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Abstract

Background: mRNA vaccines, first approved in December 2020, have been used glob-
ally to prevent infectious diseases, and those for treating cancers are being developed.
Safety-related labelling changes of Comirnaty and Spikevax were made in June 2025; how-
ever, concerns remain. This study assessed the potential risks associated with mRNA
vaccines on the indications previously approved, utilizing Real-World Data (RWD) of
Adverse Events Following Immunization (AEFIs) derived from the Vaccine Adverse Event
Reporting System (VAERS) and Academic Literature Databases (ALD). Methods: A Dispro-
portionality Analysis (DPA) was performed using the Reporting Odds Ratio (ROR) and the
Bayesian Confidence Propagation Neural Network (BCPNN) algorithm on spontaneous
case reports from VAERS. Statistical positive signals were cross-validated with literature
case reports from ALD to provide more comprehensive medical descriptions and clearer
causal assessments, and compared with safety information documented in clinical trials
and on vaccine labelling. Time-to-onset, stratified, and immunization schedule analyses
were conducted to characterize the safety profiles of mRNA vaccines. Results: In total,
5,040,725 spontaneous case reports and 4,387 literature case reports were analyzed. In
both VAERS and ALD, new signals involving blood and lymphatic system disorders (e.g.,
thrombotic thrombocytopenic purpura) and ear and labyrinth disorders (e.g., deafness)
were detected from Comirnaty as Designated Medical Events (DMEs), while blood and
lymphatic system disorders (e.g., thrombotic thrombocytopenic purpura) from Spikevax in
ALD only. No new signals were detected from other vaccines on the DMEs list. In VAERS,
Serious Adverse Events (SAEs) were more common in females, while death risk was higher
in males. In ALD, SAEs were more common in males for most mRNA vaccines, except
Comirnaty. Medical history emerged as a key risk factor for SAEs, particularly among
older adults. Conclusions: Statistically significant safety signals were detected across all
mRNA vaccines based on five-year cumulative RWD, indicating the need of intensified
monitoring of specific populations, including older adults and individuals with medical
histories, alongside further optimization of vaccination strategies.
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1. Introduction

Vaccination is the most effective strategy for preventing and controlling the trans-
mission of infectious diseases [1,2]. The mRNA vaccines, first approved in December
2020, have demonstrated favourable safety and efficacy [3-6], significantly curbing the
prevention and control of COVID-19 and lower respiratory tract infections caused by Res-
piratory Syncytial Virus (RSV) [7]. However, the long-term safety of these products still
requires wider evaluation. In 2021, studies identified an increasing number of myocarditis
and pericarditis reports associated with Comirnaty and Spikevax, particularly among the
adolescents and young adult males [8]. Meanwhile, the warnings and precautions section
for both vaccines was updated in July 2025 [9].

The Vaccine Adverse Event Reporting System (VAERS) is a national surveillance
system jointly operated by the U.S. Food and Drug Administration (FDA) and the U.S.
Centres for Disease Control and Prevention (CDC) to monitor the safety of all authorized
vaccines in the United States [10,11]. Disproportionality Analysis (DPA) is the most widely
used tool for signal detection in pharmacovigilance [12].

In this study, the safety profiles of all authorized mRNA vaccines (Comirnaty, Spikevax,
mRESVIA, MNEXSPIKE, Comirnaty Bivalent, Spikevax Bivalent) were evaluated. The
AEFIs from VAERS were analyzed using the methods of Reporting Odds Ratio (ROR) and
Bayesian Confidence Propagation Neural Network (BCPNN) through DPA. These AEFIs
were further cross-validated with the signals through literature case reports from Academic
Literature Databases (ALD), including PubMed, Embase, Web of Science, and Scopus,
which provide more comprehensive medical descriptions and clearer causal assessments.
Signals were compared with the safety information of clinical trials and product labelling.
The statistically positive signals identified in this study are expected to guide the risk
management and rational use of mRNA vaccines.

2. Materials and Methods
2.1. Data Source and Study Design

This Real-World Study (RWS) was designed as a safety signal detection and evidence
integration study of vaccine pharmacovigilance. DPA was employed to detect the safety
signals of mRNA vaccines (see Table S1) in VAERS by using both ROR and BCPNN meth-
ods [13], while literature case reports and clinical trial publications were retrieved from
ALD. The datasets used in this study were obtained from publicly accessible sources, includ-
ing VAERS and ALD. All data analyses were performed using R software (version 4.5.2),
and the study flowchart is presented in Figure 1.

DPA was conducted in accordance with the guidelines of the REporting of A Dispro-
portionality analysis for drUg Safety signal detection using spontaneous case reports in
PharmacoVigilance (READUS-PV) [14]. Literature case reports were analyzed according
to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 guidelines [15]. The PICOS (Population, Intervention, Comparison, Outcomes, Study)
framework was adopted to define the study scope (see Table S2) [16].

Safety signals were cross-validated by integrating DPA results based on VAERS and
literature case reports from ALD and compared with safety information on the FDA-
approved mRNA vaccine labelling. New safety signals, defined as those with unconfirmed
causality and not listed in the labelling, were thereby identified. As Comirnaty Bivalent
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and Spikevax Bivalent were withdrawn [17], the safety signals of both vaccines were not
compared with their labelling in the present study.

Identification of reports via spontaneous reporting databases

\ 4

Identification of studies via literature databases

Articles identified from January =
1, 2021 to December 31, 2025 .g
Reports identified from January (n =8470): @ S
1, 2021 to December 31, 2025 PubMed (n=1337) > R"‘f‘n;g duplicate records &
(n =9549967) Embase (n=4095) o= ) =
Web of science (n=1123) =
Scopus (n=1915) =
______J
l . —
Terms without clear clinical Coded by Medical Dictionary for i ) B i
significance were excluded <«— Regulatory Activities (MedDRA) A"_ﬁ';;;“"ght PSR — AFEZI:SO HoUTetEleved
(n = 2843594) (n = 9549967) (n=4293) (w=450)
Articles excluded:
The research content is not
coincident (n=701) o0
v The reference type is not matched E
" . (n=2309): s
l(l:l:(;\;:;iﬁi;)p]lcate records o | :flez(;r;(s);;;;s)sed for eligibility (A"ril;lgi;)ssessed for eligibility —>| Reviews (n =95) g
Meta analysis (n = 62) 7]
Conference papers (n=95)
Clinical Trials (n =18)
Animal experiments (n = 2)
Letters (n=37)
Removed non-target vaccine data Y
(n =878423) . . - Articles involving PTs without
Removed due to the vaccine's P :?lel:)o%rg::;lzs(s]gs)sed for eligibility ﬁlrilczlggg)ssessed for eligibility - clear clinical significance were
time-to-market restrictions N excluded (n =35) -
(n=52) v v —
Reports included (n = 5040725): Articles included (n = 2798)
Comirnaty (N = 3125284) Reports of articles included S
Spikevax (N = 1800916) (n=4387): =
mRESVIA (N =122) Comirnaty (N =3201) %
MNEXSPIKE (N = 1842) Spikevax (N = 1164) £
Comirnaty Bivalent (N = 63902) Comirnaty Bivalent (N = 13)
Spikevax Bivalent (N = 48659) Spikevax Bivalent (N =9)

17

v

)

Joint positive PTs (n=132) analysis with safety information

Figure 1. Flowchart of data extraction from the VAERS and Literature case reports.

2.2. Data Description, Access, and Preprocessing

In this study, all AEFI-related medical events were coded by Preferred Terms (PTs) in
the Medical Dictionary for Regulatory Activities (MedDRA) version 28.1, and these terms
were further standardized into System Organ Classes (SOCs) [10]. We excluded certain
terms without clear clinical significance (see Table S3).

2.3. Variables Definition

Serious Adverse Events (SAEs) were classified as died (DIED), life-threatening
(L_THREAT), hospitalized (HOSPITAL) or prolonged hospitalization (X_STAY), disability
(DISABLE), and Congenital anomaly or birth defect (BIRTH_DEFECT) [10,11]. The propor-
tion of SAEs among all AEFIs during primary or booster immunization was calculated as
follows: proportion of SAE (%) = TotglﬁlﬁigrfgﬁfE?lsgs = X 100%.

To determine the clinical importance of AEFIs, we adopted the list of Designated
Medical Events (DMEs) established by the European Medicines Agency (EMA), which

serves as a standardized criterion for assessing the importance of medical events in routine

pharmacovigilance activities [18].
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2.4. DPA

The ROR and BCPNN methods were applied using a 2 x 2 contingency table
(see Table S4) [19,20]. The corresponding formulas, detection thresholds, and confi-
dence/credible intervals (Cls) are provided in Table S5; other vaccines refer to all vaccines
in the VAERS except the target vaccine. Statistical significance was determined as follows:
for the ROR, a signal was considered if the number of AEFI reports (a) was >3 and the
lower limit of the 95% CI (RORgy5) was >1. For the BCPNN, a signal was considered if the
lower limit of the 95% CI (ICg,5) was >0. Both ROR and BCPNN were used to minimize
potential bias originating from the use of a single algorithm [13]. A signal was defined as
positive if it exceeded the threshold in both algorithms. A higher value of RORgp5 or ICq;5
indicated a stronger association between the target vaccine and the AEFL

2.5. Analysis of Literature Case Reports

Based on literature case reports in ALD, mRNA vaccine-related AEFIs were identified
using search terms listed in Table S6. Core fields of AEFIs were extracted individually from
more detailed medical descriptions, including age, sex, medical history, vaccine product
name, immunization dose and procedure, diagnosis terms, seriousness, onset and duration
time. The terms to make a diagnosis were coded using PT in MedDRA, and the seriousness
of AEFIs was classified in accordance with the international standard. A signal was defined
as positive if the corresponding PT was reported in >3 cases.

3. Results

3.1. AEFIs in the VAERS
3.1.1. Description

A total of 5,040,725 AEFI reports were retrieved from VAERS, including 3,125,284 for
Comirnaty, 1,800,916 for Spikevax, 122 for mRESVIA, 1842 for MNEXSPIKE, 63,902 for
Comirnaty Bivalent, and 48,659 for Spikevax Bivalent (Table 1). Data for all mRNA vaccines
were aggregated, involving a population with a median age of 50 years. AEFIs were more
common in females (69.44%), a trend observed across all vaccines. For all mRNA vaccines,
the proportion of vaccinees with a medical history ranged from 26.46% to 70.49%.

3.1.2. AEFI Distributions at the PT and SOC Levels

Top-ranked Positive PTs listed in Table S7 were identified by the top 10 ranking criteria
(sorted by either report count or DPA results, i.e., RORps5 or ICqs5), or selected from PTs
with positive signal included in the DMEs list. The DPA results for all positive PTs are
presented in Table S8.
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Table 1. Demographic characteristics of mRNA vaccines AEFIs in VAERS and literature case reports.

Characteristic Comirnaty Spikevax mRESVIA MNEXSPIKE Cg::;{:i:y ?3[:3::2: mll\{/[NOXO:/:l:inr:es Bivi}:?:i::::NA A\llizl;l;:]?
AEFIs in VAERS
Age (n (%))
Median 48 53 69 67 65 66 50 65 50
<6 months 406 (0.01) 314 (0.02) 0 (0.00) 0(0.00) 22 (0.03) 0 (0.00) 720 (0.01) 22 (0.02) 742 (0.01)

6 months-11 years 23,711 (0.76) 4268 (0.24) 0 (0.00) 29 (1.57) 1024 (1.60) 519 (1.07) 28,008 (0.57) 1543 (1.37) 29,551 (0.59)
12-17 years 78,854 (2.52) 4523 (0.25) 0 (0.00) 23 (1.25) 1147 (1.79) 349 (0.72) 83,400 (1.69) 1496 (1.33) 84,896 (1.68)
18-44 years 760,720 (24.34) 598,786 (33.25) 9 (7.38) 290 (15.74) 9247 (14.47) 7160 (14.71) 1,359,805 (27.59) 16,407 (14.58) 1,376,212 (27.30)
45-64 years 664,562 (21.26) 604,897 (33.59) 20 (16.39) 380 (20.63) 17,167 (26.86) 13,617 (27.98) 1,269,859 (25.77) 30,784 (27.35) 1,300,643 (25.80)

>65 years 415,552 (13.30) 481,594 (26.74) 80 (65.57) 1006 (54.61) 28,931 (45.27) 25,423 (52.25) 898,232 (18.23) 54,354 (48.29) 952,586 (18.90)
Unknown 1,181,479 (37.80) 106,534 (5.92) 13 (10.66) 114 (6.19) 6364 (9.96) 1591 (3.27) 1,288,140 (26.14) 7955 (7.07) 1,296,095 (25.71)
Sex (n (%))
F 2,133,231 (68.26) 1,291,212 (71.70) 100 (81.97) 1292 (70.14) 41,675 (65.22) 32,593 (66.98) 3,425,835 (69.52) 74,268 (65.98) 3,500,103 (69.44)
M 920,203 (29.44) 477,176 (26.50) 22 (18.03) 519 (28.18) 21,702 (33.96) 15,112 (31.06) 1,397,920 (28.37) 36,814 (32.71) 1,434,734 (28.46)
Unknown 71,850 (2.30) 32,528 (1.81) 0 (0.00) 31 (1.68) 525 (0.82) 954 (1.96) 104,409 (2.12) 1479 (1.31) 105,888 (2.10)
History (n (%))
No history 222,605 (7.12) 246,213 (13.67) 11 (9.02) 220 (11.94) 7493 (11.73) 5643 (11.60) 469,049 (9.52) 13,136 (11.67) 482,185 (9.57)
With history 826,922 (26.46) 702,360 (39.00) 86 (70.49) 732 (39.74) 32,286 (50.52) 25,419 (52.24) 1,530,100 (31.05) 57,705 (51.27) 1,587,805 (31.50)
Unknown 2,075,757 (66.42) 852,343 (47.33) 25 (20.49) 890 (48.32) 24,123 (37.75) 17,597 (36.16) 2,929,015 (59.43) 41,720 (37.06) 2,970,735 (58.93)
Reported year (n (%))
2021 1,946,890 (62.29) 1,332,039 (73.96) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 3,278,929 (66.53) 0 (0.00) 3,278,929 (65.05)
2022 876,680 (28.05) 358,507 (19.91) 0 (0.00) 0 (0.00) 22,545 (35.28) 16,654 (34.23) 1,235,187 (25.06) 39,199 (34.82) 1,274,386 (25.28)
2023 203,029 (6.50) 64,488 (3.58) 0 (0.00) 0(0.00) 34,631 (54.19) 24,209 (49.75) 267,517 (5.43) 58,840 (52.27) 326,357 (6.47)
2024 69,343 (2.22) 31,433 (1.75) 36 (29.51) 0 (0.00) 5893 (9.22) 7278 (14.96) 100,812 (2.05) 13,171 (11.70) 113,983 (2.26)
2025 29,342 (0.94) 14,449 (0.80) 86 (70.49) 1842 (100.00) 833 (1.30) 518 (1.06) 45,719 (0.93) 1351 (1.20) 47,070 (0.93)
Total 3,125,284 1,800,916 122 1842 63,902 48,659 4,928,164 112,561 5,040,725
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Table 1. Cont.

Comirnaty Spikevax Monovalent Bivalent mRNA All mRNA

Characteristic Comirnaty Spikevax mRESVIA MNEXSPIKE Bivalent Bivalent mRNA Vaccines Vaccines Vaccines

AEFIs in the literature case reports
Age (n (%))

Median 47 49 NA NA 80 47 48 74 48
<6 months 0 (0.00) 0 (0.00) NA NA 0(0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

6 months-11 years 29 (0.91) 4 (0.34) NA NA 0 (0.00) 0 (0.00) 33 (0.76) 0 (0.00) 33 (0.75)
12-17 years 272 (8.49) 13 (1.11) NA NA 0 (0.00) 0 (0.00) 285 (6.52) 0 (0.00) 285 (6.50)
18-44 years 1152 (35.96) 447 (38.34) NA NA 0(0.00) 1(14.29) 1599 (36.59) 1(5.88) 1600 (36.47)
45-64 years 931 (29.06) 385 (33.02) NA NA 0 (0.00) 4 (57.14) 1316 (30.11) 4 (23.53) 1320 (30.09)

>65 years 776 (24.22) 300 (25.73) NA NA 7 (70.00) 2 (28.57) 1076 (24.62) 9 (52.94) 1085 (24.73)
Unknown 44 (1.37) 17 (1.46) NA NA 3 (30.00) 0 (0.00) 61 (1.40) 3 (17.65) 64 (1.46)

Sex (n (%))

F 1689 (52.72) 603 (51.72) NA NA 7 (70.00) 3 (42.86) 2292 (52.45) 10 (58.82) 2302 (52.47)

M 1460 (45.57) 551 (47.26) NA NA 3 (30.00) 4 (57.14) 2011 (46.02) 7 (41.18) 2018 (46.00)
Unknown 55 (1.72) 12 (1.03) NA NA 0 (0.00) 0 (0.00) 67 (1.53) 0 (0.00) 67 (1.53)

History (n (%))

No history 633 (19.76) 93 (7.98) NA NA 0(0.00) 3 (42.86) 726 (16.61) 3 (17.65) 729 (16.62)

With history 1580 (49.31) 652 (55.92) NA NA 6 (60.00) 3 (42.86) 2232 (51.08) 9 (52.94) 2241 (51.08)

Unknown 991 (30.93) 421 (36.11) NA NA 4 (40.00) 1(14.29) 1412 (32.31) 5(29.41) 1417 (32.30)

Reported year (n (%))

2021 585 (18.26) 281 (24.10) NA NA 0 (0.00) 0 (0.00) 866 (19.82) 0 (0.00) 866 (19.74)

2022 1546 (48.25) 531 (45.54) NA NA 0 (0.00) 1(14.29) 2077 (47.53) 1(5.88) 2078 (47.37)
2023 730 (22.78) 233 (19.98) NA NA 9 (90.00) 4 (57.14) 963 (22.04) 13 (76.47) 976 (22.25)
2024 233 (7.27) 84 (7.20) NA NA 0 (0.00) 2 (28.57) 317 (7.25) 2 (11.76) 319 (7.27)
2025 110 (3.43) 37 (3.17) NA NA 1 (10.00) 0 (0.00) 147 (3.36) 1(5.88) 148 (3.37)

Total 3204 1166 NA NA 10 7 4370 17 4387

n: Number of reports. NA: Non-positive signal, indicating that the signal detection thresholds for both the ROR and BCPNN methods were not met.
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A total of 27 positive PTs of all mRNA vaccines were obtained across 12 SOCs, with
2 on the DMEs list: anaphylactic reaction and acute kidney injury. Comirnaty generated
45 positive PTs across 19 SOC, with 18 on the DMEs list, such as anaphylactic reaction,
angioedema, and deafness. Compared with Comirnaty’s labelling (August 2025) [21],
new signals were detected, including some on the DMEs list (e.g., deafness, blindness,
sudden hearing loss, anaphylactic shock, renal failure, rhabdomyolysis, pancreatitis acute,
pancreatitis, autoimmune hepatitis, optic ischaemic neuropathy, autoimmune haemolytic
anemia, thrombotic thrombocytopenic purpura, haemolysis, sudden cardiac death, and
dermatitis exfoliative generalized), and other positive PTs (e.g., dysmenorrhoea, menstru-
ation delayed, disease recurrence, toxoplasmosis, and marasmus). Toxoplasmosis is an
infectious disease and pathogenically unrelated to the vaccine [22]. Spikevax generated
20 positive PTs across 6 SOC, with 1 on the DMEs list (erythema multiforme). Compared
with Spikevax’s labelling (August 2025) [23], new signals included sedation and pain in
the extremity. A total of 4positive PTs across 3SOCs were generated for mRESVIA, with
none on the DMEs list. Compared with mRESVIA's labelling (June 2025) [24], a new signal
appeared as feeling abnormal. MNEXSPIKE generated 20 positive PTs across 6SOCs, with
none on the DMEs list. Compared with MNEXSPIKE’s labelling (August 2025) [25], new
signals included pain in an extremity, loss of consciousness, urticaria, hyperhidrosis, and
gait disturbance. Comirnaty Bivalent showed 23 positive PTs across 8 SOCs, with 4 on
the DMEs list: acute kidney injury, pulmonary hypertension, rhabdomyolysis, and febrile
neutropenia. Spikevax Bivalent had 19 positive PTs across 4 SOCs, with 1 on the DMEs list
(pulmonary fibrosis).

Monovalent mRNA vaccines (Comirnaty, Spikevax, mRESVIA, and MNEXSPIKE)
generated 26 positive PTs across 11 SOCs, with 2 on the DMEs list: anaphylactic reaction
and sudden hearing loss. Bivalent mRNA vaccines (Comirnaty Bivalent and Spikevax
Bivalent) generated 23 positive PTs across 5 SOC, with 3 on the DMEs list: acute kidney
injury, pulmonary hypertension, and pulmonary fibrosis.

3.1.3. Time-to-Onset (TTO) Analysis

The TTO analysis showed AEFI intervals using median time and interquartile ranges
(IQRs) (Figure 2a). For all nRNA vaccines, AEFIs occurred shortly after vaccination. The earli-
est occurrences were observed in the use of Comirnaty (median = 1.0 day, IQR: 0.0-9.0 days),
Spikevax (median = 1.0 day, IQR: 0.0-9.0 days), mRESVIA (median = 1.0 day, IQR: 1.0-9.0 days),
and MNEXSPIKE (median = 1.0 day, IQR: 0.0-2.0 days), followed by Spikevax Bivalent
(median = 6.0 days, IQR: 1.0-79.0 days), and Comirnaty Bivalent (median = 15.0 days,
IQR: 1.0-92.0 days). AEFIs occurred earlier in the use of monovalent mRNA vaccines
(median = 1.0 day, IQR: 0.0-9.0 days) than bivalent mRNA vaccines (median = 10.0 days,
IQR: 1.0-86.0 days).

3.1.4. SAEs Analysis

The median age of individuals with SAEs (see Table S9) was generally older than
that with AEFIs (Table 1), indicating a higher risk of SAEs in older adults. Most SAEs
were more frequent in females, but more males had DIED. Meanwhile, an older median
age was linked to a greater proportion of vaccinees with medical histories, reflecting a
cumulative risk for SAEs. Additionally, multiple SAEs were related to general disorders
and administration site conditions (e.g., fatigue) and respiratory, thoracic and mediastinal
disorders (e.g., dyspnoea) (see Table S10).
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Figure 2. The TTO or Duration of AEFIs in VAERS and ALD. (a) The TTO of AEFIs in VAERS;
(b) Intervals from vaccination to AEFIs onset in the literature case reports; (¢) Duration of AEFIs in
the literature case reports.

3.1.5. Immunization Schedule Analysis

SAEs during primary and booster immunization were analyzed (see Table S11). For
all mRNA vaccines and monovalent mRNA vaccines, the number of SAEs was larger in
primary immunization, but the proportion was higher in booster immunization. However,
for bivalent mRNA vaccines, the number of SAEs was larger in booster immunization,
but the proportion was higher in primary immunization. The highest incidence was in
primary immunization with Comirnaty Bivalent (48.04%), and the lowest was in booster
immunization with Spikevax Bivalent (15.13%). Other SAEs had incidences around 20%.
PTs leading to SAESs, including pyrexia, dyspnoea, cardiac arrest, cerebrovascular accident,
pulmonary embolism, and myalgia, shared a similar distribution (see Table 512).

3.2. AEFIs in ALD
3.2.1. Description

A total of 4387 literature case reports were identified (Table 1), involving a population
(46.00% male and 52.47% female) with a median age of 48 years. Monovalent mRNA
vaccines had 4370 reports, involving a population (52.45% females) with a median age
of 48 years. Among these, Comirnaty appeared in 3204 reports (median age 47 years,
52.72% female), and Spikevax in 1166 reports (median age 49 years, 51.72% female). No
reports about mRESVIA and MNEXSPIKE were found. Bivalent mRNA vaccines appeared
in 17 reports: 10 about Comirnaty Bivalent, 7 about Spikevax Bivalent.

3.2.2. AEFI Distributions at the PT and SOC Levels

PTs reported in >3 cases were considered as PTs with positive signals (positive PTs)
in ALD analysis. Top-ranked positive PTs in Table S13 were identified using the top 10
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ranking criteria (sorted by either the number of corresponding events in the literature case
reports or VAERS-derived DPA results, i.e., RORqps5 or IC(y5), or selected from PTs with
positive signals included in the DMEs list.

A total of 38 positive PTs of all mRINA vaccines were obtained across 15 SOCs, with 20
on the DME:s list, such as immune thrombocytopenia, thrombotic thrombocytopenic pur-
pura, and autoimmune hepatitis. Comirnaty generated 32 positive PTs across 14 SOCs, with
17 on the DME:s list, such as immune thrombocytopenia, thrombotic thrombocytopenic pur-
pura, and autoimmune hepatitis. Compared with Comirnaty’s labelling (August 2025) [21],
new signals were detected, including some on the DMEs list (e.g., immune thrombocy-
topenia, thrombotic thrombocytopenic purpura, autoimmune hepatitis, rhabdomyolysis,
optic ischaemic neuropathy, pancreatitis acute, autoimmune haemolytic anemia, acute
kidney injury, deafness, aplastic anemia, pulmonary hypertension, stevens—johnson syn-
drome, deafness neurosensory, and toxic epidermal necrolysis), and other positive PTs
(e.g., guillain-barre syndrome, herpes zoster, rheumatic disorder, sarcoidosis, and polyneu-
ropath). Spikevax generated 30 positive PTs across 10 SOCs, with 12 on the DMEs list,
such as immune thrombocytopenia, autoimmune hepatitis, and thrombotic thrombocy-
topenic purpura. Compared with Spikevax’s labelling (August 2025) [23], new signals
were detected, including some on the DMEs list (e.g., immune thrombocytopenia, au-
toimmune hepatitis, thrombotic thrombocytopenic purpura, rhabdomyolysis, hemolysis,
aplastic anemia, acute kidney injury, autoimmune hemolytic anemia, and Stevens-Johnson
syndrome) and other positive PTs (e.g., bacille calmette—guerin scar reactivation, guillain—
barre syndrome, and haematuria). Comirnaty Bivalent showed only 1 positive PT, namely,
immune thrombocytopenia, on the DMEs list. Spikevax Bivalent had only 1 positive PT,
namely lymphadenopathy.

Monovalent mRNA vaccines generated 37 positive PTs across 15 SOCs, with 20 on
the DMEs list, such as immune thrombocytopenia, thrombotic thrombocytopenic purpura,
and autoimmune hepatitis. Bivalent mRNA vaccines generated 2 positive PTs, including
lymphadenopathy and immune thrombocytopenia (on the DMEs list).

3.2.3. TTO Analysis

AEFIs occurred later in the use of monovalent mRNA vaccines (median = 7.0 days,
IQR: 2.0-14.0 days) than in the use of bivalent mRNA vaccines (median = 3.0 days,
IQR: 2.0-3.8 days). Comirnaty Bivalent (median = 2.0 days, IQR: 2.0-4.5 days) and
Spikevax Bivalent (median = 3.0 days, IQR: 2.5-3.5 days) generated earlier AEFIs than
Comirnaty (median =7.0 days, IQR: 2.0-14.0 days) and Spikevax (median = 5.0 days,
IQR: 2.0-14.0 days) (Figure 2b). Among all mRNA vaccines, Comirnaty Bivalent
(median = 60.0 days, IQR: 60.0-90.0 days) had the longest duration (Figure 2c).

3.2.4. SAEs Analysis

The median age of individuals with SAEs (see Table S14) was generally older than
that of those with AEFIs (Table 1), indicating a higher risk in older adults. Unlike VAERS,
most SAEs were more frequent in males, but Comirnaty caused more SAEs in females.
Meanwhile, an older median age was linked to a greater proportion of vaccinees with
medical histories, reflecting a cumulative risk for SAEs. Additionally, multiple SAEs were
related to respiratory, thoracic and mediastinal disorders (e.g., breakthrough COVID-19)
and cardiac disorders (e.g., myocarditis, myopericarditis) (see Table S15).

3.2.5. Immunization Schedule Analysis

SAEs during primary and booster immunization were analyzed (see Table 516). For
all mRNA vaccines and monovalent mRNA vaccines, the number of SAEs was larger in
primary immunization, but their proportion was higher in booster immunization. For
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bivalent mRNA vaccines, only the primary immunization result was detected. The highest
incidence was in the primary immunization with Comirnaty Bivalent (50.00%), and the
lowest was in the booster immunization with Comirnaty (32.31%). Other SAEs had inci-
dences around 40%. PTs leading to SAEs, including breakthrough COVID-19, myocarditis,
pericarditis, guillain-barre syndrome, and immune thrombocytopenia, shared a similar
distribution (see Table 517).

3.3. Cross-Validation of Multi-Source Signals with Positive Signals in the VAERS and ALD

AEFIs with positive signals at the PT level from ALD were cross-validated with the
DPA results from VAERS (Figure 3).

Comirnaty was detected in 111 positive PTs across 19 SOCs, with 9 on the DMEs
list, including thrombotic thrombocytopenic purpura, autoimmune hemolytic anemia,
and anaphylactic reaction. Compared with Comirnaty’s labelling (August 2025) [21], new
signals were detected, including some on the DME:s list (e.g., thrombotic thrombocytopenic
purpura, autoimmune hepatitis, rhabdomyolysis, optic ischaemic neuropathy, pancreatitis
acute, autoimmune hemolytic anemia, and deafness), and other positive PTs (e.g., thy-
roiditis subacute, multiple sclerosis, pemphigoid, graves’ disease, and rheumatic disorder).
Spikevax was detected in 11 positive PTs across 3 SOCs, with 1 on the DMEs list: erythema
multiforme. Comirnaty Bivalent and Spikevax Bivalent were not detected as positive PT.
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Figure 3. Cross-validation of positive PTs in the VAERS and ALD. (a) The upper panel represents.
(b) The lower panel represents. # indicates PTs within the DME list; * indicates signals not listed in
the Comirnaty labelling; — indicates values exceeding the axis limit.

Notably, after cross-validating the positive signals of Comirnaty, monovalent mRNA
vaccines, and all mRNA vaccines, breakthrough COVID-19 and lymphadenopathy were
frequently reported in the literature case reports and showed high signals with narrow
95% Cls in DPA results. In Spikevax, skin reactions were common in the literature case
reports, and likewise demonstrated high signals with narrow 95% Cls in DPA results.

3.4. Myocarditis and Pericarditis in VAERS and ALD

Based on the age—sex stratified analysis in Table S18, myocarditis and pericarditis
following mRNA vaccines showed clear sex- and age-related distribution patterns. No
cases of myocarditis or pericarditis were detected for mRESVIA.

In VAERS, both myocarditis and pericarditis were reported more frequently in males
(11,286 and 6023 cases) than in females (5806 and 5451 cases). Across all mRNA vaccines
as well as in analyses of individual vaccines, most reports with the age field of both
myocarditis and pericarditis were aggregated in the 18-44 years age group. However,
analysis of the median age of myocarditis and pericarditis reports showed that males
tended to be younger than females. For all mRNA vaccines, the median ages of males
with myocarditis and pericarditis were 27 and 35 years, compared with 40 and 45 years
among females. A similar pattern was observed for each individual vaccine. In contrast,
death reports regarding myocarditis and pericarditis (332 males vs. 171 females) were
predominantly observed in older adults, particularly those aged >65 years.
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A similar pattern was observed in ALD, where reports were more common in males
(214 and 36 cases) than in females (63 and 16 cases). Across all mRNA vaccines as well as
in analyses of individual vaccines, most reports with the age field of both myocarditis and
pericarditis were aggregated in the 18-44 years age group. However, analysis of the median
age of myocarditis and pericarditis reports showed that males tended to be younger than
females. For all mRNA vaccines, the median ages of males were 22 and 36 years, compared
with 37 and 59 years among females. A similar pattern was observed for each individual
vaccine. Death cases were rarely reported in ALD, were mainly observed in males, and
tended to occur in adults and older individuals.

Overall, myocarditis and pericarditis were reported in both males and females, with
a higher reporting frequency in males and a predominance in younger adults aged
18-44 years. Death outcomes were more commonly reported in older adults, particularly
those aged >65 years.

4. Discussion

As their benefits outweigh known risks in the pandemic period, mRNA vaccines are
considered a critical tool in combating infectious diseases globally and are expected to
open a window in the treatment of cancers. To assess the safety of all mRNA vaccines
after Emergency Use Authorization (EUA) or approval, we analyzed 5,040,725 VAERS
case reports and 4387 literature case reports over a 5-year period. Among monovalent
mRNA vaccines, Comirnaty caused more AEFIs than Spikevax and mRESVIA. Among
bivalent mRNA vaccines, Comirnaty Bivalent caused more AEFIs than Spikevax Bivalent.
However, AEFIs incidence could not be calculated, due to the lack of vaccination dose data.
Comparative studies show that the occurrence of Comirnaty-associated AEFIs is lower
than that of Spikevax [26]. Sales data from the U.S. Securities and Exchange Commission
(SEC) indicate Comirnaty has a wider application, which may explain the larger number of
Comirnaty-related reports [27,28]. Therefore, vaccine safety cannot be evaluated solely by
AEFI reports [29].

As shown in Table 519, the AEFIs of mRNAs in RWD were much more diverse than in
clinical trials, likely due to the controlled environments and restricted populations in clinical
trials, compared to the broader, the larger number of populations in the real world. These
factors highlight the importance of post-marketing safety monitoring, as illustrated by the
detection of intussusception following the rotavirus vaccine [30], guillain-barre syndrome
following the 2009-H1NT1 influenza vaccine [31], myocarditis and pericarditis following
mRNA COVID-19 vaccine [32], and syncope and thromboembolic events following HPV
vaccine through large-scale vaccine safety surveillance systems [33].

We identified a series of statistically positive signals included on the DMEs list but
not labelled. In VAERS and ALD, new signals for Comirnaty included thrombotic throm-
bocytopenic purpura, autoimmune hemolytic anemia, and deafness. In the literature case
reports, new signals for Spikevax included immune thrombocytopenia and autoimmune
hepatitis. Additionally, for Spikevax, VAERS and ALD detected multiple general disorders
and administration site conditions; skin reactions were common in the literature case
reports, showing a high signal with narrow 95% Cls in VAERS DPA results. This may
relate to the sizes of lipid nanoparticles (LNPs) of vaccines [34-36]. No new signals on the
DMEs list were observed from other mRNA vaccines. The limited data for mRESVIA and
MNEXSPIKE may explain the lack of new signals, warranting further monitoring in larger
populations. Previous post-marketing studies have reported menstrual-related AEFIs fol-
lowing administration of all types of COVID-19 vaccines, including mRNA vaccines [37-39].
Potential mechanisms may involve vaccine-induced immune-inflammatory responses and
prolactin-related signalling pathways. In the present study, menstrual-related positive
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PTs were likewise detected in VAERS, predominantly for mRNA COVID-19 vaccines.
Although causality cannot be established between these menstrual adverse events and
mRNA vaccines, the high reporting rate of relevant PTs among mRNA vaccines warrants
further investigation.

In the TTO results, the AEFIs of monovalent mRNA vaccines (median = 1.0 day,
IQR: 0.0-9.0 days) occurred earlier than those of bivalent mRNA vaccines (median = 10.0 days,
IQR: 1.0-86.0 days) in VAERS. In contrast, the AEFIs of monovalent mRNA vaccines
(median = 7.0 days, IQR: 2.0-14.0 days) occurred later than those of bivalent mRNA vac-
cines (median = 3.0 days, IQR: 2.0-3.8 days) in ALD. This discrepancy may be related to
the limited number of reports on bivalent mRNA vaccines in ALD and may vary across
specific AEFIs, warranting further investigation.

Although breakthrough COVID-19 ranked highly among reported cases, Antibody-
Dependent Enhancement (ADE) has not been demonstrated for mRNA COVID-19 vaccines
in phase III trials or real-world studies [40,41]. In phase III trials, Comirnaty was effec-
tive in preventing COVID-19 among 95% of the recipients [42], while Spikevax efficacy
was 94.1% [43]. This indicates high but incomplete protection and therefore an expected
occurrence of breakthrough infections. In addition, studies of Comirnaty Bivalent, Spike-
vax Bivalent, and MNEXSPIKE also suggest that vaccine effectiveness may not provide
complete protection for all recipients [25,44,45]. Notably, breakthrough COVID-19 was
not a positive safety signal for each mRNA COVID-19 vaccine, such as Spikevax and
MNEXSPIKE. Several additional factors may further contribute to the high reporting fre-
quency of breakthrough COVID-19. First, during the pandemic period, sustained viral
transmission, continuous viral evolution, and the emergence of immune-evasive variants
could increase the likelihood of post-vaccination infection [46]. Second, the protective
efficacy of vaccines is influenced by the match between vaccine antigens and circulating
strains, which may decline as new variants emerge [46]. Third, immunity after vaccination
is not permanent, and waning immune protection over time may contribute to break-
through infections [40,41,47—49]. Fourth, in seasonal epidemic settings, individuals may
already have been exposed to SARS-CoV-2 before sufficient protective antibody levels were
generated after vaccination, particularly when vaccination was administered shortly before
exposure [46]. Finally, regional differences in nucleic acid testing policies, surveillance
intensity, and diagnostic capacity may also affect the number of reported breakthrough
COVID-19 cases.

We observed that older adults (particularly with a medical history) might be prone to
SAEs from vaccination in both VAERS and ALD. In older adults, functional decline and
immunosenescence increase the risk of infections and slow the development of protective
immunity [50-52]. The higher proportion of SAEs in females may be due to their stronger
health awareness and proactive medical care [52]. Notably, males accounted for more
DIED cases in VAERS and more SAEs in ALD. Furthermore, in both overall reports and
death reports, myocarditis and pericarditis following mRNA COVID-19 vaccination were
reported more frequently in males than in females. Affected males presented with a younger
median age compared with females, whereas death cases were predominantly observed
among older adults (Table 518). This difference is likely related to biological mechanisms.
Previous studies show higher susceptibility to myocarditis and pericarditis in adolescent
and young adult males [8]. Sex steroid hormones influence the immune and inflammatory
response [53], and estrogen has been shown to modulate cardiac mast cells and attenuate
adverse cardiac remodelling [54,55]. These factors may contribute to the higher reporting
of SAE in males. Additionally, dyspnoea is frequently reported as an SAE in VAERS.
As dyspnoea may be a clinical manifestation of allergic reactions or myocarditis [56,57],
both of which are also commonly reported as SAEs in ALD, persistent monitoring of
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these three AEFIs is warranted. Although these three AEFIs are already described in the
product labelling, they still carry a potential risk of leading to serious adverse reactions.
The distribution of SAE varies across the two phases of immunization. Both VAERS and
ALD showed a higher proportion of SAEs during the booster immunization, although
more SAEs were observed during the primary immunization for all mRNA vaccines and
monovalent mRNA vaccines. This may relate to immune response sensitization after
primary immunization or population differences. Common PTs leading to SAEs, like
myocarditis and immune thrombocytopenia, are similar on both VAERS and ALD. These
findings underscore the importance of continued safety monitoring.

However, as a passive surveillance system, VAERS data are subject to underreporting,
reporting biases and variable quality that potentially compromise result accuracy. Without
access to actual vaccination doses, we failed to calculate the actual incidence of AEFIs.
Sales-based indirect estimates were unreliable for cross-vaccine safety comparisons. There-
fore, this study focused on safety signal detection and evaluation rather than incidence
assessment. VAERS case reports lack detailed medical descriptions and follow-up data,
which may only reflect the temporal, not causal, association between AEFIs and mRNA
vaccines. In addition, some AEFIs overlap with COVID-19 symptoms, further increasing
the complexity of signal interpretation. In contrast, the literature case reports provide more
comprehensive medical descriptions, including patient history, laboratory findings, and
clinical course, which allow clearer assessment of causality between vaccination and AEFIs.
Therefore, we used literature case reports to cross-verify the signals identified by DPA, pro-
viding stronger evidence for a potential causal relationship than VAERS alone. Notably, as
passive rather than active surveillance sources, both VAERS and ALD provide insufficient
evidence for comparing the safety profiles of different vaccines. The signals detected in the
present study cannot establish a definitive causal relationship between mRNA vaccines
and reported AEFIs. In addition, cognitive biases may influence reporting [58], making
monitoring alone insufficient. Moreover, although VAERS and ALD include cases reported
from global sources, further studies integrating other spontaneous reporting systems from
different geographical regions, as well as comparative analyses involving other vaccines,
are warranted in the future.

5. Conclusions

In summary, this RWS focused on the safety profiles of all marketed mRNA vaccines
with different indications. Statistically positive safety signals of AEFIs across various SOCs
were detected, some of which were also included on the DMEs list. Special populations
(such as females, older adults, and individuals with underlying medical conditions) had
a higher risk of SAEs and should be monitored more closely. Limited by the insufficient
accuracy dosage data of mRNA vaccines, this study could not calculate AEFI incidence
rates or make direct comparisons of safety profiles among different vaccines. These findings
provide solid empirical evidence for improving post-marketing safety surveillance and
pharmacovigilance practices, as well as optimizing immunization strategies scientifically.
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/ /www.mdpi.com/article/10.3390/vaccines14060524/s1, Table S1: Basic information of mRNA
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reports; Table S7: Top-ranked positive PT of mRNA vaccines in VAERS; Table S8: All positive PT
of mRNA vaccines in VAERS; Table S9: Demographic characteristics of SAEs in VAERS; Table S10:
Top 10 PTs Leading to SAEs in VAERS; Table S11: Immunization schedules and SAEs analysis in
VAERS; Table S12: Top 10 PTs Leading to SAEs during primary and booster immunization in VAERS;
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