of 7593 records and selected 435 studies for full-text review based on pre-deter-
mined inclusion and exclusion criteria. After a full-text review, we extracted data from 64 articles (Figure
1). Of the excluded articles, 112 did not use an RT-PCR test to confirm the initial infection or reinfection,
86 did not provide relevant data, 70 did not have a minimum duration of 45 days between the initial in-
fection and reinfection, 25 had the non-eligible study design, 21 were preprints or gray literature, 19 were
non-original articles, 14 had an unclear definition for reinfection, ten were conducted after Omicron pre-
dominance, seven had a sample size of less than 100, four were in non-English or Chinese language, and
three had no accessible full-texts (Table S3 in the Online Supplementary Document).
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MEDLINE Embase Global Health CINAHL WHO CNKI Wanfang cavip
(n=1957) (n = 4293) (n=1151) (n=551) (n=2922) (n = 608) (n =936) (n=151)

Duplicates removed
(n = 4976)

Search

Title and abstract screening
(n =7593)

7158 articles excluded due to unmatched criteria*

Full text screening
(n =435)

371 articles excluded based on:

Diagnosis of infection or reinfection not based on PCR (n = 112)
Definition of infection or reinfection is unclear (n = 14)

Preprint/ grey literature (n =21 )

Time interval to subsequent infection <45 days or unclear (n = 70)
Non-eligible study design (n = 25)

Review, commentary or not a study article(n = 19)

Cannot access full text (n = 3)

Language other than English or Chinese (n = 4)

No relevant data/ Did not report the outcomes of interest (n = 86)
Omicron period (n = 10)

Sample size less than 100 (n = 7)

Screening

Included

Articles included in meta-analysis (n = 64)

Figure 1. Search outputs based on PRISMA guidelines [14]. *Unmatched criteria based on the inclusion and exclusion
criteria.

Study characteristics

Among the 64 included studies, 19 were prospective and 45 were retrospective (Table S4 in the Online
Supplementary Document). Most were conducted in Europe (27 studies: six from the UK [6,18-22]), six
from Ttaly [23-28], five from Denmark [5,29-32], four from Spain [33-36], two from France [37,38], and one
each from Austria [39], Poland [40], Czech [41] and Sweden [42]), followed by Asia (23 studies: seven from
Turkey [43-49], four each from India [50-53] and Israel [54-57], two each from Qatar [58,59], Iran [60,61],
and Saudi Arabia [62,63], and one each from Bangladesh [64] and Kuwait [65]), North and South Ameri-
ca (13 studies: 10 from the USA [66-75] and three from Brazil [76-78]) and Africa (one study from Liberia
[79]). Forty-six studies were from high-income countries (HICs), 10 from upper-middle-income countries
(UMICs), seven from lower-middle income countries (LMICs) and was one from a lower-income country
(LIC). Forty-seven studies were conducted among the general population, 12 among health care providers,
one with a mixed population (general population and health care providers), and four were conducted among
special-risk populations, such as patients with autoimmune diseases and long-term care facility residents.
Twenty-six studies included the period of Delta predominance, and 15 were conducted when no Variant of
Concerns (VOCs) predominated (Figure S1 in the Online Supplementary Document).
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Results of syntheses

We extracted incidence proportion estimates from all 64 studies and incidence rate estimates from 10, while
only 15 reported on severity. Regarding SARS-CoV-2 reinfection outcomes, one study reported on oxygen-
ation, 23 on hospitalisation, 13 on ICU admission, four on mechanical ventilation, and 23 on mortality.

The total sample comprised 11 639 247 patients with initial SARS-CoV-2 infection. Among them, 7 748 062
were from the general population, 23931 were health service providers, 3860054 were mixed, and 7200
were special-risk populations. However, some studies did not have age and sex-specific reporting of inci-
dence (Table S5 in the Online Supplementary Document).
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The pooled reinfection incidence proportion was 1.16% (95% CI=1.01-1.33) (Figure 2), being lowest in a
study conducted among the general population in Turkey [48] (0.07%; 95% CI=0.06-0.09) with 104281 ini-
tially infected cases (minimum cut-off 45 days) and highest in another conducted among the general popula-
tion in Spain [33] (11.64%; 95% Cl=6.93-17.99) with 146 initially infected cases (minimum cut-off 60 days).

Study Country Population Denom (t % Incidence (95% CeWeight

Aslaneretal. 2022)  Turkey G 104281 o 007006009 18
Temiz et al. (2022) Turkey G 14511 o 008004014 18
Kim et al. (2021) USA G 50327 o 008006011 18
Arslan et al. (2021) Turkey G 32607 o 008005012 18
Erbas et al. (2023) Turkey G 8840 o 0,12(0,06,0,22) 18
Goldberg etal. 2022)  Israel G 498954 (& 0,18(0,17,0,19) 18
Nordstrom et al. (2022) ~ Sweden G 1477887 | & 01901802 18
Akpan et al. (2022) Liberia G 5459 . 0.2(0.1,0,36) 17
Gazit et al. (2022) Israel G 46035 | @ 023019028 18
Pilz et al. (2021) Austria G 14840 | & 027019037 18
Freire-Neto et al. (2022)  Brazil G 58007 | & 0290025039 18
Gallais et al. (2021) France H 345 . 02000116 10
Arriba et al. (2023) Spain G 110726 | * 0,31(0,28,0,34) 18
Flacco et al. (2021) Italy G 7173 - 0,33(021,0,5) 18
Salehi-Vaziri et al. (2021) Iran G 1492 * 0,34(0,11,0,78) 15
Mensah et al. (a) 2022) UK M 3860054 | & 037036039 1.8
Shaheenetal. (2022)  SaudiArabia G 35083 . 037031044 18
Nguyen etal. (2022)  France G 55338 . 040035046 18
Nielsen et al. (2022) Denmark G 502792 | 04204044 18
Lumley et al. (2021) UK H 466 . 043005159 1.1
Abu-Raddad et al. (2022) Qatar G 364147 3 0,54 (0,52,0,56) 18
Berec et al. (2022) Czech G 1999315 - 0,54(0,53,0,55) 18
Rosenberg et al. 2022)  Unites States G 12272 * 0,6 (0,47,0,76) 18
Honge et al. (2022) Denmark G 3806 . 06038091 1.7
Hansen etal. 2021)  Denmark G 11068 . 06505108 18
Mensah et al. (o) (2022) UK G 688418 . 068006607 1.8
Arslan et al. (2022) Turkey G 58811 . 0706307 18
Islamoglu et al. (2021)  Turkey G 1665 . 0780042139 15
Guedesetal. (2023)  Brazil H 4199 - 07905411 1.7
Al-Otaiby etal. (2022) ~ SaudiArabia G 556750 . 08078082 18
Michimayr etal. (2022) ~ Denmark G 245084 . 081077084 18
Tavakoli etal. (2023) Iran G 213768 . 083079087 18
Oziidogru et al. (2023)  Turkey G 23495 . 1088114 18
Peghin et al. (2021) Italy G 546 . 1104239 12
Nisha et al. (2022) India H 350 . 11403129 1.0
Attauabietal. (2021 Denmark s 315 . 127035322) 0.9
Yugueroetal. (2022)  Spain G 972 . 14407924) 1.4
Dhumaletal. (2022)  India H 408 . 147084317 10
Jeffery-Smith et al. (2021) UK s 656 . 152073279 12
Abu-Raddad et al. (2021) Qatar G 15808 . 1540136179 1.8
Hammerman et al. (2022) lsrael G 149082 . 169163176 1.8
Sheikh et al. (2022) UK G 150351 . 180173187 1.8
Hall et al. (2021) UK H 8278 - 1,87 (1,592,19) 18
Ronchini et al. (2022) Italy H 266 - 1,88 (0,61,4,33) 08
Qureshi et al. (2021) USA G 9119 *> 2,2(1,91,2,53) 18
Rennert et al. (2022) Unites States G 4544 ¥ 2,24(1,832,72) 17
Silva et al. (2029) Brazil G 1371 . 233(16328 15
Malhotraetal. (2022)  India H 4953 - 2520029 1.7
Armstrong et al. (2021)  USA s 6079 . 26221309 1.7
Cohen et al. (2023) Israel G 1004 - 269178389 14
Konka et al. (2021) Poland G 422 - 3,08 (1,65,5,21) 10
Cocchio et al. (2022) Italy G 5552 - 3,24(2,79.3,74) 17
Pecoraro et al. (2022) Italy G 35692 * 3,52(3,34,3,72) 18
Ando et al. (2022) Unites States G 165320 . 37@61379 18
Turbett et al. (2023) Unites States G 1569 . 414321525 15
Bean et al. (2021) USA G 1669 . 44935556 15
Reddy et al. (2023) India H 1150 - 487@7628 14
Sheehan etal. (2021)  USA G 1278 . 493381626 15
Rahmanetal (2022)  Bangladesh  H 731 - 52@7700 13
Masia et al. (2022) Spain s 150 - 5,33 (2,33,10,24) 06
Comelli et al. (2021) Italy H 160 * 5,63(2,6,10,41) 06
Rivelli et al. (2022) USA H 2625 - 594(507.69) 16
Al Haddad etal. (2022)  Kuwait G 421 . 713(4861002) 1.0
Garcia-Abelldn et al. (20215pain <] 146 . 116469317.99) 06
Overall (112=99.8%, p<0.001, Tau”2=0.003) 11639247 > 1,16(1,01,1,33)

-8 -7 -6 -5 -4 -3 -2 -1 o 2 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19 20 21 22

Figure 2. Pooled incidence proportion (with 95% CI) of SARS CoV-2 reinfection generated from random effects model.
G — general population, H — health service provider, M — mixed populations, S — special risk group (long term care
facilities residents and persons with autoimmune diseases).
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The reinfection risk was significantly higher among health care providers (2.28%; 95% CI=1.37-3.40) than
the general population (1.00%; 95% CI=0.81-1.20) (Figure 3), and was also significantly higher among
young adults aged 18 to 35 years (1.01%; 95% CI=0.8-1.25) than other age groups (children <18 years old:
0.57%; 95% C1=0.39-0.79, older adults aged 36-65 years old: 0.53%; 95% CI=0.41-0.65, elderly >65 years
old: 0.37%; 95% CI=0.15-0.66). When we restricted the analysis to studies with only unvaccinated popu-
lations (n=3460439), the reinfection incidence proportion was 0.83% (95% Cl=0.61, 1.08), with no sig-
nificant difference in studies with populations with mixed vaccination status (1.36%; 95% CI=1.09-1.66).
We observed no significant difference across other background characteristics and study settings (Table S6,
panels A-1in the Online Supplementary Document).

All age group (n= 11639247) | 1.16

Child (<18 years) (n=1294218) | 0.57
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Young adults (18-35 years) (n= 1429251) | 1.01
Old adults (36-65 years) (n= 1790378) | 053 |
Elderly (>=65 years) (n= 539838) | 07—
Male (n=2934950) | 1.19
Female (n= ﬁ—'
Asia (n=2134501) [ 0.4 —f—
Europe (n=9180818) [ 088 +—f—
North & South America (n= 318469) | 2.21 :
HIC (n=11103059) | 138 ——
Non-HIC (n=536188) | 088 ——f——
General (n=7748062) | 100 ——
Heathcare Provider (n= 23931) | 2.28 I
Unvaccinated (n=3460439) | 088 —|—
Mixed (n=7793469) [ 1.6 —f—
Not reported (n= 385339) | 127 ——F——
Prospective (n= 864174) | 1.96 —
Retrospective (n=10775073) | 0.97
2020 (n=8600068) | 120 —|—
2021 (n=2048279) [ 106  ——f——

<400 (n=1732) | 2.93 }

Age

Sex

Region

Income

Vaccination [Population| group

Study
Sample size | mid-year [ Design

400-999 (n= 4622) | 2.29 |

>=1000 (n= 11632893) | 1.02 —+

>45 days (n=11639247) | 1.16

>=60 days (n=11293142) | 1.07

Minimum cut-
off days

>=90 days (n=9262587) | 1.13

T T T T T
[} 1 2 3 4 5 6
Incidence proportion (%)

Figure 3. Pooled incidence proportion (with 95% CI) of SARS CoV-2 reinfection generated from random effects model by
background characteristics. G — general population, H — health service provider, M — mixed populations, S — special risk
group (long term care facilities residents and persons with autoimmune diseases), HIC — high-income country.

Incidence rate

The pooled reinfection incidence rate was 1.64 (95% CI=1.41-1.87) episodes per 10000 person-days after
the initial infection (Table S7 in the Online Supplementary Document) and was lowest in a study con-
ducted in Kuwait (0.10 episodes per 10000 person-days; 95% CI=0.07-0.15) and highest in one conducted
in Israel (10.21 per 10000 person-days; 95% CI=9.82-10.62).

Hospitalisation

The pooled proportion of hospitalisation was 8.12% (95% CI=5.30-11.39) among 20446 reinfection cases
(Figure 4). Stratified by country, it was 5.90% (95% Cl=2.10-10.99) in studies conducted in Asia (n=1750)
and 9.30% (95% CI1=4.33-15.73) in those conducted in Europe (n=18389). By income group, 10.00% (95%
Cl=6.34-14.30) reinfected patients (n=19819) were hospitalised in HICs and around 4.80% (95% CI=1.89-
8.60) (n=627) in non-HICs. Among the reinfected cases (n=21849), 1.31% (95% CI1=0.29-2.83) were ad-
mitted to an ICU (1.98%; 95% Cl=0.65-3.82), without the studies reporting zero events (Table S8, panels
A-B in the Online Supplementary Document). Only one study from Bangladesh [64] reported supplemen-
tal oxygen need to be 2.63% (n=1) among reinfected patients.
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Figure 4. Pooled proportion of hospitalisation (with 95% CI) among SARS-CoV-2 reinfected cases generated from random effects model.
G — general population, H — health service provider, M — mixed populations, S — special risk group (long term care facilities residents
and persons with autoimmune diseases).

Mortality

The pooled proportion of mortality was 0.71% (95% CI=0.02-2.01) based on 25425 reinfected cases (Fig-
ure 5). Six studies reported zero mortalities, while a study in Spain reported the highest mortality among
the general population (14.29%; 95% Cl=1.78-42.81) with a sample of 14 reinfected cases [34]. The pooled
mortality proportion was 1.58% (95% CI=0.29-3.53) after excluding the studies reporting zero deaths
(n=22536) (Table S9, panels A-B in the Online Supplementary Document).

Other outcomes

We could not report pooled estimates for SARS-CoV-2 reinfection severity level and oxygenation and me-
chanical ventilation requirements due to the small sample size and lack of data and standardisation in re-
porting. We only determined that most reinfected cases were mild to moderate severity with a low require-
ment for mechanical ventilation (Table S10 Online Supplementary Document).

Study Country Population Sample % Mortality (95% CI) %Weight
Temiz et al. (2022) Turkey G 1 0(0,28,49) 1.69
Arriba et al. (2023) Spain G 340 0(0.1,08) 6.08
Abu-Raddad et al. (2021) Qatar G 54 0(0,66) 412
Guedes et al. (2023) Brazil H 33 0(0,10,58) 332
Gazit et al. (2022) Israel G 108 0(0.3,36) 5.00
Mensah et al. (o) (2022) UK G 2343 0(0.0,16) 6.59
A-Otaiby et al. (2022) Saudi Arabia G 4454 0,09 (0,02,0,23) 6.63
Goldberg et al. (2022) Israel G 894 0,11(0,0,62) 6.44
Nielsen et al. (2022) Denmark G 2115 | 0,28 (0,1,0.62) 6.58
Nguyen et al. (2022) France G 209 - 0,96 (0,12,341) 575
Arslan et al. (2022) Turkey G 408 . 5, 6.17
Pilz et al. (2021) Austria G 40 - 364
Mensah et al. (a) (2022) UK M 13960 - 6.67
Qureshi et al. (2021) USsA G 63 . 436
Arslan et al. (2021) Turkey G 27 - 3.00
Aslaner et al. (2022) Turkey G 78 . 467
Flacco et al. (2021) ttaly G 24 . 2.81
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Figure 5. Pooled proportion of mortality (with 95% CI) among SARS-CoV-2 reinfected cases generated from random effects model. G —
general population, H — health service provider, M — mixed populations, S — special risk group (long term care facilities residents and
persons with autoimmune diseases).

Sensitivity analysis

We found higher incidence reported by prospective studies (1.96%; 95% Cl=1.43-2.57) than retrospective
studies (0.97%; 95% CI=0.81-1.14). The pooled reinfection incidence proportion was not sensitive to sam-
ple size (400, 400-900, and =1000) and minimum cut-off duration (=60 and 290 days) (Figure 3). Also, we

found no significant difference in other sensitivity analyses and no influential studies from the leave-one-
out analysis (Table S11 and Figures S2-S3 in the Online Supplementary Document).

Quality assessment

We found no low-quality studies with a high potential for bias in the outcomes we measured, so we did not
do a subgroup analysis based on the quality assessment results (Table S12, panels A-B in the Online Sup-
plementary Document).
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DISCUSSION

This systematic review consolidates the global evidence on the incidence and clinical outcomes of SARS-
CoV-2 reinfection in the pre-Omicron period. We observed that, although the risk of SARS-CoV-2 reinfec-
tion was relatively low (less than 2%), about 9% of reinfected cases required hospitalisation, and about 2%
were admitted to ICU or died. We did not observe significant differences in reinfection incidence by age
groups, gender, vaccination status, region, or country income groups. However, the incidence was relatively
higher among young adults and health care workers and in prospective studies.

We believe this to be the most comprehensive review on SARS-CoV-2 reinfection before the Omicron pre-
dominant period to date due to the use of a detailed search strategy within eight bibliographic databases,
including three Chinese ones. We reported the pooled incidence of reinfections based on more than 11 mil-
lion patients with initial SARS CoV-2 infection confirmed by the gold standard RT-PCR test. This estimate
is generated based on 64 international peer-reviewed articles from 21 countries, including ones from both
Asia and Europe and different country income groups.
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The pooled reinfection incidence proportion in our review (1.16%; 95% CI=1.01-1.33) is higher than a pre-
viously conducted review (0.65%; 95% CI=0.39-0.98]) [7]. The lower estimate reported by Mao et al. [7]
could be due to the included studies being conducted before the period of Delta predominance. We believe
that our estimates are reliable, as the pooled reinfection proportion was around 1% in studies with large
sample sizes (21000), and as we excluded studies with small sample sizes (less than 100 initially infected
persons). We also used a minimum cut-off duration of 45 days between the initial infection and reinfection
episode, which helped develop a stable estimate as the pooled incidence proportions did not change signifi-
cantly with longer cut-offs, such as >60 days and >90 days, indicating that these estimates are not sensitive
to analytic approaches. These data suggest that reinfection is uncommon and does not increase over time
following the initial infection in the pre-Omicron period.

The relatively low reinfection incidence proportion may be related to the robust immune response devel-
oped after the initial infection [80,81] or the timing of the review. More than half of the included studies
were conducted before the Delta predominant period in some countries, which was more infectious than
the earlier VOCs [82]. Our findings also support the hypothesis that reinfection is a function of the risk of
exposure. We found that the proportion of reinfection was significantly higher among health care provid-
ers than among the general population, which is consistent with the findings of other systematic reviews
[7,10]. The higher risk in health care providers may also be explained by the study design, where eight of
the 12 studies were prospective, a lower threshold for testing when being symptomatic, and more regular
testing at predefined intervals even if asymptomatic. However, we could not test these factors in our anal-
yses. However, when we restricted the analysis to only prospective studies, although health care providers
appeared to have a higher risk (2.25%; 95% CI=1.03-3.89) similar to the special risk group (2.16%; 95%
CI=0.69-4.32) than the general population (1.59%; 95% CI=0.95-2.39), the difference was not significant.
We also found that young adults had the highest reinfection risk among all age groups, even when com-
pared to the elderly group aged 65 years and above. This increased risk may be due to the higher level of
exposure that they experienced due to their involvement in income-generating activities and more frequent
and higher-density social interactions [83].

We found no notable difference in reinfection incidence proportions between unvaccinated populations
and populations with mixed vaccination status. This finding could be influenced by the individual studies’
data collection period. Earlier studies were primarily conducted among unvaccinated populations when the
predominant SARS-CoV-2 strain was less infectious, while later ones were conducted among populations
with mixed vaccination status when the predominant SARS-CoV-2 strain was more infectious [82]. There-
fore, the protective effect of vaccination on the reinfection burden could have been underestimated due to
the increased risk posed by the more infectious strains. In our review, the highest reinfection incidence rate
(10.21 episodes of reinfection per 1000 person-years after the initial infection) was reported by Hammer-
man et al. [54], who conducted studies among unvaccinated individuals with SARS-CoV-2 initial infection
including the period of Alpha and Delta predominance. Chen et al. [10] suggested that the natural immuni-
ty in unvaccinated individuals appeared to decrease slowly over time, and several studies suggested poten-
tially short and dysfunctional protection from initial infection, especially against new variants [80,81,84].

In our study, the risk of hospitalisation due to SARS-Cov-2 reinfection was around 9%. As hospitalisation
criteria for COVID-19 have become stricter over time [85], we believe that this proportion can be interpret-
ed as a proxy to severity, particularly for reinfected cases which occurred later during the pandemic. More-
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over, our data show that 1.3% of reinfected patients were admitted to ICUs. A recent large study in the US
reported that people with SARS-CoV-2 reinfection were more likely to be hospitalised during reinfection
than the initial infection (hazard ratio (HR)=3.32; 95% CI=3.13-3.51) [86]. Reinfection could lead to more
extensive cumulative damage to the body and complications in people with underlying medical conditions
like diabetes or chronic kidney and heart diseases, therefore resulting in higher hospitalisation among rein-
fected patients [86]. We were unable to analyse factors associated with hospitalisation due to limited data.
However, when vaccination status was considered, Nordstrom et al. [42] found that both one-dose and two-
dose vaccinations among reinfected individuals were associated with a lower risk of hospitalisation when
compared to reinfected individuals who were unvaccinated.

In our review, the pooled proportion of mortality in patients with SARS-CoV-2 reinfection was 0.71%. How-
ever, this could be an overestimation of the true mortality risk, as most studies reported case fatality rates
instead of disease-attributable mortality rates. The relatively low death proportion may again be due to the
protective role of natural immunity, which leads to less severe disease during subsequent infections [80,81].
Our estimate is comparable to the case fatality rate (1.00%; 95% CI=1.00-3.00) reported for non-hospitalised
people with an initial SARS-CoV-2 infection [87]. In our review, Attauabi et al. [31], who conducted the study
among patients with inflammatory bowel diseases, reported the highest proportion of mortality (25.00%),
higher than that reported among patients hospitalised with SARS-CoV-2 infection by Mojtaba et al. (13.00%;
95% CI1=9.00-17.00) [87]. Additionally, Bowe et al. [86] found a higher risk (HR=2.17; 95% CI=1.93-2 45)
of death when comparing people with at least two SARS-CoV-2 infections to the first SARS-CoV-2 infection.
Therefore, special attention should be given to people with risk factors suffering from reinfection.

o
i
=]
=>
@
@
&
[
=
@
ac
=
=
O
&
<
L
%)
7
ez

Our systematic review has some limitations. The included studies came from various settings during dif-
ferent phases of the pandemic, with different predominant SARS-CoV-2 strains and population vaccination
coverage. We could not address this heterogeneity while synthesising the evidence. Furthermore, we only
included studies confirming SARS-CoV-2 infections with an RT-PCR test. As reinfections tend to be milder
than the initial infection and thus are less likely to get tested, which can lead to under-ascertainment and
misclassification. Several nationwide surveys concluded that reinfection might be underestimated severalfold
when the prevalence of antibodies against SARS-CoV-2 in the population was compared with the number of
confirmed cases [88]. We could not study the effect of vaccination on reinfection at an individual level. Ad-
ditionally, inconsistent definitions and criteria used across studies for reinfections, severity, outcomes, and
mortality also limit our interpretation. Moreover, most studies reported severity at a one-time point, usual-
ly at diagnosis or admission, which did not necessarily reflect the whole course of the disease. Due to the
limited genomic data reported in the articles, we could not analyse the relationship between SARS-CoV-2
variants and reinfection risk. Although we took the time interval of 245 days between the infections, we
cannot exclude protracted infections that are misclassified as reinfection. As people with primary immuno-
deficiencies or immunocompromised due to underlying medical conditions are more at risk of having either
protracted SARS-CoV-2 infections or multiple new infections with possibly worse outcomes [89,90], well-de-
signed prospective cohort studies on these populations who have recovered from COVID-19 as confirmed
by negative PCR tests or whole genome sequencing tests, together with serological studies are required to
understand this factor better so it can be monitored and compiled into a coherent database.

While the global efforts to ensure vaccine equity should continue, primary and booster vaccination for in-
dividuals with prior infections should not be deprioritised, especially for those with high exposure risks.
Long-term outbreak prevention measures should continue, where the public needs to be continually in-
formed about the risk of reinfection and to continue with self-preventive measures, testing, and self-isolation.
The public and clinicians should be informed of the potential for severe disease and mortality risk during
reinfection, particularly in high-risk groups. There is a need to develop the capacity for enhanced genomic
surveillance to tailor public health measures and allow for rapid response.

CONCLUSIONS

Our pooled analysis showed a low risk of SARS-CoV-2 reinfection in the pre-Omicron period. However, re-
infection appears to increase the risk of hospitalisation. Since many countries now advocate for self-testing,
steps must be taken to ensure adequate sample collection to determine the actual burden of SARS-CoV-2
reinfection and its implications on patients and health care systems. Improved national epidemiological sur-
veillance, including genomic sequencing of SARS-CoV-2 variants with a well-established linkage to clin-
ical databases across different regions and countries, would improve public health planning and provide
robust data for research.
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