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Since the beginning of the COVID-19 pandemic, vaccines have been developed to mitigate the spread of SARS-CoV-2, the virus that causes COVID-19. These vaccines have been effective in reducing the rate and severity of COVID-19 infection but also have been associated with various adverse events (AEs). In this study, data from the Vaccine Adverse Event Reporting System (VAERS) was queried and analyzed via the Cov19VaxKB vaccine safety statistical analysis tool to identify statistically significant (i.e., enriched) AEs for the three currently FDA-authorized or approved COVID-19 vaccines. An ontology-based classification and literature review were conducted for these enriched AEs. Using VAERS data as of 31 December 2021, 96 AEs were found to be statistically significantly associated with the Pfizer-BioNTech, Moderna, and/or Janssen COVID-19 vaccines. The Janssen COVID-19 vaccine had a higher crude reporting rate of AEs compared to the Moderna and Pfizer COVID-19 vaccines. Females appeared to have a higher case report frequency for top adverse events compared to males. Using the Ontology of Adverse Event (OAE), these 96 adverse events were classified to different categories such as behavioral and neurological AEs, cardiovascular AEs, female reproductive system AEs, and immune system AEs. Further statistical comparison between different ages, doses, and sexes was also performed for three notable AEs: myocarditis, GBS, and thrombosis. The Pfizer vaccine was found to have a closer association with myocarditis than the other two COVID-19 vaccines in VAERS, while the Janssen vaccine was more likely to be associated with thrombosis and GBS AEs. To support standard AE representation and study, we have also modeled and classified the newly identified thrombosis with thrombocytopenia syndrome (TTS) AE and its subclasses in the OAE by incorporating the Brighton Collaboration definition. Notably, severe COVID-19 vaccine AEs (including myocarditis, GBS, and TTS) rarely occur in comparison to the large number of COVID-19 vaccinations administered in the United States, affirming the overall safety of these COVID-19 vaccines.
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INTRODUCTION
The emergence of coronavirus disease 2019 (COVID-19), the disease caused by the SARS-CoV-2 virus, has led to the development of vaccines immunizing against SARS-CoV-2. As of 31 December 2021, two COVID-19 vaccines, Moderna’s mRNA-1273 and Johnson and Johnson’s Janssen vaccine Ad26.COV2.S, were authorized for emergency use by the U.S. Food and Drug Administration (FDA), while a third, Pfizer-BioNTech’s Comirnaty, had been fully approved by the FDA for public use. Since their authorization in the United States and other countries, these COVID-19 vaccines have greatly helped to mitigate the spread and severity of COVID-19 around the world.
Although COVID-19 vaccines are generally safe, they have been associated with various adverse events. Three AEs in particular—myocarditis, Guillain-Barré syndrome (GBS), and thrombosis—have been highlighted in the news and by regulatory agencies as potential side effects of one or more of the three FDA-authorized COVID-19 vaccines (https://www.cdc.gov/coronavirus/2019-ncov/vaccines/safety/adverse-events.html). Myocarditis has been reported by the U.S. Centers for Disease Control and Prevention (CDC) as a significant adverse event of the Pfizer-BioNTech and Moderna COVID-19 vaccines, especially after the second dose (https://www.cdc.gov/coronavirus/2019-ncov/vaccines/safety/myocarditis.html). In April 2021, the CDC and FDA temporarily halted the Johnson & Johnson COVID-19 vaccine administration after six U.S. cases of cerebral venous sinus thrombosis (CVST) with thrombocytopenia were reported (https://www.cdc.gov/media/releases/2021/s0413-JJ-vaccine.html). In July 2021, the FDA attached a warning that GBS, an autoimmune and post-infectious immune disease, could be a side effect of the Johnson & Johnson COVID-19 vaccine (https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-july-13-2021).
In the United States, the Vaccine Adverse Event Reporting System (VAERS) is a web-based vaccine adverse event self-reporting system developed by the CDC and FDA (https://vaers.hhs.gov/) (Chen et al., 1994; Singleton et al., 1999). Historically, VAERS has been used to collect and report various vaccine adverse events (AEs), which include medical conditions that occur after vaccination but may not necessarily be caused by the vaccination. Case report data from VAERS is available for download by the public and can be analyzed using various methods. The VAERS AE data were standardized using the Medical Dictionary for Regulatory Activities (MedDRA), a standard terminology for recording and reporting adverse vaccine or drug event data (Brown, 2003). However, MedDRA has several shortcomings including the lack of textual definitions and a well-defined hierarchical structure (Sarntivijai et al., 2012; He, 2014; He, 2016). As a result, the MedDRA hierarchy is usually not used for AE classification. To better support adverse event representation and classification, the community-based Ontology of Adverse Events (OAE) has been developed (He et al., 2014). Enriched (i.e., statistically significant) MedDRA terms from VAERS data analysis can be mapped to the OAE terms, which can be further analyzed using the more accurate OAE AE classification. Multiple studies have shown that the method of the MedDRA-OAE term mapping followed by OAE-based AE classification enables valuable AE classification and data analysis (Sarntivijai et al., 2012; Xie et al., 2016a; Xie et al., 2016b; Wang et al., 2017; Xie et al., 2018; Ngai et al., 2022).
Recently, we developed the COVID-19 Vaccine Knowledge Base (Cov19VaxKB) (http://www.violinet.org/cov19vaxkb/), which contains a comprehensive list of COVID-19 vaccines that are undergoing development or have been authorized for public use, as well as links to relevant publications, news articles, and a VAERS case report analysis tool (Huang et al., 2021). The VAERS case report analysis tool employs three statistical measures to determine significantly enriched AEs for a specific vaccine: case report frequency, proportional reporting ratio (PRR), and Chi-square statistic. This statistical method has also been used in previous studies analyzing VAERS case reports, such as for influenza vaccines (Sarntivijai et al., 2012).
This study used Cov19VaxKB’s VAERS statistical analysis tool and OAE to analyze VAERS case reports associated with FDA-authorized COVID-19 vaccines, particularly the Pfizer-BioNTech (i.e., Pfizer), Moderna, and Johnson & Johnson (i.e., Janssen) vaccines. We generated a list of enriched AEs, which were further analyzed with an ontology-based classification and literature search. Also, three AEs of concern—thrombosis, GBS, and myocarditis—were further analyzed for statistical significance according to sex, age, and dose number.
METHODS
VAERS Data Collection and Cov19VaxKB Data Processing
Case report data from the VAERS database was downloaded on 7 January 2022, which included all VAERS data processed as of 31 December 2021. The data were then uploaded to the VIOLIN Cov19VaxKB server (Huang et al., 2021). A server-side script was used to parse and filter case report data for COVID-19 vaccines, which include the Pfizer, Moderna, and Janssen vaccines. This data was then formatted to distinguish specific features such as VAERS report year, United States state or territory, age and sex of vaccine recipient, and vaccine name.
VAERS Statistical Data Analysis
To analyze VAERS data for each of the three FDA-authorized or approved COVID-19 vaccines (Pfizer, Moderna, and Janssen) in comparison to all vaccines in VAERS, four statistical measures were calculated: Pearson’s Chi-square statistic without Yates’s correction, Proportional Reporting Ratio (PRR) (Evans et al., 2001), case report frequency, and crude reporting rate. Case report frequency is defined as the number of AE case reports for that specific AE divided by the total number of AE case reports for the vaccine (Sarntivijai et al., 2012). Crude reporting rate is defined as the number of AE case reports for a specific AE divided by the total number of vaccine doses administered for the vaccine (Suragh et al., 2018).
Cov19VaxKB’s VAERS case report analysis tool utilizes three statistical criteria were then used to determine if an AE is significantly enriched for a specific COVID-19 vaccine: 1) the total number of case reports for the vaccine is at least 3 and case report frequency >0.2%, 2) PRR >2, and 3) Chi-square statistic >4 (Sarntivijai et al., 2012). Based on these criteria, we obtained a list of significantly enriched AEs for the Janssen, Moderna, and Pfizer vaccines. In addition, sex-, age-, and dose-specific adverse event data of these three vaccines were searched and extracted separately from the CDC WONDER’s VAERS database for three AEs: myocarditis, GBS, and thrombosis. Using this data, we then calculated and compared the PRR and Chi-square statistics for different sexes (male and female), age groups (ranging from 18 to 64), and dose number (doses 1–3 doses for Pfizer and Moderna vaccines, and 1 dose for Janssen vaccine). Only dose 1 of the Janssen vaccine was included in this analysis since insufficient data was available for doses 2 and 3 of the Janssen vaccine.
Ontology-Based AE Classification and Modeling
The list of enriched AEs, which were coded using MedDRA, was mapped to the Ontology of Adverse Events (OAE) (He et al., 2014) and then classified using the OAE-based classification method. Specifically, the Ontofox tool was used to extract a list of enriched AEs and other terms associated with the list terms (Xiang et al., 2010). The Protege-OWL editor (Rubin et al., 2007) was then used to display the terms of the Ontofox output. For ontology modeling, OAE was also used to define the thrombosis with thrombocytopenia syndrome (TTS) adverse event and its five level subtypes based on Brighton Collaboration’s case definitions (Wise et al., 2007). Furthermore, related OAE terms were imported to the Coronavirus Infectious Disease Ontology (CIDO) (He et al., 2020; Huffman et al., 2021), which was further used to model the relations between COVID-19 vaccines and the confirmed AEs associated with these vaccines.
Literature Mining of Enriched Adverse Events
We identified literature papers related to the enriched AEs for the Pfizer, Moderna, and Janssen vaccines on PubMed and Google Scholar. These articles were then annotated and abstracted in a Microsoft Excel table (Supplementary File S1).
RESULTS
General VAERS Data Collection and Analysis via Cov19VaxKB
As of 31 December 2021, the VAERS database included a total of 717,577 AE case reports for all FDA-authorized or approved COVID-19 vaccines, including 323,185 reports for the Pfizer COVID-19 vaccine, 329,056 for the Moderna COVID-19 vaccine, 63,741 for the Janssen COVID-19 vaccine, and 1,595 for COVID-19 vaccines for which the manufacturer is unknown. Among the Pfizer, Moderna, and Janssen vaccines combined, the ten most frequently reported adverse events were headache (17.5% case report frequency), pyrexia (14.8%), fatigue (14.6%), chills (12.7%), pain (12.6%), dizziness (10.0%), nausea (9.9%), pain in extremity (9.5%), myalgia (6.0%), and arthralgia (5.9%). According to data from the CDC, 296,870,831 Pfizer vaccines were administered in the United States as of 31 December 2021, while 194,260,394 Moderna vaccines and 17,640,334 Janssen vaccines were administered in the US during that same time period (https://covid.cdc.gov/covid-data-tracker/#vaccinations_vacc-total-admin-rate-total). As of 31 December 2021, the crude reporting rate for all adverse events was 0.361% for the Janssen vaccine, 0.169% for the Moderna vaccine, and 0.109% for the Pfizer vaccine (Table 1).
TABLE 1 | Total VAERS AE case reports, total vaccine doses administered in the US, and crude reporting rates for Janssen, Moderna, and Pfizer vaccines as of 31 December 2021.
[image: Table 1]Our VAERS data analysis found that females had a higher number of COVID-19 vaccine AE case reports compared to males. Overall, the total COVID-19 vaccine AE case number for females (481,574) was approximately 2.3-fold the case number for males (209,794) by the end of 2021. This trend can also be observed when comparing the top 10 AEs for both biological sexes (Table 2). Specifically, for each of the top 10 AEs, the total number of cases in females was between 2.6- and 3.84-fold the case number in males. Compared to the males, the females also had higher frequencies for each of the top 10 AEs among total case reports for the corresponding biological sex. For example, for the nausea AE, there were 14,415 (6.9% of 209,794) male case reports and 55,307 (11.5% of 481,574) female case reports (Table 2). The female-to-male case report ratio for the nausea AE is 1.667. The most common AE, headache, was reported in 19.6% of all female case reports and 13.5% of all male case reports. Overall, the female-to-male case report ratios for the top 10 AEs ranged from 1.14 to 1.667 (Table 2).
TABLE 2 | Profiles of COVID-19 vaccine-associated Top 10 AEs in females and males. Data is derived from VAERS case reports from all COVID-19 vaccines as of 31 December 2021.
[image: Table 2]Using the criteria specified in the Methods section, we identified a total of 175 statistically significant enriched adverse events among all COVID-19 vaccines in VAERS (Figure 1A). These enriched AEs are listed in Supplementary File S2. However, several of these enriched AEs were not necessarily medical conditions, including tests or interventions such as “anticoagulant therapy” and “blood test” or administration errors such as “product administered to patient of inappropriate age.” We chose to focus on AEs related to medical conditions. After trimming out non-medically relevant AEs, the total number of enriched AEs was 96. The number of enriched AEs for each vaccine was 57 for the Pfizer vaccine, 20 for the Moderna vaccine, and 51 for the Janssen vaccine (Figure 1B). Of the 96 enriched AEs, 31 were enriched only in the Pfizer vaccine, 11 only in the Moderna vaccine, and 25 only in the Janssen vaccine. Twenty-one AEs were enriched only in the Pfizer and Janssen vaccines, 4 AEs were only enriched in the Pfizer and Moderna vaccines (atrial fibrillation, pharyngeal swelling, vaccination site pain, and Bell’s palsy), and 3 AEs were only enriched in the Moderna and Janssen vaccines (fatigue, chills, and impaired work ability). One adverse event was shared among all three vaccines: ageusia (i.e., loss of taste). Of the three COVID-19 vaccines in our analysis, Moderna was associated with the least number of enriched AEs.
[image: Figure 1]FIGURE 1 | Venn diagram of significant AEs associated with the Janssen, Moderna, and Pfizer vaccines. (A) Non-trimmed version of 175 AE terms. (B) Trimmed data of 96 AE terms after removing non-medically relevant AEs. The criteria for significance selection included Chi-square statistic >4, PRR >2, and case report frequency >0.2%.
Hierarchical Classification of Adverse Events Based on the OAE
To further study the 96 statistically significant AEs associated with the Janssen, Moderna, and Pfizer COVID-19 vaccines, we classified these AEs using the OAE-based classification method (Figure 2). Such AE classification provides us a more comprehensive hierarchical visualization of the identified AEs and allows us to conveniently identify relationships between AEs that are significantly enriched for COVID-19 vaccines. Table 3 summarizes the enriched AE results based on the OAE classification.
[image: Figure 2]FIGURE 2 | Ontological classification of statistically significant AEs associated with at least 2 of the three COVID-19 vaccines using the Ontology of Adverse Events (OAE).
TABLE 3 | Statistically significant medically relevant AEs associated with the Janssen, Moderna, and Pfizer COVID-19 vaccines.
[image: Table 3]The most frequently identified AE category for the three vaccines was the behavioral and neurological AEs, which includes 38 unique AEs (Table 3). Among them, 23 AEs were enriched in Pfizer vaccine, 22 were enriched in Janssen vaccine, and 6 were enriched in Moderna vaccine. Ageusia was enriched among all three vaccines. Migraine, parosmia, anosmia, panic attack, facial paralysis, seizure, and head discomfort were enriched in Janssen and Pfizer vaccines. Fatigue, impaired work ability, and chills were enriched in both Janssen and Moderna vaccines. Bell’s palsy was the only behavioral and neurological AE that was only enriched between Pfizer and Moderna vaccines. Headache, eye pain, unconsciousness, unresponsiveness to stimuli, and sleep disorder were only enriched in the Janssen vaccine. AEs that were only enriched in Pfizer vaccine included dysgeusia, anxiety, nervousness, chest discomfort, chest pain, oropharyngeal pain, axillary pain, hypoesthesia oral, and lymph node pain. Limb discomfort was enriched only in Moderna vaccine.
Fourteen enriched AEs were classified as cardiovascular AEs, of which 10 in Pfizer vaccine, 9 were enriched in Janssen vaccine, and 1 in Moderna vaccine. Other than atrial fibrillation, which was enriched in both Moderna and Pfizer vaccines, all other enriched cardiovascular AEs were associated with only the Pfizer and/or Janssen vaccines. Myocardial infarction, cerebrovascular accident, pulmonary embolism, thrombosis, and deep vein thrombosis were enriched in both Pfizer and Janssen vaccines. Palpitations had the highest case report count of all cardiovascular AEs and is only enriched in Pfizer vaccine. Other AEs that are only enriched in Pfizer vaccine include hypertension, heart rate irregular, and increased heart rate. Lastly, decreased heart rate, epistaxis, contusion, and pulmonary thrombosis were only enriched in Janssen (Figure 2).
Female reproductive system AEs were primarily enriched in both Janssen and Pfizer vaccines, including menstrual disorder, dysmenorrhea, heavy menstrual bleeding and irregular menstruation. Only vaginal hemorrhage was enriched exclusively for the Pfizer vaccine.
Nine adverse events were classified as Local (injection-site) AEs, of which all of them were enriched in the Moderna vaccine. These AEs included injection-site pruritus, injection-site erythema, injection-site edema, and injection site-warmth. Only one local AE (injection-site pain) was also enriched in the Pfizer vaccine.
Enriched Immune system AEs included myocarditis, pericarditis, and lymphadenopathy, which were all only enriched in the Pfizer vaccine. COVID-19 pneumonia was the only immune system AE that was enriched in both Janssen and Pfizer vaccines.
One enriched adverse event (death) was classified as a serious adverse event. Death was only enriched in the Janssen vaccine. There were 919 VAERS case reports of death for the Janssen vaccine as of 31 December 2021. This represents 1.44% out of 63,741 Janssen AE reports in VAERS, and only 0.0052% of the 17,640,334 total Janssen vaccination doses in the U.S. as of 31 December 2021 (https://covid.cdc.gov/covid-data-tracker/#vaccinations_vacc-total-admin-rate-total). The PRR value for death in the Janssen vaccine was 2.02, which means that the case report frequency of death in Janssen vaccine VAERS case reports was 2.02 times the case report frequency of death for all the other vaccines in VAERS. It should be noted that VAERS includes any adverse events that occur after vaccination, regardless of whether they were caused by vaccination. Thus, further investigation is needed to determine the cause of these reported deaths and identify any potential trends or patterns.
Other enriched AEs were classified as ear, eye, investigation result abnormal, homeostasis, injury, musculoskeletal or connective tissue, nervous system, respiratory system, skin, or urinary system adverse events. Ear AEs included deafness, ear discomfort, hypoacusis, and tinnitus. Eye AEs included vision blurred and vision field defect. The one Investigation result abnormal AE was oxygen saturation decreased. Homeostasis AEs included edema limbs, pharyngeal edema, tongue edema, thirst, and hypoxia. The one Injury AE was head injury. Musculoskeletal or connective tissue AEs included muscle spasm and muscle tightness. Paresthesia oral was classified as a Nervous system AE. Respiratory system AEs included acute respiratory failure, dyspnea exertional, sinus congestion, and respiratory tract congestion. Skin AEs included flushing, hot flushes, hyperhidrosis, and pruritic rash AEs. The one Urinary system AE was acute kidney injury.
Myocarditis AE and the Effect of Sex, Age, and Dose Number
Among all three COVID-19 vaccines, myocarditis was associated with 2,295 cases as of 31 December 2022. Specifically, the Janssen vaccine had 73 cases of myocarditis (0.11% case report frequency) (Table 4). The Pfizer vaccine had 1,471 (0.46%), while the Moderna vaccine had 751 cases (0.23%). Of the three vaccines, the Pfizer vaccine had the highest case report frequency of myocarditis, and it was the only vaccine for which myocarditis was significantly enriched according to our statistical criteria. However, the low frequency of myocarditis among all case reports for the Pfizer vaccine indicates that it is a rare AE: out of 1,000 Pfizer vaccine-related AE case reports to VAERS, there were fewer than 5 cases reporting myocarditis.
TABLE 4 | Case report counts, frequencies, and PRRs of 3 representative AEs for the Janssen, Moderna, and Pfizer vaccines. Bolded values represent statistically significant AEs for the corresponding vaccine.
[image: Table 4]Statistical results for each specific sex, age group, and dose number are found in Supplementary File S3. For both males and females, the PRR for myocarditis in the Pfizer vaccine was significant, but not for the Moderna or Janssen vaccines (Figure 3A). Myocarditis after Pfizer vaccination also had significant Chi-square statistics for both sexes (Supplementary File S3). However, the case report frequency of myocarditis in Pfizer was significant for males but not females. Thus, myocarditis was significantly enriched in the Pfizer vaccine for males but not females. For both the Moderna and Janssen vaccines, myocarditis did not meet the significance criteria for either males or females.
[image: Figure 3]FIGURE 3 | PRRs of myocarditis and thrombosis under 3 conditions (sex, dose number, and age). (A–C) are for myocarditis, and (D–F) are for thrombosis. The effects of sex, dose, and age are studied. Note that we only used Dose 1 data for the Janssen vaccine.
The results of different doses of the three vaccines were compared as well. Myocarditis had significant PRR values for all three doses of Pfizer and dose 3 of Moderna, and these doses also met the significance criteria for Chi-square statistic and case report frequency (Figure 3B). Of the three Pfizer doses, Dose 2 of the Pfizer vaccine had the highest PRR value (4.47). Doses 1 and 2 of the Moderna vaccine and Dose 1 of the Janssen vaccine failed to meet at least one of the three significance criteria.
The results for different age groups were also compared. Myocarditis met the significance criteria for age groups 18–29 and 40–49 receiving the Pfizer vaccine. While the PRR for myocarditis did meet the significance criteria for age groups 50–59, 60–64, and 65–79 receiving the Pfizer vaccine, the case report frequency of myocarditis AE for these groups was less than 0.2% (Figure 3C). Myocarditis was not significant for any age group receiving the Moderna or Janssen vaccines.
GBS AE and the Effect of Sex, Age, and Dose Number
Although GBS has received much attention in the news, it was not significantly enriched in any of the three vaccines. As of 31 December 2021, there were 233 (0.37% case report frequency), 340 (0.11%), and 243 (0.07%) GBS case reports associated with Janssen, Pfizer, and Moderna vaccines, respectively (Table 4). The case report frequency of the Janssen vaccine-associated GBS cases was 3.46 times over that of Pfizer vaccine and 4.95 times that of Moderna vaccine (Table 4). However, the PRR values of the three COVID-19 vaccines (Janssen: 1.29; Pfizer: 0.312; Moderna: 0.212) were all less than 2, and were not significant based on our filtering criteria.
The case report frequency of GBS was significant (>0.2%) for all sexes, Dose 1, and all age groups except for age group 18–29 for the Janssen vaccine (Supplementary File S3). However, no sexes, doses, or age groups for the Moderna or Pfizer vaccines had a significant case report frequency for GBS. The Chi-square statistics for GBS were significant (>4) for both males and females for the Pfizer and Moderna vaccines, but were not significant for either sex for the Janssen vaccine. The Chi-square statistics for GBS were also significant for all age groups for the Pfizer and Moderna vaccines and for the age groups 18–29, 50–59, and 60–64 for the Janssen vaccine. Dose 1 for all three vaccines, Dose 2 for the Pfizer vaccine, and Dose 3 for the Pfizer and Moderna vaccines had significant Chi-square statistics. The PRR values of GBS for all sexes, doses, and age groups for all 3 vaccines failed to meet the significance criteria of >2, except for Dose 2 for the Moderna vaccine. Overall, GBS failed to meet one or more of the significance criteria for the Janssen, Pfizer, and Moderna vaccines for all sexes, doses, and age groups.
Thrombosis AE and the Effect of Sex, Age, and Number of Doses
As shown in Table 4, there were 992 (1.56% case report frequency), 1,708 (0.53%), and 1,196 (0.36%) thrombosis cases associated with Janssen, Pfizer, and Moderna vaccines as of the end of 2021. Thrombosis met all three significance criteria for the Janssen and Pfizer vaccines, but not Moderna. The Janssen vaccine-associated thrombosis AE had a PRR value of 6.84, indicating that thrombosis was reported more than 6 times as frequently for the Janssen vaccine compared to all the other vaccines in VAERS. Meanwhile, the thrombosis AE associated with the Pfizer and Moderna vaccines had a PRR value of 2.45 and 1.38 (Table 4), respectively, suggesting that these two vaccines were less likely associated with the thrombosis AE.
Thrombosis had significant PRR values for both females and males receiving the Pfizer and Janssen vaccines (Figure 3D). For the Janssen vaccine, the PRR for females was slightly greater compared to males. The PRR values for males and females receiving the Janssen vaccine were both greater than the PRR values for males and females receiving the Pfizer vaccine. Thrombosis also had significant case report frequencies and Chi-square statistics for both males and females receiving the Pfizer or Janssen vaccines. However, thrombosis failed to meet at least 1 of the significance criteria for both males and females receiving the Moderna vaccine.
Thrombosis was significant for Dose 1 of the Janssen vaccine, Dose 2 of the Pfizer vaccine, and Dose 3 of the Pfizer and Moderna vaccines (Supplementary File S3). Notably, the thrombosis PRR for Dose 1 of the Janssen vaccine (6.26) was considerably higher than the PRRs for other doses for any COVID-19 vaccine. Dose 1 of the Pfizer vaccine met the significance criteria for case report frequency and Chi-square statistic, but its PRR of 1.91 was slightly below the significance cutoff of 2.
Thrombosis was significant for all six age groups of the Janssen vaccine, as well as the 65–79 age group for the Pfizer vaccine. However, thrombosis was not significant for any age group of the Moderna vaccine. Interestingly, the PRR values for thrombosis in the Janssen vaccine appear to increase with age (Figure 3F).
OAE Ontology Updates and Modeling to Support COVID-19 Vaccine AE Research
As a community-based ontology in the field of adverse events, the Ontology of Adverse Events (OAE) standardizes the definition and classification of various adverse events (He et al., 2014). The thrombosis with thrombocytopenia syndrome (TTS) (Wise et al., 2007) is a new adverse event recently proposed during the COVID-19 pandemic. This term is not present nor defined in the MedDRA AE coding system. As the OAE developers by ourselves, we have updated OAE by providing a standardized definition of the term ‘thrombosis with thrombocytopenia syndrome AE’ in the OAE. Our OAE definition on this TTS term is based on the term standardization by the Brighton Collaboration (Brighton Collaboration, 2021).
Based on the Brighton Collaboration definition, we also defined the term in the OAE. Given that OAE focuses on adverse events, we named our term ‘thrombosis with thrombocytopenia syndrome AE’ and defined it as: “An adverse event in a patient presenting with both acute venous or arterial thrombosis and new onset thrombocytopenia after a medical intervention such as vaccination” (Figure 4).
[image: Figure 4]FIGURE 4 | OAE definition of thrombosis with thrombocytopenia syndrome (TTS) AE and its five level subtypes based on Brighton Collaboration case definition (Chen and Black, 2021).
It is noted that the presence of both thrombosis and thrombocytopenia does not mean TTS per se because they might have been assessed separately. To make a TTS case established, both thrombosis and thrombocytopenia should exist together. Since an exposure to heparin might induce thrombocytopenia (Greinacher et al., 2021), any recent known exposure to heparin should be excluded in the conclusion of TTS adverse event following vaccination.
Furthermore, based on the Brighton Collaboration’s recommendation, we have classified five levels of TTS AE (Chen and Black, 2021), and include these five levels of TTS AE to OAE (Figure 4). These five levels are briefly classified as follows (Chen and Black, 2021):
- Level 1 TTS AE: definite case of TTS.
- Level 2 TTS AE: probable case of TTS.
- Level 3 TTS AE: possible case TTS.
- Level 4 TTS AE: reported case as TTS but having insufficient evidence.
- Level 5 TTS AE: most likely not a case of TTS
The above OAE-represented AE terms can be used for COVID-19 VAE or AE representation. To further represent the semantic relations between the AEs and specific COVID-19 vaccines, we used the Coronavirus Infectious Disease Ontology (CIDO) (He et al., 2020; Huffman et al., 2021; Liu et al., 2021) as the platform. As a biomedical ontology in the domain of coronavirus diseases, the CIDO has also imported the terms of COVID-19 vaccine-related terms from the Vaccine Ontology (VO) (Ozgur et al., 2011; Lin and He, 2012). As an example of how an ontological relation can be used to associate a vaccine with an adverse event, we linked the Janssen vaccine and the TTS AE using the relation ‘vaccine susceptible for AE’, we were able to link a COVID-19 vaccine and its associated AE such as:
“Janssen vaccine”: “vaccine susceptible for AE” some “TTS AE.”
Note that not all the statistically identified AEs found in this study were included in the CIDO representation. Only clinical or experimentally verified AEs are included. Ontology is a foundation of AI. Through an ontological representation such as CIDO’s, adverse event data can be understood and interpreted by various AI programs, supporting advanced AI reasoning and studies.
DISCUSSION
VAERS has been widely used for COVID-19 vaccine AE studies, and similar results have been reported (Chen et al., 2021; Singh et al., 2022). For example, Singh’s study found that the most common AE for the three vaccines is headache and most of the AEs are mild (Singh et al., 2022). Compared to other VAERS-based studies, our work is unique in at least three aspects. First, we have applied a standardized statistical methodology incorporating Pearson’s Chi-square statistic, PRR, and minimal case report number to identify enriched AEs. Second, we applied our Ontology of Adverse Events (OAE) classification methods to classify statistically enriched AEs into various categories, including behavioral and neurological, cardiovascular, renal, pulmonary, reproductive, and skin AEs. Third, we have also generated a publicly available database of COVID-19 vaccine VAERS case reports specifically for COVID-19 vaccines using the COVID-19 Vaccine Knowledge Base web platform (Cov19VaxKB) (Huang et al., 2021), and these case reports can be queried and further analyzed using our web interface.
Our study found that the number of enriched AEs for the three vaccines has shifted considerably over time (Supplementary Figure S1). From April 2021 to December 2021, the number of statistically significant AEs shared across all three COVID-19 vaccines decreased from 44 to 3 while the number of enriched AEs shared between the Pfizer and Janssen vaccines increased from 10 to 21. Notably, the number of significantly enriched AEs associated with the Moderna vaccine sharply decreased from 94 in April 2021 to 33 in December 2021. These changes could be attributed to the influx of new case reports over time that provided stronger statistical power to our VAERS analysis. Meanwhile, other factors such as number of doses and possible earlier infection might have also affected the results.
Vaccinated females appeared to have higher case report frequencies than vaccinated males for the top 10 reported COVID-19 vaccine AEs (Table 2). Our finding is largely aligned with a recent report that women have a wider range of AEs to experience than men after COVID-19 vaccination (Venkatakrishnan et al., 2021). According to that report, the women were more susceptible to AEs such as nausea, vomiting, erythema, local pain and swelling, headache, diarrhea, and anaphylaxis, and men were more susceptible to AEs including fever, facial paralysis, and myalgia after COVID-19 vaccine administration. However, our study showed that the females were more susceptible to all top 10 VAEs, including fever (i.e., pyrexia) and myalgia AEs, than the males based on the VAERS data analysis. Females typically develop higher antibody responses than males, rendering not only more resistance of females to infectious diseases but also higher incidence to autoimmunity and adverse events among women (Fischinger et al., 2019). Others possible factors that could explain higher AE occurrences in females include sex differences in hormones, genetics, microbiome profiles, and sensitivity to pain (Venkatakrishnan et al., 2021). Confounding factors such as prior history of COVID and willingness to reporting to VAERS might also have effects on the sex differences observed in our study.
Among enriched behavioral and neurological AEs in at least one of the three COVID-19 vaccines, Bell’s palsy (i.e., unexplained facial muscle weakness or paralysis), ageusia (i.e., the loss of taste), dysgeusia (i.e., taste distortion), and anosmia (i.e., loss of smell) are worth discussion. Bell’s palsy was enriched in both Moderna and Pfizer vaccines. Prior population-based studies suggest that the risk of Bell’s palsy following Pfizer vaccination is either negligible or slightly increased (Shibli et al., 2021; Wan et al., 2022). A population-based case-control study of COVID-19 vaccine recipients in Hong Kong found no significantly increased risk of Bell’s palsy in Pfizer vaccine recipients (Shibli et al., 2021). However, a retrospective cohort study based on healthcare data from Israel concluded that the Pfizer vaccine may be associated with an increased risk of Bell’s palsy (Wan et al., 2022).
Notably, taste disorder and ageusia were the only AEs that were significantly enriched among all three vaccines. Case studies have been reported for loss of taste following COVID-19 vaccination, but further investigation is needed to determine any large-scale patterns or a causal relationship between COVID-19 vaccination and loss of taste (Lechien et al., 2021).
Cardiovascular AEs have been frequently associated with COVID-19 vaccines. Most of the enriched cardiovascular-related AEs were only enriched in the Pfizer and/or Janssen vaccines, including myocarditis and thrombosis (discussed below). However, atrial fibrillation was enriched in the Pfizer and Moderna vaccines. Although there have not been any studies that have further investigated any relationship between atrial fibrillation and SARS-CoV-2 vaccination, there have been studies that have described occurrences of arrhythmia following administration of the Pfizer COVID-19 vaccine. For example, there have been a few cases of paroxysmal ventricular arrhythmia in the BNT162b2 (Pfizer) vaccine clinical trial; however, no causality was able to be established (Polack et al., 2020). There have also been studies reporting multiple cases of tachycardia post vaccination (Marco Garcia et al., 2021). Other studies have also observed occurrences of myocardial infarction after COVID-19 vaccination, with a higher rate of myocardial infarction associated with older people (Li X. et al., 2021). Although isolated case reports have been identified for the aforementioned AEs, further population-based, longitudinal studies are needed to establish a causal relationship between cardiovascular AEs and COVID-19 vaccination.
The increasing number of de novo or reactivation of acute kidney injury (AKI) has been reported after COVID-19 vaccination. The occurrence of AKI after immunization against influenza, pneumococcus, and hepatitis B has been accounted for previously (Hou et al., 2021). A review of AKI-related case reports after COVID-19 vaccination found that the most frequent pathology observed in patients who developed acute onset nephrotic syndrome was minimal change disease (MCD, 19 cases), followed by IgA nephropathy (14 cases) and vasculitis (10 cases). In our study, we found AKI was significantly enriched in Janssen and Pfizer. Given that AKI is known to occur as a side effect for various other vaccines, it is therefore no surprise that it is enriched as an adverse event in the Janssen and Pfizer vaccines.
A few enriched AEs were related to the female reproductive system, including irregular menstruation, heavy menstrual bleeding, and intermenstrual bleeding. A January 2022 retrospective cohort study tracking menstrual cycle data from nearly 4,000 vaccinated and unvaccinated individuals found that COVID-19 vaccination was associated with a change of less than 1 day in menstrual cycle length (Edelman et al., 2022). This change is considered clinically insignificant since it falls within the normal variation for cycle length (less than 8 days) according to the International Federation of Gynecology and Obstetrics. This study also found no association between vaccination and change in menses length. As for heavy menstrual bleeding or intermenstrual bleeding, no studies discussing the relation of these adverse events to COVID-19 vaccination were found. Shimabukuro et al. found that the overall reactogenicity profile was similar between pregnant and non-pregnant women (Hause et al., 2021).
As suggested by the CDC, myocarditis, GBS, and thrombosis are three medical conditions that might be associated with Pfizer, Moderna, and/or Janssen COVID-19 vaccines (https://www.cdc.gov/mmwr/volumes/70/wr/mm7032e4.htm). Our VAERS case report analysis did not find GBS as a significantly enriched adverse event in any of the three vaccines but did find that myocarditis was enriched in the Pfizer vaccine, while thrombosis was enriched in both the Pfizer and Janssen vaccines. In light of these results, we performed a more thorough statistical analysis of GBS, thrombosis, and myocarditis in VAERS case reports related to these three vaccines based on sex, age, and number of doses.
Our findings regarding myocarditis are similar to some prior studies. Li et al. conclude that the rate of myocarditis/pericarditis is low. Among all vaccines in their study, the rate is the highest in BNT162b2, particularly in the second dose (Li M. et al., 2021). According to Aye et al., many of those who developed myocarditis had symptoms after the second dose (Aye et al., 2021). We also found that the results of the Pfizer vaccine (BNT162b2) were significant after two doses. Furthermore, Dionne et al. conducted case studies and stated that myocarditis occurred more frequently in male after the second dose of BNT162b2 (Dionne et al., 2021).
The PRR of Pfizer for myocarditis was the highest among all three vaccines in our study, suggesting that the second dose after the vaccination might be riskier, especially for the Pfizer vaccine, compared to other doses and vaccines. Our findings regarding myocarditis are similar to some prior studies. An analysis of VAERS data from 11 December 2020, to 13 August 2021, concluded that while the rate of myocarditis and pericarditis after COVID-19 vaccination is low, these adverse events occur most frequently in the Pfizer COVID-19 vaccine, particularly after the second dose (Li M. et al., 2021). Other studies have also suggested that post-vaccination incidents of myocarditis occurred more frequently after the second dose of the Pfizer vaccine compared to the first dose (Aye et al., 2021; Dionne et al., 2021). Our results also indicated that myocarditis was significantly enriched in the Pfizer vaccine for males and adults aged 18–29. A study analyzing safety surveillance data from Vaccine Safety Datalink as of 26 June 2021, suggested that the association of myocarditis with the Pfizer vaccine was elevated, though not significant, in people of ages 12 to 39 (Klein et al., 2021).
We did not find a significant statistical association between GBS and any of the three COVID-19 vaccines. Many case reports of GBS after COVID-19 vaccination have been published (Supplementary File S1). For example, Maramattom et al. observed seven cases of GBS that occurred within 2 weeks of the first dose of ChAdOx1-S vaccination (Maramattom et al., 2021). Caress et al. reviewed 37 published cases of GBS associated with COVID-19 during the early pandemic and found a potentially small but statistically significant safety issue with GBS following Ad26.COV2.S vaccine (Caress et al., 2020). Nagalli and Kikkeri reported the first known case of subacute GBS onset following mRNA-1273 vaccination, in which a middle-aged woman gradually developed lower extremity weakness, symptoms peaked at 10 and 12 weeks after onset (Nagalli and Shankar Kikkeri, 2022). Roberto et al. reported a case of GBS after receiving the second dose of Pfizer vaccine (Scendoni et al., 2021). GBS has also previously been observed as an adverse event of several vaccines that incorporate viral genetic material (Leung, 2021; Oliver et al., 2022). However, no significant statistical association between GBS and COVID-19 vaccines was observed in our study. Two possible reasons might explain this finding. First, additional data uploaded to VAERS since the publication of these earlier studies may have influenced the results of our GBS case report analysis and contributed to greater statistical power for our analysis, since we analyzed a much higher sample size of case reports (816 vs. 37 or fewer). Second, the statistical methods used are different. Caress et al. analyzed the observed ratios and considered an increase in the percentages to be statistically significant (Caress et al., 2020). However, our study utilizes PRR, Chi-square, and case report frequencies to determine significantly enriched adverse events.
Thrombosis was found significant for the Janssen and Pfizer vaccines. Our finding that the Janssen vaccine was significant for thrombosis is not surprising since the Janssen vaccine is an adenoviral vector vaccine, which is a type of vaccine known to be correlated with thrombosis with thrombocytopenia syndrome (TTS) (Ashorobi et al., 2022). However, it is notable that the Pfizer vaccine was also significant for thrombosis, since prior studies have suggested that there is no association between thrombosis or TTS with mRNA vaccines such as the Pfizer and Moderna vaccines (Klein et al., 2021). Further studies are necessary to investigate the potential link between thrombosis and the Pfizer COVID-19 vaccine.
The molecular mechanisms underlying these enriched AEs merit further investigation. Recent research has provided evidence of the antibody-mediated response to molecular complexes between platelet factor 4 (PF4) and the adenoviral vectors used in COVID-19 vaccines, which appears to be the likely mechanism of the unusual blood clot occurrence associated with adenoviral vector-based COVID-19 vaccines (Baker et al., 2021). The binding of the antibodies to the complex was able to induce platelet activation. Several studies have observed associations between vaccinee comorbidities and VAE outcomes. For example, Chen et al. found that the history of allergy was more frequent in people with anaphylactic reactions as AEs, and the history of anxiety or depression was more common in people with severe neurological VAEs after vaccination (Chen et al., 2021). Those who died were likely to be elderly and were more prone to experience hypertension and neurological disorders (Chen et al., 2021). Xiong’s study found that the adverse events for older adults are more serious than younger adults according to the results of logistic regression models (Xiong et al., 2021). Further studies are necessary to determine whether these and other comorbidities may be causally linked to specific adverse events in COVID-19 vaccines.
We also reviewed studies analyzing COVID-19 vaccine AE case reports from other databases including the EudraVigilance Database and VigiBase (Supplementary File S1). A study analyzing data from the EudraVigilance Database found that the frequencies of thrombocytopenia and severe AEs in young adult recipients were lower in Janssen compared to the AstraZeneca COVID-19 vaccine; however, the frequency of severe AEs in older recipients was higher in Janssen compared to AstraZeneca (Cari et al., 2021). As part of the European Monetary System (EMA), the Pharmacovigilance Risk Assessment Committee stated that unusual thrombosis with low blood platelets is a rare adverse event of Janssen (Douxfils et al., 2021), which agrees with our results. EMA also reported a serious and rare adverse effect of thrombosis with thrombocytopenia syndrome (TTS) after the vaccination of ChAdOx1 nCoV-19 in March 2021 (See et al., 2021). An analysis of VigiBase adverse event case reports for the Pfizer, AstraZeneca, and Moderna COVID-19 vaccines found that acute myocardial infarction, cardiac arrest, and circulatory collapse were associated with these vaccines in people over 75 years old (Jeet Kaur et al., 2021).
Our statistical analysis has identified a number of AEs that are significantly enriched in COVID-19 vaccines compared to all vaccines in the VAERS database. However, VAERS data still presents limitations due to the passive reporting nature of this database (Shimabukuro et al., 2015). The VAERS raw data submitted by the original submitters is processed through a standardization step using the MedDRA coding system (Shimabukuro et al., 2015). After this initial processing, VAERS case reports are made available for public viewing via CDC Wonder (Rodriguez-Nava et al., 2020) or direct download. These case reports are constantly monitored for duplicates or false information and are removed when such information is detected (https://www.cdc.gov/vaccinesafety/ensuringsafety/monitoring/vaers/index.html). However, it is possible that case reports may contain “incomplete, inaccurate, coincidental and unverified information” (https://vaers.hhs.gov/data.html). Underreporting of adverse event incidents has also been cited as a potential pitfall of the VAERS system (Shimabukuro et al., 2015). This suggests that the true number of AE cases for COVID-19 vaccines may be greater than the crude AE reporting rates that were calculated in this study.
As stated in the VAERS disclaimer, vaccination may not necessarily be the cause of AEs reported in the system (https://vaers.hhs.gov/data.html). With respect to COVID-19 vaccines in particular, comparison with VAERS case reports for other vaccines has limitations since COVID-19 vaccine data as of 31 December 2021, was primarily derived from adults, whereas other vaccines may be mainly administered to children. Factors that could affect the incidence of adverse events and increase variability in case reports include prior COVID-19 infection and preexisting comorbidities. Therefore, we cannot identify a causal relationship between COVID-19 vaccination and a specific adverse event based on VAERS data even if a statistically significant association is observed. Our findings require further investigation to determine if a causal relationship between COVID-19 vaccination and these enriched adverse events exists.
Overall, most COVID-19 vaccine-associated AEs occur very rarely, even those that were significantly enriched in specific COVID-19 vaccines. As of 31 December 2021, a total of 509,307,789 COVID-19 vaccines were administered in the United States, while 717,577 adverse event case reports were collected in VAERS (https://covid.cdc.gov/covid-data-tracker/#vaccinations_vacc-total-admin-rate-total). These values equate to a crude AE reporting rate of 0.14% for all COVID-19 vaccines. The most frequent AEs reported among the three COVID-19 vaccines were relatively mild effects such as headache (17.5% of all reports), pyrexia (14.8%), fatigue (14.6%), and chills (12.7%). More severe AEs that were significantly enriched in at least one COVID-19 vaccine occurred at relatively low frequencies. For instance, myocarditis, which was enriched in the Pfizer vaccine, had 1,542 VAERS case reports for the Pfizer vaccine. Similarly, thrombosis, which was enriched in the Pfizer and Janssen vaccines, had a case report frequency of 1,737 for Pfizer and 1,004 for Janssen. It is worthy to note that myocarditis and thrombosis have also been associated with SARS-CoV-2 infection. Studies have found that the risk of myocarditis, pericarditis, cardiac arrhythmias, thrombocytopenia, and thromboembolism is much greater after SARS-CoV-2 infection compared to after COVID-19 vaccination (Hippisley-Cox et al., 2021; Patone et al., 2021). While our VAERS case report analysis has identified signals and alarms for possible adverse events associated with COVID-19 vaccines, the existing COVID-19 vaccines are generally very safe and the benefits of vaccination outweigh the risks.
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Supplementary Figure S1 | Results of statistically enriched AEs obtained at different time points from VAERS for the Janssen, Moderna, and Pfizer vaccines. (A) Data as of April 9, 2021, (B) as of May 26, 2021, (C) as of October 29, 2021, and (D) as of Dec 31, 2021. The number of shared AEs appeared to decrease over time with increasing sample sizes.
Supplementary File S1 | All literature data of human adverse events (AEs) associated with myocarditis, GBS, thrombosis, and other AEs. This Excel file includes four spreadsheets that include the literature data associated with general enriched AEs, myocarditis, GBS, and thrombosis, respectively.
Supplementary File S2 | List of significant adverse events for the Pfizer, Moderna, and Janssen vaccines before and after trimming for medically relevant AEs. Text output for the Venn Diagrams of enriched AEs for the Janssen, Moderna, and Pfizer vaccines is also included. Case report frequencies, PRR, and Chi-square statistics are included for non-trimmed enriched AEs. Note that different spreadsheets are included in this Excel file.
Supplementary File S3 | Case report frequencies, PRR, and Chi-square statistics for the myocarditis, GBS, and thrombosis adverse events in the Janssen, Moderna, and Pfizer vaccines for specified age, sex, and dosage groups.
Supplementary Table S1 | Case report counts and frequencies, crude reporting rates (per 1 million doses), PRR, and Chi-square statistics for AEs that are significant for at least one COVID-19 vaccine.
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