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Background: Vaccination, one of the most important and effective ways of preventing infectious diseases, has recently been used to control the COVID-19 pandemic. The present meta-analysis study aimed to evaluate the effectiveness of COVID-19 vaccines in reducing the incidence, hospitalization, and mortality from COVID-19.

Methods: A systematic search was performed independently in Scopus, PubMed via Medline, ProQuest, and Google Scholar electronic databases as well as preprint servers using the keywords under study. We used random-effect models and the heterogeneity of the studies was assessed using I2 and χ2 statistics. In addition, the Pooled Vaccine Effectiveness (PVE) obtained from the studies was calculated by converting based on the type of outcome.

Results: A total of 54 studies were included in this meta-analysis. The PVE against SARS-COV 2 infection were 71% [odds ratio (OR) = 0.29, 95% confidence intervals (CI): 0.23–0.36] in the first dose and 87% (OR = 0.13, 95% CI: 0.08–0.21) in the second dose. The PVE for preventing hospitalization due to COVID-19 infection was 73% (OR = 0.27, 95% CI: 0.18–0.41) in the first dose and 89% (OR = 0.11, 95% CI: 0.07–0.17) in the second dose. With regard to the type of vaccine, mRNA-1273 and combined studies in the first dose and ChAdOx1 and mRNA-1273 in the second dose had the highest effectiveness in preventing infection. Regarding the COVID-19-related mortality, PVE was 68% (HR = 0.32, 95% CI: 0.23–0.45) in the first dose and 92% (HR = 0.08, 95% CI: 0.02–0.29) in the second dose.

Conclusion: The results of this meta-analysis indicated that vaccination against COVID-19 with BNT162b2 mRNA, mRNA-1273, and ChAdOx1, and also their combination, was associated with a favorable effectiveness against SARS-CoV2 incidence rate, hospitalization, and mortality rate in the first and second doses in different populations. We suggest that to prevent the severe form of the disease in the future, and, in particular, in the coming epidemic picks, vaccination could be the best strategy to prevent the severe form of the disease.

Systematic review registration: PROSPERO International Prospective Register of Systematic Reviews: http://www.crd.york.ac.uk/PROSPERO/, identifier [CRD42021289937].
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Introduction

Over the past years, emerging and re-emerging diseases became public health challenges due to their high morbidity and mortality (1). In December 2019, an outbreak of SARS coronavirus 2 (SARS-CoV-2) was reported in Wuhan, China, and on 11 March 2020, the World Health Organization (WHO) and the CDC (Center for Disease Control and Prevention) introduced it as COVID-19 (2–4). More than 250 million cases are diagnosed with COVID-19 infection worldwide of which more than 5 million are dead. As a result of this pandemic, many strategies are implemented by governments around the world to prevent further infections and control the pandemic (5, 6). The rapid spread of infection among individuals, the lack of symptoms or mild presentation of the infection during the incubation period, and the contagious nature of the disease during the incubation period have made the epidemic tremendously difficult to be controlled (7, 8). Hence, in addition to the defined protocols, most prevention programs were also concentrated on using vaccines against SARS-CoV-2, after few vaccines were licensed for emergency use by many countries (9–11).

To illustrate the safety of COVID-19 vaccines for mass vaccination, clinical trials of manufactured vaccines showed that the effectiveness of Oxford-AstraZeneca (ChAdOx1), Pfizer BioNTech (BNT162b2 mRNA), Moderna (mRNA-1273), and Johnson & Johnson (Ad26.COV2.S) vaccines in preventing infection were 70.4, 95, 94.1, and 66.9%, respectively (12–14). However, it should be noted that clinical trials are conducted under highly controlled conditions on voluntary entry of certain individuals and groups (15), which can be significantly different from the general population (16, 17). Several observational studies were designed and conducted to determine the effectiveness of mass vaccination of COVID-19 among various populations and groups to not only specify the effectiveness of COVID-19 vaccines in real situations but also to compare the incidence of infection, mortality, and hospitalization due to COVID-19 in larger samples and with a longer follow-up (18–20).

In the meantime, considering the valuable evidence obtained from the effectiveness of vaccination in different groups, it seemed necessary to summarize the scattered evidence through meta-analysis studies. Thus, this study aimed to evaluate the effectiveness of COVID-19 vaccines, the incidence of SARS-CoV-2 infection, and the hospitalization and mortality due to COVID-19 after vaccination in observational studies. The findings of the present study will be applicable and valuable for governments, clinicians, public health authorities, and policymakers to design and implement more effective programs for the prevention of COVID-19.



Materials and methods

We designed this systematic review and meta-analysis according to the Meta-analysis of Observational Studies in Epidemiology checklist (21) and PRISMA (preferred reporting items for systematic reviews and meta-analyses) standards (22), under a registered protocol at the international PROSPERO (Registration Number: CRD42021289937).


Search strategy

We searched PubMed, Medline, Scopus, ProQuest, and Google Scholar databases as well as the Preprint servers including medRxiv and Research Square to identify the studies related to the keywords selected based on the Medical Subject Headings (MeSH) published until 15 October 2021, with full texts in English, without any restrictions. The search was performed blindly and independently by two researchers (K.R. and R.S.) using the following keywords in the abovementioned databases by combining four sets of related MeSH and Non-MeSH terms: (1) COVID-19; SARS-CoV-2; coronavirus; (2) vaccine; post-vaccination; (3) mortality; hospitalization; readmission; reinfection; morbidity, and (4) breakthrough infections. Any disagreement in the searches between the two researchers was dealt with by other researchers. Duplicates were also identified by title, author's name, and journal name.



Eligibility criteria

According to the inclusion criteria, observational studies (case-control, negative case-control, case-based cohort, prospective and retrospective cohorts) were published in English that examined the effectiveness, incidence rate of COVID-19, hospitalization rate, and mortality rate after COVID-19 vaccination were suitable to enter into the meta-analysis. Also, the studies that had examined the confirmed cases of SARS-CoV-2 infection based on positive real-time Reverse Transcription Polymerase Chain Reaction (RT-PCR or PCR) tests were included, and antibody-based studies and the ones based on other diagnostic methods were excluded from the review process. In addition, case reports, case series, letters or correspondence, animal studies, and studies with mathematical model analysis [Such as the SIR model (Susceptible, Infected and Recovers model)] were also excluded (flowchart 1). The studies on autoimmune, immunosuppressed, dialysis patients, or the patients with kidney problems and mental disorders in whom the severity of the disease varied were excluded as well (23–27). Also, the studies that lacked an unvaccinated group to compare the results with were not included in the review process. Also, studies on inactive vaccines such as CoronaVac and Covaxin as well as Ad26.COV2.S were not included in the analysis due to a lack of enough evidence on these vaccines.



Outcomes

The selected outcomes were as follows:

(1) Effectiveness of the vaccines against infection in the subjects studied (the vaccinated groups compared to the unvaccinated ones), as a relative reduction of RT-PCR test confirmed by throat swab, nasal swab, oropharyngeal swab, or saliva and sputum for COVID-19.

(2) Effectiveness of the vaccines against hospitalization of the subjects in the studies as a relative reduction of hospitalization of the individuals whose RT-PCR test was confirmed by taking throat swab, nasal samples, oropharyngeal swab, or saliva and sputum for COVID-19 disease in the vaccinated groups compared with the unvaccinated ones.

(3) Effectiveness of the vaccines against death of the subjects in the studies as a relative reduction in deaths within 40 days after the RT-PCR test was confirmed by throat swab, nasal swab, oropharyngeal swab, and or saliva and sputum for COVID-19 disease in the vaccinated groups compared with the unvaccinated ones (28).



Data extraction

Two authors extracted the data from the included studies independently. The extracted information contained the author's names, type of vaccine applied, places of study, study design, description of study conditions including study groups, positive SARS-CoV-2 test cases in vaccinated (after the first and second doses) and unvaccinated groups, and cases of death and hospitalization associated with COVID-19 in vaccinated (after the first and second doses) and unvaccinated groups. We also provided a 95% confidence interval for vaccine efficacy for the first and the second doses. Additionally, if the full text of a study was unavailable or if the reported data were missing key information, we contacted the authors by email at least two times, 1 week apart.

The HR of the studies was considered as the risk ratio of the vaccinated to unvaccinated individuals, and in the studies that HR was calculated as the risk ratio of unvaccinated to vaccinated people, it was inversed ([image: image]) and a 95% confidence interval was calculated. Also, in the studies that mentioned the effectiveness percentage through 1-HR × 100%, the HR and 95% of confidence intervals were converted by calculating 1-([image: image]). The follow-up periods in the studies were considered based on person-day, even in the studies where the follow-up periods were person-week and person-year.

Considering the studies examined, the people who had not taken any vaccines were classified as unvaccinated, and those who were on the ≥7th day after the first dose and ≥5th day after the second dose were classified as partial vaccinated and fully vaccinated, respectively.



Quality assessment

The quality of the articles was assessed independently by two of the authors (H.F. and M.K.) using the Newcastle Ottawa Scale (NOS) checklist (29). The included studies were evaluated on three broad criteria: (a) appropriation of the study population selection, (b) comparability of the study groups, and (c) ascertainment of the exposure (for cohort studies) or outcome (for case-control studies) of interest. The scoring range of the checklist was 0 (lowest quality) to 9 (highest quality). In the present research, the studies with a total score of ≥7 were considered high quality (Supplementary Tables 1, 2).



Statistical analysis

A meta-analysis was carried out using a random-effects model and the Mantel–Haenszel weighting method for each study to estimate pooled Odds Ratios (ORs), pooled Hazard Ratios (HR), and pooled Incidence Rate Ratio (IRR), and 95% confidence intervals were calculated for studies with similar effect measured (OR, IRR, or HR).

The heterogeneity of the studies was assessed using the I2 and χ2 statistics, according to the results of which I2 > 50% with P-value <0.1 showed the heterogeneity of the studies. Also, sub-group analysis was performed on the partial vaccinated and full vaccinated individuals based on the type of vaccine and the study design. In addition, to calculate the pooled vaccine effectiveness (PVE) obtained from the studies, the following conversions were used: 1-Pooled Odds Ratio × 100%, 1-Pooled Hazard Ratio × 100%, and 1-Pooled Rate Ratio × 100%. P < 0.05 was considered statistically significant unless otherwise specified. The statistical analysis was performed using R version 4.1.1 (30) and Metafor Package (31).



Sensitivity analysis and publication bias

We conducted a sensitivity analysis to investigate the influence of each individual study or group of studies on the overall risk estimate by removing one study or group of studies at a time. Furthermore, potential publication bias was assessed by visual inspection of Begg funnel plots in which the log RRs were plotted against their standard errors (32).




Results


Study characteristics

We initially identified 817 potentially relevant articles from the above-mentioned databases, and 212 records were excluded because they were duplicates. Also, after the title and abstract review, 85 articles were further excluded. Reviewing the full text of the remaining articles, 73 were excluded for the reasons presented in Figure 1. Finally, based on the research strategy, 54 records (11, 18–20, 33–81) on the effectiveness, incidence of SARS-CoV-2 infection, mortality, and hospitalization associated with COVID-19 vaccination were included in the current meta-analysis (the selection procedure is presented in Figure 1). In general, the BNT162b2 mRNA accounted for the most frequent studies on vaccine types (n = 37). In terms of location, most of the studies had been conducted in the USA (n = 20), UK (n = 9), Israel (n = 6), and Spain (n = 3) (Tables 1–5). All of the included studies were carried out on participants older than 14 years.


[image: Figure 1]
FIGURE 1
 PRISMA flow diagram of the studies included in the meta-analysis.



TABLE 1 Incidence rate of SARS-CoV-2 infection after the first and second doses in people with a history of COVID-19 vaccination.

[image: Table 1]


TABLE 2 Positive tests for SARS-CoV-2 infection after the first and second doses in people with a history of COVID-19 vaccination.
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TABLE 3 COVID-19-related mortality after the first and second doses in people vaccinated with BNT162b2 mRNA.
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TABLE 4 COVID-19-related hospitalization rate after the first and second doses of vaccinated patients.
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TABLE 5 Hazard ratio of SARS-COV 2 infection and COVID-19-related mortality in patients with a history of first- and second-dose vaccination.
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Results
 
Effectiveness of vaccines against SARS-CoV-2 infection, hospitalization, and mortality related to the COVID-19 in partial vaccinated individuals
 
SARS-CoV-2 infection

The results of the forest plot using effect measure pooled OR for the included studies (34, 42, 44, 51–61, 64–67, 69, 70) revealed that the effectiveness of the first dose (partial) of the selected vaccines against SARS-CoV-2 infection was 71% in total (OR = 0.29, 95% CI: 0.23–0.36). This effectiveness varied according to the type of vaccine (p−valuesubgroup < 0.01); that is, the effectiveness of BNT162b2 mRNA vaccine against SARS-COV 2 infection was 72% (pooled OR = 0.28, 95% CI: 0.19–0.42), the effectiveness of mRNA-1273 vaccine was 69% (pooled OR = 0.31, 95% CI: 0.20–0.49), and that of ChAdOx1 vaccine was 51% (pooled OR = 0.49 95% CI: 0.41–0.59). Furthermore, the combined studies (those who were vaccinated with different types of vaccines) that examined the vaccines (BNT162b2 mRNA, mRNA-1273, ChAdOx1) reported an approximate effectiveness of 78% (pooled OR = 0.22, 95% CI: 0.14–0.33) (Figure 2).


[image: Figure 2]
FIGURE 2
 Effectiveness of vaccines against SARS-CoV-2 infection using odds ratio in partial vaccinated individuals.


The estimated effectiveness of vaccines against SARS-CoV-2 infection using IRR indicated that the rate of SARS-COV 2 infection in the people vaccinated with BNT162b2 mRNA, mRNA-1273, ChAdOx1, and Combined studies on the first dose was reduced by 60% (IRR = 0.4, 95% CI: 0.30–0.53 (Figure 3). The reduction in SARS-CoV-2 infection rate in the individuals vaccinated with the first dose of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 was 56% (IRR = 0.44, 95% CI: 0.31–0.61), 66% (IRR = 0.34, 95% CI: 0.11–1.02), and 46% (IRR = 0.54, 95% CI: 0.12–2.48), respectively. In the combined studies, the reduction in SARS-CoV-2 infection was 86% (IRR = 0.14, 95% CI: 0.10–0.20). The results of the sub-group analysis in the first dose showed well that there was a significant difference between the effectiveness of different types of vaccines against SARS-COV 2 infection (p−valuesubgroup < 0.01) (Figure 3).


[image: Figure 3]
FIGURE 3
 Effectiveness of vaccines against SARS-CoV-2 infection using incidence rate ratio (IRR) in partial vaccinated individuals.


Studying the Hazard ratio associated with SARS-CoV-2 infection showed that vaccination with the first dose of BNT162b2 mRNA, mRNA-1273, ChAdOx1, and Combined studies reduced the risk of SARS-CoV-2 infection by 69% (HR = 0.31, 95% CI: 0.20–0.46) (Figure 3) (19, 34, 36, 37, 42, 49, 58, 61, 64, 74, 78, 79, 81). In other words, the first doses of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 vaccines had reduced the SARS-CoV-2 infection by 70% (HR = 0.30, 95% CI: 0.19–0.47), 83% (HR = 0.17, 95% CI: 0.05–0.59), and 39% (HR = 0.61, 95% CI: 0.51–0.72), respectively. On the other hand, the combined studies had reduced the risk of SARS-COV 2 infection by 83% (HR = 0.17, 95% CI: 0.03–1.01). The results of the sub-group analysis on those who received the first dose suggested that there was a difference between the effectiveness of different types of vaccines against SARS-CoV-2 infection (p−valuesubgroup < 0.01) (Figure 4).


[image: Figure 4]
FIGURE 4
 Effectiveness of vaccines against SARS-CoV-2 infection using hazard ratio in partial vaccinated individuals.




Hospitalization

The total effectiveness of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 vaccines as well as the combined studies in the first dose against COVID-19-related hospitalization was 73% (OR = 0.27, 95% CI: 0.18–0.41) (Figure 5) (20, 56, 59, 64, 66, 73). Considering the type of vaccines, the results of pooled analysis showed that the effectiveness of BNT162b2 mRNA vaccine was 53% (OR = 0.47, 95% CI: 0.36–0.62), that of mRNA-1273 was 73% (OR = 0.27, 95% CI: 0.21–0.33), and the effectiveness of ChAdOx1 vaccine was about 62% (OR = 0.38, 95% CI: 0.23–0.62). In the Combined studies, the pooled efficacy of the vaccines was about 85% (OR = 0.15, 95% CI: 0.04–0.59). The results of the sub-group analysis on the type of vaccines indicated no significant difference between the effectiveness of the vaccines in the first dose against hospitalization with COVID-19 (p−valuesubgroup < 0.01) (Figure 5).


[image: Figure 5]
FIGURE 5
 Effectiveness of vaccines against COVID-19-related hospitalization in partial vaccinated individuals.




Mortality

As presented in Figure 6, the COVID-19-associated mortality Hazard ratio in the first-dose vaccinated individuals (42, 59, 64, 71, 76, 77) suggested that the first-dose vaccination with BNT162b2 mRNA, ChAdOx1, and Combined studies had reduced the COVID-19-related mortality rate by 68% (HR = 0.32, 95% CI: 0.23–0.45). However, people who were vaccinated with the first dose of BNT162b2 and ChAdOx1 showed 58% (HR = 0.42, 95% CI: 0.30–0.59) and 61% (HR = 0.39, 95% CI: 0.23–0.68) reduction in the mortality risk. Besides, the combined studies reduced the risk of COVID-19-related mortality by 91% (HR = 0.09, 95% CI: 0.01–0.64). The results of sub-group analysis for the first dose suggested that there was no difference between the effectiveness of different types of vaccines against COVID-19-related mortality rates (p−valuesubgroup = 0.31) (Figure 6).


[image: Figure 6]
FIGURE 6
 Effectiveness of vaccines against COVID-19-related mortality using hazard ratio in partial vaccinated individuals.


The results of examining the effectiveness of the first dose of vaccines against COVID-19-related mortality using IRR (33, 40, 42, 43, 48, 71), showed that the mortality rate in the people vaccinated with the first dose of BNT162b2 mRNA, mRNA-1273, ChAdOx1, and combined studies were reduced by 48% (IRR = 0.52, 95% CI: 0.13–2.14) (Figure 7).


[image: Figure 7]
FIGURE 7
 Effectiveness of vaccines against COVID-19-related mortality using incidence rate ratio in partial vaccinated individuals.





Effectiveness of vaccines against SARS-CoV-2 infection, hospitalization, and mortality related to the COVID-19 in fully vaccinated individuals
 
SARS-CoV-2 infection

The results of studies (34, 44, 51–54, 56, 57, 60–63, 67–70) are presented as forest plots using effect measure pooled OR in Figure 8. The results showed that the total effectiveness of the second dose of the vaccines (Fully vaccinated) against COVID-19 infection was 87% (OR = 0.13, 95% CI: 0.08–0.21); that is, the effectiveness of the second dose of BNT162b2 mRNA vaccine against COVID-19 infection was 87% (OR = 0.13, 95% CI: 0.08–0.20), that of mRNA vaccine-1273 was 80% (OR = 0.20, 95% CI: 0.08–0.53), and the effectiveness of the second dose of ChAdOx1 vaccine was 84% (OR = 0.16, 95% CI: 0.05–0.53). In addition, the combined studies that examined BNT162b2 mRNA, mRNA-1273, and ChAdOx1 vaccines reported an approximate effectiveness of 89% for the second doses (OR = 0.11, 95% CI: 0.04–0.33). The results of the sub-group analysis in the second dose suggested that there was no significant difference between different types of vaccines in terms of their effectiveness (p−valuesubgroup = 0.83) (Figure 8).


[image: Figure 8]
FIGURE 8
 Effectiveness of vaccines against SARS-CoV-2 infection using odds ratio in Full vaccinated individuals.


In the people vaccinated with the second dose (fully vaccinated) of BNT162b2 mRNA, mRNA-1273, ChAdOx1, and combined studies, the rate of SARS-CoV-2 infection using IRR were reduced by 90% (IRR = 0.10, 95% CI: 0.07–0.17) (Figure 9) (11, 18, 19, 34, 35, 38, 39, 42–50, 80, 82). The reduction in SARS-CoV-2 infection rate in the individuals vaccinated with the second dose of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 was 89% (IRR = 0.11, 95% CI: 0.08–0.16), 91% (IRR = 0.09, 95% CI: 0.04–0.17), and 55% (IRR = 0.45, 95% CI: 0.43–0.47), respectively (Figure 9). In the combined studies, the SARS-CoV-2 infection rate after the second dose had reduced by 95% (IRR = 0.05, 95% CI: 0.02–0.13). The results of the sub-group analysis in the second dose suggested that there was a difference between the effectiveness of different types of vaccines against SARS-CoV-2 infection (p−valuesubgroup < 0.01) (Figure 9).


[image: Figure 9]
FIGURE 9
 Effectiveness of vaccines against SARS-CoV-2 infection using incidence rate ratio in full vaccinated individuals.


In the individuals vaccinated with the second dose (Full vaccinated) of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 vaccines, as well as the combined studies, the risk of SARS-CoV-2 infection using Hazard Ratio was reduced by 84% (HR = 0.16, 95% CI: 0.12–0.21) (Figure 10) (19, 34, 36, 41, 42, 49, 50, 61, 64, 79–81). However, the second dose of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 vaccines reduced the risk of infection by 79% (HR = 0.21, 95% CI: 0.14–0.31), 87% (HR = 0.13, 95% CI: 0.11–0.15), and 86% (HR = 0.14, 95% CI: 0.05–0.42) respectively. Furthermore, the combined studies suggested that vaccination reduced the risk of SARS-CoV-2 infection in the individuals vaccinated with a second dose by 90% (HR = 0.10, 95% CI: 0.03–0.34). The results of the sub-group analysis in the second dose suggested that there was no difference between the effectiveness of different types of vaccines (p−valuesubgroup = 0.2) (Figure 10).


[image: Figure 10]
FIGURE 10
 Effectiveness of vaccines against SARS-CoV-2 infection using hazard ratio in full vaccinated individuals.




Hospitalization

The total effectiveness of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 vaccines, as well as the combined studies, for the second dose against COVID-19-related hospitalization was 89% (OR = 0.11, 95% CI: 0.07–0.17), while BNT162b2 mRNA, MRNA-1273, and ChAdOx1 vaccines had the effectiveness of 88% (OR = 0.12, 95% CI: 0.10–0.15), 91% (OR = 0.09, 95% CI: 0.07–0.10), and 91% (OR = 0.09, 95% CI: 0.02–0.35), respectively (Figure 11) (20, 56, 63, 72, 73). In addition, the effectiveness of the vaccines in the combined studies was 86% (OR = 0.14, 95% CI: 0.03–0.60). The results of the sub-group analysis in the second dose suggested that there was no significant difference between the effectiveness of different types of vaccines against hospitalization (p−valuesubgroup = 0.09).


[image: Figure 11]
FIGURE 11
 Effectiveness of vaccines against COVID-19-related hospitalization in full vaccinated individuals.




Mortality

In the individuals fully vaccinated with BNT162b2 mRNA as well as combined studies, the COVID-19-associated mortality risk using Hazard Ratio was reduced by 92% (HR = 0.08, 95% CI: 0.02–0.29) (Figure 12) (42, 64, 71, 75, 77). However, BNT162b2 mRNA vaccine and the combined studies reduced the risk by 85% (HR = 0.15, 95% CI: 0.02–0.90) and 96% (HR = 0.04, 95% CI: 0.02–0.07), respectively. The results of the sub-group analysis in the second dose showed that there was no difference between the effectiveness of different vaccines against COVID-19-related death (p−valuesubgroup = 0.16) (Figure 12).


[image: Figure 12]
FIGURE 12
 Effectiveness of vaccines against COVID-19-related mortality using hazard ratio in full vaccinated individuals.


In addition, the effectiveness of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 vaccines, as well as the combined studies, against COVID-19-related mortality using IRR in the second dose was 82% (IRR = 0.18, 95% CI: 0.08–0.40) (Figure 13) (18, 33, 40, 42, 43, 45, 48, 71).


[image: Figure 13]
FIGURE 13
 Effectiveness of vaccines against COVID-19-related mortality using incidence rate ratio in full vaccinated individuals.





Sub-group analysis by study design

The results of the sub-group analysis with regard to the type of studies suggested that there was no statistically significant difference between case-control studies, prospective studies, and retrospective studies in terms of the effectiveness of vaccines against SARS-CoV-2 infection, hospitalization rate, and mortality associated with COVID-19 (Supplementary File 1 in Figures 1–12).



Quality assessment, sensitivity analysis, and publication bias

Supplementary File 1 in Tables 1, 2 shows the quality of the included articles according to NOS (due to limited space and word counting, the results of the NOS tool are provided as Supplementary File 2). The results of the sensitivity analysis showed that there was no significant difference between the studies included in the meta-analysis (Supplementary File 2 in Figures 1–12). In addition, publication bias in the studies included in the meta-analysis was investigated through Funnel Plot and Eggers' test, the results of which showed no publication bias in the studies included in the meta-analysis (Eggers' test P-value > 0.05) (Supplementary File 2 in Figures 13–15).





Discussion

In the present meta-analysis of the observational studies, we aimed to evaluate the effectiveness of vaccination in reducing the incidence of SARS-CoV-2 infection as well as mortality and hospitalization.

Although some systematic reviews and meta-analyses of RCT studies have been conducted in the field of vaccination and COVID-19, none of them has wholly and comprehensively investigated the effective role of vaccination for COVID-19 on the incidence, hospitalization, and mortality of patients. On the other hand, focusing on the influential role of injectable doses of vaccine in observational studies was fully investigated in this meta-analysis, which was not comprehensively examined in the previous studies.

The results supported the findings of phase 3 of the clinical trials on the effectiveness of BNT162b2 mRNA, mRNA-1273, and ChAdOx1 vaccines (12, 83, 84). More precisely, previously, the effectiveness of the first and second doses of BNT162b2 mRNA vaccine against SARS-CoV-2 infection was reported to be 82% and 95%, respectively (12), and we found that the pooled estimates of the effectiveness against SARS-CoV-2 were 72 and 89%, respectively. Also, the effectiveness of ChAdOx1 and mRNA-1273 vaccines against the incidence of infection was estimated at about 51 and 69% in the first dose and 84% and 80% in the second dose, respectively. These results are consistent with the previous studies (33, 83, 84).

Notably, the observed difference in the effectiveness of the first and the second doses could be due to the fact that those corona vaccines that were designed as two-dose regimens are suggested to be injected at regular intervals to achieve the highest immunity. Several studies suggested that receiving only one dose of the vaccine creates a partial immunity response and might provide a shorter period of immunity than receiving full doses (18, 34, 78, 85, 86).

As such, the pooled increased effectiveness of the studied vaccines against SARS-CoV-2 infection after the second dose was 16% (from 71% in the first dose to 87% after the second dose). The increased effectiveness of the BNT162b2 mRNA vaccine in the second dose compared to the first one was 15%, and that of mRNA-1273 and ChAdOx1 vaccines was 11% and 33%, respectively. Also, the difference between the effectiveness of the two doses of vaccines against the incidence of SARS-CoV-2 infection in the studies that examined the vaccines heterogeneously (a combination of COVID-19 vaccines on the general population) was 11%.

Interestingly, especially after the second dose, the effectiveness of the vaccines increased significantly with the increased post-vaccination follow-up periods. Accordingly, Hunter and Brainard (87) reported relatively high effectiveness of the first dose of BNT162b2 mRNA 21 days after the second injection. The Hunter's study results indicated that high effectiveness of the second dose of COVID-19 vaccines against COVID-19 infection, hospitalization, and mortality was achieved between 20 and 30 days after the first dose.

Although the present study aimed at evaluating the effectiveness of homologous vaccines, there were some studies that examined the effectiveness of different combinations of vaccines in different populations. For example, few studies evaluated the immunity of populations that were vaccinated with BNT162b2 mRNA, mRNA-1273, and ChAdOx1 (and even Ad26.COV2.S in some rare cases), the results of which showed significant improvement in the effectiveness of the vaccines. In a study of combined vaccines, Nordstrom et al. (80) showed that vaccines' effectiveness varied from 67 to 79% depending on the types administered. The results of our meta-analysis on the effectiveness of combined vaccines were also consistent with the study by Nordstrom et al. and strengthened the hypothesis of the better effect of combined vaccines against SARS-CoV-2 infection.

Considering different variants of COVID-19, although the effectiveness of COVID-19 vaccines against alpha and delta variants is reported to be lower, the effectiveness of full vaccination against these variants has been revealed to be acceptably high (60). In an observational study, Haas et al. (18) reported the high effectiveness of two doses of BNT162b2 mRNA vaccine against the B.1.1.7 variant of SARS-CoV-2 infection, hospitalization, and mortality. However, another study on the effects of COVID-19 vaccines on delta variants did not observe a significant effect 28 days after the first dose (88). Our meta-analysis also suggested that the effect of complete vaccination on the reduction of the incidence of infection, hospitalization, and mortality is high regardless of SARS-CoV-2 variants (88). Moreover, the effectiveness of complete COVID-19 vaccination in reducing the rate of hospitalization in our study confirmed the results of the previous studies on the prevention of COVID-19-related hospitalization (18, 20, 59). The biggest difference in the effectiveness of the two vaccine doses against hospitalization was related to BNT162b2 mRNA and mRNA-1273 with 35 and 29% increase, respectively, in the effectiveness of vaccines after the second doses. Also, administering the second dose injection was associated with 21% decrease in the risk of COVID-19 mortality compared to the first dose (68% in the first vs. 89% in the second doses).

It is suggested that the effectiveness of vaccines in the community is an ecological issue, and separating it from non-medical measures such as quarantine and wearing masks is difficult. However, various studies reported high levels of vaccine effectiveness even after the reopening of communities (18). The other concern in evaluating the study's results is the test policies for vaccinated and unvaccinated individuals, which vary from community to community. For example, in Israel, SARS-CoV-2 testing policy was different for unvaccinated and vaccinated individuals; the vaccinated individuals must provide evidence of being in contact with PCR-positive persons or returning from abroad (33). This may lead to an overestimation of vaccine effectiveness. Moreover, vaccinated and unvaccinated people have different behaviors in seeking healthcare and taking diagnostic tests for COVID-19, which can, in turn, affect the effectiveness of the vaccine. People who have refused to be vaccinated are also less likely to take a diagnostic test, which can lead to underestimated vaccine effectiveness. Other reasons that can affect the validity of the results is different follow-up times in various studies, the interval between the first and the second doses of vaccines, and the fact that the persons may delay taking the second dose of vaccine deliberately or due to a lack of logistic and technical preparations. This can in turn affect the vaccine's effectiveness (18, 89).

Although the differences were not significant, the results of the present study showed that the effectiveness of the vaccines varies in different studies. For example, several prospective cohort studies showed higher effectiveness compared to retrospective cohorts, and they both showed higher effectiveness than case-control studies. Although, it has been suggested that the best studies to evaluate the effectiveness of vaccines are randomized clinical trials, because they strongly differentiate the protective effect of vaccines at the individual level (90), non-randomized studies played a major role in estimating the effectiveness of vaccines during the pandemic. For example, a Scottish retrospective cohort study provided promising findings on the effectiveness of the first doses of Pfizer and AstraZeneca vaccines in Scotland (86). A considerable reason for the importance of non-randomized studies is that different variants cannot be randomly divided into different groups and thus, non-randomized studies are a good alternative to clinical trials to estimate the effectiveness of vaccines against new variants. In addition, negative test studies are considered as one of the most appropriate types of studies that properly reduce the disruptive effect of health seeking behavior in the compared groups (91), as a recent negative test study in Canada provided evidence of the effectiveness of Pfizer, Moderna, and AstraZeneca vaccines against alpha, beta, gamma, and delta variants (92).

This study has some strengths and limitations to be noted. Among the strengths of the present study is that we examined all aspects of the effectiveness of vaccination against the incidence of COVID-19, including SARS-CoV-2 infection, hospitalization, and mortality from COVID-19. Since the quality of meta-analyses is largely reliant on the quality of the original studies included, in our study, we included high-quality studies from different parts of the world with relatively large sample sizes and cohort studies with appropriate follow-ups resulting in increasing the validity of the results. The presence of studies from different regions may influence the generalizability of our study results. Notably, the important procedures such as searching studies, data extraction, and quality assessment were independently performed and reviewed by two experts in the field of secondary studies. Despite the significance of our findings about the effectiveness of COVID-19 vaccines in reducing the incidence of infection, hospitalization, and mortality associated with COVID-19, this study had a number of limitations, including the effects of different vaccines on different variants, the possibility of vaccination in a specific age group, or vaccine hesitancy, which refers to the delay in accepting or refusing available vaccination, which indicated that non-vaccinated people had a higher risk of SARS-CoV-2 infection and we had no access to such data. The confounding of the background factors may, however, have a limited influence on our results when using HR adjusted in the included trials. Another disadvantage is that the less investigated COVID-19 vaccines did not have the chance to be assessed and hence were not included in our analysis. As a result, further research is needed to validate the efficacy of vaccinations that have received less attention.



Conclusion

The results of this meta-analysis indicated that vaccination against COVID-19 with BNT162b2 mRNA, mRNA-1273, and ChAdOx1, and also their combination, was associated with a favorable effectiveness against SARS-CoV-2 incidence rate, hospitalization, and mortality rate in the first and second doses in different populations. On the other hand, due to the higher effectiveness of the second dose of vaccines, compared to the first dose, in reducing the incidence rate of infection, mortality rate, and hospitalization associated with COVID-19, we suggest that to prevent the severe form of the disease in the future, and, in particular, in the coming epidemic picks, vaccination could be compulsory for high-risk individuals. We, also, strongly suggest more research on the durability of immunity after booster vaccines and the effect of booster doses on the effectiveness of COVID-19 vaccines on the incidence rate, mortality rate, and hospitalization rate of the disease. Also, more research on the effectiveness of booster doses with different vaccines on the new variants is highly recommended. Likewise, our results would apply to health policymakers and stakeholders to encourage people to accept the effects of vaccines and minimize vaccine hesitancy in the prevention of severe forms of the disease.
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Vaccine  Country Type of study
type

BNTIG2  Spain
mRNA study
BNTIEH2  USA

Prospective cohort

Case-control study
mRNA
BNT162b2 UK
mRNA

Case-control study
BNT162b2 USA Case-control study
mRNA
mRNA-1273 Spain Prospective cohort
study
mRNA-1273 USA Case-control study
ChAdOXI  Spain Prospective cohort
study
Chadoxl UK Case-control study
Combination? Scotland  Prospective cohort
study

Combinationt USA Prospective cohort

study

#BNT162b2 mRNA and mRNA-1273 and ChAdOx1.

Group of
study

Aged 218 year
Among Adults
Age 270 years,
Aged 250 years
Aged 218 year
Aged 250 years
Aged 218 year
Adultage 270
Healthcare

workers

Aged 216 years

Partial vaccinated
Cases  Total
6 2,022
128 1,400
140 1444
2 517
91 1639
s 1,599
9 126
19 111,081
29 1431

Unvaccinated
Cases Total
214 14,348
1,365 8,892
3,695 20,406
214 14,348
3,695 20,406
214 14,348
1,365 8,892
158 144,525
1,289 30,801

0Odds
ratio*

0.197

0.486

0.266

0332

0424

0.156

0474

SARS-COV 2 incidence

Full vaccinated
Cases  Total
20 7972
128 738
220 9848
1 1127
145 7,508
2 1539
136 10,895

Unvaccinated
Cases  Total
214 14,348
1,463 2,362
3,695 20,406
214 14,348
3,695 20406
214 14,348
1,289 30801

0Odds

ratio*

0.166

0.129

0.103

0.059

0.089

0.086

0.289
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type
Partial vaccinated Unvaccinated Rate Full vaccinated Unvaccinated Rate
ratio* ratio*
Death  Pearson Death  Pearson Death  Pearson Death Pearson
day day day day
NoaDagan (33)  BNTI62b2  Israel Prospective cohort  Age of =16 and 2 2,64,538 6 2,64479 0333 9 4322 32 4316 0281
mMRNA study older
Eric].Haas (18) ~ BNTI62b2 Israel Prospective cohort  Age of 16 and older. - - - - - 138 201882183 715 120076136  0.115
mRNA study
Arjun Puranik (10)  BNT162b2  USA Retrospective Aged 218 years 0 180,814 0 180,819 - 0 23,33,860 4 25,37,030 0
mRNA cohort
Carmen Cabezas ~ BNTI62b2  Catalonia  Prospective cohort  Healthcare workers 153 30,30,779 272 639,181 0119 33 27,45713 272 639,181 0.028
(42) mRNA study
Aharona Freedman  BNTI62b2  Israel Retrospective Aged 216 years 178 14289253 819 1197,01,675  1.821 61 140,60250 567 89535711 0.685
(43) mRNA cohort
Hanne-Dorthe BNTI62b2  Denmark  Prospective cohort - 203 45,51,842 445 559,10,55 5603 25 13735570 445 55910554 0229
Emborg (45) mRNA study
Arjun Puranik (40)  mRNA- USA Retrospective Aged 218 years 0 180,951 0 1,80,819 - 0 22,15,773 4 25,37,030 0
1273 cohort
Subhadeep Ghosh ~ ChAdOx1  India Prospective cohort  Healthcare workers 16 4,96,53,918 37 106594492 0.928 7 5,86,74,639 37 106594492 0344
(48) study
Baltazar Nunes (71)  CombinationfPortugal  Prospective cohort  Aged 265 years 1 2,15,60915 90 945805 03 14 4,88,53,060 90 52945805 0169

study

“Rate Ratio computed.
1 '162b2 mRNA and mRNA-1273 and ChAdOx1.
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Peter Nordstrom (50)
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Baltazar Nunes (71)

Vaccine type

BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
BNT162b2 mRNA
mRNA-1273
mRNA-1273
ChAdOx1
ChAdOx1
ChAdOx1
ChAdOx1
ChAdOx1
ChAdOx1

Combination”

Combination’

*Hazard Ratio adjusted in each study.
TBNT162b2 mRNA and mRNA-1273 and ChAdOx1.

Country

UK
UsA
Qatar
UK

UsA
UsA

UK

Israel

UK

UK
Catalonia
UK

UK
Denmark
Sweden
UsA
Sweden
India

UK

UK

UK

UK
Sweden
UsA
UsA
UsA
Italy
Portugal

Type of study

Prospective cohort study
Retrospective cohort
Prospective cohort study
Case-control study
Prospective cohort study
Retrospective cohort
Prospective cohort study
Prospective cohort study
Retrospective cohort
Retrospective cohort
Prospective cohort study
Prospective cohort study
Case-control study
Retrospective cohort
Prospective cohort
Prospective cohort study
Prospective cohort
Prospective cohort study
Case-control study
Prospective cohort study
Retrospective cohort
Retrospective cohort
Prospective cohort
Prospective cohort study
Prospective cohort study
Retrospective cohort
Retrospective cohort

Prospective cohort study

Group of study

Healthcare workers.
Healthcare workers
Aged >12 years.
Ageof 265
Healthcare workers
Aged 270 years
Aged 216 years.
Healthcare workers
Healthcare workers
Adultage 270 years,
Healthcare workers,
Health care workers
Aged =65 years
Aged 270 years
Aged >16 years.
Healthcare workers
Healthcare workers
Age 218 yearold
Aged >18 years.
Aged 265 yea

HR SARS-COV 2 infection

Partial vaccinated  Full vaccinated
HR*  95%CI  HR* 95%CI
03 015 0.45 015 004 0.26
037 021 0.67 -
0.2 0.1 04 0.07  0.02 0.22
042 039 0.46 027 026 028
077 037 1.58 -

- - 0.055 0018 0.174
042 036 0.5 -
013 011 0.14 0.13 0.11 0.16
03 009 0.94
017  0.04 0.28 0.9 0.82 0.95

- - 022 021 022
017 0.05 0.6 018  0.04 08

- - 0.13 0.12 0.16
0.559 0.327 0.954 0.114 00763 0.184
095 05 1.84 -
059 049 0.71 -

- 05 0.42 0.59
02 0.1 0.41 0.1 0.03 0.32

0.2 0.12 031
0.53 04 0.71 022 0.12 042
005 0.04 0.06 002 001 0.03

HR death related to the COVID-19

Partial vaccinated Full vaccinated

HR* 95% CI HR* 95% CI
- 035 022 055

034 0178 0651
056 047 068 031 014 069
031 026 039 003 002 0.04
049 038 063 -
0216 0.067 0696 - - -
045 034 059 - - -
0.03 001 0.08 002 0 0.12
023 012 044 004 002 0.08





