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Abstract

:

(1) Background: Some COVID-19 vaccine recipients show breakthrough infection. It remains unknown, which factors contribute to risks and severe outcomes. Our aim was to identify risk factors for SCoV2 breakthrough infections in fully vaccinated individuals. (2) Methods: We conducted a retrospective case-control study from 28 December 2020 to 25 October 2021. Data of all patients with breakthrough infection was compared to data of all vaccine recipients in the Canton of Basel-City, Switzerland. Further, breakthrough infections by Alpha- and Delta-variants were compared. (3) Results: Only 0.39% (488/126,586) of all vaccine recipients suffered from a breakthrough infection during the observational period, whereof most cases were asymptomatic or mild (97.2%). Breakthrough infections after full vaccination occurred in the median after 78 days (IQR 47-123.5). Factors with lower odds for breakthrough infection were age (OR 0.987) and previous COVID-19 infection prior to vaccination (OR 0.296). Factors with higher odds for breakthrough infection included vaccination with Pfizer/BioNTech instead of Moderna (OR 1.459), chronic disease (OR 2.109), and healthcare workers (OR 1.404). (4) Conclusions: Breakthrough infections are rare and mild but can occur early after vaccination. This implies that booster vaccination might be initiated earlier, especially for risk groups. Due to new variants emerging repeatedly, continuous monitoring of breakthrough infections is crucial.
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1. Introduction


The COVID-19 vaccines induce SARS-CoV-2 (SCoV2)-specific neutralizing antibodies [1,2,3,4] and reduce COVID-19-related hospitalization and mortality in randomized controlled clinical trials [5,6,7], as well as in the real world [8,9,10]. However, some vaccine recipients show breakthrough infection [5,11,12,13]. It is not fully understood which factors contribute to lower vaccine effectiveness [14,15] and how to best identify them for personalized vaccinations and booster strategies. Potential reasons include IgA deficiency, immunosuppressive drugs [16,17,18], or immunosenescence [19]. SCoV2-specific neutralizing antibodies slowly decrease over time and fall below a certain threshold, which results in a risk for breakthrough infection [20]. For this reason, additional vaccine boosters have become clinical practice in many countries by which neutralization titers can be elevated. The World Health Organisation recently stated that additional vaccination at standard doses or boosters at reduced doses should be firmly evidence-driven and targeted to the population groups in greatest need [21].



Viral evolution also contributes to risks of breakthrough infections, as observed for influenza [22]. Emerging new SCoV2 variants may reduce vaccine effectiveness by modulating the viral spike (S)-protein in the receptor binding domain (RBD) [23,24], which is critical for binding to the host’s angiotensin converting enzyme (ACE)-2 receptor [25,26,27]. Certain mutations in the viral S-protein have been retained and spread globally, whereby the Delta variant (B.1.617.2) has been rapidly displacing most of the other circulating variants. The efficiency to neutralize the Delta variant is lower compared to wild type or Alpha (B.1.1.7) variants. Two-times vaccinated individuals showed a 2.5-fold (Pfizer/BioNTech, Moderna and Janssen vaccine) reduction in neutralization titers against Delta compared to an ancestral G614 S pseudo-virus [28] and a 3-fold (Pfizer/BioNTech) and 6-fold (AstraZeneca) reduction in neutralization titers against Alpha [24]. Rapid molecular epidemiological adaptations and introductions of Delta and Omicron variants makes it more difficult to conclusively define such risk factors [29,30]. The new Omicron variant may show a 40-fold reduction to be neutralized in double dose vaccinated people [31].



Currently, there are two questions for public health decision making. Firstly, what are the possible demographic and clinical risk factors for SCoV2 breakthrough infections in vaccinated individuals? Knowledge would allow us to make general recommendations and prioritize third dose applications. Secondly, do patient characteristics differ in breakthrough infections caused by Alpha or Delta? The answer could help to link viral- and host-factors and learn for future emerging variants, including the currently dominating Omicron variant.



Since the beginning of the Swiss COVID-19 vaccination campaign in December 2020, we have documented all breakthrough infections of the Canton of Basel-City. We conducted an exploratory retrospective case-control study and aimed to identify factors potentially associated with breakthrough infections in fully vaccinated people. We use an anonymized dataset of more than 120,000 fully vaccinated residents. We then investigated potential differences in breakthrough infections with either the Alpha or the Delta variants.




2. Materials and Methods


2.1. Ethics


The study has been approved by the local ethical committee (EKNZ 2020-00769 and 2021-00774). The data protection office of the Canton of Basel-City also evaluated and approved the study.




2.2. Setting


The Canton of Basel-City has three municipalities with a total population of 201,386 people (June 2021) and is the most densely populated Swiss canton (5433/km2) with a population density comparable to Madrid (5481/km2), London (5701/km2), and Boston (5397/km2) [32,33,34,35]. The City of Basel itself is inhabited by 86% of the canton’s population. The first COVID-19 vaccine in the Canton of Basel-City was administered on the 28 December 2020, only 20 days after the launch of the global vaccination program. In the supplementary material, a detailed description of the time course on vaccination is available (Supplementary Material). By the 25 October 2021 126,586 individuals, equalling 63% of the canton’s population (201,354 total inhabitants in October 2021 [36]), were fully vaccinated.




2.3. Study Design and Population


We conducted an exploratory retrospective case-control study from 28 December 2020 to 25 October 2021. Inclusion criteria for the case cohort were: (i) Individuals fully vaccinated in the Canton of Basel-City, including in retirement and nursing homes and hospitals, (ii) people living in the Canton of Basel-City: including Basel, Bettingen, and Riehen, and (iii) people with either SCoV2 specific NAT or antigen-test-confirmed infection. Exclusion criteria for the case cohort was a positive NAT result considered as residual finding from a SARS-CoV-2 infection before the final vaccination and individuals with breakthrough infection vaccinated with Janssen (n = 3) or AstraZeneca (n = 1). Inclusion criteria for the control cohort were: (i) Individuals fully vaccinated at the cantonal vaccination center or at health care institutions, pharmacies, and hospitals; and (ii) people living in the Canton of Basel-City including Basel, Bettingen, and Riehen.




2.4. Data Collection


Data on all vaccinated individuals were collected from the Vaccination Monitoring Data Lake (VMDL) of Switzerland and the Corona Vaccination Centre for the Canton of Basel-City. All vaccinating sites in Switzerland are obliged to report to the national register according to the Swiss Epidemic law, with a 100% coverage of the canton’s total population. Data on positive tested individuals with a breakthrough infection were collected through the cantonal contact tracing database. All individuals with residence in the Canton of Basel-City tested positive for SCoV2 (RNA and antigen, self-tests not included) are being reported to the Federal Office of Public Health (FOPH) and through there to the cantonal Contact Tracing. Thereafter, each positive tested individual is contacted and monitored throughout the isolation, whereby personal and clinical information is being collected for source identification. For hospitalized individuals, the clinical information is being collected through the attending physician or nurse. We identified two sub-control groups: control group 1 comprises individuals fully vaccinated against COVID-19, who got vaccinated in all health care institutions, pharmacies, and hospitals, including the vaccine center in Basel City. Control group 2 is a subgroup of control group 1 and comprises individuals fully vaccinated against COVID-19 in the Corona Vaccination Centre for the Canton of Basel-City. Although meant as a control set, both control groups also comprise individuals who suffered from a breakthrough infection. Anonymization prevents tracking back individual information and thus prevents the exclusion of individuals with a breakthrough infection from the control sets.



Vaccine recipient characteristics have been collected as self-reported variables and were used to describe cases, to explain the probability of undergoing a breakthrough infection, or to explain the probability of undergoing a breakthrough infection caused by either the Alpha or Delta SCoV2 variants. Supplementary Table S1 shows an overview on control groups and patients with breakthrough infections (Supplementary Table S1).



The clinical course of infection was classified according to the National Institute of Health (NIH) COVID-19 treatment guidelines into “asymptomatic infection” (no symptoms), “mild illness” (various signs e.g., fever, cough; but no shortness of breath, dyspnoea or abnormal chest imaging), “moderate illness” (evidence of lower respiratory disease and oxygen saturation (SpO2) ≥ 94% on room air at sea level), “severe illness” (SpO2 < 94% on room air at sea level, PaO2/FiO2 < 300 mm Hg, respiratory frequency <30 breaths/min, or lung infiltrates >50%), “critical illness” (respiratory failure, septic shock, and/or multiple organ dysfunction) and “death” [37].




2.5. SCoV2 Lineage Determination


At the University Hospital Basel, we used viral whole genome sequencing to determine the Pango lineage in cases identified as breakthrough infection by Health Services of the Canton of Basel-City. Briefly, we used the Artic primers and sequenced amplicons on a NextSeq 500 platform (Illumina, San Diego, CA, USA), followed by the COVGAP pipeline to determine the viral lineage as previously described [38,39]. A subset of samples was sequenced in another laboratory. All sequences passing QC can be accessed via the Swiss Pathogen Surveillance Platform (www.spsp.ch, (accessed on 12 November 2021)) and ENA and GISAID accessions. The accession numbers of the genomes used for this analysis are available in the Supplementary Table S2.




2.6. Full Vaccination


Full vaccination was defined as (a) seven days after the second BNT162b2 vaccine (Pfizer/BioNTech) or (b) seven days after the first BNT162b2 vaccine when the patient had a confirmed SCoV2 infection at least 30 days before the dose, (c) 14 days after the second mRNA-1273 (Moderna) vaccine or (d) 14 days after the first mRNA-1273 when the patient had a confirmed SARS-CoV-2 infection at least 30 days before the single dose. The amount of buffer days complies with the expected time from vaccination to full protection defined in the respective clinical trials [1,3].




2.7. Breakthrough Infection


A breakthrough infection was defined by a laboratory-confirmed SCoV2 infection through either SCoV2-specific nucleic acid testing (NAT) or antigen testing at a health care center (antigen self-tests excluded) in fully vaccinated individuals. In Switzerland, positive antigen tests are recommended to be confirmed by NAT to exclude the rare possibility of false-positive results whenever possible, thereby also providing access to samples for SCoV2 genome sequencing. The date of the breakthrough infection was set to the date of sample collection.





3. Results


3.1. Occurrence of Breakthrough Infections


We identified a total of 488 patients (0.39%) with breakthrough infections in an overall population of 126,586 vaccine recipients. First, we analyzed the time distribution, in days, elapsed from full vaccination to the positive SCoV2 test result for all patients with breakthrough infections. The time to a positive SCoV2 test shows that most breakthrough infections occurred between a few days to about 170 days after full vaccination, with a median of 78 days (interquartile range, IQR 47–123.5 days). The data suggests a weak bi-modal distribution, with a much weaker peak after 180 days. Accordingly, a steady increase of breakthrough infections starts after about 10–20 days post-vaccine and gradually levels off after about 130 days in the frequency and cumulative frequency distributions (Figure 1a,b). The burden of breakthrough infections correlated with the occurrence of overall SCoV2 cases in the observed community (Supplementary Figure S1).




3.2. Clinical Case Presentation


We further analyzed all available patient characteristics for vaccine recipients, who suffered from a breakthrough infection (Supplementary Table S3). Briefly, patients with a breakthrough infection had a median age of 44.5 years (IQR 32-64) and were slightly more often female (52.7%). The mRNA-1273 (Moderna (Cambridge, MA, USA)) and BNT162b2 mRNA (Pfizer (New York, NY, USA)/BioNTech (Mainz, Germany)) were the two most commonly used COVID-19 vaccines in our region, accounting for 99.2% of vaccine applications. Generally, people with breakthrough infections had an asymptomatic presentation (26/488, 5.3%) or mild illness (448/488, 91.8%). Only a minority of patients required hospitalization during COVID-19 infection. However, it is unknown what percentage was hospitalized due to the disease (14/488, 2.9%). Severe illness (5/488, 1%) and critical illness or death (2/488, 0.4%) were very rare. Patients who showed moderate, severe, and critical illness also showed higher age (77, 81, and 87 years) and were having more predisposing risk factors compared to patients with asymptomatic or mild disease, e.g., cardiac disease 71.4, 80, and 100% (Supplementary Table S4). In a subset of patients, we could also determine the Alpha (n = 12) and Delta (n = 256) SCoV2 variants. The Delta variant showed more breakthrough infections compared to the Alpha variant in absolute numbers. Of note, this reflected the epidemiological situation in the general population during the observational period, where the Delta variant was the dominant virus lineage in Fall 2021.



Next, we compared patients with breakthrough infections to all vaccine recipients using the two control groups: control group 1 (n = 126,586) and 2 (n = 109,382) (Table 1). The median age in patients with SCoV2 breakthrough infection was slightly lower compared to the control group 1 and 2 (median 44.5 years vs. 49 years vs. 52 years). The patients with SCoV2 breakthrough infections were more frequently vaccinated with the Pfizer/BioNTech vaccine compared to the control group 1 and 2 (47.3 vs. 33.5 vs. 33.1%). Also notable is that people at especially high risk according to the Federal Office of Public Health, e.g., with a chronic disease (detailed list of conditions in Supplementary Table S5, which is a key indication for vaccination) suffered more frequently from breakthrough infection than the control group 1 and 2 (32 vs. 20.5 vs. 22.4%). Next, we compared characteristics, which were only available in patients with a breakthrough infection and people of control group 2 (which is a subset of control group 1). We observed slightly more breakthrough infections in patients with severe immunosuppression (5.1 vs. 3%) (Table 1).




3.3. Identification of Potential Risk Factors


Next, we identified potential risk factors related to the probability of suffering from a breakthrough infection using generalized linear models. We compared patients with a breakthrough infection towards control group 1 (Table 2) and control group 2 (Supplementary Table S6). Overall, both multivariate regression models including control group 1 and 2 showed comparable results.



A higher age was associated with lower odds for breakthrough infections (OR 0.987, 95% CI 0.983–0.992). Therefore, we further explored whether breakthrough infections were differently distributed between the age quartiles. Whereas 16 to 64 years old patients showed breakthrough infections mainly from July to October 2021, corresponding to infections caused by the Delta SCoV2 variant, patients above 64 years old showed a first bulk of breakthrough infections from January to May 2021, corresponding to infections caused by the Alpha variant, and a second, more important bulk from July to October corresponding to infections caused by the Delta variant (Figure 2), suggesting a different epidemiology as younger age groups could not get the vaccine as early, hence no breakthrough infection was possible.



Breakthrough infections were more common in people vaccinated with the Pfizer/BioNTech vaccine (OR 1.459), with chronic disease (OR 2.109) and in healthcare workers (OR 1.404). Patients who recovered from COVID-19 prior to vaccination were less likely to suffer from a breakthrough infection (OR 0.296). We did not observe a significantly increased association for immunosuppressed patients (OR 1.248, 95% CI 0.806–1.849) (Supplementary Table S7). We also performed a subgroup analysis focusing on breakthrough infection with the Delta variant (Supplementary Table S8).




3.4. Difference between Breakthrough Infections with Alpha or Delta ScoV2 Variants


Next, we explored potential differences between breakthrough infections caused by the Alpha or Delta SCoV2 variants (Table 3). Supplementary Figures S2 and S3 show detailed time distributions for breakthrough infection caused by these variants (Supplementary Figures S2 and S3). Supplementary Figure S4 shows the probability of being free from breakthrough infection in relation to time for the two respective variants (Supplementary Figure S4). Based on the Swiss national surveillance program for SCoV2 and shared data efforts of the Swiss Pathogen Surveillance Platform (www.spsp.ch, (accessed on 2 December 2021)), we know that during Fall 2021 about 97% of the circulating viruses in Switzerland were Delta variants and subtypes thereof (https://www.covid19.admin.ch/en/, (accessed on 25 November 2021)). The sequences of the viral isolates identified are part of normal phylogenetic distribution and do not show specific unusual mutations, e.g., in the viral Spike protein (data not shown). During the observational period we did not observe the Omicron variant (B.1.529).



The Alpha variant was dominating from February to June 2021 and then replaced by the Delta variant in May 2021. During this time also, the vaccination concept and availability changed by providing access to individuals without high-risk disease and younger people. No difference regarding the time to positive test could be observed between the two variants. However, the two variants showed very different baseline characteristics. The median age for patients with breakthrough infection caused by the Alpha variant was 82 years and for the Delta variant only 43.5 years. This shows that breakthrough infections over time occurred in very different populations. The age difference is also reflected in the distribution of reasons for vaccination, e.g., the proportion of chronic diseases (91.7% in Alpha vs. 29.3% in Delta). Although the median time, in days, from considered fully vaccinated to a confirmed SCoV2 breakthrough infection was different with 42 days in the Alpha variant compared to 77 days in the Delta variant, this difference was not significant. It also seems that case severity in Alpha variants was higher compared to Delta variants, e.g., severe and critical illnesses accounted for 25% (Alpha) and 1.2% (Delta), which could also reflect the same issue of a more vulnerable population. For the Alpha variant, breakthrough infection was also more often linked to retirement and nursing homes (41.7%), whereas for the Delta variant it was mainly linked to holidays and work (24.6 and 6.6%).



Supplementary Table S8 summarizes the results of a generalized linear model with binomial distribution investigating potential risk factors associated with the relative probability of being infected by the Delta variant (vs. Alpha variant taken as a reference) in case of breakthrough infection (Supplementary Table S8).





4. Discussion


Our study explores the key factors associated with COVID-19 vaccine breakthrough infection and compares the patient characteristics between people with a breakthrough infection caused by either the Alpha or Delta SCoV2 variant. The key findings of our study are: (i) breakthrough infections are very rare with only 0.39% (488/126,586) of the vaccinated population being affected during a 10-month observation period; (ii) breakthrough infections were either asymptomatic or mild (97.2%); (iii) most of the breakthrough infections in our population occurred between a few days to about 170 days after full vaccination, with a median of only 78 days for the time from being considered fully vaccinated (7 days (Pfizer/BioNTech) or 14 days (Moderna) after second vaccine or single vaccine following previous infection) to a positive SCoV2 test. We found no evidence that the protection offered by the vaccine fades away after some time. Further, the time elapsed from vaccination to breakthrough infection did not differ between the Alpha and the Delta variant.



In our cohort, older individuals are less likely to suffer from a breakthrough infection. Although elderly individuals are expected to be at higher risk due to immunosenescence, this finding might be explained by younger individuals being more likely to travel, enjoy social events outside their home, and thus be more exposed to the Delta variant, which caused most of the breakthrough infections in our study [40,41]. Especially after vaccination, young and healthy individuals might feel secure, leading to a higher risk behaviour. Similarly, individuals with close contact to a high-risk person were less likely to suffer from a breakthrough infection. This finding is most probably explained due to the more vigilant behaviour as well and underlines the fact that incautious behaviour might be a greater risk factor for breakthrough infection than intrinsic risk factors such as age or chronic disease.



We also observed that individuals who recovered from a previous COVID-19 infection are less likely to suffer from a breakthrough infection. This is of interest particularly because the previous infection was caused by the Alpha variant whereas the breakthrough infection was caused by the Delta SCoV2 variant in this patient subgroup. The natural infection may build different types of immune response and additional immunological memory against other viral proteins [42,43] recently termed hybrid immunity [44]. Further studies regarding breakthrough infections in COVID-19 recovered patients will show whether a previous infection with the Alpha or Delta SARS-CoV-2 variant leads to sufficient protection against the dominating Omicron virus variant [45,46].



Our study indicates that individuals with a chronic disease are more likely to suffer from a breakthrough infection. Similar findings have been made mainly for the elderly with overall more chronic diseases [14,47,48].



Individuals vaccinated with the Pfizer/BioNTech vaccine (BNT162b2) are more likely to suffer from a breakthrough infection than individuals vaccinated with the Moderna vaccine (mRNA-1273). Tenforde and colleagues also showed that the mRNA-1273 vaccine was significantly more protective (OR, 0.11) compared with the BNT162b2 vaccine (OR, 0.19). The protective association against hospitalization for the BNT162b2 vaccine more than 120 days following vaccination declined notably (OR, 0.36; median, 143 days from vaccine dose 2 to illness onset), whereas the effectiveness of the mRNA-1273 vaccine more than 120 days post-vaccination was largely preserved (OR, 0.15; median, 141 days from vaccine dose 2 to illness onset) 6. Our study provides important confirmation and points out that risk groups for more severe clinical outcomes may benefit from the Moderna vaccine, due to the reduction in breakthrough infections.



Of particular relevance for future emerging variants and the current Omicron wave is our observation that healthcare workers are more likely to suffer from a breakthrough infection. This is an important finding and highlights the importance for timely booster vaccines in this cohort. A publication showed 39 cases of breakthrough infection in a total of 1497 healthcare workers, which was particularly linked to titers of SARS-CoV-2 neutralizing antibodies 5 and another study identified 4 of 1388 (0.3%) breakthrough infections in fully vaccinated compared to 21 of 585 (3.6%) in non-vaccinated staff of a long-term care facility. Most likely, the increased risk of breakthrough infection in healthcare workers is explained through a higher exposure to infected people.



Further, in our cohort, most breakthrough infections were caused by the Delta variant. However, interpreting the temporal dynamics of infection relative to vaccination for the Alpha and Delta variant is difficult since these variants emerged at different time points relative to the availability of vaccination in Switzerland. Our additional models, focussing only on individuals vaccinated after the emergence of the Delta variant, show a median time of 50 days (IQR 30-72) to SCoV2-positive testing. As the subgroup analysis resulted in a loss of statistical power, the cumulative distributions no longer can resolve whether or not a breakthrough infection is more likely to occur as more time elapsed since full vaccination. Other studies have reported an increasing risk with a longer time since vaccination [20]. In our vaccine control cohort, the median time since vaccination was 115 days (IQR 84–145, min = 0, max = 273) and for individuals vaccinated after the Delta outbreak 82 days (IQR 51–100, min = 0, max = 111). The hypothesis of breakthrough infections increasing with elapsed time since full vaccination must consider new circulating SCoV2 variants and the overall increase in case numbers during this period. Indeed, our results are consistent with the notion that individuals infected with the Delta variant were at higher risk for breakthrough infection compared to individuals infected with the Alpha variant. Although, we have not determined prospectively neutralization antibody titers, this phenomenon is most likely explained by the amino acid changes on the virus spike protein and subsequently the resulting lower neutralization efficiency [24,28] and the general higher number of infected individuals with the Delta variant.



Surveillance of viral evolution using whole genome sequencing on a national scale remains critical for the months to come. As shown in our data as well, the clinical course of vaccine breakthrough infection has been described as generally mild (https://www.cdc.gov/coronavirus/2019-ncov/vaccines/effectiveness/why-measure-effectiveness/breakthrough-cases.html, (accessed on 20 October 2021)), with a few exceptions [49]. It is therefore crucial to also closely monitor the frequency and severity of SARS-CoV-2 breakthrough infections, including the clinical course, and combine this information with surveillance of viral evolution associated with reducing vaccine effectiveness, and their clinical course in fully vaccinated individuals with breakthrough infection.



Limitations


Our study has several important limitations. During the study timeframe, diagnostic and screening tests on SARS-CoV-2 for vaccinated individuals were only recommended by the Federal Office of Public Health (FOPH) when symptoms occurred or when the vaccinated individual lived in the same household as an individual tested positive for SARS-CoV-2. Therefore, although all positive test results are being reported to the FOPH, missing data on breakthrough infections in, e.g., asymptomatic patients is possible. Due to the fact that the study relies on real-world evidence data, a selection and reporting bias cannot be excluded. We included a relatively small number of sequenced cases with breakthrough infection—sequencing was available only for a subset of PCR confirmed cases (approximately 5–10%) of all cases are part of a nationwide surveillance program. Although we have not sequenced all strains, it is unlikely that we have missed a substantial dominant new lineage causing breakthrough infection, as the lineages dominating during the observational period were also found in other parts of the country as dominant lineages and also in the surrounding neighboring countries. Additionally, we do not have neutralizing antibody titers available for the whole cohort, however, this is also not a suitable assay for a general and large population. Interpreting the time of infection relative to vaccination is difficult due to the real-world study setting. The results might be confounded by pharmaceutical and non-pharmaceutical public health measures during the course of the study, incidence over time, population behaviour, and the temporal dynamics of the virus itself, with the Alpha variant being responsible for all the early breakthrough infections (before 6 July 2021) when mostly elderly people and people with comorbidities were getting vaccinated, and the Delta variant being responsible for a bulk of late breakthrough infections (after 6 July 2021).





5. Conclusions


Overall, our study shows that breakthrough infections are rare and mild, and that even early after vaccination there might be a high risk for infection. In our study population, more than 50% of breakthrough infections occurred 70 to 80 days post-vaccine. This implies that possibly booster vaccination should be initiated earlier. Especially for risk groups associated with more frequent breakthrough infections such as healthcare workers and people in high-risk care facilities, this might be an important finding. Due to changes in the epidemiological dynamic with new variants emerging constantly, continuous monitoring of breakthrough infection will be very helpful to provide evidence on booster vaccines and patient groups at risk for potential complications.
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Figure 1. Distribution time in days from full vaccination (as defined above) to the positive SCoV2 test result confirming all cases of breakthrough infection. (a) Absolute frequency; (b) cumulative frequency. 
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Figure 2. Distribution of dates of positive test for all patients with a breakthrough infection and according to age quartiles. In older patients (64 to 98 years old) first bulk of positive tests (from 1 March to 28 June 2021) is due to breakthrough infections caused by the Alpha variant. 
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Table 1. Multivariable Comparison of patients with breakthrough infections compared to all control vaccine recipients using the control sets. Categorical variables are presented with numbers and percentages. * Serious side effects in previous vaccines focuses on any vaccine and is a self-reported variable. Since age shows some departure from normality in the case group, it is presented with median and [interquartile range].
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Level

	
Breakthrough

	
Control 1

	
Control 2

	
% Missing






	
n

	

	
488

	
126,586

	
109,382

	




	
Gender (%)

	
Man

	
231 (47.3%)

	
60,640 (47.9%)

	
52,768 (48.2%)

	
0




	
Woman

	
257 (52.7%)

	
65,944 (52.1%)

	
56,610 (51.8%)




	
Age, median (IQR)

	

	
44.5 (32–64)

	
49 (34–65)

	
52 (36–68)

	
0




	
Type of vaccine, n (%)

	
Moderna

	
257 (52.7%)

	
84,200 (66.5%)

	
73,125 (66.9%)

	
0




	
Pfizer/BioNTech

	
231 (47.3%)

	
42,386 (33.5%)

	
36,257 (33.1%)




	
Indication for vaccination

	

	

	

	

	




	
Chronic disease, n (%)

	
No

	
332 (68%)

	
100,668 (79.5%)

	
84,756 (77.6%)

	
0.1




	
Yes

	
156 (32%)

	
25,918 (20.5%)

	
24,526 (22.4%)




	
Healthcare worker, n (%)

	
No

	
429 (87.9%)

	
114,221 (90.2%)

	
101,868 (93.2%)

	
0.1




	
Yes

	
59 (12.1%)

	
12,365 (9.8%)

	
7414 (6.8%)




	
Close contact to high-risk person, n (%)

	
No

	
363 (74.4%)

	
94,629 (74.8%)

	
82,007 (75.0%)

	
0.1




	
Yes

	
125 (25.6%)

	
31,957 (25.2%)

	
27,275 (25.0%)




	
Serious side-effects previous vaccine *, n (%)

	
No

	
487 (99.8%)

	
N/A

	
108,194 (99.0%)

	
0.1




	
Yes

	
1 (0.2%)

	
1084 (1.0%)




	
Severe immunosuppression, n (%)

	
No

	
463 (94.9%)

	
N/A

	
105,994 (97.0%)

	
0.1




	
Yes

	
25 (5.1%)

	
3288 (3.0%)




	
Acute fever during time of vaccination n, (%)

	
No

	
488 (100%)

	
N/A

	
106,505 (100%)

	
2.6




	
Yes

	
0 (0%)

	
46 (0%)




	
Pregnant (%)

	
No

	
487 (99.8%)

	
124,482 (99.7%)

	
107,790 (99.8%)

	
1.3




	
Yes

	
1 (0.2%)

	
339 (0.3%)

	
215 (0.2%)




	
Recovered from COVID-19 prior to vaccination (%)

	
No

	
482 (98.8%)

	
121,730 (96.2%)

	
106,178 (97.1%)

	
0




	
Yes

	
6 (1.2%)

	
4856 (3.8%)

	
3204 (2.9%)
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Table 2. Multivariable logistic regression exploring the relationships between potential risk factors and the probability to suffer from a SCoV2 breakthrough infection using the ‘control’ set 1. Only Moderna and Pfizer/BioNTech vaccines are compared because no other vaccine was used in the control population. A generalized linear mixed model was used.
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	N
	Odds Ratio
	CI
	p





	Intercept
	125,308
	0.006
	(0.005–0.008)
	<0.001



	Age
	
	0.987
	(0.983–0.992)
	<0.001



	Gender (woman vs. man)
	
	1.037
	(0.867–1.242)
	0.692



	Vaccine (Pfizer/BioNTech, ref = Moderna)
	
	1.459
	(1.238–1.612)
	<0.001



	Chronic disease (=Yes)
	
	2.109
	(1.692–2.620)
	<0.001



	Healthcare worker (=Yes)
	
	1.404
	(1.042–1.860)
	0.022



	Close contact with high-risk person (=Yes)
	
	0.902
	(0.724–1.116)
	0.349



	Pregnant (=Yes)
	
	0.671
	(0.038–2.995)
	0.691



	Recovered from COVID-19 prior to vaccination (=Yes)
	
	0.296
	(0.117–0.606)
	0.003
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Table 3. Comparisons of patient characteristics between individuals who suffered from a breakthrough infection caused by the Alpha or the Delta variant. Categorical variables are presented with numbers and percentages. * Serious side-effects in previous vaccines focuses on any vaccine and is a self-reported variable. Variables showing departure from normality are presented with median and [Interquartile Range].
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Variable

	
Level

	
SCoV2-Alpha

	
SCoV2-Delta

	
% Missing






	
n

	

	
12

	
256

	




	
Age, med (IQR)

	
Years

	
82.0 (70.5–87.0)

	
43.5 (32.0–61.8)

	
45.1




	
Sex, n (%)

	
Man

	
5 (41.7%)

	
123 (48%)

	
45.1




	
Woman

	
7 (58.3%)

	
133 (52%)




	
Type of vaccine, n (%)

	
Moderna

	
1 (8.3%)

	
136 (53.1%)

	
45.1




	
Pfizer/BioNTech

	
11 (91.7%)

	
120 (46.9%)




	
Indication for vaccination

	

	

	

	




	
Chronic diseases, n (%)

	
No

	
1 (8,3%)

	
181 (70.7%)

	
45.1




	
Yes

	
11 (91.7%)

	
75 (29.3%)




	
Healthcare worker, n (%)

	
No

	
12 (100%)

	
221 (86.3%)

	
45.1




	
Yes

	
0 (0%)

	
35 (13.7%)




	
Close contact to high-risk person, n (%)

	
No

	
6 (50%)

	
190 (74.2%)

	
45.1




	
Yes

	
6 (50%)

	
66 (25.8%)




	
Serious side effects to other vaccines *, n (%)

	
No

	
12 (100%)

	
255 (99.6%)

	
45.1




	
Yes

	
0 (0%)

	
1 (0.4%)




	
Severe immunosuppression, n (%)

	
No

	
9 (75%)

	
245 (95.7%)

	
45.1




	
Yes

	
3 (25%)

	
11 (4.3%)




	
Acute fever, n (%)

	
No

	
12 (100%)

	
256 (100%)

	
45.1




	
Yes

	
0 (0%)

	
0 (0%)




	
Pregnant, n (%)

	
No

	
12 (100%)

	
255 (99.6%)

	
45.1




	
Yes

	
0 (0%)

	
1 (0.4%)




	
Recovered from COVID-19 prior to vaccination, n (%)

	
No

	
12 (100%)

	
254 (99.2%)

	
45.1




	
Yes

	
0 (0%)

	
2 (0.8%)




	
Time vacc to 1st symptoms, median (IQR)

	
days

	
59 (57–61)

	
75 (44–118)

	
48.4




	
Time vacc/Delta outbreak to 1st symptoms, median (IQR)

	
days

	
59 (57–61)

	
50 (29–72.25)

	
49




	
Time vacc to 1st symptoms for Alpha & Delta patients vaccinated after Delta outbreak, median (IQR)

	
days

	
59 (57–61)

	
40 (23–57)

	
48




	
Time vacc to positive test, median (IQR)

	
days

	
42 (17–63)

	
77 (47–120)

	
45.3




	
Time vacc/Delta outbreak to positive test, median (IQR)

	
days

	
42 (17–63)

	
50 (32–72)

	
45.3




	
Time vacc to positive test for Alpha & Delta patients vaccinated after Delta outbreak, median (IQR)

	
days

	
42 (17–63)

	
45 (26–59)

	
82.2




	
PCR ct value, median (IQR)

	

	
20 (20–20)

	
19.99 (17.21–23.08)

	
70.9




	
Severity of disease, n (%)

	
Asymptomatic

	
2 (16.7%)

	
6 (2.3%)

	
45.1




	
Mild illness

	
7 (58.3%)

	
242 (94.5%)




	
Moderate illness

	
0 (0%)

	
5 (2%)




	
Severe illness

	
2 (16.7%)

	
2 (0.8%)




	
Critical illness and death

	
1 (8.3%)

	
1 (0.4%)




	
Hospitalisation

	
No

	
11 (91.7%)

	
148 (96.9%)

	
45.1




	
Yes

	
1 (8.3%)

	
8 (3.1%)




	
Suspected source of infection

	
Club, party, bar

	
0 (0%)

	
12 (4.7%)

	
45.1




	
Cultural event

	
0 (0%)

	
4 (1.6%)




	
Family

	
3 (25%)

	
71 (27.7%)




	
Friends

	
0 (0%)

	
14 (5.5%)




	
Holidays

	
1 (8.3%)

	
63 (24.6%)




	
Hospital

	
1 (8.3%)

	
3 (1.2%)




	
Religion

	
0 (0%)

	
1 (0.4)




	
Retirement and nursing home

	
5 (41.7%)

	
10 (3.9%)




	
School

	
0 (0%)

	
1 (0.4%)




	
Sports

	
0 (0%)

	
3 (1.2%)




	
Unknown

	
2 (16.7%)

	
57 (22.3%)




	
Work

	
0 (0%)

	
17 (6.6%)




	
Baseline risk factor

	

	

	

	




	
Chronic lung disease

	
No

	
11 (91.7%)

	
241 (94.1%)

	
45.1




	
Yes

	
1 (8.3%)

	
15 (5.9%)




	
Chronic renal disease

	
No

	
11 (91.7%)

	
252 (98.4%)

	
45.1




	
Yes

	
1 (8.3%)

	
4 (1.6%)




	
Cancer

	
No

	
10 (83.3%)

	
251 (98%)

	
45.1




	
Yes

	
2 (16.7%)

	
5 (2%)




	
Cardiac disease

	
No

	
7 (58.3%)

	
238 (93%)

	
45.1




	
Yes

	
5 (41.7%)

	
18 (7%)




	
Arterial hypertension

	
No

	
9 (75%)

	
213 (83.2%)

	
45.1




	
Yes

	
3(25%)

	
43 (16.8%)




	
Diabetes

	
No

	
10 (83.3%)

	
232 (90.6%)

	
45.1




	
Yes

	
2 (16.7%)

	
24 (9.4%)




	
Obesity

	
No

	
11 (91.7%)

	
255 (99.6%)

	
45.1




	
Yes

	
1 (8.3%)

	
1 (0.4%)
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