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Preface

In the 4 years since the first case of COVID-19 was recognized and after a pandemic was declared by the World
Health Organization 3 months later in March 2020, an estimated 3.5 million died from SARS-CoV-2 infection.
Millions more became ill, and some have suffered long-term effects (“long COVID”) that are not yet understood
fully. Aside from its health impact, the pandemic has caused marked social, economic, and political upheaval. We
doubt any have had lives unchanged by COVID-19.

The response to the pandemic has been extraordinary. By spring 2021, only 1 year after the pandemic declara-
tion, vaccines authorized by the Food and Drug Administration for emergency use were being administered across
the United States, indeed, around the world. It is estimated that more than 14 million lives were saved in the year
after vaccines became available, with one death avoided for every 124 full vaccination courses. Lives were also
saved by other public health interventions and often-heroic efforts of health care workers and health care systems.

In the 3 years since vaccines against SARS-CoV-2 came into use, their safety and efficacy have been estab-
lished. Booster vaccinations and vaccines targeting new SARS-CoV-2 strains have been introduced and are now
administered routinely alongside other vaccinations such as for influenza. While local, nonserious side effects,
such as malaise or sore arm, are seen as with any vaccine, in rare instances, serious adverse events thought to be
linked to SARS-CoV-2 vaccination have been noted.

The National Academies of Sciences, Engineering, and Medicine (the National Academies) have long tackled
challenging questions about vaccine safety, beginning with an assessment of the oral polio vaccine in 1977. When
Congress enacted the National Childhood Vaccine Injury Act in 1986, it charged the Institute of Medicine (IOM)
with reviewing the literature regarding adverse events associated with vaccines covered by the program. The IOM!
has addressed questions about the safety of routinely administered vaccines 11 times since then. Following in this
tradition, the National Academies tasked this consensus committee to assess the scientific evidence dispassionately
regarding a list of harms potentially associated with vaccination against SARS-CoV-2, as well as an important
potential harm associated with the administration of any vaccine, shoulder injury.

Thanks to the extraordinary efforts of investigators around the world who rapidly pivoted their research efforts
to focus on this new virus (including its treatment and prevention), we now have a large body of evidence to
consider. However, despite that large body of evidence, our consensus committee found that in many, if not most,

'As of March 2016, the Health and Medicine Division continues the consensus studies and convening activities previously carried out by
the Institute of Medicine (IOM).

Xix
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cases, the evidence was insufficient to accept or reject causality for a particular potential harm from a specific
COVID-19 vaccine. In other cases, however, the committee considered the evidence to be sufficient to “favor
rejection” of, to “favor acceptance” of, or to “establish causality.”

Limitations inherent in applying population-level average effects to draw conclusions about causes of specific
events in individual subjects exist. For this reason, there is asymmetry in the committee’s conclusions, with options
to conclude that the evidence “establishes a causal relationship,” “favors acceptance of causal relationship,” or
“favors rejection of a causal relationship,” but not one to “establish rejection of a causal relationship.”

For every potential harm assessed, the committee evaluated the totality of evidence and did not apply what
could be seen as arbitrary rules or thresholds regarding the number or types of studies required to draw conclu-
sions. For the evaluation of select postulated vaccine harms, some study types were simply not available or were
uninformative. For some cases, there was strong mechanistic as well as epidemiologic evidence supporting a
causal relationship (e.g., thrombosis with thrombocytopenia syndrome), while, in others, the evidence was drawn
largely from case reports.

COVID-19 has, understandably, dominated headlines over the past 3 years, yet routine vaccinations, such as
for seasonal influenza, are still given. The harms our committee was tasked to review were those for which the
Health Resources and Services Administration had claims for compensation. Perhaps surprisingly, only a minority
of these claims related to SARS-CoV-2 vaccination. In fact, over 60 percent of claims focused on shoulder injury
associated with intramuscular vaccine administration.

The term “SIRVA” (shoulder injury related to vaccine administration) has been introduced into the literature
in recent years and was included in the committee’s Statement of Task. However, the term “SIRVA” encompasses
many disparate shoulder conditions, and due to its lack of precision, the committee decided to dispense with this
terminology. Instead, the committee addressed potential causal relationships between vaccine administration and
specific shoulder-related medical diagnoses (e.g., subacromial bursitis, radial nerve injury).

This report does not address benefits of vaccination against SARS-CoV-2 or other pathogens, and readers
will hopefully view causality findings in that broader context. Even when evidence of causality was established
for some harms, the frequency of these harms was low. However, this report explicitly does not attempt to define
point estimates for levels of risk.

Many talented, knowledgeable individuals volunteered hours of their time to analyze and report the evidence.
Initially strangers, the members of this committee worked through difficult methodological questions together,
at times engaging in spirited debate. In the process, we learned from one another, became a team, and became
friends. Equally important, members of that team were the committee staff —Dara Rosenberg, Ogan Kumova,
and Olivia Loibner, led by the incredibly wise and knowledgeable Kathleen Stratton and Rose Marie Martinez.
The staff worked tirelessly every step of the way, providing indispensable support and guidance, and contributing
greatly to the report itself.

This is not the first HMD/National Academies report regarding vaccine safety. Nor will it be the last. We
anticipate new vaccines and expect that ongoing and future scientific research may challenge the findings reported
here. This report necessarily reflects a snapshot in time, albeit a momentous one, and represents our best effort
to report the truth.

George J. Isham, Chair

Anne R. Bass, Vice Chair

Committee to Review Relevant Literature Regarding
Adverse Events Associated with Vaccines

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27746?s=z1120

Evidence Review of the Adverse Effects of COVID-19 Vaccination and Intramuscular Vaccine Administration

AAOS
ACE2
ADE
ADEM
AFC
AIDP
AMAN
AMH
AV

BP
bpm

CAR
CDC
CGRP
CI
CICP
CIDP
CLS
CPRD
CRPS
CSF
CT
CVST

DCM
DNA
DTaP

Acronyms and Abbreviations

American Academy of Orthopaedic Surgeons
angiotensin-converting enzyme 2

antibody dependent enhancement

acute disseminated encephalomyelitis

antral follicle count

acute inflammatory demyelinating polyneuropathy
acute motor axonal neuropathy

anti-Miillerian hormone

adenovirus vector

Bell’s palsy
beats per minute

coxsackie and adenoviral receptor

Centers for Disease Control and Prevention
calcitonin gene-related peptide

confidence interval

Countermeasures Injury Compensation Program
chronic inflammatory demyelinating polyneuropathy
capillary leak syndrome

Clinical Practice Research Datalink

complex regional pain syndrome

cerebrospinal fluid

computed tomography

cerebral venous sinus thrombosis

dilated cardiomyopathy
deoxyribonucleic acid
diphtheria, tetanus, and acellular pertussis vaccine

XXi
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DVT

EMG
EMR
EUA
EV

FDA
FR
FSH

GBS
GC

HIT
HLA
HPV
HR
HRSA
HS
HSV

ICD
ICHD
IEN
Ig

IL
IOM
IQR
IR
IRR
ITP
v

LH
LLPC
LNP

MI
MRI
mRNA
MS

NCS
NCVIA
NIH
NR

OE
OHCA

deep vein thrombosis

electromyogram

electronic medical record
Emergency Use Authorization
extracellular vesicle

Food and Drug Administration
fecundity rate
follicle-stimulating hormone

Guillain-Barré syndrome
germinal center

heparin-induced thrombocytopenia

human leukocyte antigen

human papillomavirus

hazard ratio

Health Resources and Services Administration
hemorrhagic stroke

herpes simplex virus

International Classification of Diseases
International Classification of Headache Disorders
interferon

immunoglobulin

interleukin

Institute of Medicine

interquartile range

incidence rate

incidence rate ratio

immune thrombocytopenic purpura
intravenous

luteinizing hormone
long-lived plasma cell
lipid nanoparticle

myocardial infarction
magnetic resonance imaging
messenger ribonucleic acid
multiple sclerosis

nerve conduction study

National Childhood Vaccine Injury Act
National Institutes of Health

not reported

observed-to-expected ratio
out-of-hospital cardiac arrest

ACRONYMS AND ABBREVIATIONS
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ACRONYMS AND ABBREVIATIONS

OPV
OR

PE
PF4
POTS
PPV
PTS

RBD
RCT
RI
RNA
RR
RSV

SARS-CoV-2
SCCS

SHBG
SIDIAP

SIR

SIRVA
SPOR
SSNHL

SSP

SUD

Tth
TLR
™
TNF
TTH
TTS

Ul

VAED
VAERS
VICP
VITT
VSD
VTE

WHO

YLD
YLL

oral polio vaccine
odds ratio

pulmonary embolism

platelet factor 4

postural orthostatic tachycardia syndrome
positive predictive value
Parsonage-Turner syndrome

receptor-binding domain
randomized controlled trial
relative incidence
ribonucleic acid

relative risk or risk ratio
respiratory syncytial virus

severe acute respiratory syndrome coronavirus-2
self-controlled case series
sex hormone binding globulin

Information System for the Development of Research in Primary Care

standardized incidence ratio

shoulder injury related to vaccine administration
Strategy for Patient-Oriented Research

sudden sensorineural hearing loss

supraspinatus

sudden unexpected death

T follicular helper

Toll-like receptor

transverse myelitis

tumor necrosis factor

tension-type headache

thrombosis with thrombocytopenia syndrome

uncertainty interval

vaccine-associated enhanced disease

Vaccine Adverse Event Reporting System

Vaccine Injury Compensation Program
vaccine-induced immune thrombotic thrombocytopenia
Vaccine Safety Datalink

venous thromboembolism

World Health Organization

years lived with disability
years of life lost
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Summary

Vaccines are a major public health success story, preventing or mitigating the effects of a myriad of infec-
tious diseases. However, the threat of litigation over safety concerns related to the whole cell pertussis vaccines in
particular led manufacturers to slow vaccine research and development and leave the market. In 1986, Congress
addressed this looming crisis for public health by passing the National Childhood Vaccine Injury Act (P.L. 99-660)
to improve federal coordination of vaccine efforts around research and development and address the concerns of
those who asserted that they or their children were injured by vaccines. The Vaccine Injury Compensation Program
(VICP), housed in the Health Resources and Services Administration (HRSA) in the Department of Health and
Human Services and jointly administered by the Department of Justice, serves as a key policy solution developed
by Congress. The program includes vaccines recommended for routine use in children or pregnant women, and
anyone who receives those vaccines is eligible to apply for compensation. The VICP has long depended on the
reports from the National Academies of Sciences, Engineering, and Medicine (the National Academies) as an
important scientific contribution to its compensation decisions.

HRSA also administers the Countermeasures Injury Compensation Program (CICP) for those harmed by medi-
cal countermeasures, which include vaccines, medications, devices, or other preventions, diagnostics, or treatments
for a public health emergency or security threat. Established by the Public Readiness and Emergency Preparedness
Act of 2005 (P.L. 148, Division C), CICP differs significantly from VICP (HRSA, 2023a).

On January 31, 2020, the Secretary of Health and Human Services declared a public health emergency related
to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) under Section 319 of the Public Health Service
Act. The public health emergency expired on May 11, 2023. The public health emergency was declared because
SARS-CoV-2 and the disease caused by SARS-CoV-2, COVID-19, led to the greatest public health crisis to date
of the 21st century. As of February 2024, it had led to an estimated 7 million deaths worldwide, including 1.2 mil-
lion deaths in the United States (WHO, 2024). COVID-19 was a major cause of death and illness in both adults
and children. In 2021, COVID-19 was the third most common cause of death in adults in the United States (CDC,
2021), and from 2020 to 2022, COVID-19 was among the top 10 causes of death in children in the United States
(Flaxman et al., 2023).

Part of the public health emergency was the announcement of “Operation Warp Speed,” a rapid response
by the federal government to speed vaccine development (for detailed information, see GAO, 2021). Four vac-
cines were developed and used in the United States, all under Emergency Use Authorization (EUA) (see FDA,
2023), with some now fully approved by the Food and Drug Administration (FDA). However, as of June 1, 2023,
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FDA revoked the EUA from Ad26.COV2.S for safety concerns (FDA, 2023). EUA allowed vaccines to be used
before all phase 3 trials were completed.! COVID-19 vaccines, introduced in 2020, are highly effective in adults
and children (CDC, 2023) and were key to control of the pandemic. COVID-19 vaccines are estimated to have
prevented 14.4 million deaths worldwide in the first year of vaccination alone (Watson et al., 2022). Although in
this report the committee is tasked with evaluating the causal association with select serious harm, a comparative
study analyzing the prevalence and types of side effects following COVID-19 vaccination showed that the most
common side effects across different vaccines were flu-like syndrome and local reactions at the injection site,
which aligns with the side effect profiles of many vaccines (Yadegarynia et al., 2023).

STATEMENT OF TASK

HRSA requested that the National Academies convene a committee to review the evidence regarding specific
potential harms (see Box S-1 for the Statement of Task) related to the COVID-19 vaccines used in the United States.
See Table 1-1 for a list of the vaccines and naming conventions used in this report. The list of harms includes those
for which, when the project began, HRSA had claims for compensation. The committee added postural orthostatic
tachycardia syndrome to its review after presentations at its second public meeting.

HRSA also requested that the committee review the evidence regarding any vaccine, not specifically COVID-
19 vaccines, and shoulder injuries, to help VICP better understand whether vaccination can cause very specific
types of shoulder injuries or a more general syndrome that it designated as shoulder injury related to vaccine
administration (NASEM, 2023). Claims regarding shoulder injuries after routinely administered vaccines are
handled by VICP; COVID-19 vaccines are currently the purview of CICP (HRSA, 2023b).

For the committee’s work, it was irrelevant whether a vaccine is covered under VICP or CICP; the committee
did not consider VICP or CICP processes when reviewing the evidence.

The National Academies convened an ad hoc committee comprising 15 members with expertise in epidemiol-
ogy, causal inference, cardiology, rheumatology, gynecology, audiology, neurology, infectious disease, pediatrics,
internal medicine, hematology, orthopedics, and immunology. The committee held two sessions open to the public.
On January 30, 2023, it heard from representatives of HRSA and the Centers for Disease Control and Prevention
on how they intend to use its report and why they asked for the review. On March 30, 2023, the committee held
an open session during which members of the public registered to provide 3-minute statements concerning its task.

Although the committee reviewed the literature thoroughly, it did not conduct what is commonly referred to
as a “systematic review,” the formal steps of which were described by the Institute of Medicine (IOM) in 2011
(IOM, 2011). The processes and time frame for a systematic review were considered incompatible with this work,
and, more importantly, the goals were different from those of most systematic reviews and clinical guidelines.
The committee was not tasked with estimating the magnitude or strength of associations between vaccinations
and outcomes. To fulfill its narrower goals, the committee did incorporate important attributes of good systematic
reviews, such as searching multiple databases, using structured search terms, prespecifying a final date of search-
ing, and using multiple reviewers to screen out irrelevant abstracts identified in the search. The committee does
not address the benefits of vaccines, which have been established for COVID-19 vaccines and all vaccines covered
by VICP. This review addresses evidence only about specific potential harms and vaccines available in the United
States. The committee does not make conclusions regarding specific patient cases (such as reported in published
case reports) or whether VICP or CICP should award compensation in individual cases or in general.

Vaccines and other medical products can cause both benefits and harms. Harms are sometimes described,
including by previous IOM committees, using terms such as “adverse event,” “adverse effect,” “side effect,” or
“safety.” Such terms might not convey the importance of unwanted medical events. Moreover, readers might be
confused by the use of different terms with overlapping meanings or the same terms to mean different things in dif-
ferent contexts (Qureshi et al., 2022). For example, “adverse events” are defined in regulatory research as unwanted
events not necessarily related to an intervention (e.g., a vaccine, a drug). By comparison, “adverse effects” are
both unwanted and related to an intervention. On the other hand, “side effects” might be desirable or unwanted,

99 <

! The sentence was updated after the report was shared with the sponsor to clarify the EUA process.
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BOX S-1
Statement of Task

The National Academies of Sciences, Engineering, and Medicine will convene an ad hoc committee
to review the epidemiological, clinical, and biological evidence regarding the relationship between

+ COVID-19 vaccines and specific adverse events i.e., Guillain-Barré Syndrome (GBS), chronic
inflammatory demyelinating polyneuropathy (CIDP), transverse myelitis, Bell’s palsy, hearing loss,
tinnitus, chronic headaches, infertility, sudden death, myocarditis/pericarditis, thrombosis with
thrombocytopenia syndrome (TTS), immune thrombocytopenic purpura (ITP), thromboembolic
events (e.g., cerebrovascular accident (CVA), myocardial infarction (MI), pulmonary embolism,
deep vein thrombosis (DVT)), capillary leak syndrome, and

+ intramuscular administration of vaccines and shoulder injuries.

The committee will make conclusions about the causal association between vaccines and specific
adverse events.

and they are related to an intervention. Following best practices (Junqueira et al., 2023; Zorzela et al., 2016), this
report uses plain language to describe the opposite of benefits as “harms.” To emphasize that an individual might
or might not experience specific benefits or harms, this report sometimes describes them as “potential.” Identifying
a “harm” does not mean that it occurs frequently; harms associated with vaccines are rare. For example, vaccine-
associated paralytic polio is an established harm of the oral polio vaccine (OPV), but it is estimated to occur at a
rate of 1 in 2.7 million first doses of OPV (WHO, 2023).

The committee used different types of evidence to draw conclusions concerning possible associations between
vaccination and potential harms. Some study types were not available or were considered uninformative for certain
outcomes. Conclusions about causality were informed by the totality of the evidence without applying arbitrary
rules or thresholds regarding the number or types of studies required to draw conclusions. For each outcome, the
committee discussed the totality of the evidence and used consensus methods to draw conclusions about causal-
ity. Iterative discussions about the evidence were particularly important given the committee’s decision not to use
a formal grading system for each published article or for the causality conclusions. The committee used expert
judgment based on clinical and research expertise and analysis, paying careful attention that all outcomes under
study were evaluated similarly to ensure that a consistent approach to the causal conclusions was maintained.

The committee adopted the wording for the categories of causal conclusions used by the IOM vaccine safety
committees (IOM, 1991, 1994, 2012), and approached the evaluation of evidence from a position of neutral-
ity, presuming neither causation nor lack of causation. The conclusion categories are necessarily asymmetrical:
although evidence can establish a causal relationship, the committee determined that it was unlikely that it could
establish the absence of one for any harm. Similar to other evidence-review efforts, the committee incorporated
the potential role of future research in determining the appropriate conclusion, as described below. See Box S-2
for a description of the categories.

CONCLUSIONS

Given that this review occurred shortly after vaccines were available, the information in this report is a snapshot
in time. New vaccines will be developed, and more research will be conducted. For example, the evidence does
not address the real-world use of the COVID-19 vaccines in which many individuals received a “mix and match”
sequence of them. Many people vaccinated for COVID-19 received other vaccines (e.g., influenza) simultaneously.
Most of the evidence regarding COVID-19 vaccines was from the primary series; because children were among
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BOX S-2
Categories of Causation

» Evidence establishes a causal relationship—The totality of the evidence suggests that vaccination can
cause this harm. Further research is unlikely to lead to a different conclusion.

« Evidence favors acceptance of a causal relationship—The totality of the evidence suggests that
vaccination might cause this harm, but meaningful uncertainty remains. Studies that better minimize bias
and confounding, and studies that estimate effects more precisely, could lead to a different conclusion.

+ Evidence is inadequate to accept or reject a causal relationship—The available evidence is too limited
(e.g., few studies in humans, biased, imprecise) or inconsistent to draw meaningful conclusions in sup-
port of or against causality. Future research could lead to a different conclusion. This conclusion also
applies to situations in which no studies were identified.

« Evidence favors rejection of a causal relationship—The totality of the evidence suggests that vaccina-
tion does not cause this harm, but meaningful uncertainty remains. The committee acknowledges that
individual causal effects are difficult to ascertain and that limitations exist for applying population aver-
age effects to draw conclusions about the causes of specific events in individual people. For example,
it is possible that both vaccination and disease cause certain harms. Thus, (1) an event could be more
common in an unvaccinated than a vaccinated population, and (2) some of the events in the vaccinated
population could be caused by vaccination. Research demonstrating a clear mechanism of action, or
research demonstrating increased risk among vaccinated people compared with unvaccinated people,
could lead to a different conclusion.

the last groups to be vaccinated, less evidence exists about them. The committee was not charged to evaluate the
benefits of vaccines. All conclusions must be assessed in the context of the established harms of the infections
against which a vaccine is directed and the well-documented benefits of vaccines in preventing those harms.
The committee makes 85 conclusions in eight chapters about the causal relationship between vaccines and pos-
sible harms. Although the committee lacked evidence to establish, accept, or reject a causal relationship for many
possible harms, it identified sufficient evidence for 20 conclusions. It is not surprising that evidence is insufficient
for the majority; many of the conditions had relatively few studies in the literature from which to draw conclu-
sions. As Box S-2 indicates, the committee incorporated the notion that further research might lead to a different
conclusion for all but conclusions establishing causation. See Tables S-1 and S-2 for all committee conclusions.

Conclusions by Vaccine

Most of the evidence the committee reviewed addressed BNT162b2.2 This is not surprising, as it was the
first available in the United States and many other countries; mRNA-12733 followed quickly, and many studies
addressed it as well. Conversely, NVX-CoV2373 was the last vaccine available in the United States, and the com-
mittee identified no published studies relevant for review. FDA revoked the authorization for Ad26.COV2.S,* and
the small number of studies reflected that short availability.

The causality conclusions for the two messenger ribonucleic acid (mRNA) vaccines (BNT162b2 and mRNA-
1273) were almost identical; the committee found convincing evidence that established a causal relationship with
myocarditis. In contrast, the committee concluded that the evidence favored rejection of a causal relationship between
both mRNA vaccines and thrombosis with thrombocytopenia syndrome (TTS), infertility, Guillain-Barré syndrome

2 Refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
3 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
4 Refers to the COVID-19 vaccine manufactured by Janssen.
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TABLE S-1 Causal Conclusions Regarding COVID-19 Vaccines

Causality Conclusions

BNT162b2 mRNA-1273 Ad26.COV2.S NVX-CoV2373
Chapter  Potential Harm (Pfizer-BioNTech) (Moderna) (Janssen) (Novavax)
3 Guillain-Barré syndrome Favors rejection Favors rejection Favors acceptance I
of a causal of a causal of a causal
relationship relationship relationship
Chronic inflammatory I I I I
demyelinating
polyneuropathy
Bell’s palsy Favors rejection Favors rejection I I
of a causal of a causal
relationship relationship
Transverse myelitis I I I 1
Chronic headache I I I I
Postural orthostatic I I I I
tachycardia syndrome
4 Sensorineural I I I I
hearing loss
Tinnitus I I I I
5 Thrombosis with Favors rejection Favors rejection Favors acceptance I
thrombocytopenia of a causal of a causal of a causal
syndrome relationship relationship relationship
Immune thrombocytopenic I I I I
purpura
Capillary leak syndrome I I I I
6 Myocardial infarction Favors rejection Favors rejection I I
of a causal of a causal
relationship relationship
Ischemic stroke Favors rejection I I I
of a causal
relationship
Hemorrhagic stroke I I I I
Deep vein thrombosis, 1 1 1 1
pulmonary embolism,
venous thromboembolism
7 Myocarditis Establishes Establishes I I
a causal a causal
relationship relationship
Pericarditis I 1 1 I
without myocarditis
8 Sudden death I I I I
9 Female infertility Favors rejection Favors rejection I I
of a causal of a causal
relationship relationship

NOTE: “I” indicates that the evidence was inadequate to accept or reject a causal relationship.
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TABLE S-2 Conclusions Regarding Shoulder Injuries After Any Vaccination

Specific Shoulder Injury (Chapter 10) Causality Conclusion
Subacromial/subdeltoid bursitis caused by direct injection into the bursa Establishes a causal relationship
Acute rotator cuff or acute biceps tendinopathy caused by direct injection into or Establishes a causal relationship

adjacent to the tendon

Chronic rotator cuff disease Favors rejection of a causal relationship
Adhesive capsulitis I

Septic arthritis I

Bone injury caused by direct injection into or adjacent to the bone Establishes a causal relationship
Axillary or radial nerve injury caused by direct injection into or adjacent to the nerve Establishes a causal relationship
Parsonage-Turner syndrome I

Complex regional pain syndrome I

NOTE: “I” indicates that the evidence was inadequate to accept or reject a causal relationship.

(GBS), Bell’s palsy (BP), and myocardial infarction (MI). The committee identified numerous studies supporting the
conclusions about GBS, BP, and MI. The evidence for TTS and infertility was more limited but still suggestive of no
effect. The committee also concluded that the evidence favored rejection of a causal relationship between BNT162b2
and ischemic stroke, but the evidence was inadequate to accept or reject a causal relationship between mRNA-1273
and ischemic stroke, as the data were more limited.

Despite the limited use of Ad26.COV2.S in the United States and therefore the limited number of published
studies, the committee identified sufficient evidence to conclude that it favored acceptance of a causal relation-
ship with two specific harms, TTS and GBS. The evidence base for these two conclusions were very different.
The conclusion about TTS relied on strong mechanistic evidence of binding of vaccine-generated anti—platelet
factor 4 antibody to platelets in people who developed TTS who had been given ChAdOx1-S, which is a similar
platform to Ad26.COV2.S. Although the mechanistic findings for ChAdOx1-S were stronger, the similar findings
with Ad26.COV2.S combined with pharmacovigilance data led the committee to conclude that the evidence favors
acceptance of a causal relationship. The conclusion for GBS was based on strong epidemiological studies and
pharmacovigilance data. Tables S-1 and S-2 contain the causality conclusions for each potential harm.

Conclusions by Causal Category

The committee made six conclusions that the evidence establishes a causal relationship with vaccination.
The evidence for these conclusions fell into two broad categories. The conclusions regarding myocarditis and the
mRNA platform—based vaccines, BNT162b2 and mRNA-1273, relied upon extensive data from many sources
and well-supported mechanistic evidence. In patients with vaccine-associated myocarditis, elevated levels of
spike protein were detected in their blood and on myocardial tissue. Studies in animal models and ex vivo human
samples show a connection between myocarditis and the activation of specific immune pathways, such as Toll-like
receptor 4/inflammasome/interluekin 1-beta, triggered by mRNA COVID-19 vaccines. The conclusions regarding
certain shoulder injuries after intramuscular injection (independent of type of vaccine) relied heavily on numerous
well-documented case reports and a good mechanistic understanding that injection directly into certain areas of
the shoulder could lead to injury of the bursa, tendon, bone, or nerve.

The committee also made two conclusions that the evidence favors acceptance of a causal relationship between
Ad26.COV2.S and GBS and TTS. The evidence for these two conclusions varied quite a bit, with mechanistic data
and pharmacovigilance data providing the support for TTS and epidemiological studies for GBS.

The committee made conclusions favoring rejection of causality for 12 possible harms. For both GBS and TTS,
the committee concluded that the evidence favored rejection with both mRNA platform vaccines but convincingly
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supported a causal relationship with Ad26.COV2.S. This supports the understanding that the platform distinctly
influenced the adverse response. The committee also favored rejection of a causal relationship for the mRNA vac-
cines and several other outcomes: female infertility, BP, M1, and ischemic stroke (BNT162b2 only). The evidence
varied widely for these conclusions. The committee also concluded that the evidence favors rejection of a causal
relationship between vaccine injection and chronic rotator cuff disease.

Evidence in Children

As described in Chapter 1, vaccine-associated harms may differ in children and adults. For this reason, the
committee conducted an in-depth review of the literature on potential harms and COVID-19 vaccines specifically
in children (individuals younger than 18). At the time of the review, data on possible harms in children were
available only for BNT162b2 and mRNA-1273. EUA of COVID-19 vaccines for children occurred later than for
adults, and decreased uptake in children, particularly those under 11, led to far less data on possible harms from
COVID-19 vaccines in children being available in the literature.

CONCLUDING REMARKS

The COVID-19 pandemic resulted in a voluminous increase in research for many disciplines on many topics
in very little time. Many factors complicated this research. Many investigators and clinicians were treating patients
under very challenging circumstances while also conducting research. Vaccines were approved or authorized for
use at different times for different populations in different countries. Priority groups among the first vaccines were
older people and those with comorbidities that could have put them at risk for adverse events after vaccination. The
communities being vaccinated had widespread SARS-CoV-2 infection, so that few studies were able to exclude
patients with an infection that occurred simultaneously with vaccination. Thus, some of the outcomes observed
after vaccination might reflect harms from infection instead. Patterns of non-SARS-CoV-2 infections changed
dramatically during the early days of the pandemic due in part to social distancing and other public health inter-
ventions. See the discussion on GBS in Chapter 3 as an example. This complicates the use of historical controls
in some studies. Many publications report surveillance findings, which do not use control populations. Rather,
comparisons are made to historical trends, which are not representative of a true contemporaneous unvaccinated
population. Other methodologic limitations across many of the studies include challenges in confirming vaccine
receipt and diagnostic validity. Many studies in this report were not initiated to support causal inference reviews.
Thus, although a particular paper might have had limited utility to this committee, it likely has relevance and
immense purpose for others.

The committee appreciates the vast amount of work of researchers and clinicians during the pandemic and
the contributions of the participants involved in these studies and hopes that the information and conclusions in
this report are useful to vaccine researchers and the public health community at large.
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Introduction

Vaccines are a major public health success story, preventing or mitigating the effects of a myriad of infec-
tious diseases. In 1986, the United States faced a problem with vaccine development and production. The threat of
litigation over safety concerns related to the whole cell pertussis vaccines in particular led manufacturers to slow
research and development and leave the market. Congress addressed what many considered to be a looming crisis
for public health by passing the National Childhood Vaccine Injury Act (NCVIA) (P.L. 99-660) to improve federal
coordination of vaccine efforts around research and development and address the concerns of those who asserted
that they or their children were injured by vaccines. The Vaccine Injury Compensation Program (VICP), housed
in the Health Resources and Services Administration (HRSA) in the Department of Health and Human Services
and jointly administered by the Department of Justice, serves as a key policy solution developed by Congress.
The program includes vaccines recommended for routine use in children or pregnant women, and anyone who
receives a covered vaccine is eligible to apply for compensation. The program is funded by a federal excise tax
on covered vaccines; the taxes are held in the Vaccine Injury Trust Fund (HRSA, 2023a).

VICP has long depended on the reports from the National Academies of Sciences, Engineering, and Medicine
(the National Academies) as an important scientific contribution to its compensation decisions, beginning with
two studies mandated by NCVIA (Sections 312 and 313 of Public Law 99-660). The Institute of Medicine (IOM,
1991, 1994) focused on assessing the causal relationship of the Centers for Disease Control and Prevention (CDC)—
recommended childhood vaccines with specific potential harms. That early work was continued by other National
Academies committees reviewing the scientific literature regarding the potential for vaccines to cause harm (IOM,
2002, 2012). The committees did not recommend whether or which harms should be compensated but focused
on making conclusions about the causal nature of the vaccines and potential harms after a comprehensive review
of biologic, clinical, and epidemiological literature. Compensation decisions remain determined by the intricate
processes established by VICP (HRSA, 2023b). See HRSA (2023b) for a description of program administration
and the claims process.

HRSA also administers the Countermeasures Injury Compensation Program (CICP) to provide compensation
for those harms by medical countermeasures, which are vaccines, medications, devices, or other preventions,
diagnostics, or treatments for a public health emergency or security threat. Established by the Public Readiness
and Emergency Preparedness Act of 2005 (P.L. 148, Division C), CICP differs significantly from VICP (HRSA,
2023c).
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On January 31, 2020, the Secretary of Health and Human Services declared a public health emergency related
to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) under Section 319 of the Public Health Service
Act. The public health emergency expired on May 11, 2023.

The public health emergency was declared because SARS-CoV-2 and the disease caused by SARS-CoV-2,
COVID-19, were the greatest public health crisis to date of the 21st century. As of February 2024, it had led
to an estimated 7 million deaths worldwide, including 1.2 million deaths in the United States (WHO, 2024).
COVID-19 was a major cause of death and illness in both adults and children. Long COVID is a particular
concern. In 2021, COVID-19 was the third most common cause of death in adults in the United States (CDC,
2021), and from 2020 to 2022, COVID-19 was among the top 10 causes of death in children in the United
States (Flaxman et al., 2023).

Part of the public health emergency was the announcement of “Operation Warp Speed,” a rapid response by
the federal government to speed vaccine development (for detailed information, see GAO, 2021). Four vaccines
were developed and used in the United States, all under Emergency Use Authorization (EUA) (see FDA, 2023a),
with some now fully approved by the Food and Drug Administration (FDA). However, as of June 1, 2023, FDA
revoked the EUA from Ad26.COV2.S for safety concerns (FDA, 2023b). EUA allowed vaccines to be used
before all phase 3 trials were completed.! COVID-19 vaccines, introduced in 2020, are highly effective in adults
and children (CDC, 2023) and were key to control of the pandemic. COVID-19 vaccines are estimated to have
prevented 14.4 million deaths worldwide in the first year of vaccination alone (Watson et al., 2022). Although in
this report the committee is tasked with evaluating the causal association with select serious harms, a comparative
study analyzing the prevalence and types of side effects following COVID-19 vaccination showed that the most
common side effects across different vaccines were flu-like syndrome and local reactions at the injection site,
which aligns with the side effect profiles of many vaccines (Yadegarynia et al., 2023).

STATEMENT OF TASK

HRSA requested that the National Academies convene a committee to review the evidence regarding specific
potential harms (see Box 1-1) and the COVID-19 vaccines used in the United States. See Table 1-1 for a list of
those vaccines and the naming conventions used in this report. The list of harms to be addressed requested by
HRSA are those for which, when the project began, HRSA had claims for compensation. The committee added
postural orthostatic tachycardia syndrome (POTS) to its review after presentations at a public meeting.

HRSA also requested that the committee review the evidence regarding any vaccine, not specifically
COVID-19 vaccines, and shoulder injuries. Claims for compensation for shoulder injuries after vaccination
comprise over 63 percent of claims submitted to VICP in fiscal years 2021 and 2022 (NASEM, 2023). The
scientific review was requested to help VICP better understand whether vaccination can cause very specific
types of shoulder injuries or a more general syndrome that it designated as shoulder injury related to vaccine
administration (HRSA, 2023d). Claims regarding shoulder injuries after routinely administered vaccines are
handled by VICP and COVID-19 vaccines by CICP. For the committee’s work, it is irrelevant whether a vac-
cine is covered under VICP or CICP; National Academies committees do not consider VICP or CICP processes
when reviewing the evidence.

The committee comprised 15 members with expertise in epidemiology, causal inference, cardiology,
rheumatology, gynecology, audiology, neurology, infectious disease, pediatrics, internal medicine, hematology,
orthopedics, and immunology. Their biosketches can be found in Appendix A. The committee held two sessions
open to the public. On January 30, 2023, it heard from representatives of HRSA and CDC on how they intend
to use the report and why they asked for the review. On March 30, 2023, the committee held an open session
during which members of the public registered to provide 3-minute statements concerning its task. Written
material submitted to the committee is in a Public Access File.?

! The sentence was updated after the report was shared with the sponsor to clarify the EUA process.
2 Public Access File materials can be requested by contacting the Public Access Records Office via the link on this project’s webpage: www.
nationalacademies.org/our-work/review-of-relevant-literature-regarding-adverse-events-associated-with-vaccines.
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BOX 1-1
Statement of Task

The National Academies of Sciences, Engineering, and Medicine will convene an ad hoc committee
to review the epidemiological, clinical, and biological evidence regarding the relationship between

+ COVID-19 vaccines and specific adverse events i.e., Guillain-Barré Syndrome (GBS), chronic
inflammatory demyelinating polyneuropathy (CIDP), transverse myelitis, Bell’s palsy, hearing loss,
tinnitus, chronic headaches, infertility, sudden death, myocarditis/pericarditis, thrombosis with
thrombocytopenia syndrome (TTS), immune thrombocytopenic purpura (ITP), thromboembolic
events (e.g., cerebrovascular accident (CVA), myocardial infarction (MI), pulmonary embolism,
deep vein thrombosis (DVT)), capillary leak syndrome, and

+ intramuscular administration of vaccines and shoulder injuries.

The committee will make conclusions about the causal association between vaccines and specific
adverse events.

TABLE 1-1 COVID-19 Vaccines Used in the United States

Adjuvant or

Non-Commercial ~Commercial Platform Functional U.S. Full Approved for
Name Name Manufacturer  Type Adjuvant U.S. EUA Date  Approval Date  Use in
BNT162b2 Comirnaty®  Pfizer and mRNA Self#- LNP December 11, August 23, Adults and
BioNTech and mRNA 2020 2021 children aged
6+ months
mRNA-1273 Spikevax® Moderna mRNA Self#- LNP December 18, January 31, Adults and
and mRNA 2020 2022 children aged
6+ months
Ad26.COV2.S* NA Janssen AV Self#- AV February 27, — Adults (18+)
2021
NVX-CoV2373 NA Novavax Protein Matrix-M® July 13, — Adults (18+)
Subunit 2022

NOTES: *This vaccine is the same type of platform as ChAdOx1, manufactured by AstraZeneca, but uses a different adenovirus vector.
ChAdOx]1 is not used in the United States. # mRNA and previously used AV vaccines in the United States do not contain discrete adjuvants. The
LNP and AV function as adjuvants to activate the innate immune system. AV: adenovirus vector; EUA: Emergency Use Authorization; LNP:
lipid nanoparticle; mRNA: messenger ribonucleic acid.

The committee attempted to identify and analyze published literature about the vaccines and potential harms.
Although it reviewed the literature thoroughly, it did not conduct what is commonly referred to as a “systematic
review,” formal steps of which were described by IOM (2011). The processes and time frame for a systematic review
were considered incompatible with this work, and, more importantly, the goals of this work were different from those
of most systematic reviews and clinical guidelines. The committee was not tasked with estimating the magnitude or
strength of associations between vaccinations and outcomes, and the evidence was not expected to be conducive to
meta-analysis in any case. To fulfill its narrower goals, the committee did incorporate important attributes of good
systematic reviews. A more detailed description of the process by which the committee identified and analyzed the
literature follows.

The committee does not address the benefits of vaccines. This review addresses evidence only about specific
potential harms and vaccines available in the United States. The committee does not make conclusions regarding
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specific patient cases (such as in published case reports) or whether VICP or CICP should award compensation in
individual cases or in general. The committee does aim to present evidence in a way that is useful to VICP, CICP,
claimants and their legal representatives, clinicians, and the public.

Vaccines and other medical products can cause both benefits and harms. Harms are sometimes described
using terms such as “adverse event,” “adverse effect,” “side effect,” or “safety.” Such terms might not convey the
importance of unwanted medical events. Moreover, readers might be confused by the use of different terms with
overlapping meanings or the same terms to mean different things in different contexts (Qureshi et al., 2022). For
example, “adverse events” are defined in regulatory research as unwanted events not necessarily related to an
intervention (e.g., a vaccine, a drug). By comparison, “adverse effects” are both unwanted and related to an inter-
vention. On the other hand, “side effects” might be desirable or unwanted, and they are related to an intervention.
Following best practices (Junqueira et al., 2023; Zorzela et al., 2016), this report describes the opposite of benefits
as “harms.” To emphasize that an individual patient might or might not experience specific benefits or harms, this
report sometimes describes them as “potential.” Identifying a “harm” does not mean that it occurs frequently; harms
associated with vaccines are rare. For example, vaccine-associated paralytic polio is an established harm of the
oral polio vaccine (OPV), but it is estimated to occur at a rate of 1 in 2.7 million first doses of OPV (WHO, 2023).

99 <

LITERATURE SEARCH

The committee provided the National Academies research librarian with a comprehensive list of search terms
for each potential harm. The librarian conducted separate literature searches for epidemiological and mechanistic
literature based on the search terms using Embase, Medline, PubMed, Scopus, and Cochrane Central Register of
Controlled Trials (Ovid).

Epidemiological Evidence

Three comprehensive epidemiological literature searches were conducted. Each search included terms specific
to each potential harm in at least one search field (i.e., title, abstract, keywords). The list of search terms is avail-
able through the project Public Access File.3

The first search was for literature published January 1, 2020-February 28, 2023. Follow-up searches captured
literature published February 28—July 7, 2023, and July 7-October 17, 2023. Thus, publications that appeared in
the databases after October 17, 2023, are not included in this report. Ad hoc searches were conducted if commit-
tee members added a search term and for literature on POTS. The committee restricted its review to U.S. vaccine
platforms but included studies conducted outside of the United States.

Citations were uploaded to PICO Portal, an online platform used to screen abstracts and full text. Abstracts
were reviewed to screen out citations that did not address the potential harm under the committee’s purview and
studies that evaluated only vaccine platforms (e.g., inactivated virus vaccine) not approved in the United States.
The committee focused its review on original reports and systematic reviews, excluding narrative reviews or
commentaries.

For systematic reviews, committee members screened each publication and excluded those that were consid-
ered unreliable after consideration of the following: no defined criteria for selection of studies, literature search
not comprehensive for eligible studies, no assessment of risk of bias in the included studies, and inappropriate
methods for meta-analyses (when meta-analyses were reported). Systematic reviews were examined to determine
whether they studied the potential harms of interest and for quality of evidence.

Committee members evaluated the full text of potentially relevant epidemiological studies and eliminated
those that had serious methodologic limitations and were judged unlikely to contribute to the causality assessment.
Studies were excluded for reasons such as misclassification of the exposure (vaccination status) and outcomes (e.g.,
harms were more likely to be recorded in a certain group even if they did not occur more frequently), uncontrolled

3 Public Access File materials can be requested by contacting the Public Access Records Office via the link on this project’s webpage: www.
nationalacademies.org/our-work/review-of-relevant-literature-regarding-adverse-events-associated-with-vaccines.
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confounding, selection bias, and substantial missing data (e.g., vaccination status or outcome status is unknown
for a large proportion of participants). Misclassification of the exposure means that the specific vaccine was not
consistently identified. Misclassification of the outcome means that the potential harms could not be reliably identi-
fied. For instance, many studies used diagnosis codes from health care encounters to identify health outcomes —for
many outcomes, the codes either are known to perform poorly (e.g., individuals with the code often do not have
the outcome, or the code is absent when individuals have experienced the outcome) or have unknown accuracy
for validated outcomes. Confounding can occur when an association between vaccination status and the outcome
is explained by a common cause that is not completely controlled for in the design and analysis; this is one of the
major problems for causal inference using results from observational studies rather than randomized controlled
trials (RCTs). Many studies were unable to exclude the possibility of the harms occurring due to SARS-CoV-2
infection. Data extraction was performed on articles that were included at this stage. Pharmacovigilance studies and
case reports were identified through the literature search and reviewed if the evidence from the epidemiological
studies did not lead the committee to accept or reject a causal relationship. A bibliography of all citations reviewed
but not included in this report are available through the project Public Access File.*

Mechanistic Evidence

The committee aimed to understand immune mechanisms of the vaccine platforms potentially related to harms,
as described in Chapter 2, by conducting a general search. The first search was limited to studies in humans and
identified literature published January 2021-March 2023. A second search looked for information specific to
the potential harms under studys; it identified literature published January 2000—April 2023 and explored general
mechanisms underlying vaccine—immune interactions, focusing on non-SARS-CoV-2 messenger ribonucleic acid
(mRNA) and adenovirus-vector (AV) vaccines. A final literature search was conducted in September 2023. Included
articles encompassed a broad spectrum of research, including human trials, murine studies, other animal models,
computational modeling, and in vitro studies. Ad hoc searches conducted throughout the study were particularly
informative as the committee investigated possible mechanisms. The literature search aimed to identify studies
elucidating the mechanism underlying specific harms of COVID-19 vaccination and to identify studies quantifying
the effect of vaccination on components of the immune system in general. In addition, ad hoc literature searches
were performed to review the mechanism of specific harms outside of the vaccination context (e.g., Guillain-
Barré syndrome). In the case of shoulder injury, the mechanistic evidence was largely derived from imaging (e.g.,
magnetic resonance imaging) provided in case reports and case series.

EVIDENCE IN CHILDREN

Adverse effects associated with vaccines may differ in children and adults. For this reason, the committee
conducted an in-depth review of the literature on potential harms from COVID-19 vaccines specifically in children
(those under 18). For context, the vaccines received EUA much later in children than adults, and even later in
young children (5-11 years and 6 months to 4 years) than adolescents (12—17 years) (see Table 1-2).

These much later EUA dates and a decrease in SARS-CoV-2 cases after vaccination of adults led to lower
immunization rates in children; in May 2023, these were only 13 percent, 39 percent, and 68 percent in children
aged 6 months to 4 years, 5-11, and 12-17, respectively, according to the CDC (AAP, 2023). For these reasons,
considerably less data exist on possible harms in children, especially in those under 11, compared to adults. Ad26.
COV2.S5 was never given an EUA for individuals under 18. NVX-CoV2373, although granted an EUA for those
aged 12—-17 on August 19, 2022, has had very little uptake, so little data exist beyond the original clinical trial
on potential harms in children.® The committee therefore reviewed the available data on COVID-19 vaccines in

4 Public Access File materials can be requested by contacting the Public Access Records Office via the link on this project’s webpage: www.
nationalacademies.org/our-work/review-of-relevant-literature-regarding-adverse-events-associated-with-vaccines.

5 Refers to the COVID-19 vaccine manufactured by Janssen.

6 Refers to the COVID-19 vaccine manufactured by Novavax.
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TABLE 1-2 COVID-19 Vaccine Food and Drug Administration Emergency Use Authorization Dates, Adults

and Children
Vaccine Age Group EUA Date
BNT162b2 =16 years December 11, 2020
12-15 years May 10, 2021
5-11 years October 29, 2021
6 months—4 years June 17, 2022
mRNA-1273 =18 years December 18, 2020
6 months—17 years June 17, 2022
NVX-CoV2373 >/= 18 years July 13, 2022
12-17 years August 19. 2020

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. EUA: Emergency Use Authorization.

children, which consisted of data from BNT162b27 and mRNA-1273.8 Although there are numerous publications
on COVID-19 vaccines in children, the vast majority of these are editorial, commentary or opinion pieces, or
case reports or small case series. These publications typically do not provide the quality of evidence needed for
evaluation of the relationship of potential harms to vaccine administration. Published data on COVID-19 vac-
cines in children were reviewed in depth by the committee, and all publications that provided data that could be
used to evaluate the relationship of the vaccine to adverse events were included in the analysis. For children, and
particularly for children younger than 12 years of age, there was a paucity of data, due to later authorization of
COVID-19 vaccines for children and lower immunization rates in children as compared to adults, resulting in less
study of adverse events in children than adults.

CAUSALITY ASSESSMENT

Types of Evidence

The committee used different types of evidence to draw conclusions concerning possible associations
between vaccination and harms. Conclusions about causality were informed by the totality of the evidence with-
out applying arbitrary rules or thresholds regarding the number or types of studies required to draw conclusions.
Some study types were not available or were considered uninformative for certain outcomes, so the following
chapters do not necessarily discuss all the study types described below. The committee reviewed the literature
following a well-accepted hierarchy of evidence, beginning with randomized clinical trials and controlled
observational epidemiological studies. The committee proceeded to review additional evidence (uncontrolled
epidemiological evidence and case reports) until the committee felt it reviewed sufficient and appropriate
evidence to support a specific causal conclusion. For example, the committee did not review uncontrolled
pharmacovigilance studies and case reports if it felt the observational epidemiological literature was sufficient
to support a conclusion or if it felt evidence of those uncontrolled designs was unlikely to contribute to a causal
conclusion. The committee notes that uncontrolled studies would likely have been excluded from consideration
if it had followed strict inclusion and exclusion criteria, as is done in systematic reviews. However, given the
limited information regarding some of the potential harms being reviewed, the committee felt it important to
be broad in its consideration of evidence.

7 Refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
8 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
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Clinical Trials

For each potential harm, the committee examined evidence in Phase III RCTs, including published results
from clinical trials and the documents reviewed and produced by FDA in consideration of the applications by
manufacturers for EUA and full approval, when available.

RCTs can produce valid causal estimates (e.g., because they minimize selection bias and confounding).
Associations detected in RCTs could support causal conclusions, especially for increases in common harms or
very large increases in uncommon harms. The committee was aware that RCTs were not designed to assess rare
harms, and RCTs did not enroll enough participants to estimate rare events reliably. Some harms are so rare that
they would not be expected to occur in RCTs even if they were caused by vaccination. Lack of evidence from
RCTs would usually be considered uninformative (rather than evidence of no association).

Nonrandomized Studies

The committee also considered evidence from nonrandomized studies (controlled observational studies and
uncontrolled screening or pharmacovigilance studies) that used appropriate methods to estimate causal effects.
Although the committee determined that controlled observational studies were at greater risk of bias compared
with RCTs, estimates from studies that minimized bias were considered potentially informative. Notably, posi-
tive associations between vaccination and harms could provide evidence of causality. The committee interpreted
negative and null findings cautiously. Compared with RCTs, large observational studies might estimate effects
with greater precision but greater bias; consequently, it would be difficult to exclude small causal effects based
on evidence from nonrandomized studies alone.

The committee also considered evidence from pharmacovigilance and surveillance studies, although estimates
from these studies were generally considered at greater risk of bias compared with well-designed case-control
and cohort studies.

Case Reports

The committee determined that case reports should inform causal conclusions when temporal and biological
relationships between vaccination and harm were readily observable in the reports. In particular, case reports
might provide useful evidence about shoulder injuries (see Chapter 10). For harms with unclear onset and myriad
potential causes, the committee determined that case reports were unlikely to be informative.

Mechanisms

The committee considered evidence concerning possible mechanisms of action, including findings from human
and other studies. Identifying a plausible mechanism could inform the committee’s interpretation of evidence
concerning associations in clinical trials and observational studies but not necessarily lead to conclusions favor-
ing causal associations. Because mechanisms might be unknown, lack of mechanistic evidence did not preclude
conclusions that vaccination caused harm.

Extrapolation

The committee considered evidence about each specific vaccine and each harm and discussed whether evi-
dence for some vaccines should inform conclusions about others that used the same platform (e.g., mRNA, AV).
For example, mechanistic and clinical evidence establishing a causal relationship between one vaccine and a harm
could inform conclusions about the effects of similar vaccines. The committee extrapolated evidence from one
vaccine of a specific platform to another vaccine cautiously. In particular, the literature regarding AV ChAdOx1-S
(not available in the United States) was considered in assessing thrombosis with thrombocytopenia syndrome risk
from Ad26.COV2.S (see Chapter 5).
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Causal Conclusions

Working groups assigned to each outcome performed the initial screen, data abstraction, and evidence review
in advance of full committee discussions. Key elements in the data abstraction included study design, sample size,
comparison group, risk period, vaccine and outcome ascertainment, and methodological strengths and limita-
tions, including risk of bias considerations. Evidence tables and narratives were presented to the full committee
for extensive discussion, including in-depth re-examination of individual studies and the preliminary causality
conclusion in many circumstances in order to reach a common understanding of the strengths and weaknesses of
the evidence and consensus conclusions. This was particularly important when a study was used by more than
one working group; a particular research paper might have serious limitations or utility to the committee for one
outcome but not for every outcome studied. For each outcome, the committee discussed the totality of the evidence
and used consensus methods to draw conclusions about causality. Iterative discussions are particularly important
given the committee’s decision not to use a formal grading system for each published article or for the causality
conclusions. The committee used expert judgment based on clinical and research expertise and analysis, paying
careful attention that all outcomes under study were evaluated similarly to ensure that a consistent approach to
the causal conclusions was maintained.

The committee adopted the wording of the causality conclusions developed by National Academies/IOM com-
mittees and approached the evaluation of evidence from a position of neutrality, presuming neither causation nor
lack of causation. The causal conclusion categories are necessarily asymmetrical: although evidence can establish
a causal relationship, the committee determined it was unlikely that it could establish the absence of one for any
harm. Similar to other evidence-review efforts, the committee incorporated the potential role of future research in
determining the appropriate conclusion, as described below.

The following are the categories of causation used by the committee:

e Evidence establishes a causal relationship—The totality of the evidence suggests that vaccination can
cause this harm. Further research is unlikely to lead to a different conclusion.

e Evidence favors acceptance of a causal relationship—The totality of the evidence suggests that vaccination
might cause this harm, but meaningful uncertainty remains. Studies that better minimize bias and
confounding, and studies that estimate effects more precisely, could lead to a different conclusion.

e Evidence is inadequate to accept or reject a causal relationship—The available evidence is too limited
(e.g., few studies in humans, biased, imprecise) or inconsistent to draw meaningful conclusions in support
of or against causality. Future research could lead to a different conclusion. This conclusion also applies
to situations in which no studies were identified.

e Evidence favors rejection of a causal relationship—The totality of the evidence suggests that vaccination
does not cause this harm, but meaningful uncertainty remains. The committee acknowledges that individual
causal effects are difficult to ascertain and that limitations exist for applying population average effects
to draw conclusions about the causes of specific events in individual people. For example, it is possible
that both vaccination and disease cause certain harms. Thus, (1) an event could be more common in
an unvaccinated population than a vaccinated population, and (2) some of the events in the vaccinated
population could be caused by vaccination. Research demonstrating a clear mechanism of action, or research
demonstrating increased risk among vaccinated people compared with unvaccinated people, could lead to
a different conclusion.

OUTLINE OF THE REPORT

Chapter 2 contains a brief review of the major mechanisms by which vaccines affect the immune system.
Chapters 3-9 address the evidence regarding COVID-19 vaccines and the specific outcomes listed in the Statement
of Task. The structure of the chapters is similar but not identical. Chapters other than Chapters 8 (Sudden Death)
and 9 (Female Infertility) contain conclusions about more than one outcome. Each outcome is addressed sepa-
rately. Each outcome-specific section begins with a description of the outcome under review. A brief description of
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pathophysiologic mechanisms and the possible role of COVID-19 vaccines follows. The epidemiologic evidence
section contains the evidence the committee depended upon in reaching a causal conclusion. Evidence that did
not contribute is not described. The most influential evidence is portrayed in detail in tables within each section
and described briefly in the text. Each section includes a summary of the most compelling argument in support of
the conclusion and ends with the causal conclusion. Chapter 10 reviews the shoulder injuries after intramuscular
administration of any vaccine, not limited to COVID-19 vaccines. The report ends with crosscutting summaries
of the evidence in Chapter 11.
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Immunologic Response to COVID-19 Vaccines

The global pandemic stemming from the emergence of the novel severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) virus in late 2019 made it critical to develop efficacious vaccines. This public health crisis initiated
global efforts to produce vaccines to reduce viral transmission and protect individuals from life-threatening infections
(Diamond and Pierson, 2020). Several COVID-19 vaccines were rapidly developed using a variety of platforms.
Concomitant with the release of vaccines, concerns arose around vaccine-induced harms. To better understand how
vaccine-mediated harms may arise, it is important to know how specific COVID-19 vaccines initiate an immune
response.

Charged with examining biological mechanisms, the committee conducted a comprehensive review of the cur-
rent literature, examining the available evidence encompassing clinical trials, epidemiology studies, case reports,
preclinical and translational in vitro or in silico studies, and insights gained from animal models. The commit-
tee analyzed a diverse array of vaccine-mediated harms and a variety of vaccine platforms and compiled a list
of mechanisms that were deemed most plausible in contributing to the emergence of vaccine-mediated adverse
reactions following COVID-19 vaccination. Throughout these deliberations, the committee engaged in in-depth
discussions regarding the pathophysiology that may be involved and the requisite evidentiary support necessary
to establish the presence of a particular mechanism.

FUNDAMENTALS OF THE IMMUNE RESPONSE

The human immune response is initiated by the innate immune system, which activates the adaptive immune
system. Both the innate and adaptive arms of the immune response play a pivotal role in combating pathogens,
such as SARS-CoV-2, and establishing long-term immunity. They are also both important in producing an effective
immune response and long-term immunity (immunological memory) after vaccination.

The innate immune system is the “first responder” to foreign agents, such as viral infections or physical tissue
damage. It comprises physical defenses, such as the skin, and cellular components, such as macrophages, mast cells,
dendritic cells, neutrophils, and natural killer cells. The innate immune response is not pathogen specific at the single
amino acid/protein epitope level (i.e., antigen) but recognizes categories of pathogens, such as viruses, bacteria,
parasites, and tissue damage, based on molecular patterns that are specific to particular microbes (Chaplin, 2010).
Important to this pathogen recognition system are pattern recognition receptors, with Toll-like receptors (TLRs)
being a notable subgroup. For example, TLR3 is involved in canonically recognizing double-stranded ribonucleic
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acid (RNA), commonly associated with viral infections; however, evidence of TLR3 recognition of single-stranded
RNA vaccines has been shown (Teijaro and Farber, 2021). TLR4, which recognizes lipopolysaccharides from
Gram-negative bacteria, some viral infections, and self-like ATP from damaged mitochondria, may play a role
in responses to messenger ribonucleic acid (mRNA) vaccines, which contain mRNA within lipid nanoparticles
(LNPs) that augment innate immune responses. TLR7 and TLRS, recognizing single-stranded RNA, are integral to
the immune response against RNA-based vaccines, such as certain COVID-19 vaccines. Meanwhile, TLR9, which
detects unmethylated CpG motifs in bacterial and viral deoxyribonucleic acid (DNA), is used in some vaccines as
an adjuvant (a substance in vaccines that enhances the immunological response to the antigen). The activation of
these TLRs triggers signaling pathways that lead to cytokine and type I interferon production, crucial for initiating
adaptive immune responses (Fitzgerald and Kagan, 2020).

After activation by the innate immune system, the adaptive immune system develops an antigen-specific
immune response to a specific pathogen that is based on particular amino acids/protein sequences (antigens).
Macrophages and dendritic cells are fundamental in presenting antigens to adaptive immune cells, initiating an
antigen-specific response crucial for establishing long-lasting immunological memory. Because of the high speci-
ficity of the adaptive immune response, it can distinguish not only a specific virus but also a specific strain of that
virus. Memory occurs primarily at the T cell and B cell levels. B cells develop into plasma cells that release antigen-
specific antibodies that are critical for rapidly clearing infections when they are encountered the next time. T cells,
on the other hand, play a crucial role in immune memory by recognizing and responding to previously encountered
antigens, aiding in the rapid mobilization of the immune system during subsequent infections. The development
of strong antigen-specific T cell and B cell-antibody memory is a primary goal of vaccine development.

All types of vaccines strongly stimulate an innate immune response to direct the adaptive immune
response to make protective antigen-specific T and B cells and antibody responses against the target infection.
COVID-19 vaccines (see Figure 2-1), including traditional protein-based vaccines (NVX-CoV2373!), mRNA
vaccines (e.g., BNT162b22 and mRNA-1273%) and adenovirus-vector (AV) vaccines (e.g., Ad26.COV2.S* and
ChAdOx1/nCoV-195), are engineered to stimulate both innate and adaptive immune responses. The mRNA vac-
cines deliver genetic material coding for the SARS-CoV-2 spike S-protein into host cells (Martinez-Flores et al.,
2021) so that an antigen-specific adaptive immune response will be generated against it. The mRNA vaccine may
be able to activate resident innate immune cells at the injection site, but it primarily takes effect after the spike
protein is generated within cells (Verbeke et al., 2022). The mRNA strands are structurally optimized to prevent
degradation by incorporating pseudouridines (Kim et al., 2022) and mRNA into LNPs (Ndeupen et al., 2021),
which both further protects the RNA transcript from degradation and facilitates cell entry (Pardi et al., 2015).
Certain components within the LNP layer may also act as adjuvants by activating TLRs on antigen presenting
cells and the innate immune response to induce an enhanced adaptive immune response against the spike protein
(Alameh et al., 2021). Protein-based vaccines often require an adjuvant to stimulate the innate immune response;
AV vaccines have an innate immune-activating ability because they are viral vectors.

Innate antigen presenting cells, particularly mast cells, macrophages, and dendritic cells, are instrumental
in activating an adaptive immune response. They capture, process, and present pathogen-specific antigens to
T cells, inducing a highly targeted adaptive response and immunological memory. Dendritic cells are particularly
important in stimulating adaptive immune responses from the draining lymph nodes while resident mast cells
and macrophages play key roles at tissue sites. In the milieu of COVID-19 vaccines, antigen presenting cells are
vital for identifying and presenting the vaccine-derived spike protein to helper T cells, thereby producing spike
protein—specific T and B cells.

T cells, comprising helper T cells (CD4+) and cytotoxic T cells (CD8+), play multifaceted effector roles during
an infection such as SARS-CoV-2. Helper T cells facilitate B cell activation and enhance the function of cytotoxic
T cells, which directly attack and destroy virally infected cells. The adaptive immune cell memory induced by

! Refers to the COVID-19 vaccine manufactured by Novavax.

2 Refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
3 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.

4 Refers to the COVID-19 vaccine manufactured by Janssen.

5 Refers to the COVID-19 vaccine manufactured by Oxford-AstraZeneca.
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COVID-19 Vaccines
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FIGURE 2-1 COVID-19 vaccines contributing to this report and their mechanism of action.

NOTES: (A) mRNA Vaccines: Upon injection, mRNA encapsulated in lipid nanoparticles (LNPs) is delivered into myocytes
or bystander cells. The mRNA is released from LNPs and translated by ribosomes to produce the viral antigen, such as the
spike protein (S), which is secreted. Antigen-presenting cells (APCs) such as dendritic cells (DCs) uptake the secreted antigen,
initiating an immune response. (B) Adenoviral Vector Vaccines: Adenoviral vectors containing viral DNA enter myocytes
or bystander cells, where they uncoat. The DNA, containing a nuclear localization signal, is transported to the nucleus and
transcribed into mRNA. The extrachromosomal DNA does not integrate into the host genome. The mRNA is translated into
protein, which is secreted and uptaken by APCs, initiating an immune response. (C) Subunit Vaccines: Pre-formed viral pro-
tein, such as the spike protein (S), is delivered. Antigen-presenting cells, particularly resident dendritic cells (DCs), uptake the
protein to initiate an immune response. Additionally, M-matrix adjuvants enhance this response. *Ad26.COV2.S is no longer
authorized under EUA in the United States as of June 1, 2023. *ChAdOx1-S is not used in the United States. Created with
BioRender.com.

COVID-19 vaccines ensures a rapid antigen-specific T and B cell/antibody response when the vaccinee encounters
SARS-CoV-2 in the future.

SARS-COV-2 AND VACCINE TARGET OF THE SPIKE PROTEIN

SARS-CoV-2 is characterized by several structural proteins; the spike (S) glycoprotein and the nucleocapsid
(N) protein are primary targets for the immune response (Krammer, 2020). The spike protein is a major virus
surface protein crucial for viral entry into host cells; it binds to the angiotensin-converting enzyme 2 (ACE2)
receptor on host cells (Walls et al., 2020). Structurally, the spike protein is a class I viral fusion glycoprotein com-
prising of two subunits: the S1 subunit, responsible for receptor binding, and the S2 subunit, involved in fusion.
These subunits are connected by a furin cleavage site, unique to SARS-CoV-2 (rather than all SARS viruses), and
the protein is cleaved posttranslationally at this furin cleavage site. The receptor-binding domain (RBD) within the
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S1 subunit is particularly critical for viral entry to cells, as it directly interacts with the ACE2 receptor, initiating
conformational changes leading to membrane fusion and viral entry (Kirchdoerfer et al., 2016; Wrapp et al., 2020).
In addition, the spike protein is the only SARS-CoV-2 antigen recognized to stimulate neutralizing antibodies
(Xiaojie et al., 2020). Several other receptors are important in viral entry but not described in this report.

The spike protein has been the primary focus in vaccine developments due to its essential role in viral entry
to host cells. Vaccines contain (subunit vaccines, such as NVX-CoV2373) or generate production of (mRNA and
AV vaccines) the spike protein to elicit an immune response in the absence of infection. Typically, adjuvants are
also needed to induce a strong immune response because the antigen itself (without an active infection) does not
do so in individuals who have not encountered SARS-CoV-2. The goal of all vaccine platforms is to contain or
produce a stable form of the S protein that will not degrade or be cleared from the body without activating the
immune response.

Two main mRNA vaccine strategies have been employed to stabilize the spike protein in its prefusion con-
formation, which is essential for preserving epitopes that are sensitive to degradation. One method, used in both
mRNA-1273 and BNT162b2 vaccines, introduces mutations in the mRNA transcript (proline substitutions at posi-
tions 986 and 987), which maintain the spike glycoprotein in the prefusion state (Pallesen et al., 2017; Wrapp et
al., 2020). Another strategy, not employed by the current vaccines, involves designing an mRNA construct where
the full-length spike protein lacks the furin cleavage site (Afurin), preventing posttranslational cleavage (Laczko
et al., 2020; Lederer et al., 2020).

As an alternative to targeting the full-length spike protein, some vaccines focus solely on RBD (Bettini and
Locci, 2021), which contains multiple epitopes that can be effective targets for virus neutralization, making it a
potent target for vaccine strategies (Robbiani et al., 2020; Zost et al., 2020). For instance, the BNT162b1 vac-
cine candidate developed by BioNTech/Pfizer encodes a secreted trimerized version of RBD. The choice of the
full-length spike protein or smaller RBD of the spike protein in vaccine design balances the benefits of eliciting
a broader immune response with the full-length protein versus focusing on the highly neutralizing epitopes in the
RBD. However, due to its favorable immunogenicity to reactogenicity profiles, BNT162b2, encoding full-length
spike protein, was chosen as the leading vaccine candidate (Khehra et al., 2021).

TYPES OF COVID-19 VACCINES

Several COVID-19 vaccines have been developed and authorized for use in the United States, using several
different vaccine platforms (see Figure 2-1). The mRNA vaccines, such as BNT162b2 and mRNA-1273, use LNP-
encapsulated mRNA to encode the SARS-CoV-2 spike protein. This technology prompts host cells to produce the
spike protein, subsequently eliciting innate and adaptive immune responses and, most importantly, immunological
memory. Adenovirus vector vaccines, such as Ad26.COV2.S (Emergency Use Authorization was revoked by the
Food and Drug Administration [FDA] on June 1,2023) and AZD1222 (not used in the United States), employ modi-
fied adenoviruses to deliver DNA encoding the spike protein. Protein subunit vaccines, such as NVX-CoV2373,
consist of recombinantly produced viral proteins (such as the spike protein or its epitopes) combined with the
Matrix-M® adjuvant, which enhances the immunogenicity of the protein antigen, leading to a more robust immune
response. Each platform has distinct immunogenic profiles and mechanisms for eliciting an immune response.

mRNA Vaccines

The advent of mRNA vaccines has marked a revolutionary leap in the field of immunology and vaccine
development, particularly underscored by their critical role in combating the COVID-19 pandemic. These vac-
cines represent a significant departure from traditional vaccine platforms, providing a number of new advantages,
including rapid development, high efficacy and safety, and rapid adaptation to new viral strains (Welsh, 2021). This
technology holds promise for preventing serious outcomes and/or spread from viral infections. Developing mRNA
vaccines, although conceptually straightforward, involves a complex design process. These vaccines function by
delivering mRNA encoding a target antigen, such as the SARS-CoV-2 spike protein, into host cells. Once in the
cytoplasm, the cells use their own machinery to translate the mRNA into the target protein, which is released from
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the host cell, usually in an extracellular vesicle (Trougakos et al., 2022), activating an innate immune response that
also prompts the adaptive immune system to mount a memory response against the spike (S) protein. The next
time the individual sees the spike protein during an active infection or vaccine boost, the immune system rapidly
mounts a highly protective T and B cell/antibody response. For a detailed depiction of the sequence through which
SARS-CoV-2 mRNA vaccines elicit immune responses, from their administration to the priming of T cells and
initiation of germinal center (GC) reactions, refer to Figure 2-2.

One of the initial challenges of mRNA vaccines was the inherent nature of unmodified mRNA, which is
extremely labile and highly immunogenic, making it unsuitable for direct use in vaccines (Pardi et al., 2018).
Kariké et al. (2008) tested various modifications to nucleosides in mRNA molecules. They tested modifications,
such as pseudouridine, 5-methylcytidine, N6-methyladenosine, 5S-methyluridine, and 2-thiouridine. The substitution
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FIGURE 2-2 Immune responses to intramuscular administration of SARS-CoV-2 mRNA vaccines.

NOTES: Immune responses triggered by SARS-CoV-2 mRNA vaccines involve a sequence of events starting with their intra-
muscular administration. These vaccines, which include mRNA encapsulated in lipid nanoparticles (mMRNA-LNPs) or the
antigen they produce, are first taken up by antigen-presenting cells (APCs) such as dendritic cells. After uptake, these APCs
migrate to the lymph nodes, where they activate both CD4 and CD8 T lymphocytes. This process of T cell priming and its
subsequent steps are discussed comprehensively in scientific literature. Following priming, CD8 T cells may differentiate
into cytotoxic T lymphocytes capable of destroying virus-infected cells, while CD4 T cells may evolve into either Thl cells
or T follicular helper (Tfh) cells. Tth cells are pivotal in initiating the germinal center reaction, a critical process for the
development of high-affinity memory B cells and long-lived plasma cells that secrete antibodies. The direction of Tth cell
differentiation toward a Th1 or Th2 phenotype influences the isotype of antibodies produced by these plasma cells, affecting
the body’s immune response to the vaccine.

SOURCE: Bettini and Locci, 2021 CC BY.
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of uridine with N1-methyl-pseudouridine (m1W¥) led to a 10-fold increase in translation efficiency compared to
unmodified mRNA (Kariké et al., 2008). Moreover, mRNA with this modification was not recognized by the
pathogen-associated molecular pattern (PAMP) sensing mechanisms, such as TLRs or retinoic acid-inducible
gene I (RIG-I), thus avoiding excessive inflammation, RNA degradation, and potential harms (Kariké et al., 2008;
Pardi et al., 2018). This m1W¥ modification has been adopted in the design of several mRNA vaccine candidates,
including the widely used mRNA-1273 and BNT162b2 (Corbett et al., 2020; Walsh et al., 2020).

Although it is possible to inject naked mRNA directly for immunization, this approach is generally inefficient
(Cao and Gao, 2021). For the mRNA to be translated into proteins in the host cell, it must penetrate the cell’s
lipid membrane to reach the cellular ribosomes. To facilitate efficient protein translation, delivery methods
that ensure the cytosolic localization of mRNA are essential. Although standard laboratory lipid encapsulation
methods, such as lipofectamine, were effective in vitro, they were cytotoxic and less efficient in vivo (Cao and
Gao, 2021; Kariké et al., 2008). The encapsulation of mRNA into LNPs significantly contributes to its stability
and uptake by the cells; LNPs effectively transport mRNA within the body and, upon intramuscular injection, can
be taken up by antigen-presenting cells at the injection site and in nearby lymph nodes, facilitating both innate
and adaptive immune responses. Furthermore, LNPs provide protection against nuclease-mediated degradation of
the mRNA. The composition of LNPs is often proprietary, but they are known to contain a mixture of ionizable
cationic lipids, cholesterol, phospholipids, and polyethylene glycols (PEGs), which self-assemble into nanoparticles
of approximately 100 nanometers in diameter to encapsulate the mRNA (Cullis and Hope, 2017; Maier et al.,
2013). Many of these components are known to be immunogenic and can act as adjuvants to stimulate the innate
immune response to the spike protein. In fact, the composition of the LNP can be tailored to enhance the immune
system’s response to the vaccine by inducing robust T follicular helper (Tfh) cell and humoral responses, making
LNPs not only a delivery vehicle but also an adjuvant-like component of mRNA vaccines (Alameh et al., 2021).

Adenovirus-Vector Vaccines

AV vaccines have emerged as key players in COVID-19 vaccine development, leveraging the unique properties
of adenoviruses. These linear double-stranded DNA viruses, typically responsible for respiratory infections in chil-
dren and adults, possess stable genes and efficient transduction capabilities (ability to transfer genetic materials),
making them ideal vaccine vectors (Lukashev and Zamyatnin, 2016). Adenoviruses do not integrate into the host
genome but remain in a non-genome episomal state, meaning the injected genetic material translocates into the
nucleus but does not integrate into the host DNA (Coughlan, 2020; Walsh et al., 2020). This aspect is significant
because it mitigates concerns about potential long-term genetic changes in the host’s cells. In some other types
of viral vectors, the viral DNA could integrate into the host’s genome, which could lead to unintended genetic
alterations (Bulcha et al., 2021). However, with AV vaccines, this risk is greatly reduced because the adenovirus
DNA remains separate from the host’s DNA.

The adenovirus’s nucleocapsid is composed of fiber, penton, and hexon proteins, contributing to its robustness
and versatility as a vector. Over 150 primate adenoviruses have been identified, with many being developed for
vaccines due to their cost-effectiveness, thermostability, and ability to induce strong immune responses (Chavda
et al., 2023). A significant challenge is pre-existing immunity to common adenovirus serotypes in humans. To
circumvent this, rare adenoviruses are employed, such as Ad26 or chimpanzee adenoviruses, which are less likely
to be neutralized by pre-existing human antibodies. These vectors have demonstrated effectiveness in both animal
models and human studies, despite the varying levels of pre-existing immunity across populations (Ewer et al.,
2017; Geisbert et al., 2011).

In the context of COVID-19 vaccines, AZD 1222, also known as “Covishield” by the Serum Institute of India,
uses the ChAdOx1 AV. It carries the gene for the SARS-CoV-2 spike protein (ChAdOx1-S), which is expressed
in its trimeric prefusion conformation (Watanabe et al., 2021).

Janssen Pharmaceuticals developed Ad26.COV?2.S, using an Ad26 vector that encodes the spike protein with
specific modifications (K986P and V987P) to enhance immunogenicity by locking the spike in its prefusion con-
formation (Bos et al., 2020). This vaccine is distinguished by its single-dose regimen.
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Protein Subunit Vaccines

Protein-based vaccines, a well-established class of vaccines, use specific proteins (or protein fragments) from
a pathogen to elicit an immune response without introducing the complete pathogen. These vaccines are known for
their safety, as they do not contain live components of the pathogen, reducing the risk of vaccine-induced disease, but
they are also less immunogenic and require adjuvants or other interventions (Pollard and Bijker, 2021). These vac-
cines fall into two main categories: subunit vaccines, which include only the parts of the virus that best stimulate the
immune system, and toxoid vaccines, which use a toxin produced by the pathogen that has been made harmless but
still triggers immunity. Toxoid vaccines include diphtheria and tetanus vaccines, which use inactivated forms of the
toxins produced by these bacteria. Subunit vaccines include hepatitis B, which uses a surface protein from the virus,
the pertussis toxin component of the DtaP (diphtheria, tetanus, and acellular pertussis) vaccine, and NVX-CoV2373.

NVX-CoV2373 comprises recombinantly produced spike proteins combined with Novavax’s proprietary
Matrix-M® adjuvant (Keech et al., 2020). The spike protein used in the vaccine is produced by baculovirus expres-
sion in Spodoptera frugiperda insect cells, a method known for its ability to yield complex, properly folded proteins
(Jarvis, 2003). This strategy ensures that the spike protein maintains its prefusion conformation, which is known
to expose critical neutralizing epitopes more effectively than the post-fusion conformation (Bowen et al., 2021;
Keech et al., 2020). The adjuvant is a critical component that significantly boosts the innate immune response to
the spike protein. It is based on saponin, derived from the Quillaja saponaria tree, and combined with cholesterol
and phospholipid to form nanoparticles. These nanoparticles enhance the immune response by stimulating the
entry of the antigen into antigen-presenting cells and activating these innate cells. This adjuvant has been shown
to boost both the quantity and quality of the immune response, leading to higher levels of neutralizing antibodies
and a more robust T cell response (Stertman et al., 2023) to infection. In addition, adjuvants enable the use of
smaller amounts of antigen. Producing neutralizing antibodies is the goal for most vaccines, as they bind to a
pathogen and block its ability to infect cells, effectively neutralizing its disease-causing capabilities. In addition
to antibody production, the orchestration of a robust T cell response is paramount, as these cells not only assist in
the maturation of antibody-producing B cells but also identify and eliminate infected host cells, thereby mitigating
the pathogen’s proliferation and ensuring a comprehensive immunological defense.

This vaccine’s storage and handling requirements are less stringent than those of mRNA vaccines, making it
a valuable asset in global vaccination efforts, especially in regions with limited cold chain infrastructure.

VACCINE IMMUNE RESPONSE ELICITATION

For non-single-dose COVID-19 vaccines, the first and second doses play distinct and complementary roles
in eliciting an effective immune response. The initial vaccine dose largely primes the immune system, providing
the antigen in a way that stimulates initial antibody production and activates specific immune cells that lead to
antigen-specific memory T and B cells. Because the vaccine is not an actual infection, it may not provide the needed
cues to mount an optimal immune response. Thus, the second dose, or the booster, is crucial for amplifying and
broadening this response. It significantly enhances the quantity and quality of neutralizing antibodies, solidifies
memory B cell and T cell responses, and induces a more robust, durable immunity. The booster dose thus ensures
a more sustained and effective immune response, including against virus variants (Chu et al., 2022). Table 2-1
presents a summary of antibody responses and T cell responses in humans for each U.S. COVID-19 vaccine.

The immunogenicity of COVID-19 vaccines largely hinges on the adaptive immune system recognizing the
specific spike protein fragments. B cell receptors on B cells and T cell receptors on T cells are key to this recognition
when they interact with innate immune antigen-presenting cells. B cell receptors directly bind to epitopes on the
spike protein, initiating B cell activation (Pettini et al., 2022). T cell receptors, however, recognize these epitopes
when presented on Major Histocompatibility Complex (MHC) molecules by antigen-presenting cells (Yang et al.,
2023). This dual recognition mechanism is essential for the coordinated activation of both humoral and cellular arms
of the adaptive immune response (Teijaro and Farber, 2021) for viral proteins that are not superantigens.

Following vaccination, B cell activation predominantly occurs in GCs within secondary lymphoid organs
(see Figure 2-2), such as lymph nodes and the spleen. In general, antigen-activated B cells undergo somatic

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27746?s=z1120

Evidence Review of the Adverse Effects of COVID-19 Vaccination and Intramuscular Vaccine Administration

26 EVIDENCE REVIEW OF THE ADVERSE EFFECTS OF COVID-19 VACCINATION AND INTRAMUSCULAR VACCINE ADMINISTRATION

TABLE 2-1 Immune Responses to U.S.

COVID-19 Vaccines

Dosing
Vaccine Platform  Regimen Antibody Responses in Humans T Cell Responses in Humans
BNT162b2 mRNA 30 png mRNA  Sl-binding antibody present after first  Increases in antigen-specific IFNy+
2 doses dose, responses increased following CD4+ and CD8+ T cells after second
21 days apart® the second dose; significant NAB was  dose; predominance of IFNy and
only present after second dose” IL-2 secretion, compared with IL-4,
suggesting TH1 cell polarization®
mRNA-1273 mRNA 100 ng mRNA  S-binding antibody detected 14 days Significant increases in CD4+ T cells
2 doses after first dose, levels increased secreting TH1 type cytokines (TNF >
28 days apart slightly by 28 days, with marked IL-2 > IFNY) after second dose, small
increase after second dose?; minimal increases in TNF-secreting and IL-2-
NAB present after first dose, peak at secreting cells after first dose; minimal
14 days after second dose® change in TH2 cell responses; low levels
of CD8+ responses?
Ad26.COV2.S Viral 5% 109 viral  S-binding and neutralizing antibody CD4+ and CD8+ T cell responses present
vector particles present by 28 days after vaccination at 14 and 28 days post-vaccination, based
1 dose/ in 99% of individuals and antibody on presence of CD4+ and CD8+ T cells
levels sustained until at least 84 days secreting IFNy and/or IL-2 and not IL-4
post vaccination$ or IL-3, suggesting TH1 cell polarization
of the CD4+ T cell responseé
NVX-CoV2373  Protein 5 ug protein S-binding antibody detected 21 days CD4+ T cell responses present by 7 days
subunit 2 doses after first dose, with a marked after second dose, based on IFNy, IL-2

21 days apart”

increase after the second dose; some

NAB present after the first dose, with
a significant increase by 7 days after

second dose”

and TNF production in response to

S protein stimulation, with a strong bias
toward a TH1 cell phenotype; minimal
TH2 cell responses (as measured by IL-5
and IL-13)"

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured
by Janssen. NVX-CoV2373 refers to the COVID-19 vaccine manufactured by Novavax. CD: Cluster of Differentiation; IFN: Interferon; IL:
Interleukin; mRNA: Messenger Ribonucleic Acid; NAB: Neutralizing Antibody; TH: T-helper cells; TNF: Tumor Necrosis Factor

4Pollard and Bijker, 2021.

bWalsh et al., 2020.

¢FDA, 2021; Sadarangani et al., 2021.

4FDA, 2022; Jackson et al., 2020.

¢Widge et al., 2021.

/ Marfe et al., 2021.

& Sadoff et al., 2021.

hKeech et al., 2020.
SOURCE: Adapted from Sadarangani et al., 2021.

hypermutation, which introduces random mutations into their immunoglobulin (Ig) genes (Laidlaw and Ellebedy,
2022; Turner et al., 2021) and leads to B cells with high-affinity antibodies for the spike protein. B cells with the
highest affinity are selected and differentiated into long-lived plasma cells (LLPCs) and memory B cells. LLPCs
secrete neutralizing antibodies, some of which are capable of mediating sterilizing immunity, which prevents
infection in the host including mucous membranes, and can potentially persist for years, continuously producing
antibodies. Memory B cells quickly activate and give rise to a new wave of high-affinity antibody-secreting cells,
providing rapid protection upon re-exposure to the virus (Sadarangani et al.,2021; Tam et al., 2016). For COVID-19
vaccines, in time, mutations in the spike protein may result in lower-affinity interaction between the antibodies
induced by one strain and a mutated spike protein.

The role of T cells, particularly CD4+ T cells, is multifaceted. Tth cells, a subset of CD4+ T cells, are critical
for the development of GC reactions and consequently for the maturation of B cell responses. Tth cells assist B cells
in the GCs by providing necessary costimulatory signals and cytokines, facilitating the selection of high-affinity
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B cells. These interactions are crucial for developing both LLPCs and memory B cells, and mRNA vaccines have
been demonstrated to effectively induce Tth cell responses, which are key to generating robust and long-lasting
neutralizing immunity (Bettini and Locci, 2021; Pardi et al., 2018; Sadarangani et al., 2021). Clinically, however,
immunity from COVID-19 vaccines is observed to wane over time (Menegale et al., 2023), necessitating booster
doses to counteract this decline and to address the emergence of new, circulating common strains, thereby ensuring
sustained protection against the virus.

Cytotoxic CD8+ T cells, which directly eliminate virus-infected cells, are another crucial component. These
cells are characterized by the release of cytotoxic molecules, such as granzyme B and perforin. Upon vaccination,
polyfunctional antigen-specific CD8+ T cells increase; these produce inflammatory cytokines, which are critical
signaling molecules in the immune system. These include IFNYy (interferon gamma), IL-2 (interleukin-2), and TNF
(tumor necrosis factor). IFNy plays a crucial role in activating and directing other immune cells, enhancing the
overall immune response to the vaccine and the virus. IL-2 is vital for the growth, proliferation, and differentia-
tion of T cells, ensuring a robust and sustained immune response. TNF is involved in systemic inflammation and
capable of inducing apoptosis or cell death in virus-infected cells. These cells exhibit markers of cytotoxic activity
and contribute to the overall defense against viral infection. The ability to activate CD8+ T cell responses varies
among vaccine candidates, with some inducing strong responses in both small and large animal models, while
others show more variable results (Bettini and Locci, 2021; Creech et al., 2021).

Immunological memory is a hallmark of the adaptive immune response and a key goal of vaccination. Most
licensed vaccines, including those for COVID-19, confer protection by eliciting long-lasting antibody responses.

The rapid and effective response to a pathogen upon re-exposure is primarily mediated by memory B and
T cells. Memory B cells, upon re-exposure to the antigen, differentiate into antibody-secreting cells more quickly
than naive B cells, leading to a fast increase in antibody titers. Similarly, memory T cells, both CD4+ and CD8+,
are primed to respond more rapidly and effectively than naive T cells. Tth cells are especially important in sup-
porting memory B cell responses in GCs. They facilitate the selection of high-affinity memory B cells and their
differentiation into LLPCs or memory B cells (Pollard and Bijker, 2021). These interactions are critical for
maintaining long-lasting immunity and providing rapid protection upon subsequent exposures to the virus. Upon
activation in a future infection, memory B cells rapidly produce large amounts of antigen-specific antibody, which
can neutralize viral infection/entry into host cells—reducing the severity of the infection.

The duration of immunity conferred by COVID-19 vaccines and the potential need for booster doses are
areas of ongoing research. Studies have shown that mRNA vaccines can induce robust CD8+ T cell responses
characterized by key cytokines and cytotoxic markers upon rechallenge (Sadarangani et al., 2021; Teijaro and
Farber, 2021). However, the longevity of these responses and persistence of memory T cells after vaccina-
tion is still under investigation. Some evidence suggests that the immune response elicited by these vaccines,
particularly the generation of memory B and T cells, may be long lasting, but further studies are required to
confirm the duration of this protection. Additionally, the need for booster doses may depend on factors such as
the emergence of new viral variants/strains and the longevity of the vaccine-induced immune response (Teijaro
and Farber, 2021).

POSSIBLE MECHANISMS OF VACCINE-MEDIATED REACTIONS

Although rare, vaccine-mediated harms can range from mild, transient reactions to more serious conditions,
underscoring the importance of ongoing safety monitoring and research. Certain of the most common vaccine-
associated harms can arise from a few different immunological mechanisms, some of which are briefly discussed
next (see Table 2-2).

Immediate-type hypersensitivity reactions are rapid immunological responses observed in certain individuals
following vaccination. Mast cells and basophils play a crucial role; they become activated by IgE when individuals are
re-exposed to the same antigen during vaccination (Stone et al., 2019), which triggers degranulation and the release
of various mediators, such as histamine, leukotrienes, prostaglandins, and cytokines, including IL-4 and IL-5. The
clinical manifestation ranges from urticaria (hives) to the more severe and potentially life-threatening anaphylaxis
(McLeod et al., 2015).
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TABLE 2-2 Vaccine-Mediated Reactions and Their Mechanisms

Immune Cells Clinical
Type of Reaction Involved Plausible Mechanisms Manifestation Time of Onset
Immediate Mast cells, IgE-mediated mast cell/basophil activation  Urticaria (hives) Rapid, post-vaccination
hypersensitivity basophils induced by previous exposure to antigens to anaphylaxis

in the vaccine, leading to degranulation
and release of histamine, leukotrienes,
prostaglandins, cytokines

(IL-4, IL-5)
Delayed CD4+ helper Secretion of cytokines (IFN-vy, IL-2, Rash, fever, Days to weeks
hypersensitivity T cells TNF-a) upon activation joint pain
Autoimmune Various Molecular mimicry, bystander activation, Varies Varies
reactions epitope spreading, polyclonal activation,

adjuvant-induced autoimmunity, and others

Vaccine- Platelets, Formation of antibodies against platelet Thrombosis, Post-vaccination

induced immune immune cells factor 4 (PF4), complement activation thrombocytopenia  (variable)

thrombotic producing

thrombocytopenia  anti-PF4

(VITT) antibodies

Vaccine-associated B cells, Non-neutralizing or suboptimal antibodies, =~ Worsening Upon exposure to natural
enhanced disease Th2 skewed generated in response to a vaccine, of diseases/ virus after vaccination
(VAED) immunity facilitate viral entry into host cells through  symptoms

Fc receptors or complement receptors

Other APCs, Activation of immune cells and release of Varies Post-vaccination
B cells, cytokines (IL-1, IL-6, IL-12, TNF-a)
T cells

NOTES: APCs: Antigen-Presenting Cells; IFN: Interferon, IL: interleukin, PF4: platelet factor 4, TNF: Tumor Necrosis Factor.
SOURCES: Chen et al., 2022b; Dabbiru et al., 2023; Lamprinou et al., 2023; Segal and Shoenfeld, 2018.

In contrast, delayed-type hypersensitivity reactions involve a different immune pathway. T cells, particularly
CD4+ helper T cells, are central to these reactions. Upon exposure to an antigen that the immune system has seen
before, T cells secrete cytokines, such as IFNvy, IL-2, and tumor necrosis factor-alpha (TNF-a)). The symptoms
associated with this reaction, such as rash, fever, and joint pain, typically develop days to weeks after vaccination,
distinguishing them from the immediate-type reactions (Biedermann et al., 2000).

Autoimmune reactions in the context of vaccination encompass a variety of plausible mechanisms (Chen et
al., 2022a; Lamprinou et al., 2023):

* Molecular mimicry, where vaccine antigens closely resemble the body’s own proteins, potentially leading
to the production of autoantibodies or autoreactive T cells that target self-tissues (Segal and Shoenfeld,
2018).

e Bystander activation, when localized inflammation exposes self-antigens, leading to the activation of
previously dormant self-reactive lymphocytes.

» Epitope spreading, particularly with repeat vaccinations, where the initial immune response to vaccine
antigens broadens to include self-antigens.

e Polyclonal activation and adjuvant-induced autoimmunity, where intense immune stimulation, potentially
exacerbated by adjuvants, overcomes the tolerance to self-antigens, resulting in autoimmunity.

A current and significant concern is vaccine-induced immune thrombotic thrombocytopenia (VITT), an
extremely rare condition characterized by forming antibodies against platelet factor 4 (PF4). This activates plate-
lets and immune cells producing anti-PF4 antibodies (Dabbiru et al., 2023). The role of complement activation in
promoting a prothrombotic state is also being explored (see Chapter 5).
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Vaccine-associated enhanced disease (VAED) and antibody-dependent enhancement (ADE) are critical con-
siderations in vaccine development, particularly highlighted by historical challenges with the formalin-inactivated
respiratory syncytial virus (RSV) vaccine (Acosta et al., 2015). VAED encompasses a spectrum of phenomena
where vaccination paradoxically exacerbates the disease upon exposure to the natural pathogen, mediated through
mechanisms such as ADE. In ADE, non-neutralizing or suboptimal antibodies generated by the vaccine facilitate
the pathogen’s entry into host cells via Fc receptors, leading to increased viral replication and severe disease mani-
festations (Gartlan et al., 2022). The formalin-inactivated RSV vaccine is a notable example where immunization-
induced antibodies not only failed to confer protection but also potentiated respiratory disease upon subsequent
natural RSV infection. This outcome was partly attributed to the vaccine eliciting a skewed Th2-type immune
response, promoting eosinophilic infiltration and severe lung pathology, rather than a protective Th1-type response
(Gartlan et al., 2022). Additionally, immune complexes formed by the vaccine-induced antibodies could activate
complement pathways, contributing to tissue damage.

Furthermore, general vaccine reactions encompass a wide array of immune responses. These involve the activa-
tion of antigen-presenting cells, B cells, and T cells. Cytokines, such as IL-1, IL-6, IL-12, and TNF-a,, play a signifi-
cant role in the initial immune response to vaccines, contributing to both their protective effects and potential harms.

ADJUVANTS

Adjuvants in vaccines serve to enhance the body’s immune response to an antigen, ensuring a stronger and
longer-lasting immunity by activating TLRs on antigen-presenting cells to stimulate a strong innate immune
response that produces a strong adaptive immune response. For example, aluminum salts create a depot effect for
sustained antigen release, and oil-in-water emulsions, such as MF59, increase cytokine release and antigen uptake
(Wilkins et al., 2017). Adjuvants such as ASO1,AS02, AS03, and saponins stimulate antigen-presenting cells, such
as dendritic cells, to activate T cells, and CpG oligodeoxynucleotides activate TLR9 (Facciola et al., 2022). These
mechanisms, although crucial for vaccine efficacy, can sometimes lead to adverse reactions, primarily localized
ones, such as inflammation and soreness, due to heightened immune activation at the site of injection. Table 2-3
lists some of the most commonly used adjuvants and their mechanisms of action.

TABLE 2-3 Most Commonly Used Adjuvants in Vaccines

Adjuvant Mechanism of Action

Aluminum salts (alum) Creates a depot effect, slowly releasing antigen and enhancing antigen uptake by antigen-
presenting cells.

MF59 (oil-in-water emulsion) Increases cytokine release and antigen uptake, stimulating a stronger immune response.

AS04 (aluminum salt + Combines alum’s depot effect with MPL to enhance the immune response. MPL activates TLR4.

monophosphoryl lipid [MPL] A)

CpG oligodeoxynucleotides Activates TLR9, enhancing the immune response to specific pathogens.

ASO1 (liposome based) Stimulates dendritic cells and T cell responses, enhancing both innate and adaptive immunity.

Virosomes Mimics viral infection, enhancing the immune system’s recognition and response to the antigen.

QS-21 (saponin based) Enhances antigen presentation and stimulates both humoral and cellular immune responses.

Lipopolysaccharide (LPS) Activates TLR4, which leads to strong antibody responses by activating Th2 cells.

Poly-ICLC (polyinosinic- Mimics viral RNA, stimulating a strong immune response.

polycytidylic acid)

Matrix-M® (saponin based) Activates antigen-presenting cells and boosts cytokine production, enhancing T cell and
antibody responses.

Adjuvant system 03 (AS03, oil-  Contains squalene, DL-a-tocopherol, and polysorbate 80, enhancing immune response via

in-water emulsion) cytokine modulation.

SOURCES: Stertman et al., 2023; Wilkins et al., 2017.
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Matrix-M® 1is a saponin-based adjuvant in NVX-CoV2373, which is the only specifically adjuvanted
COVID-19 vaccine. It consists of Quillaja Saponaria Molina extracts, known for their ability to stimulate both
the innate and adaptive arms of the immune system. It enhances immune responses by activating antigen-presenting
cells and boosting cytokine production, which facilitates a stronger T cell and antibody response to the vaccine
antigen (Stertman et al., 2023). Its mechanism of action increases the vaccine’s efficacy, but like other adjuvants,
it can also contribute to or cause reactions. In the United States, FDA approves adjuvants only as components of
vaccines, not as stand-alone products, because their properties can vary based on their concentration and interac-
tion with other ingredients in the vaccine formulation.

Potential harms of vaccination necessitate a thorough investigation of mechanisms. Examining their immune
response will help investigators gain insights into possible mechanisms of vaccine-related harms.

Through an examination of clinical trials, epidemiology studies, case reports, preclinical in vivo and in silico
work, and insights from animal models, the committee has delved into possible mechanisms that may contribute
to adverse events. Understanding these mechanisms is paramount in ensuring the safety and well-being of indi-
viduals receiving COVID-19 vaccines.
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Neurologic Conditions and COVID-19 Vaccines

This chapter describes the potential relationship between COVID-19 vaccines and potential neurological harms
Guillain-Barré syndrome (GBS), chronic inflammatory demyelinating polyneuropathy (CIDP), Bell’s palsy (BP),
transverse myelitis (TM), chronic headache, and postural orthostatic tachycardia syndrome (POTS) (see Boxes 3-1
through 3-6 for all conclusions in this chapter).

GUILLAIN-BARRE SYNDROME

BOX 3-1
Conclusions for Guillain-Barré Syndrome

Conclusion 3-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and Guillain-Barré syndrome.

Conclusion 3-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and Guillain-Barré syndrome.

Conclusion 3-3: The evidence favors acceptance of a causal relationship between the Ad26.COV2.S
vaccine and Guillain-Barré syndrome.

Conclusion 3-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and Guillain-Barré syndrome.

35
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Background

GBS is an acute, monophasic, immune-mediated disorder, or group of disorders, that primarily affects the
peripheral nerves and roots. The typical clinical features include progressive symmetric muscle weakness and
absent or depressed deep tendon reflexes. Patients may also experience tingling or prickling sensations (paresthesia)
along with autonomic dysfunction, including fluctuations in blood pressure, heart rate, and respiratory distress.
Cranial nerve involvement can result in facial weakness, difficulty swallowing, and speech problems, and some
individuals experience significant pain, particularly in the back or legs. Symptoms usually progress over 1-2 weeks
and generally plateau before 4 weeks (Fokke et al., 2014).

Diagnosing GBS is a multifaceted process that involves a comprehensive clinical evaluation, cerebrospinal
fluid (CSF) analysis, and electrodiagnostic studies. A thorough clinical history and neurological examination are
critical to assess the pattern of weakness and reflex abnormalities. Analysis of CSF often reveals elevated protein
levels without a significant increase in white blood cells. Electrophysiological tests can confirm the diagnosis by
revealing evidence of nerve demyelination in demyelinating variants of GBS and identifying pathological changes
affecting both the roots and nerves.

GBS is a relatively rare disease, with a global incidence of 0.81-1.91 cases per 100,000 person-years
(Shahrizaila et al., 2021). The U.S. incidence of GBS is generally in line with the global average, with an esti-
mated 1-2 cases per 100,000 individuals each year (Bragazzi et al., 2021). Although all age groups are affected,
the incidence increases by approximately 20 percent with every 10-year increase beyond the first decade of life,
with a peak incidence reported between 50—69 years and a slight male predominance (Leonhard et al., 2022).

The pathophysiology of GBS remains incompletely understood and is likely heterogeneous, reflecting pheno-
typic variability among what is likely a group of related disorders rather than a single nosological entity. Despite
this heterogeneity, more than two-thirds of patients report a history of upper respiratory tract or gastrointestinal
infection weeks before the onset of neurologic symptoms, suggesting infection plays an important pathogenic
role in all GBS variants (Leonhard et al., 2022). Although GBS is a global disease, regional differences occur
in the distribution of variants. Demyelinating forms dominate in Europe and North America, but acute inflam-
matory demyelinating polyradiculoneuropathy (AIDP) accounts for 80-90 percent of cases and is characterized
by ascending limb weakness. Other demyelinating variants with prominent and early cranial nerve involvement
affecting eye movements and facial muscles, including the Miller-Fisher and facial diplegia with limb paresthesia
variant, are rare. Axonal subtypes, such as acute motor axonal neuropathy (AMAN), dominate in Asia, particularly
Bangladesh and north China (Leonhard et al., 2022). Seasonal variation of incidence tracks with infections. The risk
is higher during the winter, particularly in Europe and North America, where it is associated primarily with upper
respiratory infections. A summer peak occurs in Northern China, India, Bangladesh, and Latin America, where
diarrheal illnesses can be more common. Incidence can also rise during outbreaks of infection, such as with Zika
virus in South America or other arthropod infections, such as dengue and chikungunya (Shahrizaila et al., 2021).
Globally, commonly implicated pathogens include Campylobacter jejuni, cytomegalovirus, Epstein-Barr virus,
Mycoplasma pneumoniae, Haemophilus influenzae, influenza A virus, and Zika virus (Shahrizaila et al., 2021).
C. Jejuni is the most commonly and extensively reported, and robust evidence suggests that molecular mimicry
between microbial antigens and nerves is implicated in developing GBS.

In addition to infection, GBS cases after vaccination have also been reported, especially with the 1976 swine-
influenza and seasonal 2009 HIN1 monovalent influenza vaccines. However, the overall risk of influenza vaccines
if present at all appears to be small, approximately 1-2 excess cases of GBS per million people vaccinated (Vellozzi
et al., 2014). While some have reported an increased risk of GBS after severe acute respiratory syndrome corona-
virus-2 (SARS-CoV-2) infection, the actual incidence of GBS decreased during the pandemic, possibly due to an
overall reduction in other communicable diseases (Keddie et al., 2021).

The latency period between exposure to a triggering event (infection or vaccination) and GBS can vary, but
it typically occurs within a few days to a few weeks. It is crucial to understand that not everyone exposed to these
risk factors will develop GBS, and the exact mechanisms continue to be the subject of ongoing research. The
epidemiology of GBS can be influenced by various factors, including changes in diagnostic techniques, vaccina-
tion practices, and evolving patterns of infectious diseases, so ongoing surveillance and research are crucial to
continually monitor and understand it.

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27746?s=z1120

Evidence Review of the Adverse Effects of COVID-19 Vaccination and Intramuscular Vaccine Administration

NEUROLOGIC CONDITIONS AND COVID-19 VACCINES 37

Mechanisms

GBS is heterogeneous because it is likely a group of related disorders. Demyelinating variants, such AIDP,
differ from axonal variants, such as AMAN, in both the range and extent of pathological changes. Neverthe-
less, nerve injury appears to be immune mediated, with antecedent infection being a common potential trigger.
Autopsy studies demonstrate infiltrates of lymphocytes and macrophages involved in macrophage-mediated
demyelination (Asbury et al., 1969; Wanschitz et al., 2003). Complement deposition can be demonstrated within
the endoneurium, on the surface of myelinated fibers, and on mononuclear cells at sites of myelin breakdown,
particularly in acute cases of less than 4 weeks duration, suggesting a role for antibody-mediated injury, whereas
granzyme-expressing CD8+ T cells (i.e., cytotoxic T cells) are described in cases of longer duration (Wanschitz
et al.,2003). By contrast, patients with AMAN demonstrate primary axonal injury with a paucity of inflammatory
infiltrates or demyelination. IgG and complement-mediated humoral immune response are directed against epitopes
in the axonal membrane. Animal models of GBS have been generated by immunizing rats with myelin proteins,
galactocerebroside, adoptive transfer of myelin-specific T cells (AIDP), or immunization with GM1 ganglioside,
resulting in circulating anti-GM1 antibodies (AMAN) (Shahrizaila et al., 2021) (see Figure 3-1). These animal
models implicate T cells and macrophages in AIDP but suggest that autoantibodies may play a greater role in
AMAN (Shahrizaila et al., 2021). The mechanism of antibody-mediated damage may include interference with
ion channel function, complement-dependent cytotoxicity, and/or interference with nerve regeneration; different
clinical subtypes of GBS are associated with different anti-ganglioside antibodies (Shahrizaila et al., 2021).
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FIGURE 3-1 Overview of the pathogenesis and therapeutic targets of the two major Guillain-Barré syndrome subtypes.
NOTE: AMAN: Acute Motor Axonal Neuropathy; AIDP: Acute Inflammatory Demyelinating Polyneuropathy; IVIG: Intravenous
Immunoglobulin; Ig: Immunoglobulin; GM1: Ganglioside M1; Fc: Fragment crystallizable.

SOURCE: Shahrizaila et al., 2021. Reprinted from The Lancet, Vol. 397(10280), Shahrizaila, N., H. C., Lehmann, and S.
Kuwabara. Guillain-Barré syndrome. 1214-1228, Copyright (2021), with permission from Elsevier.
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Evidence for molecular mimicry is best supported for C. jejuni-associated AMAN, where the reasoning is as
follows (Yuki et al., 2004):

e Patients with GBS after C. jejuni, but not patients with C. jejuni enteritis, have antibodies to GM1
ganglioside in their serum (Sheikh et al., 1998).

e The specific serotype of C. jejuni most commonly isolated from patients with GBS (PEN19) is rare in
patients with C. jejuni enteritis.

e The GM1 ganglioside has an antigenic similarity with the lipopolysaccharide of C. jejuni serotype PEN19
(Yuki et al., 1993).

e Rabbits sensitized to C. jejuni lipopolysaccharide (LPS) develop AMAN and flaccid limb weakness with
pathological findings similar to GBS.

e Anti-GM1 IgG from patients with GBS can block muscle action potentials in muscle-spinal cord coculture,
although they do not induce weakness when injected into mice (Yuki et al., 2004).

C. jejuni infection can also generate antibodies against GQ1b gangliosides, which are associated with the
Miller-Fisher GBS variant (Jacobs et al., 1997). Anti-ganglioside antibodies, however, are not found in association
with all GBS variants. In addition, as mentioned in the background section, GBS is associated with a variety of
pathogens, including potentially SARS-CoV-2, arguing against molecular mimicry as the single unifying mecha-
nism in all forms of it.

A few in silico studies have sought peptide antigens in SARS-CoV-2 with the potential to induce antibodies
that cross-react with proteins in the peripheral or central nervous system, thereby activating complement and medi-
ating neuronal damage (Chen et al., 2022b; Kadkhoda, 2022). One such study demonstrated similarity between
a peptide in SARS-CoV-2 and the NCAM L1-like protein in the myelin sheath and argued that cross-reactive
antibodies might explain GBS after infection (Kadkhoda, 2022; Morsy, 2020). However, the shared peptide was
in the SARS-CoV-2 envelope protein, not the spike protein, and would not provide mechanistic evidence for GBS
occurring after COVID-19 vaccination.

Epidemiological evidence suggests a possible association between adenovirus-vector (AV) COVID-19 vaccines
and GBS but not for the messenger ribonucleic acid (mRNA) vaccines (Hanson et al., 2022; Keh et al., 2023). This
suggests the possibility of a platform-specific mechanism or immune response as opposed to one related to immune
responses to the spike protein itself (such as molecular mimicry) (Rzymski, 2023). One study found high levels of
complement-fixing antibodies to cytomegalovirus in a cohort of patients with GBS but no comparable antibodies
to adenovirus in the same patients (Dowling et al., 1977), and adenovirus has not been historically linked with
GBS in epidemiological studies. This suggests that natural adenoviral infection may not be associated with GBS.

ChAdOx1-S! has high affinity for the coxsackie and adenoviral receptor (CAR), whereas HAdV26 has much
lower CAR affinity (Baker et al., 2021; Hemsath et al., 2022; Rzymski, 2023). CAR is widely expressed in the body,
including the central nervous system (Zussy et al., 2016); however, whether it is expressed in the peripheral nervous
system has not been established. Therefore, it is unknown whether ChAdOx1-S could target peripheral nerves directly.

Epidemiological Evidence

Clinical trial results submitted to the Food and Drug Administration (FDA) for Emergency Use Authoriza-
tion and full approval do not indicate a signal regarding GBS and any of the vaccines under study (FDA, 2021,
2023a,b,c). Table 3-1 presents nine studies that contributed to the causality assessment.

Keh et al. (2023) retrospectively analyzed data from the National Immunoglobulin Database linked to the
National Immunisation Management System, which records all intravenous immunoglobulin (IVIG) prescriptions
for GBS patients in England (IVIG is given to an estimated 86 percent of UK patients with GBS). IVIG approval
requires adjudication by an independent physician panel (Keh et al., 2023). The study included 11.5 million doses

! Refers to the COVID-19 vaccine manufactured by Oxford-AstraZeneca.
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TABLE 3-1 Epidemiological Studies in the Guillain-Barré Syndrome Evidence Review
Study
Design and
Control Age Number of Results
Author Group Location | Data Source Vaccine(s) | Range | N Events (95% CI)
Hanson et al. | Cohort/ UsS VSD/EMR BNT162b2 | =12 8.8 9 cases RR 20.56
(2022) vaccinated (physician years | million meeting (6.94-64.66)
concurrent adjudicated) doses Brighton
comparators Collaboration | 15.5 excess
and criteria 1-3 cases in risk
historical during 1-21- | interval per
controls day risk million doses
period of Ad26.
mRNA- 5.8 9 cases LS
1273 million meeting compare/(\i
doses Brighton e m_RN
Collaboration | YA¢€Ines
criteria 1-3
during 1-21-
day risk
period
Ad26. 483,053 doses | 8 cases
COV2.S meeting
Brighton
Collaboration
criteria 1-3
during 1-21-
day risk
period
Keh et al. Cohort/ UK National BNT162b2 | =18 11.5 million 21 cases No excess
(2023) vaccinated Immunization years | doses in 0-42 days | risk of GBS
GBS cases Dat?base/ mRNA- 300,000 1 observed
National 1273 doses 0-42 d'ays
Immuno- following
globulin ChAdOx1-S 20.3 million 176 BNT162b2
Database doses vaccine
compared
to vaccinated
cases in
control period
Klein et al. Cohort/ usS VSD/ BNT162b2 | =16 6.8 BNT162b2 BNT162b2
(2021) vaccinated EMR years | million doses | and and
concurrent mRNA- 5 mRN{%—leS mRNA— 12.73
comparators 1273 il dtoses (;((;mbmed. combined:
RR 0.70
(0.22-2.31)
continued
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TABLE 3-1 Continued

Study
Design and
Control Age Number of Results
Author Group Location | Data Source Vaccine(s) | Range | N Events 95% CI)
Li et al. Cohort/ UK and Primary care BNTI162b2 | =18 UK UK UK
(2022) historical Spain databases (UK and years | Dose 1: Dose 1: <5 N/A
background linked to Spain) 1.7 million Dose 2: <5
hospital data/ vaccinees
EMR Dose 2:
1.2 million
vaccinees
Spain Spain Spain
Dose 1: Dose 1: 5 Dose 1:
1.9 million Dose 2: <5 SIR 0.79
vaccinees (0.33-1.91)
Dose 2:
1.3 million
vaccinees
mRNA- Dose 1: Dose 1: 0 N/A
1273 244913 Dose 2: <5
(Spain vaccinees cases
only) Dose 2:
160,213
vaccinees
Ad26. Dose 1: Dose 1: 0 N/A
COV2.S 120,731
(Spain vaccinees
only)
ChAdOx1-S UK UK UK
(UK and Dose 1: Dose 1: 11 SIR 0.74
Spain) 3.8 million Dose 2: <5 (0.41-1.33)
vaccinees
Dose 2:
1.1 million
vaccinees
Spain Spain Spain
Dose 1: Dose 1: <5 N/A
592,860 Dose 2: 0
vaccinees
Dose 2:
1.3 million
vaccinees
Loo et al. Case-control | UK EMR BNT162b2 | =16 24 patients 1 2.6-fold
(2022) study/ (physician mRNA- years | admitted with 1 (1.98-3.51)
historical adjudicated) 1273 acute onset increase in
background polyradiculo- admissions
ChAdOx1-S neuropathy 14 compared
between with the
January—June average for
2021 the same
period in the
previous 3
years
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TABLE 3-1 Continued
Study
Design and
Control Age Number of Results
Author Group Location | Data Source Vaccine(s) | Range | N Events 95% CI)
Morciano et | Cohort/self- | Italy Multi-regional | BNT162b2 | =12 10.8 Dose 1: 19 Dose 1:
al. (2023) controlled databases/ years | million Dose 2: 30 RI 0.85
EMR vaccinees (0.49-1.48)
Dose 2:
RI 1.30
(0.80-2.10)
mRNA- 1.7 Dose 1: 7 Dose 1:
1273 million Dose 2: 5 RI 6.83
vaccinees (2.14-21.85)
Dose 2:
RI 7.41
(2.35-23.38)
Ad26. 581,796 Dose 1: 7 Dose 1:
COV2.S vaccinees RI 1.94
(0.32-11.69)
ChAdOx1-S 29 Dose 1: 34 Dose 1:
million Dose 2: 6 RI 6.52
vaccinees (2.88-14.77)
Dose 2:
RI 3.56
(0.31-40.29)
Patone et al. | Cohort/self- | England | English BNT162b2 | =16 12.1 million 34 cases IRR 0.86
(2021) controlled immunization years | vaccinees during 1-28 (0.54-1.36)
records/EMR days risk
interval
ChAdOx1-S 20.4 million 153 IRR 2.04
vaccinees 1-28 days (1.60-2.60)
Sturkenboom | Cohort/ European | Primary and BNT162b2 | Varied | 6.5 16 IRR 1.10
et al. (2022) | background | countries | secondary care million doses (0.56-2.15)
rate databases/ mRNA- 727,047 doses | No cases N/A
EMR 1273
Ad26. 242,349 doses | 2 IRR 5.65
COV2.S (1.4-22.83)
ChAdOx1-S 4.6 15 IRR 1.43
million doses (0.85-2.40)
continued
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TABLE 3-1 Continued
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Study
Design and
Control Age Number of Results
Author Group Location | Data Source Vaccine(s) | Range | N Events 95% CI)
Walker et al. | Self- UK EMR BNT162b2 | =18 5.7 283 IRR 1.00
(2022) controlled years | million (0.61-1.64)
cohort vaccinees
mRNA- 255,446 No cases N/A
1273 vaccinees
ChAdOx1-S 7.8 million 517 IRR 2.85
vaccinees (2.33-3.47)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured by
Janssen. The primary series for Ad26.COV2.S is one dose. ChAdOx1-S refers to the COVID-19 vaccine manufactured by Oxford-AstraZeneca.
ChAdOx1-S appears in this table because it provides support for Conclusion 3-3. The primary series for Ad26.COV2.S is one dose. Keh et al.
(2023) refers to BNT162b2 as Tozinameran (Pfizer). Number of events refers to events in vaccinees only. EMR: electronic medical record;
IRR: incidence rate ratio; N/A: not applicable; RI: relative incidence; RR: risk ratio; SIR: standardized incidence ratio; VSD: Vaccine Safety
Datalink.

SOURCES: Hanson et al., 2022; Keh et al., 2023; Klein et al., 2021; Li et al., 2022; Loo et al., 2022; Morciano et al., 2023; Patone et al., 2021;
Sturkenboom et al., 2022; Walker et al., 2022.

of BNT162b22 and 300,000 doses of mRNA-1273.3 Of 196 postvaccinal cases, 21 occurred with BNT162b2 and
one with mRNA-1273. Using case numbers from days 43—84 after first-dose vaccination as a comparison group,
the first 42 days post-vaccination with BNT162b2 had no excess risk of GBS (Keh et al., 2023).

Patone et al. (2021) investigated the association between BNT162b2 and GBS among 32.6 million vac-
cinees, 12.1 million of whom received BNT162b2. This retrospective self-controlled cohort study compared the
incidence rate of GBS in England at several intervals (1-7, 8—14, 15-21,22-28, and 1-28 days after vaccination)
with the rate of GBS during periods outside of this interval. GBS was defined using International Classification
of Diseases 10 (ICD-10) codes and identified as the first hospital admission or as a cause of death recorded on
the death certificate. Vaccination status was identified in the English National Immunisation (NIMS) Database of
COVID-19 vaccination. Only 34 cases of GBS were observed for BNT162b2 during the risk interval. The study
found no association between BNT162b2 and GBS at any interval, including the 1-28-day period—incidence
rate ratio (IRR) 0.86 (95% confidence interval [CI]: 0.54—1.36) (Patone et al., 2021). The results do not suggest
increased incidence, but the estimate is imprecise; the results are consistent with no association but could also be
consistent with a small increased risk (Patone et al., 2021).

Klein et al. (2021) conducted a surveillance study within the Vaccine Safety Datalink (VSD), which includes
data from eight U.S. integrated health care organizations with electronic health records. They compared incidence
of GBS among vaccine recipients 1-21 days after either dose 1 or 2 of an mRNA vaccine with that of concurrent
comparators who, on the same calendar day, had received their most recent dose 22—42 days earlier. After 11.8 mil-
lion doses (57 percent BNT162b2), 10 GBS cases were identified in the risk interval compared with six in the
controlled interval, risk ratio (RR) 0.70 (95% CI: 0.22-2.31) (Klein et al., 2021). Few events were observed, so
the authors were unable to precisely estimate the measure of association. The results would be consistent with no
association but could also be consistent with a small increase in risk.

Hanson et al. (2022) also analyzed data from VSD. In their primary analysis, they compared the incidence
of GBS cases among vaccine recipients at two time intervals, 1-21 and 1-42 days, with that of vaccinated con-
current comparators, who, on the same calendar day, had received their most recent dose 22—-42 and 43-84 days

2 Refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
3 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
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earlier, respectively. In addition, incidence of GBS for individual vaccines was compared to prepandemic historical
background rate (Hanson et al., 2022). GBS cases were physician adjudicated according to Brighton Collaboration
criteria (Sejvar et al., 2011), and the analysis included Brighton Collaboration criteria 1-4. Level 1 has the highest
level of diagnostic certainty; Level 4 includes suspected cases. The study included 14.6 million doses of mRNA
vaccines (BNT162b2 or mRNA-1273) and 483,053 doses of Ad26.COV2.S.* During the 1-84 days following
mRNA vaccines, 36 cases of GBS were confirmed, with nine cases meeting Brighton Collaboration criteria 1-3 in
the 1-21 days risk period. Eleven cases of GBS were confirmed 1-84 days after Ad26.COV2.S, with eight cases
meeting Brighton Collaboration criteria 1-3 in the 1-21 days period. Scan statistics identified days 1-14 after
vaccination as a statistically significant cluster (p = .003). In a comparison of Ad26.COV2.S and mRNA vaccines,
the adjusted rate ratio in the 1-21 days risk period was 20.56 (95% CI: 6.94-64.66) (Hanson et al., 2022). No asso-
ciation appeared between GBS and any of the vaccines based on the comparison with unvaccinated comparators
(Hanson et al., 2022). However, the unadjusted incidence rate at 1-21 and 1-42 days after Ad26.COV2.S was higher
than the historical background rate (p < .001). Excluding Brighton Level 4 cases did not significantly alter results.

Sturkenboom et al. (2022) conducted a cross-national multi-database retrospective dynamic cohort study
using primary and/or secondary health care data from four European countries: Italy, the Netherlands, the United
Kingdom, and Spain. They compared the incidence of GBS in vaccine recipients with nonvaccinated persons
in 2020 within 28 days after each dose. Of 25.7 million people, 16 GBS cases were identified after BNT162b2,
two after Ad26.COV2.S, and none after mRNA-1273. They found an increased risk of GBS 28 days after Ad26.
COV2.S (IRR 5.65,95% CI: 1.40-22.83) but no increased risk after BNT162b2 (IRR 1.10, 95% CI: 0.56-2.15).
Results for BNT162b2 suggest no association, but the authors were unable to precisely estimate risk, and results
could also be consistent with a small increase in risk (Sturkenboom et al., 2022).

Walker et al. (2022) analyzed primary care data from over 17 million patients in England linked to emer-
gency care, hospital admission, and mortality records in OpenSAFELY, which is a secure analytics platform for
the National Health Service electronic health records. They used a self-controlled case-series (SCCS) analytical
approach where the risk interval was 4-28 days after vaccination. Among 5.7 million recipients of BNT162b2, 283
GBS cases were identified during the risk and controlled intervals; none were identified among 255,446 recipients
of mMRNA-1273. The results from the study suggested no association between the first dose of BNT162b2 and GBS,
although the measure was imprecise and could suggest a small increase in risk (IRR 1.09, 95% CI: 0.75-1.57).
Adjusting for calendar time and history of COVID-19 infection did not significantly change the measure of asso-
ciation (IRR 1.00, 95% CI: 0.61-1.64).

Li et al. (2022) compared rates of GBS identified through medical records among vaccinees with historical
background rates. They used the Clinical Practice Research Datalink (CPRD) Aurum, which contains routinely
collected data from UK primary care practices, and Spain’s Information System for the Development of Research
in Primary Care (SIDIAP), a primary care database that covers 80 percent of the population in Catalonia. The
study included 3.6 million people who received BNT162b2, 244,913 who received mRNA-1273, 120,731 who
received Ad26.COV2.S, and 14.3 million people from the general population (Li et al., 2022). Of the BNT162b2
vaccinees, <5 cases occurred within 1-21 days after a first and second dose in CPRD Aurum, compared with 10.4
and 9 expected. SIDIAP showed five cases after the first dose of BNT162b2 and <5 cases after the second dose,
compared with 6.3 and 5.3 expected, respectively. For mRNA-1273, <5 cases were diagnosed after the second dose
compared with 0.7 expected. No cases were observed with the first dose of mRNA-1273 or after Ad26.COV2.S
(Li et al., 2022).

Morciano et al. (2023) investigated the association between COVID-19 vaccines and GBS in the population
older than 12 years using an SCCS design with data from several regional health care databases in Italy. They
evaluated relative incidence (RI) of GBS during a risk interval of 0—42 days after vaccination and an unexposed
interval defined as any time of observation before, between, or after the risk intervals. Of 1.7 million individuals
who received mRNA-1273, 25 developed GBS during the study period, with seven and five cases observed with
the first and second doses, respectively, during the risk interval (RI 6.83, 95% CI: 2.14-21.85 for dose 1 and RI
7.41,95% CI: 2.35-23.38 for dose 2) (Morciano et al., 2023). This corresponded with an estimated 0.4 and 0.3

4 Refers to the COVID-19 vaccine manufactured by Janssen.
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excess number of cases per 100,000 vaccinated for doses 1 and 2, respectively. The RI of GBS was not significantly
increased in the 10.8 million and 581,796 individuals who received BNT162b2 and Ad26.COV2.S, respectively
(Morciano et al., 2023).

Loo et al. (2022) conducted a retrospective case-control study of all patients admitted for acute polyradiculo-
neuropathy to two UK neuroscience centers between January 1 and June 30, 2021. They compared vaccinees from
the preceding 4 weeks to all GBS patients admitted to their centers between 2005 and 2019. A 2.6-fold (95% CI:
1.98-3.51) increase in admissions for GBS was noted during the time frame, compared to the same period in the
preceding 3 years. Of 24 GBS patients, 16 were postvaccine, and all but two (one BNT162b2, one mRNA-1273)
occurred after ChAdOx1-S (Loo et al., 2022).

Although some studies relied on physician adjudication for case ascertainment (Hanson et al., 2022; Keh et
al.,2023; Loo et al., 2022), others relied on ICD codes from electronic data without chart confirmation. Some GBS
cases identified by the ICD codes might not be true cases, which could have biased the measure of association.
In addition, some studies used historical cohorts as a comparator group. Several studies have shown that annual
GBS incidence decreased during the pandemic, which could have biased the measure of association.

Pharmacovigilance and Surveillance

Table 3-2 presents five pharmacovigilance studies that contributed to the committee’s assessment based on
their size, design, analytic approach, and region surveilled.

Abara et al. (2023) analyzed data from the Vaccine Adverse Event Reporting System, which is comanaged
by the Centers for Disease Control and Prevention and FDA. Of 487.7 million COVID-19 vaccine doses, 209 and
253 reports of GBS occurred within 21 and 42 days, respectively. Observed-to-expected ratios were 3.79 (95%
CI: 2.88-4.88) for days 1-21 and 2.34 (95% CI: 1.83-2.94) for days 1-42 after Ad26.COV2.S and less than 1 (not
significantly increased) after BNT162b2 and mRNA-1273 for both post-vaccination periods (Abara et al., 2023).

Pegat et al. (2022) analyzed data from VigiBase, the World Health Organization pharmacovigilance database,
and the French pharmacovigilance database to compare the frequency of facial paralysis in GBS cases after AV
vaccines to that after mRNA vaccines and found that 142 of 1,256 GBS patients in VigiBase had associated facial
paralysis (11.3 percent). This included 26 of 488 who received mRNA vaccines (12/328 BNT162b2, 14/160
mRNA-1273), 114 of 744 who received AV vaccines (28/114 Ad26.COV2.S, 86/630 ChAdOx1-S), and 2 of 24
who received other vaccines. Facial paralysis was significantly more frequent after AV vaccines (32: p =6.44x 1078)
(Pegat et al., 2022).

Garcia-Grimshaw et al. (2022) conducted a retrospective analysis of a nationwide passive registry of GBS
among recipients of 81.8 million doses of seven COVID-19 vaccines in Mexico. The overall observed incidence
was 1.19 per 1 million doses (95% CI: 0.97-1.45), which was higher for Ad26.COV2.S (3.86 per 1 million doses,
95% CI: 1.50-9.93) and BNT162b2 (1.92 per 1 million doses, 95% CI: 1.36-2.71) (Garcia-Grimshaw et al., 2022).

Ha et al. (2023) conducted a prospective regional surveillance study for GBS in the Gyeonggi Province, South
Korea. Out of 38.8 million vaccine doses, 55 cases of physician adjudicated GBS were identified. The incidence
rate of GBS after AV vaccines (Ad26.COV2.S, ChAdOx1-S) was 4.49 per million doses (95% CI: 2.85-6.12),
compared to 0.80 per million doses after mRNA vaccines (BNT162b2, mRNA-1273) (95% CI: 0.49-1.11) (Ha
et al., 2023).

Takuva et al. (2022) evaluated the incidence rate of GBS in all health care workers in South Africa registered in
the national Electronic Vaccination Data System after receiving Ad26.COV2.S. Four cases of GBS were recorded,
with an observed-to-expected ratio of 5.09 (95% CI: 1.39-13.02) (Takuva et al., 2022).
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TABLE 3-2 Pharmacovigilance Studies in the Guillain-Barré Syndrome Evidence Review

Study Design
and Control Age Number of | Results
Author Group Location | Data Source Vaccine(s) Range | N Events (95% CI)
Abara et | Cohort/ Us VAERS BNT162b2 =18 266.9 21 days: O:E <1
al. (2023) | historical (physician years | million 209
background adjudicated) doses 42 days:
mRNA-1273 202.8 253 O:E <1
million
doses
Ad26. 17.9 1-21 days
covas million O:E 3.79 (2.88-4.88)
doses
1-42 days
O:E 2.34 (1.83-2.94)
Garcia- Cohort/ Mexico | Mexican BNT162b2 =18 16.6 32 Unadjusted Incidence
Grimshaw | historical Epidemiological years million 1.92 (1.36—-2.71)
et al. background Surveillance doses
(2022) System/ L. mRNA- 2.3 3 Unadjusted Incidence
EMR (physician | 4 million 1.29 (0.44-3.81)
adjudicated)
doses
Ad26. 1.0 4 Unadjusted Incidence
COV2.S million 3.86 (1.50-9.93)
doses
ChAdOx1-S 38.5 37 Unadjusted incidence
million 0.96 (0.70-1.32)
doses
Ha et al. | Cohort South Gyeonggi BNT162b2, =12 38.8 mRNA mRNA
(2023) Korea Infectious mRNA- years million vaccines: vaccines IR
Disease Control | 1273, Ad26. doses 26 cases 0.80 per million doses
Center/EMR COV2.S (0.49-1.11)
(physician Adenovirus- | Adenovirus-vectored IR
adjudicated) vectored 4.49 per million doses
vaccines: (2.85-6.12)
29 cases
Pegat et Cohort/mRNA | US, VigiBase BNT162b2, Not 488 142/1,256 Facial paresis
al. (2022) | vaccines to UK, (physician mRNA- stated | mRNA of GBS more frequent with
Adenovirus- Europe | adjudicated) 1273, Ad26. vaccine cases with | adenovirus-vectored
vectored COV2.S, vaccinees facial vaccines
vaccines ChAdOx1 paresis (26
788 mRNA
Adenovirus | vaccines,
-vectored 28
vaccine adenovirus-
vaccinees vectored)
Takuva et | Open-label South National Ad26. =18 477,234 4 cases O:E 5.09 (1.39-13.02)
al. (2022) | phase 3b Africa Electronic COV2.S years vaccinees
implementation Vaccination
study/ Data System/
historical EMR (physician
background adjudicated)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to the
COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured by Janssen.
ChAdOXx 1-S refers to the COVID-19 vaccine manufactured by Oxford-AstraZeneca. ChAdOx1-S appears in this table because it provides support for
Conclusion 3-3. Ha et al. (2023) combined the number of events from adenovirus-vector vaccines (Ad26.COV2.S and ChAdOx1-S). CI: confidence
interval; EMR: electronic medical record; IR: incidence rate; O:E: observed-to-expected ratio; VAERS: Vaccine Adverse Event Reporting System.

SOURCES: Abara et al., 2023; Garcia-Grimshaw et al., 2022; Ha et al., 2023; Pegat et al., 2022; Takuva et al., 2022.
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From Evidence to Conclusions

The totality of the evidence included several large studies that minimized confounding bias by using
self-controlled or concurrent cohort design or by relying on chart review for case ascertainment; none of the
epidemiological studies reported a significant risk of GBS after BNT162b2. This is reinforced by the pharma-
covigilance data; although they were more prone to confounding bias, multiple large studies surveilling dif-
ferent population cohorts worldwide consistently identified an increased risk with AV but not mRNA vaccines
despite potential differing coding trends, seasonality, co-infections, and co-administration of other vaccines.

Conclusion 3-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and Guillain-Barré syndrome.

In general, relatively few mRNA-1273 doses were included in the studies. Only one study reported an
increased risk of GBS after the first and second doses, although the CIs for the measure of association were very
wide (Morciano et al., 2023). The study also reported that the excess number of cases was very small (<1 case per
100,000 doses). Morciano et al. (2023) was the only study to utilize the relatively longer risk period of 0-42 days
without relying on chart review for case ascertainment. Although the study used a self-controlled strategy to mini-
mize bias, its reliance on ICD codes combined with the prolonged risk interval may have led to inclusion of some
historical cases rather than true incident cases. Two other studies included a larger number of vaccines and used a
vaccinated concurrent cohort design (Hanson et al., 2022; Klein et al., 2021). As noted, the pharmacovigilance data
also favored lack of an association between GBS and the mRNA vaccines, and the platforms used in mRNA-1273
and BNT162b2 are similar. Additionally, strong mechanistic evidence linking mRNA vaccines to GBS is lacking.

Conclusion 3-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and Guillain-Barré syndrome.

Four epidemiology studies included patients who received Ad26.COV2.S. One study found an increased risk of
GBS compared to a historical cohort, even though it did not find an association in its primary analysis, which used
a vaccinated concurrent cohort design (Hanson et al., 2022). Unlike other studies reviewed, cases were physician
adjudicated according to Brighton Collaboration criteria, and the increased risk was still observed when Level 4
cases (suspected GBS) were excluded. Although the analysis included two risk periods, 1-21 and 1-42 days, the
vast majority of cases occurred in the first period, which is in keeping with expected latency based on historical
precedent and presumed mechanism. Sturkenboom et al. (2022) also found an increased risk when comparing
Ad26.COV2.S recipients with a 2020 cohort of unvaccinated individuals, although the total number of events
was small and the CI wide. No association was observed in the other two studies (Li et al., 2022; Morciano et al.,
2023). Li et al. (2022) had a comparatively low number of vaccinees.

Although ChAdOx1-S was not formally within the purview of the committee, five of the studies observed
an increased risk of GBS (Keh et al., 2023; Loo et al., 2022; Morciano et al., 2023; Patone et al., 2021; Walker
et al., 2022). These included studies with a large number of participants and designs that minimize confounding
bias. Additionally, two studies reported a higher rate of the facial paresis variant in patients who received either
AV vaccine compared to historical cohorts (Hanson et al., 2022; Loo et al., 2022). This trend was not observed in
Keh et al. (2023) despite reporting an increased risk of GBS after ChAdOx1-S. Evidence from pharmacovigilance
databases spanning different regions worldwide also documented an increased risk with the AV vaccines, and one
study (Pegat et al., 2022) observed an increased rate of facial paresis associated with AV but not mRNA vaccines.

The epidemiological association between GBS and ChAdOx1-S but not mRNA vaccines suggests that the
mechanism is unlikely to relate to immune responses to the spike protein itself. In addition, the reported increased
rates of a rare variant (facial paresis) after vaccination with both related, albeit not identical, AV vaccines suggest
a potential shared mechanism, although no definitive one was identified by the committee in the mechanistic
literature, and this pattern was not observed in all studies. Differences in the AV platforms and their respective
receptor, however, should give pause when extrapolating from one such vaccine to another.
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The totality of evidence for Ad26.COV2.S includes two well-designed, positive epidemiological studies and
pharmacovigilance data, strong supporting epidemiological evidence from ChAdOx1-S, and the potential for a
platform-specific mechanism in both AV vaccines. No epidemiological literature evaluated the relationship between
NVX-CoV23735 and GBS.

Conclusion 3-3: The evidence favors acceptance of a causal relationship between the Ad26.COV2.S
vaccine and Guillain-Barré syndrome.

Conclusion 3-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and Guillain-Barré syndrome.

CHRONIC INFLAMMATORY DEMYELINATING POLYNEUROPATHY

BOX 3-2
Conclusions for Chronic Inflammatory Demyelinating Polyneuropathy

Conclusion 3-5: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and chronic inflammatory demyelinating polyneuropathy.

Conclusion 3-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and chronic inflammatory demyelinating polyneuropathy.

Conclusion 3-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and chronic inflammatory demyelinating polyneuropathy.

Conclusion 3-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and chronic inflammatory demyelinating polyneuropathy.

Background

CIDP, also known as “chronic inflammatory demyelinating polyradiculoneuropathy,” is an acquired, immune-
mediated disorder affecting the peripheral nerve and roots. As with GBS, CIDP is now considered a group of disorders
all sharing clinical and electrodiagnostic features but with probable heterogenous underlying mechanisms. Typical
CIDP, the most prevalent CIDP variant, accounts for 50-60 percent of cases and presents as relapsing-remitting or
gradually progressive symmetric limb weakness over a period of months. Sensory loss is common, and deep tendon
reflexes are absent or reduced. Cranial nerve involvement occurs in 10-20 percent of cases. Acute onset resembling
GBS can occur in 5-16 percent of cases, but unlike GBS, where symptom progression ends within 4 weeks, symp-
toms continue to progress beyond 8 weeks (McCombe et al., 1987; Thomas et al., 1987) (a minimum of 2 months of
symptoms is required to make the diagnosis per CIDP diagnostic criteria; Van den Bergh et al., 2010).

The reported incidence of CIDP is 0.3—1.6 cases per 100,000 person-years (Laughlin et al., 2009), with a male
predominance and incidence rising with advancing age and some studies reporting a mean age at presentation of
60 years (Hafsteinsdottir and Olafsson, 2016). Electrodiagnostic evidence of nerve demyelination and elevated CSF
protein with a normal leukocyte count supports the diagnosis. A nerve biopsy demonstrating segmental demyelination
with or without inflammation can be diagnostic but is rarely needed. CIDP variants are recognized, and their distinc-
tive clinical characteristics are included in European Academy of Neurology/Peripheral Nerve Society diagnostic
criteria (Van den Bergh et al., 2021). These include typical, distal (or distal acquired demyelinating distal neuropathy),

5 Refers to the COVID-19 vaccine manufactured by Novavax.
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multifocal (or multifocal acquired demyelinating sensory and motor neuropathy), focal, motor, and sensory CIDP
(Van den Bergh et al., 2021). Definitions of what constitute CIDP continue to evolve, and certain conditions classed as
CIDP variants in the past, including chronic immune sensory polyradiculopathy and the autoimmune paranodopathies,
were excluded from the most recent criteria because the underlying nerve injury is not definitively demyelinating.

Mechanisms

Although the pathophysiology of CIDP and its variants is not known, evidence supports an immune-mediated
mechanism as the main cause. Characteristic features include segmental demyelination and remyelination and
varying degrees of endoneurial macrophage infiltration (Dalakas, 2011). Levels of T helper 17 cells are increased
in the peripheral blood and CSF, as are levels of soluble adhesion molecules, chemokines, and metalloproteinases
(Dalakas, 2011). The apparent effectiveness of plasmapheresis, which purportedly removes pathogenic antibodies
along with other inflammatory mediators, suggests that circulating humoral factors and autoantibodies may be
involved. Complement fixation on the myelin sheath of nerves of some with CIDP also suggests a potential anti-
body-mediated mechanism (Dalakas and Engel, 1980). Antibodies directed against nodal and paranodal proteins,
such as contactin-1 and neurofascin isoforms, are found in a subset of patients with clinical features suggestive
of CIDP. However, nerve biopsies in these patients do not show the distinctive features of CIDP, and this is now
considered a separate entity (autoimmune paranodopathies) (Van den Bergh et al., 2021).

One study identified potentially cross-reactive epitopes shared between the SARS-CoV-2 spike protein and
neuronal structures using a bioinformatics approach (Felipe Cuspoca et al., 2022), suggesting that molecular
mimicry as a cause of potential neurological harms of COVID-19 vaccines is plausible, but evidence supporting
this hypothesis is lacking.

Epidemiological Evidence

Clinical trial results submitted to FDA for Emergency Use Authorization and/or full approval do not indicate
a signal regarding CIDP and any of the vaccines under study (FDA, 2021, 2023a,b.c). Table 3-3 summarizes one
study that contributed to the causality assessment.

Loo et al. (2022) conducted a retrospective case-control study of all patients admitted with acute-onset
polyradiculoneuropathy to two UK neuroscience centers, January 1-June 30, 2021. Of 24 GBS patients, 16 were
post-vaccination and all but two (one BNT162b2, one mRNA-1273) were after ChAdOx1-S. Four cases initially
classified as GBS were eventually reclassified as acute-onset CIDP due to progression or relapse past 8 weeks
from onset; all four had received ChAdOx1-S.

TABLE 3-3 Epidemiological Study in the Chronic Inflammatory Demyelinating Polyneuropathy Evidence Review

Study Design
and Control Age Number
Author Group Location | Data Source | Vaccine(s) Range | N of Events | Results
Loo et al. | Case-control UK EMR BNT162b2 =16 24 patients 1 4 cases
(2022) study/historical (physician mRNA-1273 years admitted 1 reclassified
background adjudicated) with acute onset as acute
polyradiculo- onset CIDP;
neuropathy No cases
between followed
January—June mRNA
2021 vaccines

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Number of events refers to events in vaccinees only. EMR:
electronic medical record.

SOURCE: Loo et al., 2022.
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From Evidence to Conclusions

Epidemiological and mechanistic evidence are absent. Only one small case-control study evaluated the asso-
ciation between COVID-19 vaccines and CIDP; four cases initially classified as GBS were later reclassified as
acute-onset CIDP, and no historical background rate was offered for comparison.

Conclusion 3-5: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and chronic inflammatory demyelinating polyneuropathy.

Conclusion 3-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and chronic inflammatory demyelinating polyneuropathy.

Conclusion 3-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and chronic inflammatory demyelinating polyneuropathy.

Conclusion 3-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and chronic inflammatory demyelinating polyneuropathy.

BELL’S PALSY

BOX 3-3
Conclusions for Bell’s Palsy

Conclusion 3-9: The evidence favors rejection of a causal relationship between the BNT162b2 vac-
cine and Bell’s Palsy.

Conclusion 3-10: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and Bell’s Palsy.

Conclusion 3-11: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and Bell’s Palsy.

Conclusion 3-12: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and Bell’s Palsy.

Background

BP is an idiopathic, unilateral, self-limited, acute facial nerve paresis or paralysis. It occurs with equal
frequency on either side of the face and usually resolves within weeks or months. It can lead to severe tempo-
rary oral insufficiency and an incapability to close the eyelids, resulting in potentially permanent eye injury. In
approximately 25 percent of patients, moderate-to-severe facial asymmetry may persist and affect quality of life
(Zhang et al., 2020).

BP is the most common acute mononeuropathy (Zhang et al., 2020), with an incidence of 11.5-53.3 per
100,000 person-years (Baugh et al., 2013). It is estimated that every year, about 40,000 U.S. people are affected
(NORD, 2022). The risk factors are poorly understood. Risk may increase with age, but no indication exists that
one sex or geographical area is more at risk (Kim and Park, 2021). BP symptoms typically develop quickly, with
maximum symptoms occurring within 72 hours (Zhang et al., 2020).
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Mechanisms

The etiology of BP is unknown, but theories fall into five categories: anatomical, viral, ischemic, inflam-
matory, and due to cold exposure (based on season or local climate) (Zhang et al., 2020). When considering the
possibility of a vaccine trigger of BP, it is unlikely that anatomy, ischemia, or cold stimulation would play a role.

Evidence supporting inflammation includes demonstrated gadolinium enhancement of the facial nerve on
magnetic resonance imaging (MRI) of the brain and CSF pleocytosis in many patients with BP (Steiner and Mattan,
1999). Histopathology from one autopsy study demonstrated a lymphohistiocytic infiltrate within all layers of
the nerve and inflammation that extended to the geniculate ganglion but spared most ganglion cells (Liston and
Kleid, 1989).

Infection may be a cause of BP. Infectious facial palsy has been most clearly linked to Borrelia burgdorferi
(the bacteria that causes Lyme disease) and varicella zoster virus reactivation (Ramsay Hunt syndrome). Many
have argued for a link between herpes simplex virus type 1 (HSV-1) reactivation and BP (Zhang et al., 2020),
and acyclovir is routinely prescribed to patients with BP. Arguments against a pathophysiological role for HSV-1
include that it resides in the peripheral sensory ganglia, and reactivation is not associated with motor weakness;
that it tends to recur, whereas BP tends to be monophasic; and that HSV-1 outbreaks are common, whereas BP is
rare (Steiner and Mattan, 1999). Finally, in a randomized controlled trial with a factorial design in which patients
received 10 days of prednisolone, acyclovir, both, and placebo, prednisolone significantly improved outcomes,
whereas acyclovir did not (Sullivan et al., 2007).

Infection may also cause BP via a post-infectious immune-mediated mechanism rather than by direct invasion
of the nerve. Such mechanisms could include bystander activation, epitope spreading, or polyclonal activation of
previously dormant self-reactive lymphocytes (see Chapter 2). Arguments favoring an infectious trigger of BP
include that it can occur in epidemic clusters (Leibowitz, 1969) and displays seasonal variation (Kim and Park,
2021). Potential triggers include cytomegalovirus, Epstein-Barr virus, mumps, rubella, and HIV (Steiner and
Mattan, 1999). An intranasal influenza vaccine that has since been removed from the market was associated with
BP (Wratten et al., 1977). In this case-control study, BP most often occurred within 31-60 days following vac-
cination, arguing against a direct toxic effect and in favor of an immune-mediated mechanism. Recent evidence
has suggested a possible association between COVID-19 infection and BP (Rafati et al., 2023). The fact that there
are multiple putative viral triggers argues against molecular mimicry as a mechanism.

Patients with BP have been shown to have elevated levels of the cytokines IL-6 (interleukin-6), IL-8, and
TNF-alpha compared to controls (Yilmaz et al., 2002). Some have argued that cytokine-mediated neuronal damage,
in particular by type 1 interferon (type 1 IFN), might mediate neurological adverse events after COVID-19 vac-
cination (Chen et al., 2022a; Shemer et al., 2021). Because BP has been seen as a complication of type 1 IFN
treatment for hepatitis C (Hwang et al., 2004), some have postulated that an elevation of type 1 IFN after COVID-
19 vaccination could be associated with it (Shemer et al., 2021). Single-cell transcriptomics demonstrate a strong
interferon signature after booster mRNA vaccination (Arunachalam et al., 2021), but this has not been correlated
with neurological harms. Adenoviral vaccines have also been shown to induce an interferon signature, at least in
mice (Sheerin et al., 2021). However, no studies link cytokine responses after vaccination to neurological events.

Epidemiological Evidence

Clinical trial results submitted to FDA for Emergency Use Authorization and/or full approval do not indicate
a signal regarding BP and any of the vaccines under study (FDA, 2021, 2023a,b,c). Table 3-4 presents 11 studies
that contributed to the causality assessment.

Patone et al. (2021) investigated the association between BNT162b2 and BP among 12.1 million vaccinees in
England using an SCCS study. They compared the incidence rate of BP in the interval of 1-28 days after vaccina-
tion with that during periods outside of this interval. BP was defined using ICD-10 codes and identified as the first
hospital admission or as a cause of death recorded on the death certificate (Patone et al., 2021). Vaccination status
was identified in the English National Immunisation (NIMS) Database of COVID-19 vaccination; they identified
250 BP cases and found no association with BNT162b2 IRR 1.06, 95% CI: 0.80-1.25) (Patone et al., 2021).
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TABLE 3-4 Epidemiological Studies in the Bell’s Palsy Evidence Review

51

Study
Design and
Control Data Age Number Results
Author Group Location Source Vaccine(s) Range N of Events | (95% CI)
Ab Self- Malaysia EMR BNT162b2 =12 Dose 1: Dose 1: Dose 1:
Rahman controlled years 8.7 17 IRR 1.32 (0.77—
et al. case series million 2.24)
(2022) vaccinees
Dose 2: Dose 2: Dose 2:
6.7 10 IRR 0.88 (0.45—
million 1.73)
vaccinees
Klein Cohort with | US EMR BNT162b2 >16 6.8 BNT162b2 | BNT162b2 and
et al. vaccinated years million and mRNA-1273
(2021) concurrent doses mRNA- combined:
comparators mMRNA-1273 51 1273 RR 1.00 (0.86-1.17)
million combined:
doses 335
Li et al. Cohort UK and EMR BNT162b2 >18 UK UK UK
(2022) and self- Spain Clinical (UK and years Dose 1: Dose 1: Dose 1:
controlled/ Practice Spain) 1.7 46 SIR 0.40 (0.30-0.53)
Background Research million Dose 2:
rates Datalink vaccinees SIR 0.24 (0.16-0.36)
and self- Aurum Dose 2:
controlled database Dose 2: 24 SCCS
(UK)/ 1.2 IRR 0.83 (0.66-1.02)
Information million
System vaccinees
for the Spain Spain Spain
Lisvelupme: Dose Dose Dose 1:
GIELERerie s 1:1.9 1:100 SIR 0.86 (0.70 —
i) [y million | Dose 2: | 1.04)
e vaccinees | 85 Dose 2:
(LA Dose 2: SIR 0.88 (0.71-1.08)
database 13
(g million SCCS:
vaccinees IRR 0.83 (0.66-1.02)
mRNA-1273 Dose 1: Dose 1: Dose 1:
(Spain only) 244913 14 SIR 0.92 (0.54-1.55)
vaccinees | Dose 2: 5 | Dose 2:
SIR 0.44 (0.18-1.06)
Dose 2:
160,228 SCCS:
vaccinees IRR 0.99 (0.54-1.64)
Ad26.COV2.S Dose 1: Dose 1: 6 | SIR 1.15 (0.52-2.56)
(Spain only) 120,731
vaccinees
Patone et | Self- UK EMR BNT162b2 > 16 Dose 247 IRR 1.06 (0.90-1.26)
al. (2021) | controlled years 1:12.1
case series million
vaccinees
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TABLE 3-4 Continued

Study
Design and
Control Data Age Number Results
Author Group Location Source Vaccine(s) Range N of Events | (95% CI)
Shasha et | Matched Israel EMR BNT162b2 >16 Dose 1: 23 RR 0.96 (0.54-1.70)
al. (2022) | cohort years 233,159
vaccinated vaccinees
VS.
unvaccinated
Shemer Case control | Israel Hospitaliza- | BNT162b2 50.9 37 cases 21 OR 0.84 (0.37-1.90)
et al. tion data +20.2
(2021) years
Shibli et | Cohort Israel EMR BNT162b2 =16 Dose 132 SIR 1.36 (1.14-1.61)
al. (2021) | using years 1: 2.6
background million
rate vaccinees
Dose 152 SIR 1.16 (0.99-1.36)
2:2.4
million
vaccinees
Shoaibi Self- UsS Claims- BNT162b2 =65 6.2 1,674 IRR 1.13 (0.77-1.65)
et al. controlled based (booster dose) | years million
(2023) case series data'W1th MRNA-1273 vaccinees | 5oy IRR 1.02 (0.70-1.50)
medical
(booster dose)
record
review
Sturken- | Cohort Italy, EMR BNT162b2 Varied 54% 149 IRR 0.87 (0.69-1.10)
boom using Netherlands, of 12.1
et al. background | UK, and million
(2022) rate Spain vaccinees
total
mRNA-1273 6% 27 IRR 0.99 (0.68-1.45)
Ad26.COV2.S 2% 6 IRR 1.08 (0.45-2.60)
Takeuchi | Cohort Japan EMR mRNA =18 Dose 1: Cohort: Dose 1:
et al. and self- (BNT162b2, years 136,667 Dose 1: 1 | IRR 1.14 (0.27-
(2022) controlled mRNA-1273) vaccinees | Dose 2: 1 | 4.89)
case series Dose 2:
(SCCS) Dose 2: IRR 0.60 (0.08-4.49)
127’,322 SCCS: Dose 1:
VACCINEES | pose 1: | IRR 1.03 (0.20-5.31)
15 Dose 2:
Dose 2: IRR 0.47 (0.05-4.18)
15
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TABLE 3-4 Continued

Study
Design and
Control Data Age Number Results
Author Group Location Source Vaccine(s) Range N of Events | (95% CI)
Walker et | Self- England EMR BNT162b2 18-105 5,729,152 | 3,609 Dose 1:
al. (2022) | controlled years IRR 0.88 (0.76-1.02)
case series Dose 2:
IRR 0.92 (0.78-1.10)
mRNA-1273 255,446 78 Dose 1:
IRR 0.80 (0.24-2.62)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to the
COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured by Janssen.
The primary series for Ad26.COV2.S is one dose. Number of events refers to events in vaccinees only. CI: confidence interval; EMR: electronic
medical record; IRR: incidence rate ratio; OR: odds ratio; RR: relative risk; SCCS: self-controlled case series; SIR: standardized incidence ratio.
SOURCES: Ab Rahman et al., 2022; Klein et al., 2021; Li et al., 2022; Patone et al., 2021; Shasha et al., 2022; Shemer et al., 2021; Shibli et al.,
2021; Shoaibi et al., 2023; Sturkenboom et al., 2022; Takeuchi et al., 2022; Walker et al., 2022.

Walker et al. (2022) analyzed primary care data from more than 17 million patients in England linked to emer-
gency care, hospital admission, and mortality records in the OpenSAFELY platform (Walker et al., 2022). They
excluded BP cases that occurred before the study start date. Cases were determined from any primary care, emergency
department, hospital admission, or mortality records. They used an SCCS analytical approach where the risk interval
was 4-28 days after vaccination. Among 5.7 million recipients of BNT162b2, 3,609 BP cases were identified, and
among 255446 recipients of mRNA-1273, 78 BP cases were identified. They found no association between the
first dose of BNT162b2 and BP (IRR 0.89, 95% CI: 0.76—1.03) or the second dose (IRR 0.92, 95% CI: 0.78-1.10).
Similarly, no association appeared with mRNA-1273 after the first or second dose (IRR 0.59, 95% CI: 0.13-2.62
and IRR 0.80, 95% CI: 0.24-2.62, respectively) (Walker et al., 2022).

Ab Rahman et al. (2022) conducted an SCCS study among hospitalized BP cases in Malaysia. Vaccination
status was determined from the national COVID-19 register data. The incidence of BP was assessed during a
21-day risk interval after vaccination relative to a control period using conditional Poisson regression with adjust-
ment for calendar time. After more than 15 million doses of BNT162b2, 27 cases of BP were identified in the
risk interval. Compared with the control interval, no significant increased risk of BP occurred after the first (IRR
1.32,95% CI: 0.77-2.24) or second (IRR 0.88,95% CI: 0.45-1.73) dose. The IRR after any dose was 1.11 (95%
CI: 0.77-1.75) (Ab Rahman et al., 2022).

Li et al. (2022) evaluated the association between vaccination and BP using two study designs: a population-
based cohort design where they compared rates of BP identified through medical records among vaccinees with
historical background rates and an SCCS analysis. They used CPRD Aurum and SIDIAP. The study included 3.6 mil-
lion people who received BNT162b2, 244,913 who received mRNA-1273, 120,731 who received Ad26.COV2.S,
and 14.3 million people from the general population. Of the BNT162b2 vaccinees, 46 and 24 BP cases occurred
after a first and second dose, respectively, in CPRD Aurum, compared with 116.4 and 99.5 expected. The standard-
ized incidence ratio (SIR) was 0.40 (95% CI: 0.30-0.53) for the first and 0.24 (95% CI: 0.16-0.36) for the second
dose. SIDIAP had 100 and 85 BP cases after the first and second dose, respectively, of BNT162b2, compared with
116.7 and 97.1 expected. SIR was 0.86 (95% CI: 0.70-1.04) for the first and 0.88 (95% CI: 0.71-1.08) for the
second dose. For mRNA-1273, 14 and 5 cases occurred after the first and second dose, respectively, compared with
15.2 and 11.3 expected. The corresponding SIRs are 0.92 (95% CI: 0.54—-1.55) and 0.4 (95% CI: 0.18-1.06). For
Ad26.COV2.S, six BP cases were identified compared with 5.2 expected, corresponding to an SIR of 1.15 (95%
CI: 0.52-2.56) (Li et al., 2022). The SCCS analysis was only sufficiently powered to study those with a first dose
of BNT162b2 and mRNA-1273. In CPRD Aurum, the adjusted IRR of BP 1-21 days after vaccination was 0.83
(95% CI: 0.61-1.10) for BNT162b2. In SIDIAP, the adjusted IRR was 0.83 (95% CI: 0.66—1.02) for BNT162b2
and 0.99 (95% CI: 0.54-1.64) for mRNA-1273 (Li et al., 2022).
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Shibli et al. (2021) used data from the computerized database of Clalit Health Services, which provides inclu-
sive health care for more than half of the Israeli population, to assess whether BNT162b2 was associated with
increased risk by comparing BP rates in vaccinees with historical rates in the general population. They assessed
rates 21 days after the first dose and 30 days after the second dose. Overall, 132 cases of BP were reported in
2.6 million vaccinees with the first dose compared with 97.1 expected, and 152 cases in 2.4 million vaccinees were
reported compared with 130.49 expected after the second dose. The age- and sex-weighted SIRs were 1.36 (95%
CI: 1.14-1.61) and 1.16 (95% CI: 0.99-1.36) after the first and second doses, respectively. Although more cases
were observed than expected, the attributable risk fraction was 0.26 for the first and 0.14 for the second dose. The
attributable risk per 100,000 vaccinees was 1.35 for the first and 0.86 for the second dose (Shibli et al., 2021).

Shasha et al. (2022) conducted a matched cohort study in which they compared risk of BP in 233,159
BNT162b2 vaccinees with that in 233,159 age- and sex-matched unvaccinated individuals. BP cases were identified
by ICD-10 code and confirmed by chart review. Of the 123 cases identified by ICD-10 codes, 76 were excluded
because they were not incident cases or not consistent with BP. Vaccinated and unvaccinated individuals had 23
versus 24 cases, respectively, of BP (RR 0.96, 95% CI: 0.54—1.70).

Sturkenboom et al. (2022) conducted a cross-national multi-database retrospective dynamic cohort study
using primary and/or secondary health care data from four European countries: Italy, the Netherlands, the United
Kingdom, and Spain. Individuals were required to have at least 365 days of data availability before cohort entry.
The end of follow-up was the earliest dates of BP occurrence, last data collection, or death. Person-time after the
start of the study was divided in two main periods, nonvaccinated and vaccinated; the latter started at the first
dose of any of the COVID-19 vaccines and lasted for a maximum of 28 days after dose 1 and 28 days after dose
2 or until the date of last data available. Of the 25.7 million people included, 149 BP cases were identified after
BNT162b2, 27 after mRNA-1273, and 6 after Ad26.COV2.S. They found no increased risk of BP 28 days after
BNT162b2 (IRR 0.87,95% CI: 0.69-1.10), mnRNA-1273 (IRR 0.99, 95% CI: 0.68-1.45), or Ad26.COV2.S (IRR
1.08,95% CI: 0.45-2.60) (Sturkenboom et al., 2022).

Shemer et al. (2021) conducted a case-control study using data from the emergency department of a tertiary
referral center in central Israel. Patients admitted for facial nerve palsy (37 confirmed BP cases) were matched
by age, sex, and date of admission with 72 controls admitted for other reasons and assessed against the odds of
BNT162b2 vaccination. The odds of vaccination were not different between cases and controls. The odds ratio
for vaccination was 0.84 (95% CI: 0.37-1.90) (Shemer et al., 2021).

Shoaibi et al. (2023) conducted an SCCS study of BNT162b2 and mRNA-1273 among U.S. Medicare ben-
eficiaries aged 65+ to evaluate association with BP after only a booster dose (Shoaibi et al., 2023). The study
included 6.2 million individuals. Of 79 cases identified through electronic health records, chart reviews determined
that 10 were confirmed or probable, for a positive predictive value of 12.66 percent. After adjusting for outcome
misclassification, they found no significant association between BNT162b2 and BP (IRR 1.13,95% CI: 0.77-1.65)
or mRNA-1273 and BP (IRR 1.02, 95% CI: 0.70-1.50) (Shoaibi et al., 2023).

In addition to these studies that evaluated individual vaccines, two studies evaluated the association of mRNA
vaccines with risk of BP. Takeuchi et al. (2022) evaluated BP risk after any BNT162b2 and mRNA-1273 in
administrative claims data using a cohort study design and an SCCS design. BP was defined by ICD codes from
hospitalized claims data. The study included 136,644 people who received one dose, 127,268 who received two
doses, and 183,990 unvaccinated. The vaccinees had two BP cases 21 days after dose 1 and one BP case after
dose 2 compared with 18 cases among the unvaccinated. The adjusted IRR of BP was 1.14 (95% CI: 0.27-4.89)
and 0.60 (95% CI: 0.08-4.49) after dose 1 and dose 2, respectively, compared with unvaccinated. The results of
the SCCS analysis indicated no increased risk of BP after dose 1 (IRR 1.03,95% CI: 0.20-5.31) or dose 2 (IRR
0.47,95% CI: 0.05-4.18) (Takeuchi et al., 2022).

Klein et al. (2021) conducted a surveillance study within VSD. They compared incidence of BP 1-21 days
after either dose 1 or 2 of an mRNA vaccine with that of concurrent comparators who, on the same calendar day,
had received their most recent dose 22-42 days earlier. After 11.8 million doses, 535 BP cases were identified in
the risk interval compared with 301 in the controlled interval. The adjusted IRR was 1.00 (95% CI: 0.86-1.17).
In a supplemental analysis comparing vaccinated with unvaccinated people, they found no risk association with
an mRNA vaccine (RR 1.06, 95% CI: 0.95-1.17) (Klein et al., 2021).
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From Evidence to Conclusions

Among the 11 epidemiology studies reviewed, only one reported a significantly increased risk of BP after
the first dose of BNT162b2 (Shibli et al., 2021). Its results are prone to confounding because it used historical BP
rate as the comparator. Factors associated with that rate may be very different from those during the pandemic.
Furthermore, comparing vaccinated with unvaccinated is problematic because, without randomization, it is prac-
tically impossible to balance their confounding factors. Although informative, this study weakly contributed to
the final conclusion because of its limitations including using historical background rates as comparators; studies
using concurrent comparators did not find an association between BP and mRNA vaccines. The main limitation
is that most of the studies relied on ICD codes from electronic data without chart confirmation. Some cases of BP
identified by the ICD codes might not be true or incident cases, which could have biased the measure of associa-
tion. Studies may have missed cases because they were not based on active surveillance, and the majority of the
cases included are likely more severe, as those with mild symptoms may not have sought medical attention during
the pandemic. Furthermore, some studies may have incompletely measured or adjusted for some confounding.

Conclusion 3-9: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and Bell’s palsy.

Conclusion 3-10: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and Bell’s palsy.

Only two of the 11 studies evaluated the relationship between Ad26.COV2.S and BP; neither showed an
increased risk. No studies evaluated the relationship between BP and NVX-CoV2373.

Conclusion 3-11: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and Bell’s palsy.

Conclusion 3-12: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and Bell’s palsy.

TRANSVERSE MYELITIS

BOX 3-4
Conclusions for Transverse Myelitis

Conclusion 3-13: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and transverse myelitis.

Conclusion 3-14: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and transverse myelitis.

Conclusion 3-15: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and transverse myelitis.

Conclusion 3-16: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and transverse myelitis.
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Background

9,

Spinal cord dysfunction of any cause is referred to as “myelopathy”; “myelitis” designates inflammation of
the spinal cord. Acute TM refers to a group of acquired, acute-onset, focal inflammatory myelopathies. Consensus
diagnostic criteria that rely on clinical and radiographic features have been published, and the diagnosis requires
bilateral (although not necessarily symmetric) weakness and sensory deficits, with a clearly defined sensory level;
evidence of inflammation by CSF or MRI gadolinium enhancement; and clinical progression to nadir between 4
hours and 21 days (Transverse Myelitis Consortium Working Group, 2002). This clinicoradiologic syndrome can
be a manifestation of other inflammatory central nervous system disorders (disease-associated TM), including
demyelinating disorders, such as neuromyelitis optica spectrum disorder; acute disseminated encephalomyelitis
(ADEM), where up to 50 percent of patients have antibodies to myelin oligodendrocyte glycoprotein; and mul-
tiple sclerosis (MS) (Lopez Chiriboga and Flanagan, 2021). Spinal cord infections, paraneoplastic autoimmune
syndromes, and systemic inflammatory disorders can also present as disease-associated TM (Flanagan et al., 2016;
Jain et al., 2023). When the etiology is unknown, it is called “idiopathic TM.” Confusingly, noninflammatory
causes of myelopathy, such as ischemic or hemorrhagic stroke, nutritional deficiencies, and neoplasms, can
mimic this clinical and radiographic picture. In one study, 70 percent of patients referred to a tertiary care center
with a diagnosis of idiopathic TM had a more specific disease-associated TM, such as myelin oligodendrocyte
glycoprotein antibody—associated disease or MS, but a quarter of them did not have an inflammatory myelopathy
at all (Zalewski et al., 2019). Idiopathic TM is therefore a diagnosis of exclusion (of known causes of disease-
associated TM and noninflammatory myelopathies that can mimic TM). Another study, based on retrospective
review of Veterans Health Administration electronic medical records, found that 57.6 percent of patients assigned
an ICD code of TM lacked CSF testing, which is a core feature of current diagnostic criteria (Abbatemarco et al.,
2021). As the aforementioned studies suggest, existing criteria lack specificity, which can affect the accuracy of
epidemiological studies, especially those relying on ICD codes.

Idiopathic TM is rare, with a reported incidence of 1.34—4.6 per million per year, with bimodal peaks between
ages 10—19 and 30-39 years and no sex predisposition (Bhat et al., 2010). It has been reported a few weeks after
vaccination, although a large retrospective cohort study from VSD, a collaboration between the Centers for Disease
Control and Prevention’s Immunization Safety Office and several integrated health care systems across the United
States, did not find an increased risk in association with routine vaccines (Baxter et al., 2016).

Mechanisms

The pathophysiology of idiopathic TM is unknown, but postinfectious immune-mediated injury is the most
widely accepted mechanism. This could be due to bystander activation, epitope spreading, or polyclonal activation
of previously dormant self-reactive lymphocytes (see Chapter 2). Up to 40 percent of TM cases follow an infection,
most commonly coxsackie viruses and mycoplasma pneumoniae, and infectious agents have sometimes been isolated
from the spinal fluid (Bhat et al., 2010; Krishnan et al., 2004). TM has also been reported after a variety of vaccines,
including hepatitis B, rabies, and rubella (Agmon-Levin et al., 2009). The fact that TM has been associated with
many different viruses and vaccines argues against molecular mimicry as a mechanism. In England in 1922-1923,
over 200 cases of encephalomyelitis were reported after smallpox and rabies vaccination, and autopsy studies
revealed inflammatory cells and demyelination in the spinal cord (Krishnan et al., 2004; Rivers, 1932). More recent
pathological studies demonstrate focal infiltrates of monocytes and lymphocytes in the spinal cord and perivascular
space, astroglial and microglial activation, and involvement of both white and gray matter (Krishnan et al., 2004).
In the acute phase, heavy infiltration by CD4+ and CD8+ T cells and monocytes is found, whereas the subacute
phase is characterized by macrophage infiltration and demyelination (Krishnan et al., 2004). Most patients with TM
have CSF pleocytosis, suggesting breakdown of the blood—brain barrier (Bhat et al., 2010; Krishnan et al., 2004).

Patients with TM have been shown to have elevated levels of IL-6 in their CSF, and in acute TM, CSF IL-6
levels correlate with the ultimate level of clinical disability (Kaplin et al., 2005). In an animal model, IL-6 can
be shown to mediate cord injury by inducing nitric oxide production, which is associated with oligodendrocyte
injury, demyelination, and axonal injury (Kaplin et al., 2005).
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Epidemiological Evidence

Clinical trial results submitted to FDA for Emergency Use Authorization and/or full approval do not indicate a
signal regarding TM and any of the vaccines under study (FDA, 2021, 2023a,b,c). Table 3-5 presents five studies
that contributed to the causality assessment.

TABLE 3-5 Epidemiological Studies in the Transverse Myelitis Evidence Review

Study Design
and Control Age Number of Results
Author Group Location Data Source Vaccine(s) Range | N Events (95% CI)
Klein et al. | Cohort/ UsS VSD/EMR BNT162b2 >16 6.8 BNT162b2 BNT162b2
(2021) vaccinated years million and and
concurrent doses mRNA-1273 | mRNA-
comparators mRNA-1273 51 combined: 1273 .
million 2 combined:
doses RR 1.45
(0.10-
47.73)

Li et al. Cohort/self- UK and Primary care | BNT162b2 =18 3.6 UK: SIR not
(2022) controlled Spain databases years million Dose 1: <5 calculated
and historical linked to (UK and vaccinees Dose 2: No

background hospital data/ | Spain) cases
EMR
Spain:
Dose 1: <5
Dose 2: No
cases
mRNA-1273 244913 Dose 1:
(Spain only) vaccinees No cases
Dose 2: <5
Ad26.COV2.S 120,731 Dose 1: No
(Spain only) vaccinees cases
Patone et al. | Cohort/self- UK English BNT162b2 =16 12.1 68 BNT162b2
(2021) controlled immunization years million IRR 1.02
records/EMR vaccinees (0.75-1.40)
Sturkenboom | Cohort/ European | Primary and BNT162b2 Varied | 6.5 9 BNT162b2
et al. (2022) | background countries secondary million IRR 1.88
rate care doses (0.37-9.60)
databases/ mRNA-1273 727,047 | No cases N/A
EMR
doses
Ad26.COV2.S 242,349 No cases N/A
doses
Walker et Cohort/Self- UK EMR BNT162b2 >18 5.7 109 IRR 1.49
al. (2022) controlled million (0.71-3.10)
doses
mRNA-1273 255,446 No cases N/A
doses

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured
by Janssen. The primary series for Ad26.COV2.S is one dose. Number of events refers to events in vaccinees only. CI: confidence interval;
EMR: electronic medical record; IRR: incidence rate ratio; N/A: not applicable; RR: risk ratio; SIR: standardized incidence ratio; VSD: Vaccine
Safety Datalink.

SOURCES: Klein et al., 2021; Li et al., 2022; Patone et al., 2021; Sturkenboom et al., 2022; Walker et al., 2022.
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Klein et al. (2021) conducted a surveillance study within VSD comparing TM incidence 1-21 days after either
dose 1 or 2 of a mRNA vaccine with that of vaccinated concurrent comparators who, on the same calendar day,
had received their most recent dose 22—42 days earlier. After 11.8 million doses (57 percent BNT162b2), two cases
were identified in the risk interval compared with one in the controlled interval, with an adjusted rate ratio of 1.45
(95% CI: 0.10-47.73) and excess cases of 0.1 (95% CI: —1.6-0.2) risk interval per million doses (Klein et al., 2021).

Li et al. (2022) compared TM rates identified through medical records among vaccinees with historical
background rates and conducted an SCCS analysis. They used data from CPRD Aurum and SIDIAP. The study
included 3.6 million people who received BNT162b2, 244,913 who received mRNA-1273, 120,731 who received
Ad26.COV2.S, and 14.3 million people from the general population. Of the BNT162b2 vaccinees, fewer than
five cases occurred within 1-21 days after a first dose in CPRD Aurum, compared with 4.7 expected. SIDIAP had
<5 cases after the first dose of BNT162b2, compared with 0.9 expected. For mRNA-1273, <5 cases were diagnosed
after the second dose compared with 0.1 expected. No cases were observed with the second dose of BNT162b2,
first dose of mRNA-1273, or Ad26.COV2.S.

Walker et al. (2022) analyzed primary care data from more than 17 million patients in England linked to emer-
gency care, hospital admission, and mortality records in OpenSAFELY. They used an SCCS analytical approach
where the risk interval was 4-28 days after vaccination. Among 5.7 million recipients of BNT162b2, 109 TM
cases were identified during the risk and controlled periods, and none were identified among 255,446 recipients
of mRNA-1273. They found no significant association between the first dose of BNT162b2 and TM (IRR 1.62,
95% CI: 0.86-3.03). Few events were observed, so they were unable to precisely estimate the risk association.
Adjusting for calendar time or history of COVID-19 infection did not significantly change the measure of associa-
tion (IRR 1.49, 95% CI: 0.71-3.10) (Walker et al., 2022).

Sturkenboom et al. (2022) conducted a cross-national multi-database retrospective dynamic cohort study
using primary and/or secondary health care data from four European countries: Italy, the Netherlands, the United
Kingdom, and Spain. They compared TM incidence in vaccine recipients with nonvaccinated persons in 2020
within 28 days after each dose. Of 25.7 million people, nine cases were identified after BNT162b2 (IRR 1.88,
95% CI: 0.37-9.6) and none after mRNA-1273 and Ad26.COV2.S (Sturkenboom et al., 2022). The results are
consistent with an increased risk, but few events were observed, and the authors were unable to precisely estimate
risk and results; this could also be consistent with no or decreased risk.

Patone et al. (2021) investigated the association between BNT162b2 with potential neurological harms among
32.6 million vaccinees, 12.1 million of whom received BNT162b2 (Patone et al., 2021). An ICD-10 code for TM
was included in the category “acute demyelinating events,” which contained ICD-10 codes for other demyelinating
syndromes, such as ADEM. This retrospective self-controlled cohort study compared the incidence rate at several
intervals (1-7, 8—14, 15-21, 22-28, and 1-28 days) after vaccination with that during periods outside of this
interval. Sixty-eight events were observed after BNT162b2 during the risk period. They found no association for
BNT162b2 at any interval, including in the 1-28 days period (IRR 1.02, 95% CI: 0.75-1.40). Few events were
observed, so the authors were unable to precisely estimate the risk; the results would be consistent with no increased
risk but also with slightly increased risk.

From Evidence to Conclusions

The main limitation of the reviewed studies is their reliance on ICD codes from electronic data without chart
confirmation. In addition, the studies used varying nomenclature when designating cases of vaccine-associated
myelitis. Most had TM as a stand-alone adverse event, but one (Patone et al., 2021) included ICD codes for TM
within the larger category “acute demyelinating events,” which also included ICD codes for other central nervous
system inflammatory disorders. Three studies (Klein et al., 2021; Li et al., 2022; Patone et al., 2021) included a
separate category “encephalitis/myelitis/encephalomyelitis,” and cases clinically and radiographically consistent
with TM may have been classed within this category based on their ICD code, resulting in a lower number of
total reported events.

None of the five epidemiology studies suggested a causal association between TM and BNT162b2, and no
evidence suggests a large association. However, the limited number of studies, along with the overall low number
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of events reported, raises the concern that a small association may have been missed, given that TM is a very rare
disorder. Four studies included a few mRNA-1273 recipients, with no TM cases reported in two of the studies.
Only one study included patients who received Ad26.COV2.S, with a comparatively low number of vaccinees
and no cases reported (Li et al., 2022).

Conclusion 3-13: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and transverse myelitis.

Conclusion 3-14: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and transverse myelitis.

Conclusion 3-15: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and transverse myelitis.

Conclusion 3-16: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and transverse myelitis.

CHRONIC HEADACHE

BOX 3-5
Conclusions for Chronic Headache

Conclusion 3-17: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and chronic headache.

Conclusion 3-18: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and chronic headache.

Conclusion 3-19: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and chronic headache.

Conclusion 3-20: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and chronic headache.

Background

Headache is a frequently reported symptom of systemic illness, cerebrovascular disorders, intracranial disease,
or craniocervical trauma. It is also reported commonly and can be a symptom of substance withdrawal. When a
headache results from a separate medical condition, it is called a “secondary headache.” Most headaches, however,
occur as the principal manifestation of a primary headache disorder; these are characterized by recurrent headaches
of varying characteristics, frequency, and accompanying symptoms and signs. Although the frequency and severity
of individual headache episodes vary over the lifetime, primary headache disorders are usually considered lifelong
conditions. They have no biological markers, and their diagnosis is made with reasonable precision based on con-
sensus diagnostic criteria set forth in the International Classification of Headache Disorders (ICHD-3), which was
last revised in 2018 (International Headache Society, 2018). Ancillary studies, mostly brain and vascular imaging
and occasionally lumbar puncture, are used to rule out various forms of secondary headaches.

Tension-type headache (TTH) and migraine are by far the more common primary headache disorders, with an
estimated lifetime prevalence in the general population of 46 and 14 percent, respectively (Stovner et al., 2007). Geo-
graphic variations exist, but it is unclear whether these are driven by genetic differences or methodological differences
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between studies. Other primary headache disorders, such as cluster headache, are much rarer, with a lifetime prevalence
of 0.06-0.3 percent (Jensen and Stovner, 2008). The frequency, duration, and severity of headache varies significantly
even within the same primary headache disorder: from infrequent, short, and mild to continuous and/or disabling.
Migraine is more common in women compared to men, with a ratio of 2:1 to 3:1 (Jensen and Stovner, 2008). The
female:male ratio for TTH is 5:4 (Jensen and Stovner, 2008). The prevalence of migraine peaks between the second
and third decades of life but can affect people of all ages, including children. Data regarding age dependence in TTH
are more limited, but prevalence peaks around the fourth decade of life. Cluster headache has a male:female ratio of
4.3:1 (Fischera et al., 2008), with prevalence peaking between the second and fourth decades of life.

No single consensus diagnostic criteria exist for chronic headache. Rather, ICHD-3 provides diagnostic cri-
teria for chronic forms of individual headache subtypes based on frequency and duration. These include chronic
migraine headache, chronic TTH, chronic cluster headache, hemicrania continua, new daily persistent headache,
and medication overuse headache, which is a form of secondary headache (International Headache Society, 2018).
In most, but not all, chronicity is based on a frequency of more than 15 headache days per month for longer than
3 months. Although ICHD-3 criteria for secondary headache do not specify measures of chronicity, they do specify
that when a pre-existing primary headache becomes chronic shortly after a known causative disorder, both chronic
primary headache and secondary headache diagnoses should be given (International Headache Society, 2018). Data
on chronic headaches are relatively scarce, but prevalence as a group is estimated as 3—4 percent in the general
population (Jensen and Stovner, 2008).

Systemic infection, including with COVID-19, can be associated with headache (Togha et al., 2022), and “head-
ache attributed to systemic infection” is included as a subtype of secondary headache in ICHD-3. Headache was also
a frequently reported symptom in the clinical trials for the various COVID-19 vaccines (Baden et al., 2021; Heath et
al., 2021; Polack et al., 2020; Sadoff et al., 2021). Most of these headaches occurred within 24 hours of vaccination
and were frequently accompanied by systemic symptoms, such as fatigue, fever, chills, and myalgia (Gobel et al.,
2021a,b). In most, headaches lasted less than 72 hours, with only a small minority reporting more than 3 days. Pre-
existing migraine was associated with more severe and long-lasting headaches in some but not all studies (Silvestro
et al., 2021) and may predispose someone to postvaccine headache (Sekiguchi et al., 2022). Although ICHD-3 does
include “headache attributed to use or exposure to a substance” as a subtype of secondary headache, vaccines are
not listed within the known causes (International Headache Society, 2018). Evidence suggests that headache may be
common with other vaccines as well, and some have proposed that post-vaccination headache should be included in
the next iteration of the ICHD (Garces et al., 2022). Headache is also one of the main symptoms of cerebral venous
sinus thrombosis (CVST), a manifestation of vaccine-induced immune thrombotic thrombocytopenia (VITT). VITT
has been reported in association with the AV COVID-19 vaccines and is discussed elsewhere in this report (See et
al.,2021). Unlike the more common post-vaccination headache, which occurs shortly after vaccination, the headache
secondary to VITT-associated CVST is approximately a week after vaccination (Garcia-Azorin et al., 2021).

Mechanisms

The pathophysiology of primary headache disorders remains ill-defined and is different for individual disorders.
Post-vaccination headache is not included as a type of secondary headache in ICHD-3; however, it may bear some
resemblance to “headache attributed to systemic infection,” which is included. The more widely accepted hypothesis
is that post-vaccination headache is secondary to downstream effects stemming from the immune response to the
vaccine (Garces et al., 2022). Vaccines, including COVID-19 vaccines, are associated with the release of inflamma-
tory mediators, such as prostaglandin E, and proinflammatory cytokines. It is conjectured that these are responsible
for the headache and frequently associated systemic symptoms. Some have proposed that inflammatory mediators
may modulate the release of calcitonin gene—related peptide (CGRP), which plays an important role in migraine via
activation of the trigeminovascular system. Similarly, substance P, a nociceptive neuropeptide released by trigeminal
sensory fibers and implicated in migraine, is also produced by mast cells, suggesting a link between immune acti-
vation and migraines (Suvas, 2017). Data supporting this hypothesis are limited. One study found increased levels
of inflammatory and nociceptive molecules in COVID-19 hospitalized patients with headache compared to those
without; CGRP levels, however, did not differ significantly between the two groups (Bolay et al., 2021). Finally,
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some have hypothesized direct modulation of the trigeminal nerve when the spike protein, which is either synthetized
intracellularly or introduced directly after vaccination, binds the angiotensin-converting enzyme 2 (ACE2) receptor.
However, it remains unclear whether ACE2 is expressed in the relevant neural structures (Caronna et al., 2023), and
some studies suggest that headache is more common after the second dose (Ceccardi et al., 2022), which appears
counterintuitive given the probable presence of neutralizing antibodies against the spike protein.

Epidemiological Evidence

Chronic headache is not a single diagnostic entity with widely accepted diagnostic criteria. The committee
relied on ICHD-3, which provides diagnostic criteria for the subtypes. Although a self-limited headache was a
commonly reported symptom after BNT162b2, mRNA-1273, Ad26.COV2.S, and NVX-CoV2373, none of the
studies reviewed included a stand-alone category for chronic headache, nor did they include chronic headache
subtypes as defined in ICHD-3. Clinical trial results submitted to FDA for Emergency Use Authorization and/or
full approval do not indicate a signal regarding chronic headache and any of the vaccines under study (FDA, 2021,
2023a,b,c). None were included in the final report for analysis.

From Evidence to Conclusions

The epidemiological and mechanistic literature are absent regarding the relationship between COVID-19
vaccines and chronic headache.

Conclusion 3-17: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and chronic headache.

Conclusion 3-18: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and chronic headache.

Conclusion 3-19: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and chronic headache.

Conclusion 3-20: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and chronic headache.

POSTURAL ORTHOSTATIC TACHYCARDIA SYNDROME

BOX 3-6
Conclusions for Postural Orthostatic Tachycardia Syndrome

Conclusion 3-21: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and postural orthostatic tachycardia syndrome.

Conclusion 3-22: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and postural orthostatic tachycardia syndrome.

Conclusion 3-23: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and postural orthostatic tachycardia syndrome.

Conclusion 3-24: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and postural orthostatic tachycardia syndrome.
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Background

POTS is marked by symptoms of orthostatic intolerance despite relative preservation of autonomic reflexes.
The hallmark is an exaggerated increase in heart rate in response to standing or tilt without a drop in blood pres-
sure as seen in classic autonomic failure (Cutsforth-Gregory, 2020). POTS is defined as a sustained heart rate
increase of 30 beats per minute (bpm) or increase to 120 bpm within the first 10 minutes of orthostasis, along with
symptoms of orthostatic intolerance, including dizziness, palpitations, weakness, and tremulousness. For children
and adolescents (12—19 years), the required increment is 40 bpm (Vernino et al., 2021).

POTS predominantly affects a younger and primarily female (at a ratio of 4:1) demographic, with the typical
age range of onset being 12-50 (Vernino et al., 2021). Epidemiologically, it is a relatively common condition
in developed countries, with prevalence estimates of 0.2—1.0 percent of the U.S. population, which represents
1-3 million people (Cutsforth-Gregory, 2020; Vernino et al., 2021).

Orthostatic symptoms are probably driven by both cerebral hypoperfusion (dizziness, lightheadedness, and
vision and hearing changes) and sympathoexcitation (palpitations, chest pain, difficulty breathing, tremulousness,
sweating, and coldness of the extremities) (Cutsforth-Gregory, 2020). Particularly, tachycardia can be triggered
either directly by influencing the sinus rate control system via adrenergic and muscarinic receptors or indirectly as
a compensatory response to peripheral vasodilation. This indirect response may involve adrenergic, angiotensin,
and other potential vasoactive receptors (see Figure 3-2). POTS patients, however, frequently experience other
symptoms as well, including sleep disturbances, headache, fatigue, cognitive impairment, gastrointestinal com-
plaints, urinary frequency, and exercise intolerance (Vernino et al., 2021). The sheer variety and nonspecificity
of these symptoms make it difficult to attribute all of them to a single clinical entity sharing the same underlying
mechanism. Various comorbid conditions are associated with POTS, including migraine, somatic hypervigilance,
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FIGURE 3-2 Postulated mechanisms of orthostatic intolerance and tachycardia in postural orthostatic tachycardia syndrome.
SOURCE: Fedorowski et al., 2017. CC BY NC-ND.
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irritable bowel syndrome, hypermobile Ehlers-Danlos syndrome, mast cell activation syndrome, systemic auto-
immune disease, small-fiber neuropathy, and fibromyalgia and chronic fatigue syndrome (Gradin et al., 1987;
Low et al., 2009; Shibao et al., 2005). It is unclear whether the presence of these diagnoses defines unique patho-
physiological subsets (Vernino et al., 2021). In either case, the diagnostic criteria emphasize symptoms and heart
rate increment in response to an orthostatic challenge as the core feature, which is appropriate, as an excessive
heart rate is the most consistent and reproducible of various indexes of orthostatic intolerance (Vernino et al.,
2021). Symptoms alone in the absence of orthostatic tachycardia cannot be used to make the diagnosis, and the
syndrome must be present for at least 3 months (Vernino et al., 2021). The diagnostic approach begins with a
comprehensive clinical assessment focused on orthostatic intolerance symptoms. Excessive increase in heart rate
without orthostatic hypotension within 3—10 minutes from standing should be confirmed at bedside or with a tilt-
table test (Freeman et al., 2011; Vernino et al., 2021). Laboratory tests play an important role in excluding other
conditions that might mimic POTS symptoms. Further autonomic testing and/or skin biopsy may be warranted
to explore the full spectrum of autonomic dysfunction and assess for underlying small-fiber neuropathy (Vernino
et al., 2021). A 12-lead electrocardiography should be performed in all patients, but expanded cardiac evaluation
may be indicated in some (Cutsforth-Gregory, 2020).

Between 20 and 50 percent of patients report a viral illness before the onset of symptoms. In these cases,
POTS symptoms appear to arise abruptly weeks after the acute illness, but in others, the symptoms appear slowly
(Thieben et al., 2007). Other triggers include surgery and head trauma, although these are less well established
(Olshansky et al., 2020). Patients have developed POTS symptoms at the time of or within 6 weeks of acute
SARS-CoV-2 infection (Goodman et al., 2021), but latency can be longer, and POTS is considered a phenotype
of postacute or “long” COVID-19 (Fedorowski and Sutton, 2023). POTS has also been reported in association
with the COVID-19 vaccine (Kwan et al., 2022).

Mechanisms

The pathophysiology of POTS remains ill defined, and it is unlikely that it is a single disorder. Rather, it is
probably a heterogeneous syndrome that can arise in various clinical scenarios resulting from distinct but over-
lapping pathophysiologic mechanisms (Benarroch, 2012). Several mechanisms have been proposed and account
for some of its phenotypic variability. These include catecholamine excess (hyperadrenergic POTS), sympathetic
denervation leading to impaired vasoconstriction of the lower limbs (neuropathic POTS), volume dysregulation,
and deconditioning (Vernino et al., 2021).

The clinical picture with hyperadrenergic POTS is dominated by palpitations, sweating, tremulousness, and
orthostatic hypertension. Some of these patients have high plasma norepinephrine concentrations during orthostasis
(Fedorowski and Sutton, 2023), although in others, the hyperadrenergic state may be secondary to medications,
such a tricyclic antidepressants or methylphenidate (Cheshire, 2016). Neuropathic POTS may be secondary to a
length-dependent autonomic neuropathy leading to impaired vasomotor tone in the lower limbs. Autonomic test-
ing in some patients demonstrates loss of sweating in the feet and reduced increment of norepinephrine in the
lower limbs when standing, which is consistent with a length-dependent autonomic neuropathy. The etiology of
this autonomic neuropathy is not usually evident, although several lines of evidence suggest a potential immune-
mediated mechanism in some cases. Reports of an earlier viral illness in up to one-half of patients suggests a
postinfectious autoimmune process (Sandroni et al., 1999; Vernino et al., 2021). In addition, several small studies
have demonstrated higher levels of functionally active antibodies to G-protein-coupled adrenergic receptors ol
and o2 in individuals with POTS than in healthy controls (Fedorowski and Sutton, 2023; Kharraziha et al., 2020;
Li et al., 2014; Vernino et al., 2021). These findings, plus reports of the successful treatment of POTS with IVIG
(Rodriguez et al., 2021; Weinstock et al., 2018), suggest an autoimmune etiology, at least in a subset of patients.
However, a recent randomized controlled trial of IVIG in POTS found no difference in symptom response com-
pared to albumin infusion (Vernino et al., 2023).

Most patients have some degree of hypovolemia. Studies have demonstrated that many of them have low
levels of plasma-renin activity and aldosterone compared with controls (Raj et al., 2005), and some have reduced
ACE?2 activity (Stewart et al., 2009). The excessive venous pooling that occurs with vasomotor impairment in
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neurogenic POTS can lead to reduced cardiac preload and capillary leakage upon standing with associated net
loss of plasma volume (Cutsforth-Gregory, 2020). In those with poor oral intake or excess fluid loss, such as in
irritable bowel syndrome, managing the primary disorder will improve orthostatic intolerance. Finally, physical
deconditioning can lead to orthostatic intolerance. Many patients show evidence of deconditioning: reduced stroke
volume and left ventricular mass and persistent tachycardia and reduced peak oxygen when standing or exercising
(Fu et al., 2010; Masuki et al., 2007).

POTS has been reported in association with SARS-CoV-2 infection (Kwan et al., 2022; Miglis et al., 2020),
including in patients with post-acute COVID-19 (Fedorowski and Sutton, 2023). However, caution is needed when
assessing the literature because although orthostatic intolerance is commonly reported in patients with post-acute
COVID-19, many may not meet diagnostic criteria for POTS. In one study of patients with de novo orthostatic
intolerance after COVID-19, only 22 percent fulfilled criteria for POTS (Shouman et al., 2021); the symptoms
may be driven by deconditioning in some of these patients. In addition to POTS, small-fiber neuropathy, which can
cause autonomic dysfunction and a POTS phenotype, has been described after COVID-19, including in post-acute
COVID-19 (Abrams et al., 2022; Oaklander et al., 2022). POTS has also been reported after COVID-19 vaccina-
tion (Kwan et al., 2022). Many of these reports postulate an immune-mediated mechanism, but definitive evidence
is lacking. One study demonstrated elevated inflammatory cytokines and markers of autoimmunity in patients
presenting with POTS after COVID-19, although this study did not include relevant controls. One in silico study
identified a variety of SARS-CoV-2 amino acid sequences, including in the spike protein, that are also present in
vagal nuclei and ganglia (Marino Gammazza et al., 2020). This raises the theoretical possibility that molecular
mimicry could induce cross-reactive immune responses resulting in low vagal tone after infection or vaccination.

Epidemiological Evidence

Clinical trial results submitted to FDA for Emergency Use Authorization and/or full approval do not indicate
a signal regarding POTS and any of the vaccines under study (FDA, 2021, 2023a,b,c). Table 3-6 summarizes one
study that contributed to the causality assessment.

Kwan et al. (2022) derived cohorts from the diverse patient population of the Cedars-Sinai Health System
in Los Angeles County, California. The authors identified patients who had at least one COVID-19 vaccination
between 2020 and 2022 and excluded those with a documented COVID-19 infection 90 days before or after vac-
cination (n = 5,070). The final sample was 284,592 patients (age 52+20 years; 57 percent female; 63 percent White,
10 percent Asian, 8.9 percent African American, and 12 percent Hispanic). Among the sample, 62 percent received
BNT162b2, 31 percent mRNA-1273, 6.9 percent Ad26.COV2.S, and less than 0.1 percent other vaccines. POTS
was identified using diagnosis codes (ICD-9 149.8; ICD-10 G90.9) and modeled as both a single diagnosis and a
combination of POTS-associated diagnoses (POTS diagnosis codes, Fatigue, Dysautonomia, Ehlers-Danlos syn-
drome, and mast cell disorders). Only outpatient encounters were used. From the 90-day prevaccination to 90-day
post-vaccination periods, the incidence of new diagnoses of POTS increased from 176 per 100,000 to 268 per
100,000 vaccinees (the authors did not report incidence per 100,000 for the combined diagnoses). Relative to the
prevaccination period, the odds of a new diagnosis of POTS and POTS-associated diagnoses increased 52 percent,
odds ratio (OR) 1.52 (95% CI: 1.36-1.71) and 33 percent, OR 1.33 (95% CI: 1.25-1.41) in the post-vaccination
period, respectively. Limitations exist from unmeasured confounding, lack of inclusion of COVID-19 infection, and
open nature of the dataset, as patients could have had encounters in other health systems as well. In addition, the
measure of effect was calculated for all vaccines combined, and conclusions cannot be drawn regarding a potential
association between POTS and individual vaccines or platforms.

The committee also reviewed a case series (Eldokla and Numan, 2022) of five patients who developed de
novo POTS within 21 days of an mRNA vaccine (four BNT162b2, one mRNA-1273). All five underwent detailed
autonomic testing and met diagnostic criteria for POTS. Two had elevated proinflammatory cytokines, and two had
mildly elevated autoantibodies (thyroid peroxidase antibodies and antinuclear antibodies), without other signs or
symptoms of systemic autoimmune disease. One had a low titer of acetylcholine receptor ganglionic antibodies;
at higher titers, this has been associated with autoimmune autonomic failure.
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TABLE 3-6 Epidemiological Study in the Postural Orthostatic Tachycardia Syndrome Evidence Review

Study Design

and Control Data Age Number of Results
Author Group Location Source Vaccine(s) Range Sample Size | Events (95% CI)
Kwan et Cohort/self- UsS EMR BNT162b2 >12 284,592 763 events per OR 1.52
al. (2022) | controlled years patients 100,000 POTS (1.36—
(62.2%) cases during 1.71)
MRNA- 31% exposure period
1273 compared to 501
per 100,000 pre-
Ad26.COV 6.9% exposure
2.5
NVX- <0.1% other*
CoV2373

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured by
Janssen. NVX-CoV2373 refers to the COVID-19 vaccine manufactured by Novavax. *<0.1% of other vaccines includes ChAdOx1-S, NVX-
CoV2373, and CoronaVac. Number of events refers to events in vaccinees only. CI: confidence interval, EMR: electronic medical record; OR:
odds ratio.

SOURCE: Kwan et al., 2022.

From Evidence to Conclusions

The totality of the evidence included one epidemiological study with methodological limitations and one case
series with adequate case identification but no comparator group. No definitive mechanism was identified in the
literature.

Conclusion 3-21: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and postural orthostatic tachycardia syndrome.

Conclusion 3-22: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and postural orthostatic tachycardia syndrome.

Conclusion 3-23: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and postural orthostatic tachycardia syndrome.

Conclusion 3-24: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and postural orthostatic tachycardia syndrome.
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Sensorineural Hearing Loss, Tinnitus,
and COVID-19 Vaccines

This chapter describes the potential relationship between COVID-19 vaccines and sudden sensorineural hear-
ing loss (SSNHL) and tinnitus (see Boxes 4-1 and 4-2 for all conclusions in this chapter).

SENSORINEURAL HEARING LOSS

BOX 4-1
Conclusions for Sensorineural Hearing Loss

Conclusion 4-1: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and sensorineural hearing loss.

Conclusion 4-2: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and sensorineural hearing loss.

Conclusion 4-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and sensorineural hearing loss.

Conclusion 4-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and sensorineural hearing loss.

Background

The whole auditory system is how humans access and make sense of environmental sounds. It is a multistage
system characterized by encoding of environmental auditory stimuli by peripheral structures and decoding of the
stimuli by central structures in the brainstem and cerebral cortex (Pickles, 2013). Peripherally, auditory energy
is funneled into the pinna toward the tympanic membrane (eardrum), where it is converted to mechanical energy
and moves along the ossicles in the middle ear to the cochlea, which contains the organ of Corti, which acts to
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encode auditory signals as neuroelectric signals (e.g., action potentials) that are transmitted to the temporal lobe
via the eighth nerve and brainstem for decoding and processing (Pickles, 2013).

Damage can occur at any step in this process, resulting in different types of hearing loss. Conductive hearing
loss is characterized by an inability for the outer and middle ear to transmit signals to the inner ear (e.g., rupture
in the tympanic membrane, fluid in the middle ear) and is often transient (e.g., fluid drains from the ear) or can
be addressed via medical or surgical interventions (Lee, 2013; Pickles, 2013). Sensorineural hearing loss is dis-
tinguished by disruption in encoding auditory information in the cochlea or along the eighth nerve and is usually
permanent. Central hearing loss or auditory processing disorders (Martin and Jerger, 2005; Task Force on Central
Auditory Processing Consensus Development, 1996), although more poorly understood and considered rare, espe-
cially among adults, occur when sound is encoded normally in the peripheral ear (e.g., no sign of sensorineural or
conductive loss but deficits in the neural processing of auditory information mean that individuals struggle with
understanding it despite functioning peripheral hearing [Katz et al., 2015]).

Audiologists and otolaryngologists diagnose hearing loss using a comprehensive assessment battery, including
various measures assessing different processes of the auditory system (Katz et al., 2015). The criterion standard
for peripheral hearing is pure-tone audiometry, which identifies the softest volume at which tones at different
frequencies can be detected. A combination of methods of presenting the tone via air conduction (e.g., traditional
headphones that stimulate the entire outer, middle, and inner ears) and bone conduction (e.g., oscillator that directly
stimulates the cochlea) distinguish different types of hearing loss (Katz et al., 2015).

Self-reported hearing has relatively poor agreement with the criterion standard, with sensitivity and specificity
reported as 41-65 percent and 81-88 percent among U.S. adults over 20 years old, respectively (Agrawal et al.,
2008). Moreover, accuracy and the direction of misclassification (e.g., directional difference between self-report
and criterion-measured degree of hearing loss) differ by key demographic variables, including age, race, and sex;
older White men are more likely to underestimate their level of hearing loss relative to younger Black women
(Kamil et al., 2015). The relatively poor accuracy of self-reported hearing can be attributed to the insidious onset
of age-related hearing loss masking the change, perceived normalcy for a given age group, stigma, or projection
(believing that others are mumbling or speaking poorly). Moreover, understanding speech requires both an audi-
tory (e.g., accessing sound) and cognitive (e.g., making sense of the information) component, and listening with
hearing loss can contribute to fatigue from cognitive load placed on the brain when decoding poor peripheral
signals (Hornsby et al., 2016; Wingfield et al., 2005). Some may misattribute hearing loss to cognitive processes
and vice versa when considering their own hearing levels.

Although the procedures are standardized, the actual clinical cut points vary by professional organizations
and are at the discretion of the provider. Population estimates vary by the definition and whether hearing loss
estimates are limited to bilateral or unilateral (estimates increase when including unilateral loss) (Lin et al.,
2011). Using the commonly cited World Health Organization (WHO) cutoffs from before 2021, estimates sug-
gest that 23 percent of U.S. individuals over age 12 have bilateral hearing loss and that prevalence increases
with age, from less than 1 percent at 20-29 years to more than 80 percent over 80 years (Goman and Lin, 2016).
WHO suggests approximately 20 percent of the global population has hearing loss (WHO, 2024). Among the
types of hearing loss, specific reliable national estimates are not reported. Permanent conductive hearing loss is
relatively rare (Cruickshanks et al., 1998), and sensorineural hearing loss is the overwhelmingly most common
permanent form, with the majority of cases being attributed to age (Reed et al., 2023; Yamasoba et al., 2013).
However, estimates vary by definition of hearing loss and global region and are limited due to the often-transient
nature of conductive hearing loss, relatively low uptake of hearing assessment within health systems, and lack
of feasibility for comprehensive hearing assessment in epidemiological studies (Chadha et al., 2021; Katz et
al., 2015; Powell et al., 2021).

Known individual risk factors for sensorineural hearing loss include congenital and progressive genetic
conditions, excessive noise, certain medications and chemicals, health behaviors (e.g., smoking), chronic
cardiovascular conditions, viral infections, and age-related cellular degeneration (Agrawal et al., 2008; Eggermont,
2017; Van Eyken et al., 2007). The majority of adult hearing loss is often labeled as “age-related” and attributed
to a combination of exposures that insidiously degrades hearing acuity such that changes are so subtle they often
go unnoticed until they are more pronounced (Lin et al., 2011; Yamasoba et al., 2013).
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SSNHL is characterized as an acute change (e.g., within a 72-hour period). The specific mechanisms are poorly
characterized as several risk factors and potential causes have been reported including infection, trauma, autoim-
mune disease, certain medications (e.g., aminoglycosides), and certain disorders of the inner ear (e.g., Meniere’s)
(Kuhn et al.,2011; Schreiber et al., 2010; Stachler et al., 2012). It is relatively rare (approximately 5-20 of 100,000
people yearly), but estimates are mostly reliant on high-income countries (Stachler et al., 2012). Estimates suggest
that approximately 40—60 percent of cases will recover to normal levels in a few weeks of follow-up (Kuhn et al.,
2011; Mattox and Simmons, 1977; Wilson et al., 1980). However, the incidence and recovery rate are not well
documented in low- and middle-income countries. Moreover, there is variation in the literature of the different
definitions for risk-windows and specific change in audiometric thresholds.

Mechanisms

The mechanistic evidence for a biologically plausible association between hearing loss and COVID-19 vac-
cination is limited; a paucity of work offers direct evidence. Similarly, there is little mechanistic evidence whether
COVID-19 infection causes hearing loss. Much of the relevant literature is theoretical or postulated based on adja-
cent research. Moreover, no literature offers substantive discussion of the potential for increased risk of an associa-
tion by comorbid conditions, genetic predisposition, concurrent pharmacologic agent, or environmental exposures.

The initial consideration is the possible direct viral involvement of the inner ear or the vestibulocochlear nerve
(Kaliyappan et al., 2022). The inflammatory response, possibly cochleitis or neuritis, could be an effect of the
immune activation by the vaccine. The hyperproduction of proinflammatory cytokines in response to the vaccine
could inadvertently affect the audio vestibular system, leading to symptoms such as vertigo, tinnitus, and hearing
loss. Such a hyperinflammatory state is known to cause tissue damage and could be particularly detrimental to
the sensitive structures of the ear (Kamogashira et al., 2022). Specifically, the response to BNT162b2! provides a
hypothetical framework. Studies demonstrate that this vaccine elicits a strong immune response, characterized by
high levels of neutralizing antibodies and robust T cell responses, including antigen-specific CD8+ and Th1-type
CD4+ T cells (Sadarangani et al., 2021). Although this is crucial for protective immunity, it also raises the poten-
tial for unintended auditory effects. The inflammatory environment can indirectly inflict damage on the intricate
anatomy of the ear, affecting or occluding small areas within it. The vigorous immune response, especially the
aspects involving cell-mediated immunity and cytokine production, could inadvertently affect the ear through
either direct inflammatory damage or secondary effects, such as vascular complications.

Others have postulated about molecular mimicry and immunological considerations, such as an autoimmune-
like response, where antibodies or T cells, activated by the vaccine, might erroneously recognize inner ear antigens
as viral epitopes and trigger an immune attack (Ahmed et al., 2022). Given the specificity and sensitivity of the
immune response, particularly the adaptive immunity involving antigen-specific T cell and B cell responses, this
cross-reactivity could be a plausible mechanism for vaccine-induced auditory damage.

Last, the unique anatomical and physiological characteristics of the cochlea and semicircular canals, notably
their isolated blood supply, make them particularly vulnerable to ischemic events (Tabuchi et al., 2010). Vaccine-
induced alterations in the cardiovascular system, either directly or through an immune-mediated pathway, could
lead to thrombosis or hypoxia in these areas, resulting in auditory dysfunction.

Epidemiological Evidence

Clinical trial results submitted to the Food and Drug Administration (FDA) for Emergency Use Authorization
and/or full approval do not indicate a signal regarding sensorineural hearing loss and any of the vaccines under
study (FDA, 2021, 2023a,b,c). Table 4-1 presents five studies that contributed to the causality assessment.

Nieminen et al. (2023) compared the incidence rate (IR) of SSNHL in the 30-day window preceding vaccina-
tion and 0—54 days and more than 54 days after vaccination to that between January 1, 2019, and March 1, 2020,
using a national Finnish electronic health database (n = 5.5 million people), excluding those with pre-existing

! The COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
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TABLE 4-1 Epidemiological Studies in the Sensorineural Hearing Loss Evidence Review
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Study
Design and
Control Age Number of
Author Group Location | Data Source | Vaccine(S) Range | N Events Results (95% CI)
Formeister | Surveillance; | USA VAERS BNT162b2 15-93 185.4 305 All vaccines:
et al. single arm years million IR 0.6 (probable;
(2022) MmRNA-1273 doses 292 mir'limum
estimate) and
Ad26. 28 28.0 (maximum
COV2.sS estimate) cases
of SSNHL per
100,000 people per
year
Frontera | Surveillance; | USA VAERS BNT162b2 =12 167.0 Not 3.20 per 1 million
et al. single arm years million doses reported doses
(2022) MRNA-1273 128.1 3.08 per 1 million
million doses doses
Ad26. 11.6 6.29 per 1 million
COV2.S million doses
doses
Leong et | Clinical New Otology BNT162b2 16-101 | 244 vaccinees 10 1.7% of all
al. (2023) | convenience | York, clinic at an years vaccinated
s?mple; NY, academic mRNA-1273 123 vaccinees 9 1n0.11V1.duals had
single arm USA center adjudicated new
Ad26. 16 vaccinees 1 hearing loss
COV2.S
Nieminen | Population- | Finland | Finnish 0 to 5.5 million Dose 1: IRR 0.8 (0.6-1.0)
et al. based Population BNT162b2 >80 individuals (total | 111 IRR 0.8 (0.6-1.2)
(2023) cohort; pre Information years cohort) Dose 2:
and post System 104
mRNA-1273 Dose 1: 15 [ IRR 0.8 (0.5-1.4)
Dose 2: 20 | IRR 1.2 (0.7-1.9)
Yanir et | Population- | Israel Clalit BNT162b2 16 to Dose 1: 91 SIR 1.35 (1.09-
al. (2022) | based Health >65 2.6 1.65)
cohort; pre Services years million
and post vaccinees
Dose 2: 79 SIR 1.23 (0.98-
2.4 1.53)
million
vaccinees

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured
by Janssen. The three approved COVID-19 vaccines in the United Kingdom are BNT162b2, mRNA-1273, and ChAdOx1-S. Number of events
refers to events in vaccinees only. CI: confidence interval; IR: incidence rate; IRR: incidence rate ratio; SIR: standardized incidence ratio;
VAERS: Vaccine Adverse Event Reporting System.

SOURCES: Formeister et al., 2022; Frontera et al., 2022; Leong et al., 2023; Nieminen et al., 2023; Yanir et al., 2022.
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recent diagnosis of SSNHL from the period immediately before the study (2015-2018). Finland’s national vac-
cination register provided the vaccination dates and product names. SSNHL was identified using an International
Classification of Diseases (ICD-10) diagnostic code for specialized care visits and from hospital wards. Comor-
bid conditions were identified from multiple sources. Models were adjusted for calendar time, coronavirus-2
(SARS-CoV-2) infection, demographic, cardiovascular, chronic comorbidities, and health care use covariates.
Relative to the incidence before March 2020, adjusted models suggest no increased risk in the initial 0—-54-day risk
period after the first dose or second dose with BNT162b2 (Dose 1: IR 0.8, 95% confidence interval [CI]: 0.6—-1.0;
Dose 2: incidence rate ratio [IRR] 0.8, 95% CI: 0.6—1.2), or mRNA-12732 (Dose 1: IR 0.8, 95% CI: 0.5-14;
Dose 2: IRR 1.2,95% CI: 0.7-1.9). Secondary models examining risk after 54 days post-vaccination and after a
third dose likewise yielded no associations.

Yanir et al. (2022) used the Clalit Health Services database in Israel to estimate the incidence of SSNHL after
first and second doses of BNT162b2 from December 20, 2020, to April 30, 2021. Subsequent analysis compared
estimates to the incidence of SSNHL from the same database in 2018 and 2019 and developed age- and sex-
standardized incidence ratios. SSNHL was identified using a broad array of ICD-9 codes for hearing loss (388.2,
389.1, 389.10-389.13, 389.15-389.18, 389.8, and 389.9) and concurrent prednisone use within 30 days of diag-
nosis. The authors reported that 2.6 million people (mean standard deviation age, 46.8 [19.6] years; 51.5 percent
female) received the first dose, with 91 cases of SSNHL reported. Of these, 2.4 million (93.8 percent) received
the second dose, with 79 cases of SSNHL reported. The age- and sex-weighted standardized incidence ratios were
1.35 (95% CI: 1.09-1.65) after the first dose and 1.23 (95% CI: 0.98—1.53) after the second dose when using 2018
data as a reference (the sensitivity analysis was similar when using 2019 data).

Leong et al. (2023) leveraged a clinical convenience sample from an otology clinic (New York City, New
York) (rather than prospective outreach) from May to July 2021 to characterize the incidence of hearing loss after
COVID-19 vaccination. Among 500 individuals who completed screening (median age 56.6 years; 59.4 percent
female), 420 reported being vaccinated (58.4 percent BNT162b2, 29.1 percent mRNA-1273, 3.3 percent Ad26.
COV2.5); 21 (5 percent) reported hearing loss within 4 weeks of vaccination. However, after comprehensive
audiologic and otologic evaluation, only seven cases (1.7 percent of vaccinated individuals) were deemed to be
SSNHL; the rest represented new or exacerbated symptoms of known pathologies of hearing loss that did not rep-
resent SSNHL definition or were unrelated to vaccination. The study did not compare vaccinated to unvaccinated
individuals. Despite concerns with selection bias, recall bias, and confounding, a key finding from this paper was
that self-reported declines in hearing after vaccination may be unreliable, as a majority of cases were attributable
to other etiologies. Inaccurate reporting of tinnitus may lead to overestimation of observed associations.

Two included studies used data from the U.S. Vaccine Adverse Event Reporting System (VAERS). For
denominators, each of these studies utilized publicly available data from the Centers for Disease Control and
Prevention on the total number of individuals vaccinated with COVID-19 vaccines and the total number of doses
administered in the United States during the time frames of interest. As part of a larger analysis of neurologic
events after COVID-19 vaccination, Frontera et al. (2022) reported an IR of 3.26 cases of hearing loss identified
by free text or automated coding per 1,000,000 vaccines (IR per 1,000,000 by vaccine type: 3.20 BNT162b2, 3.08
mRNA-1273,6.29 Ad26.COV2.S) between January 1,2021, and June 14,2021 (306.9 million COVID-19 vaccine
doses; 314,610 total adverse events). The number of hearing loss events is not specifically reported (Frontera et
al., 2022). Formeister et al. (2022) described the incidence rate of SSNHL in the initial 7-month period of the
U.S. vaccination campaign (December 14,2020, to July 16,2021). The authors identified 2,170 reports of hearing
loss after vaccination in VAERS (search terms: sudden hearing loss, deafness, deafness neurosensory, deafness
unilateral, deafness bilateral, and hypoacusis). Of those, the authors deemed 555 events as credible because they
occurred within 21 days of vaccination and had one of the following: reference to an audiologic assessment;
evaluation by an otolaryngologist, audiologist, or other physician resulting in diagnosis of SSNHL; or evaluation
by an otolaryngologist resulting in magnetic resonance imaging and/or treatment with systemic or intratympanic
steroid medication. The resultant estimates of annual incidence of SSNHL after COVID-19 vaccination in VAERS
data were between 0.6 (probable; minimum estimate) and 28.0 (maximum estimate) cases per 100,000 people

2 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
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per year. The authors note that this is lower than or similar to the estimated annual U.S. incidence (11-77 per
100,000 people per year) (Formeister et al., 2022). In a secondary analysis, the authors note that the reports per
100,000 doses in VAERS decreased from 1.10 in December 2020 to 0.01 in June 2021, despite large increases in
the absolute number of vaccines administered.

From Evidence to Conclusions

The broader academic literature includes a handful of published articles reporting SSNHL in individuals receiv-
ing COVID-19 vaccination; however, this level of evidence does not support an association between vaccination
and SSNHL (Formeister et al., 2022; Jeong and Choi, 2021; Tsetsos et al., 2021). However, the committee found
that the majority of the literature was limited to single case reports, unadjusted descriptive reports lacking a com-
parison or without thoughtful adjudication of hearing loss, or publications with potential bias; these did not meet
its inclusion criteria during screening. Only one of the studies included in this review suggested an association
between COVID-19 vaccination and SSNHL. However, the magnitude of the effect was small, with potential for
confounding from unmeasured variables. In contrast, the most methodologically rigorous analysis that included
potential confounders (e.g., infection status, comorbidities, and health care use patterns) in models found no asso-
ciation. Using pharmacovigilance data without comparators offers low-level evidence to support a conclusion.
Nonetheless, one article used VAERS data and offered compelling evidence that incidence of SSNHL was similar
to expected rates and much lower after an adjudication procedure to assess the credibility of the reported hearing
loss. Moreover, the same report showed that the weekly number of reports of SSNHL did not change over time
despite large increases in the number of vaccines administered.

An emergent theme is heterogeneity in identification of SSNHL and potential for misclassification. First, self-
reported data may be unreliable. Insights from the reviewed literature may reflect this. Formeister et al. (2022)
offered insights that many reports of SSNHL in the VAERS data may not be true cases, and Leong et al. (2023) found
that the majority of self-reported new cases from vaccination were attributable to exacerbating known etiologies
of hearing loss. Another consideration may be that hearing includes peripheral encoding and central processing of
information in the brain, and cognitive processes play a key role in how individuals understand speech. The role
of cognition in the potential association between self-reported hearing and COVID-19 infection or vaccination may
be highly overlooked, as it is plausible that existing age-related hearing loss, which is highly prevalent, could be
perceived as “new” due to fatigue or “brain fog.” Second, studies varied in definitions of SSNHL, including using
different risk-windows. Moreover, different and unverified approaches to diagnosis codes were used. Two studies
used diagnosis codes. Yanir et al. (2022) took a wide approach by looking for many different ICD codes for hearing
loss with concurrent prednisone usage; Nieminen et al. (2023) used a single SSNHL code. Given the acute nature
of SSNHL, diagnosis codes may be accurate and reliable with some suggestion that an audiological test battery
occurred. However, it is unknown if concurrent ICD codes for more general hearing loss paired with prednisone
use is reliable. No studies examined the relationship between NVX-CoV23733 and SSNHL.

Overall, we found that the literature on vaccination and sensorineural hearing loss focused almost exclu-
sively on SSNHL. Our review of said literature resulted in weak evidence and concerns about the measurement
of SSNHL. Although the combination of the more methodologically rigorous evidence suggesting no association
and lack of identified potential mechanisms beyond hypotheses may hint at no relationship between vaccination
and SSNHL, the literature is inadequate to offer a decision on the acceptance or rejection of a causal relationship.
Future epidemiological evidence is required.

Conclusion 4-1: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and sensorineural hearing loss.

Conclusion 4-2: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and sensorineural hearing loss.

3 Refers to the COVID-19 vaccine manufactured by Novavax.
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Conclusion 4-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and sensorineural hearing loss.

Conclusion 4-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and sensorineural hearing loss.

TINNITUS

BOX 4-2
Conclusions for Tinnitus

Conclusion 4-5: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and tinnitus.

Conclusion 4-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and tinnitus.

Conclusion 4-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and tinnitus.

Conclusion 4-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and tinnitus.

Background

Tinnitus is the phenomenon of perceiving sound without an external stimulus. The sound can be continu-
ous or intermittent. Reported descriptions vary (e.g., ringing, buzzing, hissing, pulsation, clicks), and reported
acoustic characteristics range in amplitude (volume) and frequency (pitch) (Baguley et al., 2013; Lockwood et
al., 2002). Prevalence estimates vary (4.6-30 percent) due to heterogeneity in measures, and studies are mostly
limited to North America and Europe (Baguley et al., 2013; Lockwood et al., 2002; McCormack et al., 2016). A
meta-analysis of 113 articles estimated the pooled prevalence of tinnitus and suggests that 14.4 percent of adults
report it (Jarach et al., 2022). However, this estimate varied by definition of tinnitus and dropped to 3.4 percent
for diagnosed tinnitus (as opposed to self-reported). Prevalence increases with age; 23.6 percent of older adults
report tinnitus. The pooled incidence rate of any tinnitus was 1,164 per 100,000 person-years (Jarach et al., 2022).

Tinnitus is considered a symptom of an underlying condition rather than a disease. Risk factors are broad and
include occupational (e.g., noise exposure), muscular tension, neurological, trauma, cardiovascular, rheumatologi-
cal, psychological, endocrinological, metabolic, and pharmacological conditions and factors (Baguley et al., 2013;
Koning, 2021; Lockwood et al., 2002; Pezzoli et al., 2015). Overarching hypotheses (Roberts et al., 2013) on the
cause are that a lack of sensory stimulation due to hearing loss (bottom-up) leads to reorganization and changes
in neural firing/synchrony in neural networks that are responsible for limbic, attention, and audition (top-down),
resulting in perceived sound. Clinical consensus is that peripheral hearing loss, particularly when the origin is
noise-induced, is the most common source of tinnitus (Baguley et al., 2013; Lockwood et al., 2002; Piccirillo et
al., 2020).

Without an objective measure, tinnitus diagnosis relies on a combination of patient-reported perceived sound
characteristics, subjective impact on quality of life and well-being, medical history review, and accompanying
assessments to uncover the etiology (Baguley et al., 2013; Bhatt et al., 2016; Langguth et al., 2013). Validated
tinnitus questionnaires play a key role in offering a standardized characterization, and comprehensive audiometric
testing should be performed to assess the function of the auditory system for potential sources of the symptom
(e.g., hearing loss). Imaging is employed to investigate the source of tinnitus in complex cases, especially for
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asymmetric tinnitus, concurrent associated neurological symptoms, and pulsatile tinnitus (Baguley et al., 2013;
Bhatt et al., 2016; Langguth et al., 2013).

Mechanisms

Tinnitus etiology is multifactorial, encompassing neural, vascular, muscular, and metabolic processes, and
often influenced by environmental factors. Moreover, tinnitus may differ by predisposing risk factors, and the indi-
vidual reactions to it differ by anxiety levels, which may influence reporting of the symptom and perceived impact.

An important consideration is that tinnitus is a symptom of other conditions. It primarily involves the periph-
eral and central auditory systems, with the prevailing theory that it results from altered neuronal activity within
the auditory pathway secondary to peripheral hearing loss, leading to a reduction in afferent input to the central
auditory system. The brain compensates for this loss by increasing the gain in the central auditory pathways, a
phenomenon known as “central gain.” This heightened sensitivity and neuronal hyperactivity can manifest as the
perception of sound (Makar, 2021). Therefore, a proposed mechanistic relationship between tinnitus and vac-
cination includes potential for it as a secondary symptom of vaccine-induced hearing loss. However, as noted,
mechanistic evidence linking hearing loss and COVID-19 vaccination is limited.

Vaccines can occasionally lead to adverse effects, including reported cases of tinnitus. Little direct evidence
exists for a direct link, but hypotheses appear in the literature; these mechanisms are not fully understood but
thought to involve immune-mediated responses. One hypothesis is molecular mimicry, where the immune response
against vaccine components cross-reacts with inner ear antigens, leading to inflammation and damage. Similarly,
an autoimmune response triggered by the vaccine (e.g., type 3 hypersensitivity) may manifest as autoimmune inner
ear disease in susceptible individuals (Kamogashira et al., 2022). Less-well-described mechanisms involve toxic
responses from vaccine components or restricted cochlear blood flow (Ahmed et al., 2022).

Although the previous mechanisms focus on a bottom-up insult leading to tinnitus, top-down changes result-
ing from vaccination are hypothetical. In common theories of tinnitus, neuroplastic changes occur in the neuronal
activity of the auditory cortex, thalamus, and other related brain areas after peripheral injury that reduces sensory
input. These changes can include increased spontaneous firing rates, enhanced neural synchrony, and reorganiza-
tion of the auditory cortex. These neural alterations are thought to contribute to the persistence and severity of
tinnitus (Ahmed et al., 2022; Baguley et al., 2013; Ciorba et al., 2018; Piccirillo et al., 2020). Proinflammatory
cytokines, immune responses, and other inflammatory mediators could exacerbate neural damage (Becker et al.,
2022) and contribute to the development of vaccine-mediated tinnitus.

Epidemiological Evidence

Clinical trial results submitted to FDA for Emergency Use Authorization and/or full approval do not indicate
a signal regarding tinnitus and any of the vaccines under study (FDA, 2021, 2023a,b.c). Table 4-2 presents four
studies that contributed to the causality assessment.

Leong et al. (2023) leveraged a convenience sample from an otology clinic in a large, urban medical center
(New York City, New York) from May to July 2021 to characterize the incidence of hearing loss after COVID-19
vaccination. Among 500 individuals who completed screening (median age 56.6 years; 40.2 percent female), 420
reported being vaccinated (58.4 percent BNT162b2, 29.1 percent mRNA-1273, 3.8 percent Ad26.COV2.S), and
26 of these (all vaccines) (6.2 percent) reported tinnitus. However, after audiologic and medical evaluation, 10
cases were attributed to hearing loss and eight to other conditions (e.g., temporomandibular joint syndrome, otitis
media, and earwax), resulting in eight (1.9 percent) individuals with subjective tinnitus as the primary diagnosis.

Whittaker et al. (2021) conducted a population-based study using electronic health records data from 1,392
general practices in England contributing to the Clinical Practice Research Datalink Aurum database (August
2020-May 2021) to describe rates of consulting a general practitioner for new symptoms, diseases, prescriptions,
and health care use among adults after diagnosis of COVID-19. Adults with evidence of outcomes of interest
before COVID-19 diagnosis were excluded. In the study, 267,993 individuals who had a COVID-19 diagnosis and
were managed in the community were vaccinated during the follow-up period. Among this group, the estimated
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Study
Design and
Control Age Number Results
Author Group Location Data Source Vaccine(S) Range N of Events (95% CI)
Frontera | Surveillance; | US VAERS BNT162b2 Median 167.0 Not 13.53 per 1
et al. single arm age = million | reported million doses
(2022) 50 years doses
mRNA-1273 | IQR 128.1 13.90 per 1
35-64 s L
million million doses
for all | e
neurologic
Ad26.COV2.S | adverse 11.6 51.52 per 1
events million million doses
doses
Kant Surveillance; | Netherlands | The BNT162b2 12 to >80 | 12,888 1 serious, Relatively low
et al. single arm Netherlands years 18 non- incidence of
(2022) Pharmaco- serious tinnitus cases
vigilance mRNA-1273 3426 7 non- reported but
Centre Lareb serious no con.lparison
group included
Ad26.COV2.S 2,458 8 non- for inference
serious
Leong Clinical New York, | Otology clinic | BNT162b2 16-101 244 16 1.9% of
et al. convenience | NY, USA at academic MRNA-1273 years 123 3 'vac'ci.nated
(2023) sample; center individuals had
single arm Ad26.COV2.S 16 1 adjudicated new
or not otherwise
explained tinnitus
Whittaker | Population- | England, Electronic Unspecified 18 to >80 | 267,993 | Pre- Prevaccination:
et al. based UK health records | percentages but | years vaccination: | 100.8 (89.6—
(2021) retrospective from included any of 294 events | 113.0) per
cohort; pre Clinical three approved 100,000 person-
and post Practice COVID-19 Post- weeks
Research vaccines in the vaccination:
Datalink UK 69 events Post-vaccination:
Aurum 41.8 (32.5-52.8)
database per 100,000
person-weeks

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured
by Janssen. Number of events refers to events in vaccinees only. IQR: interquartile range; VAERS: Vaccine Adverse Event Reporting System.
SOURCES: Frontera et al., 2022; Kant et al., 2022; Leong et al., 2023; Whittaker et al., 2021.

incidence of tinnitus events dropped from 100.8 (range 89.6-113.0) prevaccination to 41.8 (range 32.5-52.8)
post-vaccination per 100,000 person-weeks; an analysis adjusted for age, sex, smoking, body mass index, and the
Charlson Comorbidity Index found a decrease in incidence of tinnitus events after vaccination (IRR 0.39, 95%
CI: 0.25-0.59, p < 0.001).

Two surveillance studies were included in the review. Frontera et al. (2022) used VAERS to examine adverse
events after vaccination between January 1, 2021, and June 14, 2021 (306.9 million COVID-19 vaccine doses;
314,610 adverse events [71 percent female]). They reported an incidence of 15.14 cases of tinnitus identified by
free text or automated coding per 1,000,000 vaccines (13.53 BNT162b2, 13.90 mRNA-1273,51.52 Ad26.COV2.S).

Kant et al. (2022) recruited participants within 2 days of vaccination at sites across the Netherlands for a
Web-based surveillance study of self-reported adverse events using closed and open questionnaires. They analyzed
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adverse events within 7 days of first and second doses (if applicable). Among the 27,554 events, one serious and
33 nonserious occurrences of tinnitus were reported. Events were coded as serious or not according to the Council
for International Organizations of Medical Sciences criteria (Macrae, 2007; CIOMS, 2010).

Dorney et al. (2023) used data from a large, deidentified electronic health record database (TriNetX Analytics
Network) from December 15, 2020, to March 1, 2022, to compare the prevalence of new-onset tinnitus (within
21 days) after COVID-19 vaccination relative to other common vaccines that are not suspected of causing tinnitus.
Even though this paper did not use an unvaccinated control (and is therefore not included in Table 4-2), it is
informative. Tinnitus was identified based on electronic health records data. The authors reported an estimated
0.038 percent (95% CI: 0.036-0.041) prevalence and 0.031 percent (95% CI: 0.029-0.034) prevalence of new tin-
nitus after the first (n = 2.6 million) and second (n = 1.5 million) doses. The authors used propensity matching (age
at vaccination, sex, race, and ethnicity) to compare the relative risk (RR) of new-onset tinnitus after other vaccines
to a first COVID-19 vaccine. The authors reported a higher RR of new-onset tinnitus after the influenza vaccine
(998,991 vs. 1,009,935 first dose COVID-19 vaccine patients; mean age: 43.0 vs. 45.6 years; RR 1.95, 95% CI:
1.72-2.21), Tdap (444,708 vs. 444,721 first dose COVID-19 vaccine patients; mean age: 39.4 vs. 40.3 years; RR
2.36,95% CI: 1.93-2.89), and polysaccharide pneumococcus (154,344 vs. 154,825 first dose COVID-19 vaccine
patients; mean age: 59.3 vs. 59.5 years; RR 1.97,95% CI: 1.48-2.64) vaccines, respectively. While these data do
not offer direct evidence of any of the aforementioned vaccines being associated with new onset tinnitus, they
do suggest that COVID-19 vaccination does not have any higher risk of new onset tinnitus compared to common
vaccines that are not suspected of causing tinnitus.

From Evidence to Conclusions

Several case reports appear in the academic literature and media of tinnitus after COVID-19 vaccination.
However, the epidemiological evidence review offered limited insight. Three surveillance and clinical sample
studies suggest relatively low incidence after vaccination but lack comparator groups for inferential conclusions
and suffer from biases, particularly selection, and confounding. Other studies offered valuable insights but were
limited in scope and indirectly addressed the question. Dorney et al. (2023) found onset of tinnitus was lower
after COVID-19 vaccination relative to other common vaccinations, and Whittaker et al. (2021) found that vac-
cination reduced the incidence of tinnitus as a reason for general practitioner visits among individuals who had
been diagnosed with COVID-19. However, while these studies met inclusion criteria, inherent flaws in the study
designs or limitations to the reference group limit any conclusive evidence.

Of further concern, the heterogeneity in tinnitus etiology, pathophysiology, and characteristics combined with no
objective diagnostic measure or standardized subjective measure make it difficult to assess a relationship with vac-
cination. Despite several hypotheses, no definitive mechanistic evidence was identified in the literature. The nature
of tinnitus as a symptom of other conditions further complicates a review of the data, as it is plausible for it to be a
symptom of conditions potentially caused by vaccination, but it is unclear how this is reflected in the measurement
of tinnitus across studies. Leong et al. (2023) do offer some insight into this: 18 of 26 cases were attributable to other
conditions after medical evaluation.

Conclusion 4-5: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and tinnitus.

Conclusion 4-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and tinnitus.

Conclusion 4-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and tinnitus.

Conclusion 4-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and tinnitus.
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Thrombosis with Thrombocytopenia Syndrome,
Immune Thrombocytopenic Purpura, Capillary
Leak Syndrome, and COVID-19 Vaccines

This chapter describes the potential relationship of COVID-19 vaccines and thrombosis with thrombocytopenia
syndrome (TTS), immune thrombocytopenic purpura (ITP), and capillary leak syndrome (CLS) (see Boxes 5-1
through 5-3 for all conclusions in this chapter).

THROMBOSIS WITH THROMBOCYTOPENIA SYNDROME

BOX 5-1
Conclusions for Thrombosis with Thrombocytopenia Syndrome

Conclusion 5-1: The evidence favors rejection of a causal relationship between the BNT162b2 vac-
cine and thrombosis with thrombocytopenia syndrome.

Conclusion 5-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and thrombosis with thrombocytopenia syndrome.

Conclusion 5-3: The evidence favors acceptance of a causal relationship between the Ad26.COV2.S
vaccine and thrombosis with thrombocytopenia syndrome.

Conclusion 5-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and thrombosis with thrombocytopenia syndrome.

Background

Within months of the introduction of ChAdOx1-S! in Europe and the United Kingdom, three reports appeared
of an unusual safety signal characterized by the acute onset of unusual thrombotic events and thrombocytopenia
6-24 days after the first dose (Greinacher et al., 2021; Schultz et al., 2021; Scully et al., 2021). The events

! Refers to the COVID-19 vaccine manufactured by Oxford-AstraZeneca.
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predominantly affected the cerebral venous sinus circulation and/or the splanchnic venous circulation; less com-
monly, pulmonary embolism (PE) and other venous beds were involved. Thrombocytopenia was usually significant,
frequently in the range of 10-20 x 10° per liter (L), and D-dimer levels were markedly elevated. It was rapidly
recognized that these patients had developed antibodies to platelet factor 4 (PF4), which provided the first insights
into a potential mechanism for this rare event. Mortality was high if the patients were not treated with a non-
heparin anticoagulant and intravenous immunoglobulin (Greinacher et al., 2021; Schultz et al., 2021; Scully et al.,
2021). Because of the association between thrombotic events and thrombocytopenia, the syndrome became known
as “thrombosis with thrombocytopenia syndrome” or “vaccine-induced immune thrombotic thombocytopenia”
(VITT). Diagnostic criteria for VITT have been proposed, with a definite diagnosis consisting of all five of the
following criteria: (1) onset of symptoms 5-30 days after vaccination against severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) (or <42 days in patients with isolated deep vein thrombosis [DVT] or PE); (2) pres-
ence of thrombosis; (3) platelet count <150 x 10° per L; (4) D-dimer level >4,000 fibrinogen equivalent units; and
(5) positive anti-PF4 antibodies on ELISA (Pavord et al., 2021).

Mechanisms

Similarities in the clinical presentation of TTS to spontaneous, or autoimmune, heparin-induced thrombo-
cytopenia (HIT) quickly led to the recognition that an immune response to PF4 was an important component of TTS.
HIT develops in patients within the first 1-2 weeks of therapy with heparin, characterized by thrombocytopenia
with or without thrombotic complications. The diagnosis is confirmed by identifying anti-PF4 IgG antibodies that
activate platelets in the presence of heparin through binding to the Fcg receptor Ila on platelet surfaces. Epitope
mapping studies identified key amino acids on PF4 that form the antibody binding site, which are spatially distinct
from its heparin-binding site (Huynh et al., 2019).

Spontaneous HIT was first described in 2008, characterized by an acute presentation with thrombotic com-
plications, thrombocytopenia, and antibodies to PF4 but no prior exposure to heparin (Jay and Warkentin, 2008;
Warkentin et al., 2008). As of 2022, fewer than 40 patients with spontaneous HIT had been reported (Warkentin,
2022). Most occurred after an orthopedic surgical procedure with no exposure to heparin, but some developed
after an infection. Cerebral venous sinus thrombosis was observed in 6 of 15 patients with spontaneous HIT in
nonsurgical settings, a presentation infrequently seen in patients with HIT receiving heparin (Warkentin, 2022).
In addition, serum samples from a subset of patients with spontaneous HIT were capable of activating platelets
without heparin (Warkentin, 2022).

All three initial reports describing the development of TTS in patients vaccinated with ChAdOx1-S/nCoV-19
noted that with a single exception, anti-PF4 antibodies were present in serum samples (Greinacher et al., 2021;
Schultz et al., 2021; Scully et al., 2021). The antibodies could activate platelets, and this effect could be enhanced
by the addition of PF4 and blocked by the addition of heparin (Greinacher et al.,2021). In addition, TTS antibodies
from some patients were able to activate platelets without heparin (Schultz et al., 2021). Epitope mapping studies
found that binding of anti-PF4 antibodies from five patients with TTS after ChAdOx1-S/nCoV-19 was restricted to
eight amino acids that were also located within the heparin-binding site (Huynh et al., 2023). Heparin could inhibit
binding of the antibodies to PF4, explaining how it could interfere with platelet activation (Singh et al., 2022).
Anti-PF4 antibodies from patients with TTS were also associated with excessive thrombus formation containing
platelets, neutrophils, and fibrin in a FcgRIIa*/hPF4+ transgenic mouse model (Leung et al., 2022). Antibodies
against PF4 did not cross-react with the SARS-CoV-2 spike protein, indicating that the desired immune response
against the virus was not associated with TTS (Greinacher et al., 2021).

Fewer studies have been performed with antibodies from patients diagnosed with TTS after receiving Ad26.
COV2.S 2 Initial reports confirmed the presence of anti-PF4 antibodies detected by ELISA in most of these patients,
but functional testing for anti-PF4 antibodies, using a heparin-dependent serotonin release assay, was frequently
negative (See et al., 2021, 2022). In contrast, platelet activation in the presence of PF4 has been shown (Huynh
et al., 2023; Kanack and Padmanabhan, 2022), and epitope mapping demonstrated that anti-PF4 antibodies from

2 The COVID-19 vaccine manufactured by Janssen.
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patients with TTS after Ad26.COV?2.S bind to the same epitopes as anti-PF4 antibodies from patients with TTS
after ChAdOx1-S/nCoV-19 (Huynh et al., 2023).

Although considerable data exist characterizing the anti-PF4 antibodies identified in these patients, very little
is known about what precipitates the pathological anti-PF4 antibody response in those patients who develop TTS.
That almost all cases have been reported in association with one of the two adenovirus vaccines would suggest a
class effect. In contrast, the extremely small number of cases reported in patients receiving a messenger ribonucleic
acid (mRNA) vaccine is less than the estimated background incidence of cerebral venous sinus thrombosis with
thrombocytopenia during the years before COVID-19 (See et al., 2022).

Epidemiological Evidence

Clinical Trial Data

In the Phase 2/3 trial of BNT162b2,? one recipient presented with DVT, characterized as a nonserious adverse
event, 14 days after dose 2, and two did so during the placebo-controlled follow-up period; however, none were
associated with thrombocytopenia, according to the manufacturer. No study participants in either treatment group
had a clinical manifestation of thrombosis similar to TTS (FDA, 2021a).

In the blinded phase of the trial evaluating mRNA-1273,* eight recipients and six placebo recipients developed
DVT, but no events were associated with thrombocytopenia (FDA,2022a). The Food and Drug Administration (FDA)
review of the safety database and of case narratives concluded that no embolic events were suggestive of TTS.

In the Phase 3 study COV3001, one Ad26.COV2.S recipient developed venous transverse sinus thrombosis
and cerebral hemorrhage, which was confirmed as TTS (FDA, 2021b), meeting Brighton Collaboration criteria
Level 1 (Chen and Buttery, 2021) and Centers for Disease Control and Prevention (CDC) Criteria Tier 1. In the
Phase 3 study COV3009 (FDA, 2021b), which evaluated the efficacy and safety of a booster dose of Ad26.COV2.S,
one recipient presented with DVT in combination with thrombocytopenia, Brighton Collaboration criteria Level
3. No Ad26.COV2.S recipients met the Brighton Collaboration criteria Level 1 or CDC Criteria Tier 1 for TTS
(Chen and Buttery, 2021) in COV3001.

In the briefing document provided on NVX-CoV23733 for FDA’s Vaccines and Related Biological Products
Advisory Committee meeting, Novavax stated that no cases of TTS had been reported in the clinical trial evaluat-
ing its vaccine (FDA, 2022a).

Observational Studies

Table 5-1 presents three studies that contributed to the causality assessment.

Using electronic health record data from four hospitals in England and a self-controlled case series (SCCS)
design, Higgins et al. (2022) evaluated the risk of TTS associated with the primary series of ChAdOx1-S and
BNT162b2. TTS was defined as any acute thrombotic event associated with new onset of thrombocytopenia, defined
as platelet count less than 150 x 10° per L. The study population included 170 adults admitted to a hospital between
January and March 2021. They found no increased risk of TTS in days 4-13, 14-27, 28-41, or 4-27 after the first
dose of BNT162b2 for the overall population or subgroups defined by age (relative incidence [RI] 0.82, 95% con-
fidence interval [CI]: 0.38—-1.75) (Higgins et al., 2022). There was an increased risk of TTS on days 4-27 after the
first dose of ChAdOx1-S for the subgroup of individuals aged 18-39, but this finding was not significant for the
overall study population. Strengths of the study included the definition of the outcome, based on platelet counts,
and the presentation of data stratified by age group. The findings were limited by the relatively small sample size
available, which may have resulted in insufficient power to detect significant differences in TTS risk associated with
ChAdOx1-S in the overall population.

3 Refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
4 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
5 Refers to the COVID-19 vaccine manufactured by Novavax.
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TABLE 5-1 Epidemiological Studies in the Thrombosis with Thrombocytopenia Evidence Review

Study Design
and Control Age Number of Results
Author Group Location | Data Source Vaccine(s) | Range | N Events 95% CI)
Andrews | Cohort/ England Hospital BNT162b2 | 15+ 1.7 Total: 45 40-64 years old,
et al. unvaccinated admissions years | million 14-27 days,
(2022) individuals data linked to person- | Aged 40-64, RI 2.7 (1.1-7.1)
immunization years 14-27 days: 5
registry
Higgins Self-controlled | England Electronic health | BNT162b2 | 18+ 170 9 RI 0.82
et al. case series records years | cases (0.38-1.75)
(2022)
Klein et | Cohort/ us Vaccine Safety BNT162b2 | 12+ 6.8 BNT162b2 and | BNT162b2 and
al. (2021) | vaccinated Datalink (health years | million | mRNA-1273 mRNA-1273
individuals plan data) doses combined: combined:
mRNA- 51 73 Rng.862
1273 million (0.58-1.27)
doses

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to the
COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Number of events refers to events in vaccinees only. CI: confidence
interval; RI: relative incidence; RR: risk ratio.

SOURCES: Andrews et al., 2022; Higgins et al., 2022; Klein et al., 2021.

Andrews et al. (2022) leveraged a national database of inpatient admissions in England to study the risk of TTS
associated with the primary series of ChAdOx1-S and BNT162b2. TTS was defined as having a diagnosis code
for thrombocytopenia and for a thrombotic event, including cerebral venous thrombosis, thrombophlebitis, deep
venous thrombosis, splanchnic vein thrombosis, or PE (Andrews et al., 2022). Individuals with either diagnosis
code in the year before the observation period were excluded to ensure that the study captured incident cases.
Poisson regression models were used to compare the incidence of events after vaccination with that of unvaccinated
individuals. The study included over 27 million individuals aged 15+ who were vaccinated between December 1,
2020, and April 18,2021. Among those aged 15-39 and 65+, the first dose of BNT162b2 was not associated with
an increased risk of TTS (Andrews et al., 2022). However, those aged 40—64 had an increased risk in days 14-27
after vaccination (RI 2.7,95% CI: 1.1-7.1). This effect was not detected on days 0—13 or 4—13, due to insufficient
number of events, or after the 28th day. There was a pronounced increase in the risk of TTS on days 4-13 and
14-37 after the first dose of ChAdOx1-S on individuals aged 15-39 and 40-64 but not for those aged 65+. The
findings of the study are limited by the unavailability of platelet counts and the inclusion in the outcome definition
of certain thrombotic events that are not typical manifestations of TTS, such as thrombophlebitis. Combined, these
two limitations in the definition of the outcome may have resulted in an overestimation of the incidence of TTS.

Klein et al. (2021) leveraged data from the Vaccine Safety Datalink, which compiles data from eight U.S.
health plans, to study the risk of 23 outcomes with BNT162b2 and mRNA-1273. TTS was defined as having an
emergency room or inpatient diagnosis code for cerebral venous sinus thrombosis, splanchnic vein thrombosis,
and arterial thrombosis and a platelet count less than 150 x 10° per L (Klein et al., 2021). Poisson regression com-
pared the risk of the outcome in the 21 days after the first or the second dose with that of comparators who were
in days 22-42 after their most recent vaccination. Analyses were performed for the combination of the first and
second doses of both BNT162b2 and mRNA-1273 combined. The study sample included 11,845,128 doses given
to individuals aged 12+; everyone under 18 received BNT162b2. Individuals who had COVID-19 in the 30 days
before vaccination were excluded from analyses. No significant differences were observed in the risk in days
1-21 post-vaccination compared to days 22—42 (Klein et al., 2021). The findings are limited by the combination
of the risk period after the first and second doses and the lack of reporting of separate results for BNT162b2 and
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mRNA-1273. The definition of the outcome was a strength of the study, as it leverages platelet counts and limits
the list of thrombotic events to the common clinical manifestations of TTS.

Pharmacovigilance Data

Shortly after the reports on TTS with ChAdOx1-S became available, a report describing 12 U.S. patients with
cerebral venous sinus thrombosis and thrombocytopenia 6—15 days after Ad26.COV?2.S appeared (See et al., 2021).
These patients had similar clinical manifestations as those with TTS after ChAdOx1-S and comparable platelet
counts, elevated D-dimer levels, and positive testing for anti-PF4 antibodies. A follow-up study describing TTS cases
reported to the U.S. Vaccine Adverse Event Reporting System (VAERS) between December 2020 and August 2021
was published in 2022. From 1,122 reports originally identified as potential TTS, 57 were determined to meet the
case definition; 54 of them were after Ad26.COV2.S and three after mRNA vaccines (See et al., 2022). These case
counts translated into reporting rates of 3.83 TTS cases per million doses of Ad26.COV2.S and 0.00855 TTS cases
per million doses of mRNA vaccines. Reporting rates of TTS after Ad26.COV2.S were particularly pronounced
among adults aged 18-49. No TTS events were reported for individuals under 18, although BNT162b2 was the only
one authorized for use in the pediatric population during the study period (See et al., 2022).

Postmarketing reports of TTS after Ad26.COV?2.S led to a pause in the use of the vaccine (April 13-23,2021)
and triggered an investigation by FDA and CDC (FDA, 2021c¢). In the most updated analyses, FDA reviewed TTS
cases reported to VAERS through March 18, 2022, identifying 60 confirmed cases after Ad26.COV2.S, which
translated into reporting rates of 3.23 cases per million doses (FDA, 2022a).

From Evidence to Conclusions

The three observational studies (Andrews et al., 2022; Klein et al., 2021; Li et al., 2022) considered in the
causality assessment failed to find an association between mRNA vaccinations and TTS. An analysis of cases of
TTS reported to VAERS found only three after mRNA vaccination (See et al., 2022), translating into a reporting
rate of 0.00855 per million doses, which the committee interpreted as likely representative of the background rate
in the general population.

Conclusion 5-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and thrombosis with thrombocytopenia syndrome.

Conclusion 5-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and thrombosis with thrombocytopenia syndrome.

The committee was not able to identify any data from comparative epidemiology studies on the association
between Ad26.COV2.S and TTS. A study from VAERS estimated a reporting rate of 3.83 cases per 1 million
doses of Ad26.COV2.S (See et al., 2022); these findings are consistent with the FDA evaluation of VAERS data
(FDA, 2022b). The presence of anti-PF4 antibodies in individuals presenting with TTS after Ad26.COV2.S was
deemed strong mechanistic evidence associating that vaccine with TTS, particularly when similar mechanistic
data associating the ChAdOx1-S vaccine with TTS are taken into consideration. No evidence was available on a
potential association with NVX-CoV2373.

Conclusion 5-3: The evidence favors acceptance of a causal relationship between the Ad26.COV2.S
vaccine and thrombosis with thrombocytopenia syndrome.

Conclusion 5-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and thrombosis with thrombocytopenia syndrome.
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IMMUNE THROMBOCYTOPENIC PURPURA

BOX 5-2
Conclusions for Inmune Thrombocytopenic Purpura

Conclusion 5-5: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and immune thrombocytopenic purpura.

Conclusion 5-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and immune thrombocytopenic purpura.

Conclusion 5-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and immune thrombocytopenic purpura.

Conclusion 5-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and immune thrombocytopenic purpura.

Background

ITP is an autoimmune disorder characterized primarily by a low platelet count, which can be associated
with purpura and hemorrhagic episodes. It is often diagnosed through the exclusion of other causes of thrombo-
cytopenia. IgG autoantibodies sensitize circulating platelets, leading to their accelerated removal by macrophages
in the spleen and other components of the monocyte-macrophage system. Bone marrow responds by increasing
platelet production. ITP is commonly observed in healthy children and young adults, often after a viral infection.
The epidemiology varies; in children, spontaneous remission is common, whereas in adults, remission is rare, and
patients are typically treated with a variety of therapies, including corticosteroids, rituximab, and thrombopoietin-
mimetic agents.

The diagnosis of ITP is defined by a platelet count <100 x 10° per L. Platelet counts of 100—150 x 10° per L
are frequently encountered in apparently healthy individuals, and most individuals in this range are unlikely to
develop more severe thrombocytopenia (Rodeghiero et al., 2009). The disease can be classified into different phases
based on the duration postdiagnosis: newly diagnosed (within the first 3 months), persistent (3—12 months), chronic
(over 12 months), and refractory (failure of splenectomy). ITP occurs with infections, such as HIV; malignancies,
such as lymphoma; and autoimmune diseases, such as systemic lupus erythematosus. Drug-induced ITP is also
notable, with several medications implicated in it.

Epidemiologically, the acute form of ITP affects children and adults, but in children, it is relatively benign,
often resolving spontaneously within 3 months. Chronic ITP more frequently affects adults primarily aged
20-50 years, with a higher prevalence in women, and may present with prolonged bleeding episodes and fluctuat-
ing platelet counts.

Mechanisms

ITP is highlighted by multiple immunological mechanisms, predominantly involving producing autoantibodies
against platelet antigens. This autoimmune response is primarily driven by IgG autoantibodies targeting platelet
membrane glycoproteins, such as GPIIb/IIIa and GPIb/IX (Kremer et al., 2022). Binding these autoantibodies to
platelets tags them for destruction by the spleen’s macrophages, leading to a precipitous decline in platelet count.
This process is intricately associated with the adaptive immune system, where B-lymphocytes play a pivotal role
in autoantibody production, and T-lymphocytes may contribute to the loss of tolerance to platelet antigens (Audia
et al., 2021).
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A particularly intriguing aspect of ITP is its association with vaccines, known as “vaccine-induced ITP.”
The exact immunological pathways are still being elucidated, but several hypotheses have been proposed. One
suggests molecular mimicry, where vaccine antigens share structural similarities with platelet antigens, leading
to cross-reactive immune responses (Segal and Shoenfeld, 2018). Another theory involves adjuvants, which can
increase the immune response, potentially breaking the tolerance to self-antigens such as those found on platelets
(McGonagle et al., 2021). Furthermore, the polyclonal activation of B cells by vaccines may inadvertently lead to
producing autoantibodies against platelet antigens.

This ITP variant, although relatively rare, has been reported after various vaccinations, such as measles-
mumps-rubella, varicella, and COVID-19 (Thomas et al., 2021). These cases are characterized by the rapid onset
of thrombocytopenia, often within days to weeks. The immunological response to the vaccine’s vector may trigger
an autoimmune reaction in predisposed individuals, leading to platelet destruction. However, the absolute risk
remains low, and it is rarely associated with significant bleeding.

Recurrent severe thrombocytopenia has been observed in 6.1 to 17 percent of patients with pre-existing
ITP following vaccination against SARS-CoV-2 (Kuter, 2021; Lee et al., 2022; Mori et al., 2023). Most of these
patients quickly recover with rescue therapy, usually consisting of corticosteroids with or without intravenous
immunoglobulin, and major bleeding is uncommon. It is generally recommended that patients with pre-existing
ITP still get vaccinated but that platelet counts should be monitored afterward. Recurrent ITP is not considered
further in the text below.

Epidemiological Evidence

Clinical trial results submitted to FDA for Emergency Use Authorization (EUA) and/or full approval do not
indicate a signal regarding ITP and any of the vaccines under study (FDA, 2021d, 2023b,c,d). Table 5-2 presents
seven studies that contributed to the causality assessment.

Shoaibi et al. (2023) followed an SCCS design to evaluate the risk of ITP after mRNA vaccines among
Medicare beneficiaries aged 65+. Diagnosis codes from inpatient and outpatient claims were extracted; a medi-
cal review of health records of a random sample of cases was performed to validate the claims-based definition.
From 91 cases of ITP identified in claims data and with health records available, only two were adjudicated as
confirmed, one as probable, and six as possible. These statistics translated into a predictive positive value of
4 percent (1.37-11.11 percent), showing the high potential for misclassification based on diagnosis codes (Shoaibi
et al., 2023). The limited validity of diagnosis codes in the detection of ITP was considered a major limitation
of all studies that used them. As a result, the committee assigned limited weight to the epidemiology evidence in
the causality conclusion. Shoaibi et al. (2023) found no association between the primary series of the BNT162b2
and mRNA-1273 and ITP; results were reported combining first and second doses under the primary series. No
association was found between a booster dose of BNT162b2 and mRNA-1273 and the risk of ITP; however, the
booster analysis was likely underpowered.

Two studies led by Simpson used National Health Service data from Scotland to evaluate the risk of ITP among
other outcomes after administration of ChAdOx1-S and BNT162b2. The first study limited analyses to the first
dose of each vaccine (Simpson et al., 2021), and the second evaluated risk after the second dose (Simpson et al.,
2022). Both analyses constrained sampling to individuals aged 16+ and used read codes (equivalent to diagnosis
codes) to define ITP. The assessment of the risk of ITP after first doses employed a matched case control nested
within a cohort design; this analysis was complemented by a sensitivity analysis after an SCCS design (Simpson
et al., 2021). The study evaluating risk of events after the second dose followed an SCCS design (Simpson et al.,
2021). No significant association was found between the first dose of BNT162b2 and ITP (relative risk [RR] 0.54,
95% CI: 0.10-3.02) (Simpson et al., 2021). The risk of ITP did not significantly differ between days 0-27 after
the second dose of BNT162b2 and the baseline period (Simpson et al., 2022). However, these findings are limited
by a small number of ITP events (nine). Using Read codes is a major limitation of the analysis. The authors tried
to overcome this limitation by the reporting of platelet counts for individuals with post-vaccination ITP; however,
data were only available for a nonrepresentative share of cases.
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TABLE 5-2 Epidemiological Studies in the Immune Thrombocytopenic Purpura Evidence Review

Study Design
and Control Data Age Number of
Author Group Location | Source Vaccine(s) | Range | N Events Results (95% CI)
Burn et al. | Cohort, United Electronic | BNT162b2 | 20+ 5.6 Dose 1: 21 Dose 1:
(2022a) historical Kingdom | health million Dose 2: 9 SIR 1.28
comparator records vaccinees (0.83-1.96)
Dose 2:
SIR 0.79
(0.41-1.52)
Burn et al. | Cohort, Spain Electronic | BNT162b2 | 20+ 4.5 Dose 1: 97 Dose 1:
(2022b) historical health million Dose 2: 61 SIR 1.03
comparator records vaccinees (0.84-1.26)
Dose 2:
SIR 0.69
(0.53-0.88)
Klein et Cohort United Vaccine BNT162b2 | 12+ 6.8 BNT162b2 and | BNT162b2 and
al. (2021) States Safety million mRNA-1273 mRNA-1273
Datalink doses combined: combined:
mRNA- 51 48 RR 1.12 (0.65-1.97)
1273 million
doses
Shoaibi et | Self-controlled | United Medicare | BNT162b2 | 65+ Doses 1 Doses 1 and Doses 1 and 2:
al. (2023) | case series States claims and 2: 2: 472 IRR 1.12 (0.94-1.33)
design 34
million Booster dose: Booster dose:
vaccinees | 24 IRR 1.17 (0.66-2.04)
mRNA- Doses 1 and Doses 1 and 2:
1273 Booster | 5. 318 IRR 1.08 (0.86-1.37)
dose:
6.2 . .
- Booster dose: Booster dose:
million | 5, IRR 1.54 (0.82-2.91)
vaccinees
Simpson Matched case Scotland | National | BNT162b2 | 16+ Dose 1: 45 RR 0.54 (0.10-3.02)
et al. control nested Health 2.5
(2021) within a cohort Service million
data vaccinees
Simpson Self-controlled | Scotland | National | BNT162b2 | 16+ Dose 2: 9 IRR 1.68 (0.80-3.52)
et al. case series Health 3.6
(2022) Service million
data vaccinees
Torabi et | Self-controlled | Wales Electronic | BNT162b2 | 16+ 2.1 <10 for each Dose 1, days 0-7:
al. (2022) | case series health million risk period IRR 2.80 (1.21-6.49)
records vaccinees
Dose 2:
IRR 0.47 (0.07-3.40)
Booster dose:
IRR 0.89 (0.20-4.01)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Shoaibi et al. (2023) combined the number of BNT162b2 and
mRNA-1273 vaccinees. The primary series for mRNA vaccines is two doses. Number of events refers to events in vaccinees only. CIL: confi-
dence interval; IRR: incidence rate ratio; RR: relative risk; SIR: standardized incidence ratio.
SOURCES: Burn et al., 2022a,b; Klein et al., 2021; Shoaibi et al., 2023; Simpson et al., 2021, 2022; Torabi et al., 2022.
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Two studies led by Burn compared the risk of ITP among other outcomes after ChAdOx1-S and BNT162b2
against historical rates. The first used UK electronic health record data for individuals aged 20+ (Burn et al., 2022a).
ITP events were defined using diagnosis codes; however, the specific codes used were not reported. The risk of
ITP in the 28 days after either the first or the second dose of ChAdOx1-S and BNT162b2 was compared against
individuals in the database from January 2017 to December 2019. The committee noted that the use of historical
background rates could have biased results, as the background incidence of ITP may have been lower during the
COVID-19 pandemic compared to the pre-pandemic period (Sakurai et al., 2023). Individuals with a recorded
diagnosis of ITP in the year before vaccination were excluded. ITP events after the first dose of ChAdOx1-S
significantly exceeded the expectation based on historical rates (standardized incidence ratio [SIR] 1.79, 95% CI:
1.33-2.39) (Burn et al., 2022a). The number of ITP events after the second dose of ChAdOx1-S or the first or
second dose of BNT162b2 was not significantly different from expectations. These results were limited by the lack
of adjustment for potential differences in clinical characteristics between the historical comparators and the vac-
cinated people and the low validity of using diagnosis codes.

The second study by Burn et al. (2022b) used electronic health record data from Spain to compare the cases of
ITP observed in the 21 days after the first dose of ChAdOx1-S or the first and second doses of BNT162b2 against
historical rates from 2017. No definition was provided for how ITP was determined. Analyses were limited to
individuals aged 20+, and those with ITP in the year before vaccination were excluded. No adjustment for potential
differences in clinical characteristics between vaccinated subjects and historical comparators was conducted. ITP
cases after the first dose of ChAdOx1-S (n = 12) were significantly lower than expected based on historical rates
(SIR 0.48,95% CI: 0.27-0.85) (Burn et al., 2022b). ITP cases after the first dose of BNT162b2 (n = 97) were not
significantly different from expectations; however, those after the second dose of BNT162b2 (n = 61) were signifi-
cantly lower than expected (SIR 0.69,95% CI: 0.53-0.88) (Burn et al., 2022b). The association of the first dose of
ChAdOx1-S and the second dose of BNT162b2 with a decreased risk of ITP may indicate residual confounding.

Klein et al. (2021) described under the TTS section, compared the risk of ITP after first and second doses of
BNT162b2 and mRNA-1273 combined. ITP was defined using diagnosis codes from emergency department and
inpatient and outpatient claims (Klein et al., 2021). No significant differences were observed in the risk of ITP in
days 1-21 post-vaccination compared to days 22—42 (RR 1.12, 95% CI: 0.65-1.97).

Torabi et al. (2022) used electronic health record data from Wales and evaluated the risk of ITP after first and
second doses of BNT162b2. ITP was defined using diagnosis codes. The study incorporated an SCCS method and
compared the risk of events in the 28 days after vaccination against a 90-day prevaccination baseline period and a
post-vaccination control period (median of 72 days). The study population included 2.1 million individuals aged 16+.
They found an increased risk of ITP on days 07 after the first dose of BNT162b2 (incidence rate ratio [IRR] 2.80,
95% CI 1.21-6.49) but not on days 8—14, 15-21, or 22-28, nor was there an increased risk 0—7 days after dose 2 or
a booster dose (Torabi et al., 2022). Their findings are limited by the number of events, which was fewer than 10
for each of the 7-day intervals (Torabi et al., 2022), and the high misclassification associated with diagnosis codes.

Pharmacovigilance and Surveillance

In the briefing documents provided by the sponsor for the advisory committee convened to review the EUA
amendment for the booster dose of Ad26.COV2.S, the manufacturer disclosed that ITP had been reported in the
post-marketing setting (FDA,2021b). The manufacturer reported analyzing a U.S.-based claims database and found
an increased risk of ITP within 28, 42, and 90 days of vaccination, using both SCCS and comparative designs
(RR estimates 1.86-2.22) (FDA, 2021b). This study was only briefly described by the manufacturer in the EUA
addendum and not published; as a result, the committee was not able to evaluate the definition of ITP used and
methodology employed. The manufacturer also conducted an analysis of ITP reports submitted to VAERS by July
31,2021, and estimated an observed-to-expected ratio of 3.6 (95% CI: 3.0-4.1) for individuals 18-59 and 3.0 (95%
CI: 2.4-3.8) for individuals 60+. In this evaluation, the manufacturer used a case definition of ITP that included
reports with platelet counts below 100 x 10° per L (FDA, 2021b).

FDA conducted an independent investigation of I'TP reports submitted to VAERS by September 30, 2021, and
estimated an overall observed-to-expected ratio of 4.04 (95% CI: 3.42-4.72) in the 28 days after Ad26.COV2.S
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(FDA, 2022a). This investigation, however, defined ITP as having a platelet count less than 150 x 10° per L or a
diagnosis of thrombocytopenia without a documented platelet count. The committee considered this definition too
imprecise, however, given the criteria for the diagnosis of ITP noted at the beginning of this section. An update
using reports submitted to VAERS through December 2021 was published in the peer-reviewed literature (Woo and
Dimova, 2022). In addition to the earlier definition of ITP, which was considered the base case, this FDA study
also included a “narrow” definition, which only included cases with documented platelet counts below 100 x 10°
per L; the observed-to-expected ratio decreased to 1.55 (95% CI: 1.20-1.98). The authors acknowledged multiple
limitations, however, including the lack of adjudication of cases by hematologists. Several reports mentioned a
“history of thrombocytopenia,” and five had experienced “clinically significant thrombotic or thromboembolic
events” without meeting the case definition of TTS, an atypical presentation for ITP. Given these methodologic
concerns, the committee felt that the pharmacovigilance data were insufficient to support a causal relationship
between Ad26.COV2.S and ITP.

FDA also reviewed pharmacovigilance data submitted to VAERS through February 4, 2021, looking at
thrombocytopenia and ITP after mRNA vaccines (Welsh et al., 2021) and did not find an increased rate of reported
cases.

From Evidence to Conclusions

With the exception of Shoaibi et al. (2023), who performed a medical review of electronic health record data,
the totality of the epidemiology evidence on the potential association of BNT162b2 and mRNA-1273 and ITP is
based on diagnosis codes. Shoaibi et al. (2023) estimated that the use of diagnosis codes had a positive predictive
value of 4.0 percent for case identification. As a result, the committee deemed the use of diagnosis codes in the
ITP case definition a major limitation of the studies.

Conclusion 5-5: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and immune thrombocytopenic purpura.

Conclusion 5-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and immune thrombocytopenic purpura.

No published comparative epidemiology assessments evaluated the potential association of Ad26.COV2.S
with ITP. A manufacturer analysis (FDA, 2021b) of a U.S.-based claims database found an increased risk. As
this study was not published, the committee was unable to assess the definition of ITP and methodological rigor.
The manufacturer analysis of VAERS data through July 2021 and the initial FDA evaluation of reports through
September were considered superseded by the FDA evaluation that included reports through December 2021. The
narrow definition of ITP (platelet counts below 100 x 10° per L) yielded an observed-to-expected ratio of 1.55,
considerably lower than that estimated with the definition that also included reports with platelet counts of 100—150
x 107 per L. Additionally, there was a lack of evidence on a potential mechanism of action linking Ad26.COV2.S
with ITP. No evidence was available on the association of NVX-CoV2373 with ITP.

Conclusion 5-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and immune thrombocytopenic purpura.

Conclusion 5-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and immune thrombocytopenic purpura.
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CAPILLARY LEAK SYNDROME

BOX 5-3
Conclusions for Capillary Leak Syndrome

Conclusion 5-9: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and capillary leak syndrome.

Conclusion 5-10: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and capillary leak syndrome.

Conclusion 5-11: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and capillary leak syndrome.

Conclusion 5-12: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and capillary leak syndrome.

Background

CLS, also known as “Clarkson disease,” is a complex and potentially lethal condition characterized by an
initial phase of nonspecific symptoms followed by the hallmark features of diffuse severe edema and hypovolemia,
hemoconcentration, and hypoalbuminemia (Bichon et al., 2021). This condition is often triggered by factors such
as drugs (including antitumor therapies), malignancy, infections (predominantly viral), and inflammatory diseases.
Its pathophysiology involves severe, transient, and multifactorial endothelial disruption, the mechanisms of which
remain unclear. Treatment is primarily empirical and symptomatic during the acute phase, with the addition of
drugs that amplify cyclic adenosine monophosphate levels in severe cases. Prophylactic monthly polyvalent
immunoglobulins are used to prevent relapses (Bichon et al., 2021; Siddall et al., 2017).

U.S. reports exist of fatal exacerbations of CLS in patients with mild-to-moderate COVID-19 symptoms
(Bichon et al., 2021). In these cases, the clinical diagnostic triad for CLS (hypotension, hemoconcentration, hypo-
albuminemia) was observed, indicating that individuals with known or suspected CLS may be at increased risk of
a disease flare in the context of COVID-19 (Felten et al., 2021). The cytokine storm associated with COVID-19
is thought to potentially lead to a CLS flare; alternatively, the virus may directly affect endothelial cells (Mohseni
Afshar et al., 2023). This highlights the need for increased vigilance in patients with CLS or related inflammatory
diseases during the COVID-19 pandemic.

Diagnostically, CLS is identified clinically based on a symptomatic triad of hypotension, hemoconcentration,
and hypoalbuminemia resulting from fluid extravasation. Blood tests are important for diagnosing CLS, looking
for increased levels of hematocrit and hemoglobin, and low blood protein levels. The presence of abnormal mono-
clonal gammopathy (M protein) is also a diagnostic consideration (Kapoor et al., 2010).

Systemic CLS is a rare disorder, affecting fewer than 500 people worldwide. It predominantly occurs in
middle-aged adults and is very rare in children (NORD, 2020). However, the actual incidence may be higher due
to potential misdiagnosis (Kapoor et al., 2010).

Mechanisms

CLS involves an increase in capillary permeability to proteins, leading to the loss of protein-rich fluid from
the intravascular space to the interstitial space (Siddall et al., 2017). This phenomenon is most commonly asso-
ciated with sepsis but can occur in a variety of other conditions, such as idiopathic systemic CLS, engraftment
syndrome, differentiation syndrome, ovarian hyperstimulation syndrome, hemophagocytic lymph histiocytosis,
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viral hemorrhagic fevers, autoimmune diseases, snakebite, ricin poisoning, and adverse effects from certain drugs,
such as some interleukins, monoclonal antibodies, and gemcitabine (Siddall et al., 2017). The diseases associated
with CLS, including sepsis, often manifest with diffuse pitting edema, exudative serous cavity effusions, noncar-
diogenic pulmonary edema, hypotension, and sometimes hypovolemic shock with multiple-organ failure. Acute
kidney injury is a common complication in these conditions, and cytokines are believed to play a significant role
in acute kidney injury in CLS. Fluid management is critical in treating CLS, as both hypovolemia and hypotension
can cause organ injury, and capillary leakage of administered fluid can worsen organ edema, leading to progressive
organ injury (Ruggiero et al., 2022).

CLS is also strongly associated with cytokine activity states and an underrecognized early immune effect of
checkpoint inhibitor treatment, which is more typically associated with cellular immune responses (Ruggiero et al.,
2022). The interaction between checkpoint inhibitors, cellular immunity, cytokine action, and endothelial damage
has been noted in individuals with CLS after checkpoint inhibitor treatment. This suggests that CLS may be an
unusual effect of immunotherapy, resulting from complex interactions between cellular immunity and cytokine
activation, and its expression likely depends on inherent immune variation (Wong So et al., 2023).

Epidemiological Evidence

Clinical trial results submitted to FDA for EUA and/or full approval do not indicate a signal regarding CLS
and any of the vaccines under study (FDA, 2021d, 2023b,c,d). The committee failed to identify any comparative
epidemiology studies evaluating CLS after COVID-19 vaccination. A study from the European pharmacovigilance
database EudraVigilance reported that CLS emerged as a new adverse event after immunization associated with
COVID-19 vaccination. Between January 1,2021, and January 14,2022, there were 36 CLS case reports associated
with BNT162b2, three with mRNA-1273, 36 with ChAdOx1-S, and nine with Ad26.COV2.S. A disproportionality
analysis of these reports associated mRNA vaccines with a decreased CLS reporting probability compared to viral
vaccines (rate of return 0.5, 95% CI: 0.3-0.7) (Ruggiero et al., 2022). This study evaluated the onset of CLS after
COVID-19 mRNA vaccines compared to viral vector vaccines. Cytokine release after T cell activation could be
involved in CLS, but a precise mechanism has not yet been identified (Ruggiero et al., 2022).

From Evidence to Conclusions

No comparative epidemiology studies evaluated the risk of CLS with COVID-19 vaccinations. Pharmacovigi-
lance data available were inconclusive. Despite plausible mechanistic hypotheses that link potential mechanisms
for CLS with the COVID-19 vaccinations (e.g., cytokine activation, endothelial cell perturbation), no available
mechanistic data clearly link vaccination with the clinical development of CLS.

Conclusion 5-9: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and capillary leak syndrome.

Conclusion 5-10: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and capillary leak syndrome.

Conclusion 5-11: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and capillary leak syndrome.

Conclusion 5-12: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and capillary leak syndrome.
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Vascular Conditions and COVID-19 Vaccines:
Myocardial Infarction, Stroke, Pulmonary Embolism,
Deep Vein Thrombosis, and Venous Thromboembolism

This chapter describes the potential relationship between COVID-19 vaccines and potential vascular-related
harms: myocardial infarction (MI), ischemic stroke, hemorrhagic stroke (HS), deep vein thrombosis (DVT),
pulmonary embolism (PE), and the composite venous thromboembolism (VTE).

Each outcome is addressed in a separate section in this chapter. Twelve scientific reports were selected for
evaluation of the six clinical outcomes considered; these are summarized and referenced in Table 6-1. Many of these
reports addressed more than one clinical outcome and more than one vaccine. Additionally, some of these reports
included outcomes and vaccines that were addressed in other chapters of this report. The 12 reports in Table 6-1
generally represented large populations, with only one study from the United States, conducted on the Medicare
populations (persons 65+); multiple studies from the United Kingdom and Scandinavia; two from the French
National Health Data System (covering different age groups); and individual studies from Israel, Hong Kong,
Japan, Spain, and Malaysia. These studies may in some sense represent broad global coverage, but many countries,
cultures, and health systems were not covered, including most low- and middle-income countries. Although these
studies applied standard epidemiological methods and analytical techniques overall, they did not appear to have
followed a common or harmonized protocol. For example, they varied in how age groups were presented and in
the post-vaccination exposure interval, although many centered on approximately 28 days. One study examined
outcomes for weeks 1 and 2 separately, resulting in smaller sample sizes. None of the reports emphasized vaccine
outcomes in children, which is unsurprising given the emphasis on the chronic vascular conditions of older per-
sons. Only a minority of the studies adjusted their analytic models for a history of comorbid conditions. Several
studies used patient self-controls, with a few employing case-control or cohort designs, including non-immunized
comparator groups (Grosso et al., 2011). Further information can be found on the studies as part of the descriptions
of the vaccine—disease outcomes in the respective sections of this chapter.

Some other general methodological issues of potential import to the reports were discussed sparingly or not
at all, such as the potential health impact of multiple vaccines at the same time of administration (e.g., COVID-19
and influenza). A particularly interesting and difficult issue is possible exposure to severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) simultaneously with vaccination, although some reports provided separate
comparator groups of patients with documented SARS-CoV-2 infection, possibly making it more difficult to distin-
guish harms caused by vaccination from those caused by COVID-19 infection. The studies also varied in whether
sources of patient data included both inpatient and ambulatory care, although all studies reported information on
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TABLE 6-1 Epidemiological Studies in the Vascular Conditions Evidence Review

Study Design and Age Total
Author Comparison Group Location | Data Source Vaccine(s) Range Sample Size
Ab Rahman Self-controlled Malaysia | Malaysia Vaccine BNT162b2 18-60+ years | 20 million
et al. (2022) case series Administration System
(myVAS)
Barda et al. Cohort, unvaccinated | Israel Clalit Health Services BNT162b2 16+ years 1.7 million
(2021) individuals
Botton et al. Self-controlled France French National Health BNT162b2, 18-74 years | 46.5 million
(2022) case series Data System mRNA-1273,
Ad26.COV2.S
Burn et al. Cohort, UK Electronic health records BNT162b2 20+ years 5.6 million
(2022a) historical comparator
Burn et al. Cohort, Spain Electronic health records BNT162b2 20+ years 4.6 million
(2022b) historical comparator
Chui et al. Self-controlled China Electronic health records BNT162b2 16+ years 2.9 million
(2022) case series (BNT162b2
vaccinees)
Hippisley-Cox | Self-controlled England | National Immunization BNT162b2 16+ years 29 million
et al. (2021) Management System data
Hyviid et al. Nationwide Denmark | Danish Civil Registration | BNT162b2 16-64 years | 355,209
(2022) exploratory System
retrospective cohort,
unvaccinated
comparison group
Jabagi et al. Self-controlled France French National Health BNT162b2 75+ years 3.9 million
(2022) case series Data System
Patone et al. Self-controlled Scotland | English National BNT162b2 16-90+ years | 12.1 million
(2021) case series Immunisation (NIMS)
Database
Shoaibi et al. Self-controlled UsS Medicare claims BNT162b2, 65+ years 3.3 million
(2023) case series mRNA-1273 (Doses 1 and 2)
Whiteley et al. | Cohort England | English NHS, General BNT162b2 >18 years 46 million
(2022) Practice Extraction
Service Data for Pandemic
Planning and Research

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured
by Janssen.

SOURCES: Ab Rahman et al., 2022; Barda et al., 2021; Botton et al., 2022; Burn et al., 2022a.b; Chui et al., 2022; Hippisley-Cox et al., 2021;
Hyviid et al., 2022; Jabagi et al., 2022; Patone et al., 2021; Shoaibi et al., 2023; Whiteley et al., 2022.

hospitalized patients. These and other issues should be the topic of more intensive research to better refine the
evaluation of vaccine safety.

The committee attempted to focus on the six thromboembolic outcomes from the first and/or second dose of
the primary series. No studies of adverse outcomes from bivalent or monovalent updated booster vaccines were
considered here, in part because few such studies were available, and a variety of important selective forces likely
affected who received subsequent doses, such as variation in individual clinical circumstances.

The studies had generally modest variations in analysis and presentation, such as differences in the post-
vaccination analytical intervals, age groups of the vaccinees, and clinical history of COVID-19 infection (see
Table 6-1).
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All studies used in this chapter applied general administrative disease coding according to the International
Classification of Diseases (ICD-10) nosology. Importantly, some studies only included hospitalized patients, likely
deterring identification of diseases and conditions that might be identified largely in ambulatory settings.

Due to expected variation in cross-national medical care and coding practices, harmonization across disease
rubrics and nosology could not be assured. Some studies reported diagnoses that could have been placed in alter-
native disease categories or classification codes. For example, “subarachnoid hemorrhage” may or may not be the
same as “hemorrhagic stroke.” This was not unexpected, but it challenges the validity of disease classification.
This is explained further in the subsections of this chapter. Studies were only included if the disease reports used
identical terms to those requested in the Statement of Task. Only Shoaibi et al. (2023) provided a supplemental
validation study of disease coding accuracy, using medical charts as the standard. For both MI and PE, the major-
ity of diagnoses were consistent with this manual evaluation. No study reported an evaluation of the accuracy of
population immunization registries used to link vaccine receipt data to the respective medical care systems. See
Boxes 6-1 through 6-4 for all conclusions in this chapter.

The following is a brief synopsis of the 12 studies contained in Table 6-1, in order to orient the reader to
study characteristics and interpretation. They are presented in alphabetical order, as they appear also in Table 6-1.
Vaccines analyzed are identified throughout the table headings and in this chapter’s subheadings. Clinical trial
results submitted to FDA for Emergency Use Authorization and/or full approval do not indicate a signal regard-
ing any of the outcomes reviewed in this chapter and any of the vaccines under study (FDA, 2021, 2023a,b.c).

Ab Rahman et al. (2022) explored adverse events of special interest among patients admitted to major urban
hospitals in Malaysia, during February through September 2021. The basic analyses were conducted using a
self-controlled case series, and outcomes were represented as incidence rate ratios. Three vaccine platforms were
evaluated, although as noted elsewhere in this report only those vaccines used in the United States were presented
in our evaluations. Several but not all adverse events of special interest were analyzed relevant to this chapter,
but only those occurring within 21 days after immunization were included. More than one vaccine dose may have
been administered during the study window.

Barda et al. (2021) conducted an analysis of adverse events after the first dose of the BNT162b2 vaccine, in the
setting of the largest health care organization in Israel, starting among persons with no medical history of any of the
adverse events of interest. One person with a history of vaccine receipt was matched with another with no vaccine
history, and with adjustment for various sociodemographic variables. Adverse everts in both groups were monitored
using medical records and were followed for an observation interval of 42 days using system medical records.
Study participants’ ages were 16 years of age and above. Other inclusion and exclusion criteria were applied. In
addition to the analysis of adverse events, a second, similarly matched analytical cohort was created using those
with a history of COVID-19 infection, matched to similar persons with no history of infection at the same time;
then, the clinical outcomes were followed in both groups to separately assess the role of general infection on these
outcomes as a comparator. Other studies used in this chapter and in other chapters used similar methodology to
contrast rates of adverse events following vaccination with similar rates of adverse events following infection.

Botton et al. (2022) explored three adverse vascular effects, MI, stroke, and PE, for three vaccines used in the
United States: BNT162b2, mRNA-1273, and Ad26.COV2.S, among persons ages 18—74 years. The study popula-
tion included over 46 million adults using the French National Health Data System, using a self-controlled case
series method adapted to the event-dependent exposure and overall high rate of general mortality characteristic
of this large population size. The relative incidence (RI) of each clinical outcome of interest was determined for
3 separately reported weeks after the recorded date of vaccine receipt, derived from separate population vaccine
use files. Study data were separately reported for the first and second doses of the primary series for each of the
vaccines. Of note, the same overall study methods were used for persons 75 years or older in the same geographic
region but are reported separately by Jabagi et al. (2022).

Burn et al. (2022a) conducted a series of cohort studies from September 2020 through May 2021 in the United
Kingdom, using a series of national clinical databases that included clinical characteristics of patients as well as
vaccine receipt. Clinical outcomes included both vascular and hematological conditions, which also served to
better understand prevaccination health status for a variety of comorbid conditions. Only data on the BNT162b2
were relevant to this chapter, and both first and second doses were considered, encompassing over 3 million doses
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distributed to vaccinees who were 20 years of age and older. Additionally, a separate cohort of patients who sustained
the COVID-19 infection was analyzed to use as a comparator to the vaccine receipt cohorts with regard to clinical
outcomes. Adverse events were counted in the 28 days after vaccine receipt. Of note, this study used some of the same
clinical data resources as another study by Hippisley-Cox et al. (2021), but this was not deemed an important problem.

Burn et al. (2022b) analyzed hospital and primary care data from the region of Catalonia, Spain, including the
first and second doses of BNT162b2. Another vaccine was studied but not used in the United States. Over 3 million
persons were reported to have used at least one dose of this vaccine and were available for study. The outcomes
assessed relevant to this chapter were VTE, MI, and ischemic stroke, with results among vaccinated persons com-
pared to a historical comparator group. However, several other comorbid conditions were studied as “pre-morbid”
risk factors, or as potential harms assessed in other chapters of this report (e.g., immune thrombocytopenia). As
in other reports utilized in this chapter and others, a separate cohort of persons with the viral COVID-19 infection
was identified as a separate comparator for outcome events relative to those receiving the study vaccines.

Chui et al. (2022) conducted a series of studies on the potential harms of the BNT162b2 vaccine in 2.9 mil-
lion vaccinees in the period between February and September 2021. Data were obtained from Hong Kong’s
(China) territory-wide electronic health and vaccination records. The basic analytical design was a “modified”
self-controlled case series using a variety of preselected vascular and thromboembolic events and HS. The period
of adverse event risk assessment was 27 days after vaccination, and first and second doses of the vaccine were
considered separately. An additional cohort of patients acquiring COVID-19 infection was also analyzed as a
separate comparator. Of note, this was one of the first studies to concede that citizens had the right to change the
scheduling of the first and second primary series doses.

Hippisley-Cox et al. (2021) conducted self-controlled case series analyses of thromboembolism and thrombo-
cytopenia in over 9.5 million persons receiving the BNT162b2 vaccine in England, United Kingdom, between
December 2020 and April 2021 who were 16 years of age or older. All information was derived from national
databases of mortality, hospitalization, and vaccinations. Only clinical outcomes after the first dose were consid-
ered by the authors. Important to this chapter, MI, ischemic stroke, and VTE outcomes were available and were
assessed in the 28 days after vaccination. Additionally, a separate cohort was analyzed using patients who were
noted to be infected with the COVID-19 virus, as a comparator for relevant clinical outcomes. As noted above,
there may be a small amount of database overlap between this study and that of Burn et al. (2022a).

Hyviid et al. (2022) conducted a cohort study in Denmark of “frontline workers,” who were among the first
priority groups to receive COVID-19 vaccines when available in that country. These workers, born after 1957, were
the only study group of its type to be evaluated in this chapter (the remainder were all from the general commu-
nity). They were largely health care and institutional workers (n ~101,000) although some others were not further
classified occupationally. Analytical information was obtained from national health and immunization registers.
Only the BNT162b2 vaccine was assessed in this chapter, and the most important outcomes here were PE and
DVT. The study sample size was more modest than most of the other studies considered in this chapter, limiting
the statistical power of the analysis. The window of observation extended from December 2020 to April 2021.

Jabagi et al. (2022) conducted a self-controlled case series analysis of persons from the French National
Health Data System linked to the national COVID-19 vaccination database, which can be considered an “exten-
sion” of the report by Botton et al. (2022) (see above), except that it included persons 75 years and older. The
paper by Botton et al. (2022) only considered persons only up to 74 years of age. The separate reporting emphasis
was deemed useful because older persons were priority vaccinees in many global communities. Main outcomes
included in this paper were MI, stroke, and PE. In this paper over 3.9 million persons were included and only the
BNT162b2 vaccine findings were reported, perhaps in part because of the limited sample availability for other
vaccines during the study interval. Data on first and second doses were reported separately, but only a 2-week
post vaccination interval was reported.

Patone et al. (2021) conducted a study in England, United Kingdom, that was mostly devoted to identifying
potential neurological harms of two COVID-19 vaccines; only BNT162b2 was considered in this chapter because
of relevance to U.S. vaccine exposures, as noted above, and over 12 million persons received this vaccine between
December 2020 and May 2021. The study was considered for assessment in this chapter because HS was one of
the prespecified safety outcomes. The study analysis was a self-controlled case series, and 811 HS events were
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detected among those who received the BNT162b2 vaccine. The follow-up interval was weekly for 28 days after
immunization, and only the first dose of vaccine and the first detected adverse event were considered in the analy-
sis. Additional cohorts were developed among patients from Scottish data to serve as validation of the findings
from England, and among those who were found to have a positive COVID-19 test for infection, to be used as a
comparator for the core findings.

Shoaibi et al. (2023) studied two messenger ribonucleic acid (mRNA) vaccines (BNT162b2 and mRNA-1273);
this study differed in certain important ways from the other studies in this chapter. It was the only study reviewed
in this section conducted on a U.S. population (the “Medicare” population consisting of nearly all Americans 65
years and older). Vascular, coagulation, and certain neurological outcomes were evaluated, but only those related
to this chapter (see Background Information section of this chapter) were included. The study design was also
different from some of the others. The two mRNA vaccines were considered separately and assessed using self-
controlled case series methods. However, after a prevaccination data collection period, where demographic and
general clinical information on the study cohorts were collected, the selected outcomes were assessed in both
ambulatory and hospital settings for 90 days after the vaccines became available. Thus, it was not possible to
separate out first and second dose effects of the individual vaccines. Shoaibi et al. also conducted secondary and
exploratory analyses, including a validation study of outcome codes using medical case record reviews. These
findings strengthened the understanding and challenges of medical record data, even if the findings may not be
similar in other reports reviewed in this chapter.

Whiteley et al. (2022) examined the adult population of England, United Kingdom, using hospitalization and
primary care data, comprising a total population of approximately 46 million persons observed between December
2020 and March 2021. Extensive clinical and demographic information were noted in the pre-vaccine period; a
28-day period of observation was used following the first immunization, and only the first dose was considered
in the authors’ analysis. Additionally, only the findings from the BNT162b2 vaccine were utilized in this chapter,
as it was the only vaccine used in the United States. The clinical outcomes data in this report are specifically
categorized in two groups—those 69 years or younger and those 70 years and older. The authors noted two main
limitations of their analyses: reliance on the accuracy of coded electronic health records and residual confounding
within the adjusted models.

MYOCARDIAL INFARCTION

BOX 6-1
Conclusions for Myocardial Infarction

Conclusion 6-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and myocardial infarction.

Conclusion 6-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and myocardial infarction.

Conclusion 6-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and myocardial infarction.

Conclusion 6-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and myocardial infarction.
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Background

A heart attack (MI) usually occurs when a blood clot blocks blood flow to the heart. Tissues, particularly heart
muscle, lose oxygen and may die. Symptoms include tightness or pain in the chest, neck, back, or arms; fatigue;
lightheadedness; abnormal heartbeat; and anxiety (Thygesen et al.,2018). MI is important and common; with other
cardiovascular diseases, it is the leading cause of death in many developed countries. MI rates will vary among
regional and national populations because of differences in risk factor levels and their management, in medical
treatment, or in access to and use of health care resources and vary worldwide in part because of these differences
in populations and communities. Sometimes a definitive diagnosis is difficult to make because of timing of clinical
events, variation in symptom rates, premature death, or therapeutic interventions; this is likely to be a worldwide
finding. The global epidemiology and occurrence have been reasonably well characterized (Salari et al., 2023).

SARS-CoV-2 is believed to cause both MI and other vascular conditions (Siddiqi et al., 2021), due to a variety
of mechanisms, including infection and inflammation of atherosclerotic plaques and coagulation abnormalities.
In the studies evaluated in this section, MI was substantially more common among COVID-19-infected persons
than those who were uninfected but received any COVID-19 vaccine. Concordant exposure to both vaccine and
infection during the pandemic can make it difficult to attribute MI to either potential cause.

Mechanisms

MI is primarily defined as the sudden ischemic death of myocardial tissue. This often occurs due to thrombotic
blockage of a coronary vessel after a plaque ruptures. The lack of blood flow triggers significant metabolic and
ionic disturbances in the myocardium, leading to rapid deterioration of systolic function (Prabhu and Frangogiannis,
2016). Prolonged lack of blood flow activates a “wavefront” of cardiomyocyte death, which progresses from the
subendocardium to the subepicardium. This process involves mitochondrial changes that are central to apoptosis
and necrosis of cardiomyocytes (Davidson et al., 2020). Given the limited regenerative capacity of the adult
mammalian heart, healing primarily occurs through scar formation. The immune system plays a significant role
in both the homeostatic and perturbed conditions of the heart. Immune cells infiltrate the heart during gestation
and persist in the myocardium throughout life, participating in essential housekeeping functions. After MI or in
response to infection, large numbers of immune cells are recruited to the heart to remove dying tissue, scavenge
pathogens, and promote healing (Prabhu and Frangogiannis, 2016). However, in some cases, these immune cells
can cause irreversible damage, contributing to heart failure.

Reports exist of vaccine-related MI cases, particularly after ChAdOx1-S, which were mostly characterized by
ST-segment elevation and occurred after the first dose. However, no definitive mechanistic link is established in
the literature between COVID-19 vaccination and MI. Furthermore, most cases occurred after the first dose, which
suggests that the immune response elicited by the vaccine may play a minimal role in MI (Hana et al., 2022; Zafar
et al., 2022); an overactive immune response would presumably lead to a higher incidence of MI after booster
dose. The immune response to vaccination does not correlate with a single inflammatory biomarker associated
with MI but shows a range of markers, including IL-6 (interleukin-6), C-reactive protein, and components of the
interferon signaling pathway (Hervé et al., 2019).

Epidemiological Evidence

BNT162b2 and MI

Table 6-2 presents eight studies that contributed to the causality assessment.

All studies have varying designs; the majority were self-controlled, and the remainder were cohort studies,
except for a case-control study (Whiteley et al., 2022). The number of MI events after BNT162b2! was higher
than the background rate, except for the Israeli study (n = 59) (Barda et al., 2021).

Shoaibi et al. (2023) used the two-dose primary series as the “exposure,” without presenting the separate

! The COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
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TABLE 6-2 Epidemiological Studies in the BNT162b2—-Myocardial Infarction Evidence Review

Author N Number of Events Results (95% CI)
Ab Rahman et al. (2022) Dose 1: 8.7 million vaccinees 409 IRR 0.97 (0.87-1.08)
Dose 2: 6.7 million vaccinees 387 IRR 1.08 (0.97-1.21)
Barda et al. (2021) Dose 1: 884,828 vaccinees 59 RR 1.07 (0.74-1.60)
Botton et al. (2022) Dose 1: 16,728 vaccinees Week 1: 543 RI 0.91 (0.83-1.00)
Week 2: 492 RI 0.86 (0.78-0.94)
Dose 2: 14,004 vaccinees Week 1: 408 RI 0.89 (0.80-1.00)
Week 2: 404 RI 0.95 (0.85-1.06)
Burn et al. (2022a) Dose 1: 1.8 million vaccinees 442 SIR 0.88 (0.80-0.97)
Dose 2: 1.3 million vaccinees 283 SIR 0.80 (0.71-0.89)
Burn et al. (2022b) Dose 1: 2.0 million vaccinees 280 SIR 1.05 (0.93-1.18)
Dose 2: 1.3 million vaccinees 272 SIR 1.10 (0.98-1.24)
Jabagi et al. (2022) Dose 1: 3.9 million vaccinees 6,510 RI0.97 (0.88-1.06)
Dose 2: 3.2 million vaccinees 4,843 RI 1.04 (0.93-1.16)
Shoaibi et al. (2023) Doses 1 and 2: 3.4 million vaccinees 2,783 IRR 1.04 (0.91-1.18)
Whiteley et al. (2022) Dose 1: 8.7 million vaccinees 3,722 Age <70: HR 0.88 (0.83-0.94)
Age >70: HR 0.76 (0.71-0.81)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. Shoaibi et al. (2023)
combined the number of BNT162b2 and mRNA-1273 vaccinees. The primary series for BNT162b2 is two doses. Number of events refers to
events in vaccinees only. CI: confidence interval; HR: hazard ratio; IRR: incidence rate ratio; RI: relative incidence; RR: risk ratio; SIR: stan-
dardized incidence ratio.

SOURCES: Ab Rahman et al., 2022; Barda et al., 2021; Botton et al., 2022; Burn et al., 2022a,b; Jabagi et al., 2022; Shoaibi et al., 2023;
Whiteley et al., 2022.

outcomes. This study was retained in the report, in part because it was the only U.S. study. The two studies from
France are respectively the younger and older cohorts of patients from the same national health system (Botton et
al., 2022; Jabagi et al., 2022); they reported MI outcomes only from a 2-week interval post-vaccination. Whiteley
et al. (2022) from England also presented data separately for two age categories (younger and older than 70). All
the studies used a post-vaccination analysis interval of 1 month or less, except Shoaibi et al. (2023), which used
90 days with appropriate adjustments.

The findings were generally uniform across all eight studies. Seven of them showed no statistically signifi-
cant increases in the risk of MI associated with BNT162b2. Shoaibi et al. (2023), in partially adjusted analyses,
showed a modest increased risk: 1.17 (95% confidence interval [CI]: 1.08-1.28). However, these investigators
included additional adjustments: current history of COVID-19 infection and seasonality. These factors were con-
sidered important; the latter was not explored in any other study contained in this chapter. After adjusting for these
additional variables, the MI-BNT162b2 association was no longer significant: 1.04 (95% CI: 0.91-1.18). Shoaibi
et al. (2023) also demonstrated that ICD codes for MI in their dataset were generally valid using medical chart
reviews, with a positive predictive value (PPV) of 80 percent. In summary, all the studies in Table 6-2 showed no
significant association between vaccination with BNT162b2 and MI.

mRNA-1273 and MI

Table 6-3 presents two studies that contributed to the causality assessment.
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TABLE 6-3 Epidemiological Studies in the mRNA-1273-Myocardial Infarction Evidence Review

Author N Number of Events Results (95% CI)
Botton et al. (2022) Dose 1: 2,435 vaccinees Week 1: 58 RI0.78 (0.59-1.03)
Week 2: 78 RI 1.06 (0.83-1.37)
Dose 2: 1,831 vaccinees Week 1: 46 RI 0.85 (0.61-1.18)
Week 2: 61 RI 1.21 (0.90-1.62)
Shoaibi et al. (2023) Doses 1 and 2: 302 IRR 1.01 (0.82-1.26)
3.4 million vaccinees

NOTES: mRNA-1273 refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Shoaibi et al. (2023) combined
the number of BNT162b2 and mRNA-1273 vaccinees. The primary series for mRNA-1273 is two doses. Number of events refers to events in
vaccinees only. CI: confidence interval; IRR: incidence rate ratio; RI: relative incidence.

SOURCES: Botton et al., 2022; Shoaibi et al., 2023.

Two studies evaluated the association between mRNA-12732 and MI, one using data from the French National
Health Data System (Botton et al., 2022) and one using data from the U.S. Medicare system (Shoaibi et al., 2023)
(see Tables 6-1 and 6-3.) Botton et al. (2022) covered adults under 75, and the vaccine was one of four evaluated
in this report. Botton et al. (2022) used standard epidemiological methods but reported only on outcomes over
a 2-week post-vaccination interval, and each week was reported separately. Shoaibi et al. (2023) used a 90-day
post-vaccination interval to study MI risk of the two-dose primary series.

Botton et al. (2022) found no increase in risk of MI with mRNA-1273 in the first (R10.78,95% CI: 0.59-1.03)
or second (RI 1.06, 95% CI: 0.83—1.37) outcome week (Botton et al., 2022). Shoaibi et al. (2023) showed no
increased risk of MI: incidence rate ratio (IRR) 1.01 (95% CI: 0.82-1.26), after full adjustment for selected study
variables.

Ad26.COV2.S and M1

Table 6-4 summarizes one study that contributed to the causality assessment.

As noted, this study from the French National Health Data System, covering adults 18-74 years, evaluated
four vaccines (see Table 6-1). Ad26.COV2.S3 was received by about 30,000 persons overall, and of those receiving
the first dose, 282 MIs were identified. Data were presented separately for the first and second post-vaccination
weeks only. Outcomes were RI 1.57 (95% CI: 1.02-2.44) for the first week and RI 1.75 (95% CI: 1.16-2.62) for
the second week.

2 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
3 The COVID-19 vaccine manufactured by Janssen.
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TABLE 6-4 Epidemiological Study in the Ad26.COV2.S-Myocardial Infarction Evidence Review

Author N Number of Events Results (95% CI)
Botton et al. (2022) Dose 1: 282 vaccinees Week 1: 33 RI 1.57 (1.02-2.44)
Week 2: 34 RI 1.75 (1.16-2.62)

NOTES: Ad26.COV2.S refers to the COVID-19 vaccine manufactured by Janssen. The primary series for Ad26.COV2.S is one dose. Number
of events refers to events in vaccinees only. CI: confidence interval; RI: relative incidence.
SOURCE: Botton et al., 2022.

From Evidence to Conclusions

Eight studies assessed the relationship between BNT162b2 and MI across different demographic groups and
national populations on three continents. Despite some variation in the types of observational epidemiological
study designs, all of these studies showed no important overall statistical evidence of increased risk of MI associ-
ated with either dose of BNT162b2 (Ab Rahman et al., 2022; Barda et al., 2021; Botton et al., 2022; Burn et al.,
2022a,b; Jabagi et al., 2022; Shoaibi et al., 2023; Whiteley et al., 2022).

Conclusion 6-1: The evidence favors rejection of a causal relationship between the BNT162b2 vac-
cine and myocardial infarction.

Only two studies evaluated the association between mRNA-1273 and MI; neither showed evidence of increased
risk (Botton et al., 2022; Shoaibi et al., 2023), but the findings aligned with those for BNT162b2.

Conclusion 6-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and myocardial infarction.

Only one study evaluated the relation between Ad26.COV2.S and MI, and the number of MI events was
modest (Botton et al., 2022).

Conclusion 6-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and myocardial infarction.

No studies examined the relationship between NVX-CoV2373% and MI.

Conclusion 6-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and myocardial infarction.

4 The COVID-19 vaccine manufactured by Novavax.
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ISCHEMIC STROKE

BOX 6-2
Conclusions for Ischemic Stroke

Conclusion 6-5: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and ischemic stroke.

Conclusion 6-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and ischemic stroke.

Conclusion 6-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and ischemic stroke.

Conclusion 6-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and ischemic stroke.

Background

A stroke may occur due to either a blockage in blood flow to the brain or sudden bleeding within the brain.
The primary form is known as an ischemic stroke, where the brain is deprived of necessary oxygen and nutrients
due to a blockage in blood flow, leading to rapid cell death. The secondary type is termed an HS, characterized
by blood leakage that applies pressure on brain cells, causing damage (NHLBI, 2023). HSs are discussed and
evaluated in the next section.

Ischemic strokes are usually caused by either atherosclerotic lesions in cerebral arteries or emboli, often
blood clots, from the heart or other parts of the vascular tree. However, several other mechanisms are possible.
Strokes can occur at any age but are most common in older people. In the United States, strokes are overall the
fifth leading cause of death. Typically, strokes are acute and relatively sudden, often within hours or less, even
though the lesions themselves may take a long time to develop. Sometimes, neurological manifestations occur
intermittently and incompletely; these clinical events may be diagnosed as a “transient ischemic attack,” which is
often considered diagnostically separate from “completed” strokes, which can be important in studies that assess
stroke outcomes. The clinical presentation may also be modified by various medical interventions, leading to
other diagnostic challenges. Stroke diagnoses may also vary by relative access to technology, such as imaging
procedures, which can differ by country and within-country region. All of these factors can possibly affect apparent
incidence rates across studies. To complicate matters further, persons with cardiovascular diseases are two to four
times more likely to have a stroke (Robinson et al., 2023), raising issues of the underlying causes. These complex
diagnostic challenges apply to all the thromboembolic outcomes assessed in this chapter, as discussed. However,
in a comprehensive global review of ICD coding validity study, McCormick et al. (2015) found that the PPV was
82 and over 93 percent for ischemic and ICD-9 HS codes.

For diagnosis, ischemic stroke is identified by the abrupt onset of focal neurologic deficits, with speech distur-
bance and weakness on one-half of the body being the most common symptoms. Diagnostic studies are crucial to
differentiate it from other conditions, such as intracerebral hemorrhage, or entities mimicking it, such as seizures or
hypoglycemia. Neuroimaging, particularly noncontrast computed tomography (CT) or magnetic resonance imaging
(MRI), plays a vital role in this differentiation. Noncontrast CT is sensitive for detecting mass lesions and acute
hemorrhage but less effective in detecting strokes within 3 hours of the event and has even lower sensitivity for
small or posterior fossa strokes. In contrast, MRI, especially diffusion-weighted imaging, offers better resolution
and greater sensitivity for detecting acute ischemic stroke and is as sensitive as noncontrast CT for intracerebral
HS (Vymazal et al., 2012).
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Mechanisms

A key aspect of ischemic stroke pathophysiology involves the immune system. In the acute phase, innate
immune cells invade the brain and meninges, contributing to damage but also potentially offering protection. This
phase is characterized by the damaged brain cells releasing danger signals, such as damage-associated molecular
patterns, into the circulation, activating systemic immunity. In the chronic phase, antigen presentation triggers an
adaptive immune response targeted at the brain, possibly underlying the neuropsychiatric sequelae that significantly
contribute to morbidity (Chamorro et al., 2012; Nakamura and Shichita, 2019).

A mechanism of ischemic stroke as a result of COVID-19 vaccination remains to be established. However,
it can be hypothesized that temporary inflammation of the arterial wall could be a contributing factor in cerebral
hemorrhage (de Mélo Silva and Lopes, 2021). The proposed immune response could also trigger a systemic
prothrombotic state, characterized by endothelial dysfunction and activation, complement and platelet activation,
and infiltration of inflammatory cells into atherosclerotic plaques. These processes lead to amplified inflamma-
tory responses and potential thrombosis within these plaques (Bonaventura et al., 2021). This is in line with the
concept that inflammatory conditions, especially in atherosclerosis, are precursors to thrombotic events, including
cerebrovascular ones (Assiri et al., 2022).

Some argue that COVID-19 vaccination could induce an inflammatory cascade similar to that in COVID-19
infection, leading to disseminated intravascular coagulation, vascular endothelial dysfunction, and large-vessel
cerebral infarctions. Following mRNA vaccination, the introduction of mRNA sequences coding for the SARS-
CoV-2 spike protein into host cells leads to its synthesis and release, stimulating an inflammatory immune response
(Assiri et al., 2022; Famularo, 2022).

Epidemiological Evidence

BNT162b2 and Ischemic Stroke

Table 6-5 presents six studies that contributed to the causality assessment.

The two papers from France report on one study, addressing adults younger than and over 75, respectively
(Botton et al., 2022; Jabagi et al., 2022). This study, as noted, reported only 2 separate weeks of post-vaccination
outcomes. Botton et al. (2022) showed no increased risk of stroke after either week (Botton et al., 2022), and Jabagi
et al. (2022) studied the oldest population (over 75) and found similar results. The UK study (Burn et al., 2022a)
and the Catalonia, Spain, study (Burn et al., 2022b) also found no increased stroke risk with this vaccine. The
Malaysian study, with a different design, had the same findings (Ab Rahman et al., 2022). Whiteley et al. (2022)
from England had one of the largest immunized populations, over 8 million, but presented findings separately for
those over and under 70. Hazard ratios were reported for two separate age groups: younger than 70 and 70+. All
studies showed no increased risk of ischemic stroke with the BNT162b2 vaccine in all major analytical groups.

mRNA-1273 and Ischemic Stroke

Table 6-6 summarizes one study that contributed to the causality assessment.

Only one relevant scientific report attempted to link mRNA-1273 with ischemic stroke risk. As seen in other
sections, Botton et al. (2022), covering adults 18-74 years, reported ischemic stroke risk in the 2 weeks after
immunization. Some weaknesses included the inability to fully assess the risk association on the day of immuniza-
tion; the reporting of each outcome week risk separately; and that, as in many of the other reports, outpatient-only
clinical events were not surveyed. The risk was not significantly increased in either post-vaccination week. The
companion paper (Jabagi et al., 2022) on persons 75+ in this study did not include this vaccine.

Ad26.COV2.S and Ischemic Stroke

Table 6-7 summarizes one study that contributed to the causality assessment.
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TABLE 6-5 Epidemiological Studies in the BNT162b2-Ischemic Stroke Evidence Review

Author N Number of Events Results (95% CI)
Ab Rahman et al. (2022) Dose 1: 8.7 million vaccinees Dose 1: 535 IRR 1.05 (0.95-1.15)
Dose 2: 6.7 million vaccinees Dose 2: 471 IRR 1.11 (1.00-1.23)
Botton et al. (2022) Dose 1: 11,282 vaccinees Week 1: 329 RI 0.84 (0.74-0.94)
Week 2: 366 RI 0.95 (0.85-1.06)
Dose 2: 9,344 vaccinees Week 1: 279 RI10.93 (0.81-1.06)
Week 2: 307 RI 1.09 (0.96-1.23)
Burn et al. (2022a) Dose 1: 1.8 million vaccinees 146 SIR 1.10 (0.93-1.29)
Dose 2: 1.3 million vaccinees 68 SIR 0.68 (0.54-0.86)
Burn et al. (2022b) Dose 1: 2.0 million vaccinees 521 SIR 0.98 (0.90-1.07)
Dose 2: 1.3 million vaccinees 515 SIR 1.01 (0.92-1.10)
Jabagi et al. (2022) Dose 1: 3.9 million vaccinees 9,162 RI 0.90 (0.84-0.98)
Dose 2: 3.2 million vaccinees 6,531 RI 1.04 (0.93-1.16)
Whiteley et al. (2022) Dose 1: 8.7 million vaccinees 4,143 <70 years: HR 0.90 (0.83-0.97)
>70 years: HR 0.71 (0.68-0.75)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. Number of events refers to
events in vaccinees only. CI: confidence interval; HR: hazard ratio; IRR: incidence rate ratio; RI: relative incidence; SIR: standardized incidence
ratio.

SOURCES: Ab Rahman et al., 2022; Botton et al., 2022; Burn et al., 2022a,b; Jabagi et al., 2022; Whiteley et al., 2022.

TABLE 6-6 Epidemiological Study in the mRNA-1273-Ischemic Stroke Evidence Review

Author N Number of Events Results (95% CI)
Botton et al. (2022) Dose 1: 1,491 vaccinees Week 1: 42 RI 0.76 (0.55-1.07)
Week 2: 40 RI 0.76 (0.54-1.07)
Dose 2: 1,200 vaccinees Week 1: 45 RI 1.15 (0.82-1.62)
Week 2: 41 RI 1.12 (0.77-1.62)

NOTES: mRNA-1273 refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Number of events refers to
events in vaccinees only. CI: confidence interval; RI: relative incidence.
SOURCE: Botton et al., 2022.

TABLE 6-7 Epidemiological Study in the Ad26.COV2.S-Ischemic Stroke Evidence Review

Author N Number of Events Results (95% CI)
Botton et al. (2022) Dose 1: 196 vaccinees Week 1: 14 RI 0.78 (0.43-1.41)
Week 2: 19 RI 1.09 (0.66-1.81)

NOTES: Ad26.COV?2.S refers to the COVID-19 vaccine manufactured by Janssen.
The primary series of Ad26.COV2.S is one dose. CI: confidence interval; RI: relative incidence.
SOURCE: Botton et al., 2022.

Botton et al. (2022), as mentioned in the discussion on BNT162b2 and mRNA-1273, was the only available
report on the association of Ad26.COV2.S with ischemic stroke. Its strengths and limitations are similar. One
additional limitation for this vaccine is that the number of outcome events was modest, which should be consid-
ered in statistical evaluation of the findings. However, within these limitations, no significantly increased risk of
ischemic stroke was found.
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From Evidence to Conclusions

All six studies that assessed the association between BNT162b2 and ischemic stroke, comprising five robust
studies from multiple countries and exploring younger and older adults, found no evidence of increased risk,
despite modest difference in the study designs (Ab Rahman et al., 2022; Botton et al., 2022; Burn et al., 2022a,b;
Jabagi et al., 2022; Whiteley et al., 2022).

Conclusion 6-5: The evidence favors rejection of a causal relationship between the BNT162b2 vac-
cine and ischemic stroke.

A single study assessed the relationship between mRNA-1273 and Ad26.COV2.S and ischemic stroke (Botton
et al., 2022). Although it was generally well designed, it had limitations: a lack of representation of older persons
(over 75), separate presentation of outcome rates for each post-vaccination week, a group with high ischemic stroke
risk, and a modest number of stroke outcomes. No studies evaluated the relationship between NVX-CoV2373
and ischemic stroke.

Conclusion 6-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and ischemic stroke.

Conclusion 6-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and ischemic stroke.

Conclusion 6-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and ischemic stroke.

HEMORRHAGIC STROKE

BOX 6-3
Conclusions for Hemorrhagic Stroke

Conclusion 6-9: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and hemorrhagic stroke.

Conclusion 6-10: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and hemorrhagic stroke.

Conclusion 6-11: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and hemorrhagic stroke.

Conclusion 6-12: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and hemorrhagic stroke.

Background

As with other strokes, HS is usually an acute event that occurs after bleeding within the cerebrum or more
specifically within the brain, usually caused by a ruptured blood vessel. It has been estimated that about 750,000
persons in the United States die of stroke each year. About 20 percent of incident strokes are due to hemorrhage.
Often, the bleeding that comes with HS can damage the brain and impair neurological function by many mecha-
nisms, such as due to physical pressure or inflammation. HS has many causes, such as ruptured aneurysms, head
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trauma, vascular malformations, and anticoagulants (Caplan, 2023). Some of the risk factors are similar to those
of other important vascular conditions, such as MI or ischemic stroke (e.g., smoking, hypertension, diabetes), so
prevention is an important part of the management of this condition.

HS may occur in several areas of the brain, such as epidural, intraparenchymal, subdural, and subarachnoid
locations. The extent of diagnostic specificity depends, as with other vascular conditions, on regional and national
diagnostic and therapeutic practices and health care resources, such as advanced imaging and other neuro-
radiological techniques. This is particularly important because in studies of vaccine use and clinical outcomes, the
latter will depend on these resources and diagnostic nomenclature. For example, an HS may be primarily called a
“ruptured aneurysm” or a “subarachnoid hemorrhage,” which may have causal implications. As COVID-19 infec-
tion may be a cause of HS, this complicates assessing vaccine causation due to interacting comorbid conditions and
treatments (Wang et al., 2020). Research has advanced the use of artificial intelligence to help identify anatomic
locations of hemorrhage and its classification (Neves et al., 2023), but how this is being applied to causal studies,
such as those related to vaccines, is uncertain. Yet, as noted, validation studies of ICD coding of HS have been
positive and useful (Kirkman et al., 2009).

Mechanisms

HS occurs when a blood vessel within the brain ruptures, leading to bleeding in or around the brain, and can
result from various etiologies, including hypertension, aneurysms, and arteriovenous malformations. Chronic
hypertension may lead to Charcot-Bouchard microaneurysms in small penetrating arterioles, which are prone to
rupture under sustained high pressure. Subarachnoid hemorrhage is often due to the rupture of a saccular aneurysm,
and arteriovenous malformations, which are tangles of blood vessels with abnormal connections between arteries
and veins, can also rupture (Montano et al., 2021; Smith and Eskey, 2011).

The secondary injury mechanisms include the mass effect and increased intracranial pressure, where blood
accumulation causes compression of brain tissue, leading to blocked blood flow and the toxic effects of blood
breakdown products (Serrone et al., 2015). Hemoglobin degradation products can be toxic to brain tissue and
contribute to vasospasm, particularly in subarachnoid hemorrhage (Gross et al., 2019).

An immune response after hemorrhage is characterized by the activation of microglia and infiltration of mac-
rophages and lymphocytes, which can exacerbate neuronal damage. Proinflammatory cytokines, such as TNF-a,
IL-1p, and IL-6, are elevated, contributing to secondary injury and brain edema (Li and Chen, 2023).

Some vaccines, notably those associated with a risk of thrombocytopenia, could theoretically lead to HS,
although this is exceedingly rare; an autoimmune response leading to platelet destruction and severe thrombocy-
topenia might predispose individuals to hemorrhage. The proposed mechanism of HS is similar to that of ischemic
stroke, as mentioned.

Epidemiological Evidence

BNT162b2 and HS

Table 6-8 presents six studies that contributed to the causality assessment.

Six reports represent five studies addressing the association of HS with this vaccine, and several reports were
used in other sections of this chapter. One was a cohort study; the remainder were self-controlled designs. The
committee examined the data on the first dose of the primary series. All but Patone et al. (2021) and Chui et al.
(2022) have been discussed.

Patone et al. (2021) was conducted using the English National Immunisation (NIMS) Database, using a self-
controlled design. Only first-dose outcomes and hospitalized patients were evaluated. The study showed a modestly
increased risk (RI 1.24,95% CI: 1.07-1.43). However, this group also conducted a validation study using similar
methods on Scottish data and found no increased risk of HS, using a somewhat smaller sample size. An important
issue with this report is that subarachnoid hemorrhage was considered as a separate outcome from HS; as discussed
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TABLE 6-8 Epidemiological Studies in the BNT162b2—-Hemorrhagic Stroke Evidence Review

Author N Number of Events Results (95% CI)
Ab Rahman et al. (2022) Dose 1: 8.7 million vaccinees 119 IRR 1.29 (1.05-1.59)
Dose 2: 6.7 million vaccinees 80 IRR 1.05 (0.82-1.34)
Botton et al. (2022) Dose 1: 3,141 vaccinees Week 1: 112 RI0.97 (0.80-1.19)
Week 2: 119 RI 1.07 (0.88-1.30)
Dose 2: 2,372 vaccinees Week 1: 86 RI10.98 (0.77-1.25)
Week 2: 71 RI 0.86 (0.67-1.11)
Chui et al. (2022) Dose 1: 2.9 million vaccinees 31 IRR 1.67 (1.04-2.69)
Dose 2: 2.7 million vaccinees 26 IRR 1.68 (0.99-2.84)
Jabagi et al. (2022) Dose 1: 3.9 million vaccinees 2,050 RI 0.90 (0.78-1.04)
Dose 2: 3.2 million vaccinees 1,366 RI0.97 (0.81-1.15)
Patone et al. (2021) Dose 1: 12.1 million vaccinees 151 RI 1.24 (1.07-1.43)
Whiteley et al. (2022) Dose 1: 8.7 million vaccinees 440 <70 years: HR 0.77 0.62-0.96)
>70 years: HR 0.65 (0.57-0.74)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. Number of events refers
to events in vaccinees only. CI: confidence interval; HR: hazard ratio; IRR: incidence rate ratio; RI: relative incidence.
SOURCES: Ab Rahman et al., 2022; Botton et al., 2022; Chui et al., 2022; Jabagi et al., 2022; Patone et al., 2021; Whiteley et al., 2022.

in the background of this section, these two diseases may have some amount of overlap and/or misclassification,
although no further information was offered.

Chui et al. (2022) conducted a study in Hong Kong, China, using geography-wide medical care and immuniza-
tion databases, a “modified” self-control design with seasonal adjustment, and a 28-day post-vaccination outcomes
interval. They found an increased risk of HS associated with BNT162b2 (IRR 1.67,95% CI: 1.04-2.69).

In addition, Ab Rahman et al. (2022) from Malaysia showed a marginally increased risk of HS (IRR 1.29,
95% CI: 1.05-1.59).

The remaining studies showed no increased risk, including two analyses that separated the findings into older
and younger adults (Botton et al., 2022; Jabagi et al., 2022).

mRNA-1273 and HS

Table 6-9 summarizes the one study that contributed to the causality assessment.

TABLE 6-9 Epidemiological Study in the mRNA-1273-Hemorrhagic Stroke Evidence Review

Author N Number of Events Results (95% CI)
Botton et al. (2022) Dose 1: 414 vaccinees Week 1: 12 RI 0.73 (0.39-1.37)
Week 2: 14 RI 091 (0.51-1.61)
Dose 2: 299 vaccinees Week 1: 10 RI 1.06 (0.56-2.00)
Week 2: 4 RI 0.45 (0.16-1.23)

NOTES: mRNA-1273 refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Number of events refers to events
in vaccinees only. CI: confidence interval; RI: relative incidence.
SOURCE: Botton et al., 2022.
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TABLE 6-10 Epidemiological Study in the Ad26.COV2.S-Hemorrhagic Stroke Evidence Review

Author N Number of Events Results (95% CI)
Botton et al. (2022) Dose 1: 38 vaccinees Week 1: 6 RI 1.28 (0.46-3.61)
Week 2: 6 RI 1.59 (0.60-4.21)

NOTES: Ad26.COV2.S refers to the COVID-19 vaccine manufactured by Janssen. The primary series for Ad26.COV2.S is one dose. Number
of events refers to events in vaccinees only. CI: confidence interval; RI: relative incidence.
SOURCE: Botton et al., 2022.

Botton et al. (2022) used the French National Health Data System to explore the association between mRNA-
1273 and HS. This was a study of HS outcomes after the first dose of the primary series. As in the other applica-
tions of this study, only 2 weeks of the post-vaccination interval were presented, and the risks for each week were
presented separately. This study included adults up to 74, but the number of HS case outcomes in the first 2 weeks
was only 26. The portion of the study describing outcomes in persons 75+ showed no findings on mRNA-1273
and HS (Jabagi et al., 2022), likely because of an inadequate number of case outcomes.

Ad26.COV2.S and HS

Table 6-10 summarizes one study that contributed to the causality assessment.

As with mRNA-1273, only one study evaluated Ad26.COV2.S for adults aged 18-74 (Botton et al., 2022).
The same limitations apply here, and only 12 HS cases occurred in the 2-week post-vaccination interval. The
outcomes for the older patient set (75+ years) were not available (Jabagi et al., 2022).

From Evidence to Conclusions

The findings from the studies evaluating BNT162b2 and HS were mixed, with some finding an increased risk.
Additionally, evidence of possible disease misclassification of HS with other sources of intracranial hemorrhage
could not be resolved, as suggested by the general medical literature. Only two of the five studies showed an
increased signal of HS risk, and an additional study showed a marginally increased risk (Ab Rahman et al., 2022;
Chui et al., 2022; Patone et al., 2021).

Conclusion 6-9: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and hemorrhagic stroke.

Only one study evaluated the relationship between mRNA-1273 and HS; it had only 2 weeks of post-
vaccination follow-up (Botton et al., 2022). Only 26 HS cases occurred in those who received mRNA-1273.

Conclusion 6-10: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and hemorrhagic stroke.

Only one study evaluated the relationship between Ad26.COV2.S and HS, which showed no evidence of
increased risk; it had only 2 weeks of post-vaccination follow-up with only 12 cases (Botton et al., 2022). No

studies evaluated the association between NVX-CoV2373 and HS.

Conclusion 6-11: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and hemorrhagic stroke.

Conclusion 6-12: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and hemorrhagic stroke.
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DEEP VEIN THROMBOSIS, PULMONARY EMBOLISM, AND VENOUS THROMBOEMBOLISM

BOX 6-4
Conclusions for Deep Vein Thrombosis,
Pulmonary Embolism, and Venous Thromboembolism

Conclusion 6-13: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and deep vein thrombosis, pulmonary embolism, and venous thromboembolism.

Conclusion 6-14: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and deep vein thrombosis, pulmonary embolism, and venous thromboembolism.

Conclusion 6-15: The evidence is inadequate to accept or reject a causal relationship between the Ad26.
COV2.S vaccine and deep vein thrombosis, pulmonary embolism, and venous thromboembolism.

Conclusion 6-16: The evidence is inadequate to accept or reject a causal relationship between the NVX-
CoV2373 vaccine and deep vein thrombosis, pulmonary embolism, and venous thromboembolism.

Background

DVT,PE, and VTE are related conditions, often with common risk factors, clinical manifestations, pathogenetic
mechanisms, treatments, and preventive interventions. “VTE” mostly or entirely may represent a category including
PE and DVT. Occurrence rates can depend on the chronicity, comorbidity, and prevalent risk factors. The mortality
risk among adults =65 with VTE is 3.1 percent at 30 days and 19.6 percent at 1 year (Giorgio et al., 2023). Other
vascular and related immunologic outcomes, such as immune thrombotic purpura and immune thrombocytopenic
purpura, are considered separately in Chapter 5. The evidence regarding association of each of the three condi-
tions with COVID-19 vaccines will be discussed separately, but conclusions and the relevant justifications appear
together at the end of this section.

DVT, PE, and VTE, in part because of these overlapping characteristics, present a dilemma in research and
clinical outcome studies because regional and national variation in diagnostic practices and medical terminology
may lead to misclassification, which can be substantial. For example, in an important report cited in this chapter
(Shoaibi et al., 2023), a medical chart review of PE from the U.S. Medicare system found that the PPV for accu-
racy of 101 cases was only 45 percent. Other similar validation studies show varying results. In a study of over
4,000 VTE cases, also from the United States, Fang et al. (2017) found a PPV of 64.6 percent in patients who were
hospitalized or seen in an emergency department but only 30.9 percent for outpatients. On the other hand, Tamariz
et al. (2012) found the highest PPV values among ICD-9 codes for combined PE and DVT to range from 65-95
percent accuracy, with the highest among those at greatest risk of VTE. These studies overall found important
variation in accuracy according to patient risk, location seen in the health care system, whether the diagnosis was
primary or secondary, and anatomic site.

Pathophysiology

The pathophysiology of DVT is often explained by Virchow’s triad: venous stasis, endothelial injury, and
hypercoagulability. PE involves not only the mechanical obstruction of the pulmonary artery but also the release
of vasoactive substances that cause pulmonary vasoconstriction, leading to an increase in pulmonary vascular
resistance and right ventricular strain. Immune responses, particularly those involving inflammatory mediators,
can exacerbate this by increasing vascular permeability and promoting further thrombosis.

VTE occurs at higher frequency in the context of inflammation, such as during infections, in autoimmune con-
ditions, and postoperatively. In an immune-mediated context, inflammation plays a critical role. Proinflammatory
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cytokines can alter the coagulation cascade, leading to a prothrombotic state. For instance, elevated levels of IL-6
have been implicated in increased thrombin generation (Tang et al., 2015). COVID-19 vaccines have been shown
to increase IL-6 production both in situ (Zhu et al., 2023) and ex vivo (Langgartner et al., 2023). Other ways that
the immune system can lead to a hypercoagulable state include monocytes and neutrophil release of tissue factor, a
potent activator of the coagulation cascade, and the formation of neutrophil extracellular traps, which can provide
a scaffold for thrombus formation.

Deep Vein Thrombosis

DVT occurs when blood clots develop and persist in a larger vein, such as in the thighs, pelvis, arms, splanch-
nic vasculature, and cerebrum. Most of these clots, however, form in the legs, with varying signs and symptoms,
altered persistence, and uncertain clinical consequences (Mithoowani, 2022). Signs and symptoms may include
edema, redness, pain, and disability. The diagnosis can be challenging, made by a combination of clinical signs
and symptoms, biomarkers, imaging studies, and physiological measures. DVT may occur acutely or chronically,
the latter supporting the importance of having a history of DVT. This is important because prior DVT and its
underlying conditions may be central to understanding the pathogenetic underpinnings during acute exposures,
such as vaccines. Various studies, some reviewed here, may or may not have included prior comorbidity occur-
rence in DVT risk models. DVT (and VTE in general) may have different rates across countries and global regions.

Epidemiological Evidence

BNT162b2 and DVT Table 6-11 lists five studies that contributed to the causality assessment.

Five scientific reports from Europe and Israel explored the association of relevant COVID-19 vaccines
to DVT. Of the four vaccines that are the focus of the committee’s review, only BNT162b2 was included in
these analyses. The five studies included three cohort designs and one each with a self-controlled design and a
matched case-control design. The sample sizes were generally robust, except for the Danish study (Hviid et al.,
2022), where these were more modest. This study was also the only one that presented its outcome statistics
as risk differences. Whiteley et al. (2022) presented their findings separately for persons under and over 70.
Burn et al. (2022a) from the United Kingdom included VTE and DVT outcomes. Hviid et al. (2022) had many
fewer cases, and the CI was wide but not significant in this relative difference analysis. All the studies showed
no significantly increased risk.

TABLE 6-11 Epidemiological Studies in the BNT162b2—-Deep Vein Thrombosis Evidence Review

Author N Number of Events Results (95% CI)
Barda et al. (2021) Dose 1: 884,828 vaccinees 39 RR 0.87 (0.55-1.40)
Burn et al. (2022a) Dose 1: 1.8 million vaccinees 303 SIR 1.00 (0.89-1.12)
Dose 2: 1.3 million vaccinees 182 SIR 0.85 (0.74 to 0.99)
Burn et al. (2022b) Dose 1: 2.0 million vaccinees 182 SIR 1.03 (0.89-1.19)
Dose 2: 1.3 million vaccinees 130 SIR 0.80 (0.67-0.95)
Hviid et al. (2022) Dose 1: 101,212 vaccinees 13 RD 2.05 (-2.49-6.59)
Whiteley et al. (2022) Dose 1: 8.7 million vaccinees 555 Age <70: HR 0.82 (0.71-0.95)
Age >70: HR 0.61 (0.53-0.70)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. Number of events refers
to events in vaccinees only. CI: confidence interval; HR: hazard ratio; RD: risk difference; RR: risk ratio; SIR: standardized incidence ratio.
SOURCES: Barda et al., 2021; Burn et al., 2022a,b; Hviid et al., 2022; Whiteley et al., 2022.

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27746?s=z1120

Evidence Review of the Adverse Effects of COVID-19 Vaccination and Intramuscular Vaccine Administration

VASCULAR CONDITIONS AND COVID-19 VACCINES 123

Pulmonary Embolism

PE is the obstruction of a pulmonary artery by a physical entity, the embolus, that travels to the heart, lodging
in the lungs. This “obstruction” may often be from blood clots forming elsewhere, usually due to some form of
DVT, but it could be a tumor, air, or fat globule. This could be quite traumatic and acute or chronic, and it may
be fatal, depending on the extent and cause of the embolus. According to the American Lung Association, about
900,000 people have a PE each year (ALA, 2023). Because these may be symptomatic or asymptomatic and have
varying degrees of clinical severity, difficulties may arise in making a definitive diagnosis. Due to the challenges
and variations in PE diagnostic practices and technology and in coding and classification systems, apparent PE rates
may vary across populations and countries, and this variation may lead to variations in community and regional
study findings and in identifying risk factors and outcomes, as is the case for DVT (see above).

As is with DVT, the nomenclature for diagnostic coding varies, leading to some of these thromboembolic
events being designated under different rubrics, such as DVT, PE, or VTE. This complicates the interpretation of
vaccine-related population studies, and only a few of them address these issues in detail or with validation studies.

Epidemiological Evidence

BNT162b2 and PE Table 6-12 presents eight studies that contributed to the causality assessment.

PE outcomes were explored in nine scientific reports, including eight separate studies and three vaccines
(BNT162b2, mRNA-1273, and Ad26.COV2.S). Eight represented findings from the first dose of the primary
COVID-19 vaccination series; Shoaibi et al. (2023) reflected the combined effects of doses 1 and 2. The eight
studies represented countries in Europe, and one was in the United States. Two studies in three reports presented
older and younger vaccinees separately (see Table 6-1 for more detail) (Botton et al., 2022; Jabagi et al., 2022;
Whiteley et al., 2022). All the outcomes shown were listed only as derived from the outcome rubric “PE.”

TABLE 6-12 Epidemiological Studies in the BNT162b2—Pulmonary Embolism Evidence Review

Author N Number of Events Results (95% CI)
Barda et al. (2021) Dose 1: 884,828 vaccinees 10 RR 0.56 (0.21-1.15)
Botton et al. (2022) Dose 1: 7,242 vaccinees Week 1: 203 RI10.81 (0.70-0.94)
Week 2: 200 RI 0.83 (0.71-0.96)
Dose 2: 5,665 vaccinees Week 1: 156 RI 0.83 (0.70-0.99)
Week 2: 178 RI 1.00 (0.85-1.17)
Burn et al. (2022a) Dose 1: 1.8 million vaccinees 324 SIR 1.25 (1.12-1.40)
Dose 2: 1.3 million vaccinees 153 SIR 0.84 (0.71-0.98)
Burn et al. (2022b) Dose 1: 2.0 million vaccinees 154 SIR 1.25 (1.07-1.46)
Dose 2: 1.3 million vaccinees 116 SIR 1.00 (0.84-1.20)
Hviid et al. (2022) Dose 1: 101,212 vaccinees 8 RD 1.32 (-2.55-5.19)
Jabagi et al. (2022) Dose 1: 3.9 million vaccinees 3,993 RI 0.85 (0.75-0.96)
Dose 2: 3.2 million vaccinees 2,889 RI 1.10 (0.95-1.26)
Shoaibi et al. (2023) Doses 1 and 2: 3.4 million vaccinees 1,684 IRR 1.19 (1.03-1.38)
Whiteley et al. (2022) Dose 1: 8.7 million vaccinees 928 Age <70: HR 0.78 (0.69-0.88)
Age >70: HR 0.54 (0.49-0.69)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. Shoaibi et al. (2023)
combined the number of BNT162b2 and mRNA-1273 vaccinees. The primary series for BNT162b2 is two doses. Number of events refers to
events in vaccinees only. CI: confidence interval; HR: hazard ratio; IRR: incidence rate ratio; RD: risk difference; RI: relative incidence; RR:
risk ratio; SIR: standardized incidence ratio.

SOURCES: Barda et al., 2021; Botton et al., 2022; Burn et al., 2022a.b; Hviid et al., 2022; Jabagi et al., 2022; Shoaibi et al., 2023; Whiteley
et al., 2022.
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As described for certain reports, some of the statistical models were adjusted for demographic characteristics,
length of post-vaccination follow-up interval, prevalent comorbidity at baseline, and other features, such as season.
Study designs included self-controls, cohort studies and matched case-control, all noted in Table 6-1. Hviid et al.
(2022) from Denmark had the smallest number of follow-up patients.

Six reports from five studies showed no evidence of increased risk of PE, but three studies showed increased
risk (Burn et al., 2022a,b; Shoaibi et al., 2023). Hviid et al. (2022), despite not showing an increased risk, had a
very wide CI of the estimate, likely due to a smaller sample size in the base population and number of cases (RD
1.32,95% CI: -2.55-5.19).

mRNA-1273 and PE Table 6-13 presents two studies that contributed to the causality assessment.

The mRNA-1273 association with PE was explored in two reports (Botton et al., 2022; Shoaibi et al., 2023).
These studies are summarized in this section and Tables 6-1 and 6-13. The findings from Botton et al. (2022),
representing persons 18—74 years of age, showed no increased risk of PE, but only 44 cases were noted. Shoaibi
et al. (2023) also showed no increased risk. However, uniquely among all the reports assessed in this chapter,
Shoaibi et al. (2023) conducted a medical record review of PE validated against the ICD codes. For the 101 cases
identified by code, over half of the diagnoses were inaccurate or could not be determined. This suggests that case
misclassification could be an important problem.

TABLE 6-13 Epidemiological Studies in the mRNA-1273—Pulmonary Embolism Evidence Review

Author N Number of Events Results (95% CI)
Botton et al. (2022) Dose 1: 1,003 vaccinees Week 1: 18 RI 0.43 (0.26-0.71)
Week 2: 26 RI 0.72 (0.48-1.09)
Dose 2: 769 vaccinees Week 1: 36 RI 1.31 (0.90-1.91)
Week 2: 23 RI 0.88 (0.56-1.40)
Shoaibi et al. (2023) Doses 1 and 2: 786 IRR 1.15 (0.94-1.41)
3.4 million vaccinees

NOTES: Shoaibi et al. (2023) combined the number of BNT162b2 and mRNA-1273 vaccinees. The primary series for mRNA-1273 is two
doses. Number of events refers to events in vaccinees only. CI: confidence interval; IRR: incidence rate ratio; RI: relative incidence.
SOURCES: Botton et al., 2022; Shoaibi et al., 2023.
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Author N Number of Events Results (95% CI)
Botton et al. (2022) Dose 1: 77 vaccinees Week 1: 7 RI 0.94 (0.40-2.21)
Week 2: 3 RI 0.42 (0.13-1.32)

NOTES: Ad26.COV2.S refers to the COVID-19 vaccine manufactured by Janssen. The primary series for Ad26.COV2.S is one dose. Number
of events refers to events in vaccinees only. CIL: confidence interval; RI: relative incidence.
SOURCE: Botton et al., 2022.

Ad26.COV2.S and PE Table 6-14 summarizes one study that contributed to the causality assessment.

Only one scientific report related Ad26.COV2.S to PE: Botton et al. (2022), an assessment from the French
National Health Data System, covering persons aged 18—74. The findings showed no increased association of this
vaccine with PE, but only 10 cases of PE recorded in the 2 post-vaccination weeks were available for analysis.

Venous Thromboembolism

Although VTE is used throughout the literature on vascular and coagulation-related diseases, it appears to be
used differently in different literature reports, as noted. For example, it often appears to include both thrombotic
conditions (deep and superficial) in various anatomic sites and for embolic phenomena. A few studies have been
done on validation of the rubric as used in ICD coding. One study of VTE using ICD-9 coding concluded that it
was not an effective code for determining underlying conditions (Fang et al., 2017). Another study of VTE coding
in the emergency department setting concluded that the ICD-10 code was only moderately effective in identifying
DVT and PE (Al-Ani et al., 2015). Shoaibi et al. (2023) found validation problems with these entities, and this
calls into question the potential validity of VTE outcomes in certain population studies that apply institutional
coding systems, where validation studies have not been performed.

Epidemiological Evidence

BNT162b2 and VTE Table 6-15 presents four studies that contributed to the causality assessment.

Despite issues of outcome identification and the possibility of case misclassification, the committee assessed
the three studies that used the VTE outcome rubric. The four reports presented VTE outcomes, available for
BNT162b2 only. Hippisley-Cox et al. (2021) presented VTE outcomes for four separate 1-week post-vaccination

TABLE 6-15 Epidemiological Studies in the BNT162b2—Venous Thromboembolism Evidence Review

Author N

Number of Events Results (95% CI)

Ab Rahman et al. (2022) Dose 1: 8.7 million vaccinees 103 IRR 1.34 (1.07-1.26)
Dose 2: 6.7 million vaccinees 63 IRR 1.09 (0.83-1.44)
Burn et al. (2022a) Dose 1: 1.8 million vaccinees 595 SIR 1.12 (1.03-1.21)
Dose 2: 1.3 million vaccinees 324 SIR 0.86 (0.77-0.96)
Burn et al. (2022b) Dose 1: 2.0 million vaccinees 313 SIR 1.18 (1.06-1.32)
Dose 2: 1.3 million vaccinees 227 SIR 0.92 (0.81-1.05)

Hippisley-Cox et al. (2021) Dose 1: 9.5 million vaccinees Total: 2,054 Days 8-14:

Days 8-14: 555 IRR 0.99
(0.90-1.08)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. Number of events refers
to events in vaccinees only. CI: confidence interval; IRR: incidence rate ratio; SIR: standardized incidence ratio.
SOURCES: Ab Rahman et al., 2022; Burn et al., 2022a,b; Hippisley-Cox et al., 2021.
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outcomes, without any further summarization; the week with the highest risk outcome (days 8—14) is included
in Table 6-15. Burn et al. (2022a,b) showed a very slight increased risk after dose 1. Given the limitations noted,
three of the four studies showed an increased risk of VTE associated with this vaccine, albeit modest increases.

From Evidence to Conclusions

Five population studies from Europe and Israel evaluated the association between BNT162b2 and the risk of
DVT. None showed any significant increased risk. However, Hviid et al. (2022) had a much smaller number of
patient outcomes and a wide CI. The dilemma for these five studies is that some had other clinical rubrics or out-
come categories denoting coagulation disorders or “VTE.” This and the general problem of uncertainty in disease
classification raised the issue that some of these patients may not have had DVT, leading to some possible loss of
sample size and disease misclassification.

Eight reports from seven studies addressed the association between BNT162b2 and risk of PE (Barda et al.,
2021; Botton et al., 2022; Burn et al., 2022a,b; Hviid et al., 2022; Jabagi et al., 2022; Shoaibi et al., 2023; Whiteley
et al., 2022). All studies were informative for the committee’s analysis, but they varied to some extent in epide-
miological design. All but one study had suitably robust sample sizes. Some concern arose based on a validation
study whether all diagnoses of PE could be confirmed on further review. Four studies showed no evidence of
increased risk of PE, but three found a statistically significant increased risk.

The number of studies addressing VTE was limited (four) and addressed only BNT162b2; three pointed in
the direction of increased risk, albeit modest (Ab Rahman et al., 2022; Burn et al., 2022a,b; Hippisley-Cox et
al., 2021). A composite outcome, VTE could have been analyzed in the other studies that reported only PE and
DVT as the outcomes, so the results might be at greater risk of reporting bias compared with other outcomes. The
remaining issue is potential validation problems for VTE, and its constituent DVT and PE diagnoses, based on
some of the quality assessment literature consulted.

Conclusion 6-13: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and deep vein thrombosis, pulmonary embolism, and venous thromboembolism.

No studies evaluated the relationship between mRNA-1273 and DVT or VTE. Only two studies provided
evidence for PE outcomes (Botton et al., 2022; Shoaibi et al., 2023); both showed no evidence of increased risk.
The sample sizes were generally more modest than with BNT162b2. The results are complicated by the problem
noted with diagnostic validation.

Conclusion 6-14: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and deep vein thrombosis, pulmonary embolism, and venous thromboembolism.

Only one study was available to assess the evidence between Ad26.COV2.S and PE (Botton et al., 2022).
The number of cases was very small in the 2-week post-vaccination follow-up period, although no increased risk
was found. The committee notes the case validation issue. No studies evaluated the relationship between NVX-
CoV2373 and DVT, PE, or VTE.

Conclusion 6-15: The evidence is inadequate to accept or reject a causal relationship be-
tween the Ad26.COV2.S vaccine and deep vein thrombosis, pulmonary embolism, and venous
thromboembolism.

Conclusion 6-16: The evidence is inadequate to accept or reject a causal relationship between

the NVX-CoV2373 vaccine and deep vein thrombosis, pulmonary embolism, and venous
thromboembolism.
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Myocarditis, Pericarditis, and COVID-19 Vaccines

This chapter describes the potential relationship between COVID-19 vaccines and myocarditis and pericarditis
(see Box 7-1 for all conclusions in this chapter).

BOX 7-1
Conclusions for Myocarditis and Pericarditis

Conclusion 7-1: The evidence establishes a causal relationship between the BNT162b2 vaccine
and myocarditis.

Conclusion 7-2: The evidence establishes a causal relationship between the mRNA-1273 vaccine
and myocarditis.

Conclusion 7-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and myocarditis.

Conclusion 7-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and myocarditis.

Conclusion 7-5: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and pericarditis without myocarditis.

Conclusion 7-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and pericarditis without myocarditis.

Conclusion 7-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and pericarditis without myocarditis.

Conclusion 7-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and pericarditis without myocarditis.
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BACKGROUND

Myocarditis

Myocarditis is defined as inflammation of the myocardium with or without necrosis (Cooper, 2009), and the gold
standard for diagnosis is based on endomyocardial biopsy and established histologic, immunologic, and immuno-
histochemical criteria (Caforio et al., 2013; Matsumori, 2003) based on the position statement of the Working Group
on Myocardial and Pericardial Diseases of the European Society of Cardiology (Van Linthout and Tschope, 2018). For
cases where a biopsy is not obtained, which is typical in the United States, the diagnosis can be made based on cardiac
magnetic resonance imaging (MRI) (Ferreira et al., 2018). Cardiac MRI provides strong evidence for myocarditis
based on a combination of T2- and T1-based markers that indicate cardiac edema as a sign of myocardial inflam-
mation (Ferreira et al., 2018) in patients with the classical clinical findings associated with otherwise unexplained
troponin elevation. No approved imaging modalities directly detect cardiac inflammation. A clinical definition of
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2)—induced myocarditis has been proposed that includes new or worsening clinical symptoms and one
or more of the following: arrhythmias on electrocardiogram, cardiac dysfunction using echocardiography, or cardiac
MRI indicative of myocarditis after infection (Heidecker et al., 2022; Tschope et al., 2021).

Most individuals develop acute myocarditis symptoms within a few days to 2 weeks after a viral infection
(Cooper, 2009), and lymphocytic myocarditis is the most common form of myocarditis in the post-viral settings.
Myocarditis has a variable presentation, ranging from subclinical disease to fatigue, chest pain, new-onset heart
failure, cardiogenic shock, and sudden death (Cooper, 2009), and it is a common cause of sudden cardiac death in
young adults. In cases of myocarditis following COVID-19 vaccination, signs and symptoms have been similar to
those associated with other forms of myocarditis (Heidecker et al., 2022). However, the prognosis for myocarditis
after COVID-19 vaccination appears to be much less severe. In a study of nearly 4 million residents of Hong
Kong, only one death occurred (1 percent) among 104 cases of post-vaccination myocarditis, compared with 84
deaths (11 percent) among 762 cases of viral infection-related myocarditis (hazard ratio 0.08, 95% confidence
interval [CI] 0.01-0.57) (Lai et al., 2022). In a surveillance study of cases of myocarditis related to COVID-19
vaccination in the United States reported to the Vaccine Adverse Event Reporting System (VAERS), among 484
hospitalizations there were no deaths, and evidence of ongoing myocarditis at follow-up cardiac MRI was uncom-
mon (13 percent) (Kracalik et al., 2022).

Myocarditis is classified based on histological findings, including lymphocytic (the most common form in
Europe and the United States), fulminant, eosinophilic, and giant cell (Caforio et al., 2013). Myocarditis can
also be described by presumed causes, including viral, autoimmune, or other causes (Ball et al., 2019). Most
patients with lymphocytic myocarditis recover fully, but some may develop dilated cardiomyopathy (DCM)
several weeks to months later and progress to chronic heart failure that may need a heart transplant (McNamara
et al., 2011; Schultheiss et al., 2019; Tschope et al., 2021). Fulminant, eosinophilic, and giant cell myocarditis
are rare, result in a more severe clinical course, and have a greater risk of sudden death (Abston et al., 2012a;
Ammirati et al., 2019; Cooper et al., 1997; Maleszewski et al., 2015). Pediatric myocarditis tends to be more
fulminant (Law et al., 2021).

Pericarditis

Pericarditis is defined as inflammation of the pericardium, the fibroelastic sac that surrounds the heart, accord-
ing to the World Health Organization classification (Adler et al., 2015). The major clinical manifestations and
diagnostic criteria include chest pain, which is typically sharp and pleuritic; pericardial friction rub; electrocardio-
gram changes; and pericardial effusion (Chiabrando et al., 2020; Imazio et al., 2015). The diagnosis is typically
made based on clinical signs and symptoms, which in many cases can be challenging.

Acute myocarditis and pericarditis frequently co-occur in clinical practice and animal models of viral or auto-
immune myocarditis and are often referred to as “myopericarditis” (primary myocarditis phenotype) or “perimyo-
carditis” (primarily pericarditis phenotype) depending on the primary clinical symptoms. The etiology is similar
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for both myocarditis and perimyocarditis, with viral infections being the predominant causative agent, including
coxsackieviruses, influenza, and SARS-CoV-2 (Aljohani et al., 2022; Fairweather et al., 2023a). Because of the
challenges in distinguishing myocarditis alone from myocarditis with features of pericarditis, and because of the
clinical and prognostic importance of myocarditis, we included both in our review of the evidence for myocarditis
related to COVID-19 vaccines. Separately, we reviewed evidence for the potential effect of COVID-19 vaccines
on acute pericarditis alone (i.e., pericarditis without myocarditis). In this chapter, the term pericarditis and our
conclusions about pericarditis refer only to pericarditis without myocarditis.

EPIDEMIOLOGY OF MYOCARDITIS AND PERICARDITIS

The latest Global Burden of Disease report estimates the worldwide age-standardized morbidity and mortality
of myocarditis combined with all types of cardiomyopathy in men versus women prior to the COVID-19 pandemic
to be 6.5 per 100,000 years lived with disability (YLDs) (95% uncertainty interval [UI]: 4.3-9.3 per 100,000 YLDs)
and 4.2 per 100,000 YLDs (95% UI: 2.8 —6.0 per 100,000 YLDs), respectively, and 148.9 per 100,000 years of
life lost (YLLs) (95% UI: 120.2—-168.7 per 100,000 YLLs) and 71.4 per 100,000 YLLs (95% UI: 61.0-79.9 per
100,000 YLLs), respectively. After adjustment for a 7-day risk period, estimated background or expected rates of
myocarditis and pericarditis after COVID-19 vaccination in the United States are 0.2 and 1.4 per 1 million people,
respectively (Pillay et al., 2022). Similar to myocarditis, men aged 16—65 have a greater risk of acute pericarditis
than women (Fairweather et al., 2023a; Kyto et al., 2014). Prevalence refers to the frequency of a condition at a
given point in time, which cannot be used to estimate a background rate of an event during a unit of time (e.g.,
incidence). For myocarditis only, the prevalence of myocarditis in individuals 35-39 years of age is 6.1 per 100,000
(95% UI: 4.2-8.7 per 100,000) in men and 4.4 per 100,000 (95% UI: 3.0-6.3 per 100,000) in women.

MECHANISMS

Myocarditis and Pericarditis

Most of the understanding of the pathogenesis or mechanisms of myocarditis and myopericarditis comes from
animal models, where pericarditis always occurs with myocarditis. Myocarditis can be caused by many infectious
and noninfectious agents, such as viruses, bacteria, parasites (Trypanasoma cruzi leading to Chagas disease), and
toxins, including anthracyclines, ethanol, arsenic, cocaine, and heavy metals (Jain et al., 2022). Myocarditis is
often considered to result from direct damage by infections or toxins, but it may also involve autoimmune mecha-
nisms, perhaps triggered by infections/toxins (Fairweather et al., 2001; Root-Bernstein and Fairweather, 2014;
Root-Bernstein et al., 2023). The primary mouse models of myocarditis are viral, autoimmune, or both (Cihdkova
et al., 2004; Fairweather et al., 2012; Poli et al., 2020), and most use male mice. Regardless of the animal model,
common immune mechanisms have been identified in all models that increase the severity of the condition (myo-
cardial inflammation), particularly in males (Fairweather et al., 2023a). All models in male mice have shown
that the inflammatory infiltrate during peak acute myocarditis consists of a mixed infiltrate of predominantly
macrophages, with fewer T and B cells and small numbers of natural killer cells, dendritic cells, mast cells, and
other cell types (Cihdkova et al., 2008; Frisancho-Kiss et al., 2007; Huber and Job, 1983; Liu et al., 2013). In
contrast, female mice have far less cardiac inflammation (Fairweather et al., 2023a; Frisancho-Kiss et al., 2007,
Huber and Job, 1983). In animal models of myocarditis, male mice have more mast cells and macrophages than
females (Frisancho-Kiss et al., 2006a, 2007, 2009). Similar histologic findings are also observed in biopsies from
patients with myocarditis (Baumeier et al., 2022; Fairweather et al., 2014, 2023b; Heidecker et al., 2022; Liischer
and Akhtar, 2022). Mechanisms that drive sex differences in young male white-genetic-background mice (i.e.,
BALB/c, A/J) have been well described (Fairweather et al., 2013, 2023b; Huber and Job, 1983). Increased viral
myocarditis in male mice is associated with elevated numbers of mast cells and macrophages in the heart that
express complement receptors (CR3, also called “CD11b,” and C3aR and C5aR) and Toll-like receptor 4 (TLR4)/
inflammasome (Cooper et al., 2010; Fairweather et al., 2003; Frisancho-Kiss et al., 2007). Only white-background
mice are susceptible to autoimmune myocarditis/perimyocarditis and progressing to DCM (Fairweather et al.,
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2001; Neu et al., 1987). This is due to higher levels of mast cells in the peritoneum, spleen, and heart that drive
the immune response toward a proinflammatory and profibrotic immune response after infection or in response
to self-antigens (Fairweather et al., 2004a).

Evidence of the importance of the complement and TLR4/inflammasome pathways in the pathogenesis of
myocarditis was recently illustrated when microRNA (in extracellular vesicles [EVs]) targeting these specific
pathways was able to prevent myocardial inflammation in a viral animal model (Beetler et al., 2023). EVs, with
their receptors and content, can be proinflammatory or immunoregulatory (Beetler et al., 2023), which is important
when discussing potential vaccine mechanisms, particularly messenger ribonucleic acid (mRNA) vaccines that
consist of mRNA packaged in a lipid nanoparticle (LNP). Activation of the innate immune response is critical for
the induction and progression of viral and autoimmune myocarditis. Key innate pathways include complement
pathways, and TLR4/ inflammasome pathways are known to play a role in animal models and human myocarditis
(Cooper et al., 2010; Fairweather et al., 2003, 2006; Frisancho-Kiss et al., 2007; Roberts et al., 2013; Tschope
et al., 2017). The majority of immune cells in the hearts of male mice and humans during acute myocarditis are
CR3 positive activated mast cells and macrophages (Fairweather et al., 2014; Frisancho-Kiss et al., 2007). TLR4
signaling works through the inflammasome (NLRP3) to produce the cytokines interleukin (IL)-1f3 and IL-18 during
myocarditis in males (Fairweather et al., 2003; Tschope et al., 2017). IL-1f3 increases inflammation and remodeling,
leading to cardiac fibrosis and then DCM in susceptible strains of mice (Coronado et al., 2012; Fairweather et al.,
2004b). IL-18 strongly induces interferon (IFN) y responses that drive M1 macrophages and T helper (Th)1-type
immune responses in male mice with viral myocarditis and are needed to control viral replication (Frisancho-Kiss
et al.,2006b; Toldo and Abbate, 2023). TLR2 has also been found to be important in mouse models of myocarditis;
TLR2 signaling can be activated by cardiac myosin antigens and promote autoimmune T helper 17 (Th17)-type
immune responses that contribute to remodeling and progression to DCM in male mice (Baldeviano et al., 2010;
Myers et al., 2016; Roberts et al., 2013).

Susceptibility to myocarditis in animal models is associated with mast cells, which are abundantly present
in allergy-prone white-background mouse strains, that promote inflammation, pericarditis, and fibrosis, leading
to DCM (Abston et al., 2012b, 2013; Afanasyeva et al., 2001; Coronado et al., 2012; Fairweather et al., 2004a).
Mouse strains with very few mast cells, such as C57BL/6 (B6) or B10, do not develop autoimmune myocarditis or
progress to DCM after acute myocarditis (Abston et al., 2012a, 2013; Afanasyeva et al., 2001; Fairweather et al.,
2004a). Mast cells are the first antigen-presenting cells to respond to virus in the autoimmune coxsackievirus B3
(CVB3) model of myocarditis in BALB/c mice, where they upregulate CD11b/CR3 and TLR4 (Frisancho-Kiss et
al.,2006b, 2007). Mast cells are critical in driving macrophages to an alternatively activated M2 phenotype during
acute myocarditis, where they work together to increase cardiac inflammation and remodeling/fibrosis in males
(Coronado et al., 2012). Mast cell degranulation is associated with pericarditis/perimyocarditis in mice (Bruno et
al., 2019, 2021; Fairweather et al., 2004a, 2006).

Almost no research has examined mechanisms underlying pericarditis in the absence of myocarditis because
in these animal models the two are always present together. The efficacy of colchicine in treating patients with
pericarditis (Imazio et al., 2005a,b, 2011, 2013, 2014) points to an important role for the NLRP3 inflammasome
in its pathogenesis. The NLRP3 inflammasome cleaves caspase-1, leading to the production of IL-1f3 and IL-18
(Martinon et al., 2006). TLR4 produces prolL-1{ and prolL-18 that caspase-1 cleaves, leading to active IL-1f3 and
IL-18 that promote soluble ST2 and IL-6 levels, which are serum biomarkers for all forms of heart failure, including
myocarditis (Coronado et al., 2019; Potere et al., 2023). Colchicine also impairs neutrophil adhesion to vascular
endothelium, increases leukocytic cyclic adenosine monophosphate levels, and inhibits IL-13 and TNF (tumor
necrosis factor) production from macrophages (Potere et al., 2023).

SARS-CoV-2-Associated Myocarditis and Pericarditis

SARS-CoV-2 infection dramatically increased the reported incidence of myocarditis and pericarditis. The
overall U.S. incidence of myocarditis from SARS-CoV-2 infection has been estimated in a study by the Centers
for Disease Control and Prevention (CDC) at around 150 cases per 100,000 versus 9 cases per 100,000 in non-
COVID-19 cases during the same time period (Boehmer et al., 2021). A separate study in the United States
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and Europe estimated 240 and 410 cases per 100,000 of definite/probable or possible myocarditis, respectively
(Ammirati et al., 2022). These data indicate more than a 15-fold increased risk of developing myocarditis from
SARS-CoV-2 infection compared to pre-COVID-19 rates.

The signs and symptoms of COVID-19-associated myocarditis are very similar to other forms. Much like
in other causes of myocarditis, immunohistochemistry performed on biopsies found a predominant infiltrate of
CD68+ macrophages (CD11b is not typically assessed in clinical biopsies) with fewer T cells—the same as animal
models of myocarditis (Basso et al., 2020; Heidecker et al., 2022; Lovell et al., 2022). Thus, COVID-19-associated
myocarditis is histologically similar to other forms of myocarditis.

SARS-CoV-2 infection causes an immune response (and sex differences in the immune response) that is very
similar to that which has been found to drive myocarditis/perimyocarditis in animal models. For example, most
studies of COVID-19 reported more male than female patients and higher numbers of circulating neutrophils
and macrophages; female patients had more T cells (Lau et al., 2021; Takahashi et al., 2020). Male patients with
COVID-19 were also reported to have higher circulating levels of ferritin, C-reactive protein, IL-6, IL-8, and IL-18
(Lauetal.,2021; Takahashi et al., 2020). COVID-19 has been documented to strongly complement and activate other
innate immune pathways, such as TLR4 and the inflammasome, which leads to increased IL-1[3 and IL-18 levels
(Amin et al., 2022; Carvelli et al., 2020; Huber et al., 2021; Toldo et al., 2021). TLR4 signaling is key in driving
proinflammatory responses associated with COVID-19 and contributes to an increased Th1-type immune response
because IL-18 (and IL-1p) strongly induces IFNs (Cai et al., 2000; Frisancho-Kiss et al., 2006a). T cell immuno-
globulin mucin (Tim-3) is a receptor that is upregulated on mast cells and macrophages in female patients during
viral myocarditis that inhibits T cell responses and is associated with increased IL-10 release from alternatively
activated M2 macrophages, conferring protection (Frisancho-Kiss et al., 2007, 2009). Tim-3 and IL-10 upregulation
are also observed in COVID-19 and thought to contribute to the immunosuppressive state (Shahbazi et al., 2021).

Angiotensin-converting enzyme 2 (ACE2) had been identified as the receptor for SARS-CoV-2 (Lan et al.,
2020). The spike protein binds ACE2 and is cleaved by type II transmembrane serine protease 2 (TMPRSS2),
facilitating viral entry into the cytosol, and is also required for entry into cells (Hoffmann et al., 2020); this
process is detailed in Chapter 2. A number of cell types in the heart and immune cells express ACE2, including
cardiomyocytes, pericytes (located around vessels in the heart), fibroblasts, endothelial cells, and macrophages and
mast cells (Chen et al., 2020; Hikmet et al., 2020; Theoharides, 2021). Other accessory proteins (i.e., neuropilin-1
receptor/NRP1, CD147, integrin a5f1, and cathepsin B/L) are also needed for SARS-CoV-2 infection and found
on mast cells (Theoharides, 2021). As described earlier, mast cells and macrophages are found in much higher
levels in males than females. Thus, the spike protein activating mast cells by ACE2 is a potential mechanism that
contributes to the development of myocarditis following COVID-19 in males (Fairweather et al., 2023b).

COVID-19 Vaccine-Associated Myocarditis/Pericarditis

Similar to other forms of myocarditis (Halsell et al., 2003; Roth et al., 2020), myocarditis after COVID-19
vaccination has been reported to occur most frequently in White male patients aged 16-30 and primarily in indi-
viduals under 50 (Straus et al., 2023), with few reports past age 50. The findings of a similar sex, age, and race/
ethnicity for myocarditis of all types, including vaccine-associated cases, suggest similar mechanisms are at play.

Most vaccine-associated cases of myocarditis were reported after vaccination with mRNA platform vaccines,
specifically after the second dose. The second dose was already known from healthy volunteers to promote a robust
humoural, cell-mediated, and innate immune response (Arunachalam et al., 2021). These vaccines contain modi-
fied mRNA that encodes the spike protein encapsulated by LNPs that are similar in structure and composition to
EVs. The mRNA vaccines do not contain live or heat-inactivated virus. Cases of myocarditis were also reported
after adenoviral vector SARS-CoV-2 vaccines (Husby et al., 2021), but by far most cases were associated with
mRNA platforms (Diaz et al., 2021).

When biopsies were obtained from patients with myocarditis after COVID-19 vaccination, the immune infiltrate
was found to resemble classic lymphocytic myocarditis, with macrophages and T and B cell infiltrates (Baumeier et
al., 2022; Fairweather et al., 2023b; Heidecker et al., 2022; Liischer and Akhtar, 2022). The authors of case reports
and small case series often identified the vaccine as the probable cause because people developed myocarditis shortly
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after receiving it (Baumeier et al., 2022). Some studies also carefully tested for viral infections to eliminate that as
a cause (Baumeier et al., 2022). That similar infiltrates occur in vaccine-associated cases of myocarditis as in those
from other causes and animal models suggests a common mechanism. Evidence that mRNA vaccine components
may increase complement and TLR4/inflammasome/IL-1f immune responses and activate mast cells comes from
a number of studies. LNPs have been used in mRNA vaccine platforms to prevent mRNA degradation, facilitate
mRNA delivery, and stimulate the immune response but have also been linked with complement activation-related
mast cell hypersensitivity reactions and TLR-mediated release of proinflammatory cytokines (Halamoda-Kenzaoui
and Bremer-Hoffmann, 2018; Kauffman et al., 2016; Lamerton et al., 2022; Power et al., 2022; Samaridou et al.,
2020; Seneff et al., 2022). A number of components in the mRNA LNPs, including polyethylene glycol, cholesterol,
and saponin, are well known to activate mast cells and a primary reason individuals develop allergic responses
(Hou et al., 2021; Tsilingiris et al., 2022). Ndeupen et al. (2021) found that the mRNA platform’s LNP component
was highly inflammatory. They observed significant upregulation of gene transcripts associated with activating the
TLR4/inflammasome, such as NLRP3, IL-1f3, and IL-6, and confirmed increased IL-1p and IL-6 levels in mice.
Overall, these findings indicate that mRNA vaccines have contents that can activate the precise pathways known
to drive myocarditis in mice in a sex- and background-specific manner (elevated in males and white-background
mice with many mast cells), including complement and TLR4/inflammasome/IL-1[3.

Regardless of vaccine platform, all COVID-19 vaccines include or lead to the production of the spike pro-
tein, which binds ACE2. As noted previously, ACE2 is expressed on antigen-presenting cells such as mast cells
and macrophages, and binding may activate an innate immune response (Fairweather et al., 2023b). However,
Yonker et al. (2023) found that in patients with vaccine-associated myocarditis, levels of circulating spike protein
remained elevated in the blood for at least 3 weeks after vaccination, instead of the protein being quickly cleared.
No healthy controls had detectable free spike protein in their serum at any time after vaccination. The patients
with vaccine-associated myocarditis also had elevated serum levels of IL-1[3, IL-6, and other cytokines, suggesting
a persistent innate proinflammatory response (Yonker et al., 2023). Thus, it is possible that persistent free spike
protein may activate mast cells not only at the site of vaccination but also at other sites, including the heart, where
mast cells are located at their highest levels at vessels and along the pericardium. Spike protein has been found
in biopsies from the hearts of patients with myocarditis after vaccination, indicating that it can reach, and deposit
in, the heart (Baumeier et al., 2022).

Additionally, several studies have reported that exosomes (a type of EV) leave cells after vaccination, enter
the circulation, and express the spike protein on their surface (Bansal et al., 2021; Chaudhary et al., 2021; Seneff
et al., 2022). They also found that circulating spike protein—expressing exosomes increased by a factor of 12 after
the second vaccination. These exosomes may activate ACE2 on mast cells and macrophages contributing to the
increased incidence of myocarditis reported after the second mRNA vaccination.

Animal models of many autoimmune diseases require two injections to initiate diseases (Cihdkovd et al., 2004).
One factor that may contribute to the much higher incidence of vaccine-associated myocarditis after the second
vaccination is “trained immunity,” which is used to explain how innate immune cells mount a much higher response
the second time they are exposed to an antigen, as long as the second exposure is not too long after the first. It
has been revealed that the TLR4/inflammasome/IL-1[3 pathway is critical to developing this innate immunological
memory (Moorlag et al., 2018). These findings provide a potential mechanism for how COVID-19 vaccines that
use spike protein to induce an immune response may activate the precise immune pathways that are known to drive
myocarditis. The risk may be increased by adding the lipid layer in mRNA vaccine platforms that has additional
elements that may further activate these pathways. In support of this idea, patients with myocarditis after COVID-19
vaccination with mRNA in LNP have been found to have immune responses associated with activation of the TLR4/
inflammasome/IL-13/IL-18 pathway. TLR4 expression on mast cells and macrophages could drive this response,
and it is well established in animal models of viral and autoimmune myocarditis that inhibiting this pathway using
therapies, such as mesenchymal stem cells or EVs, or drugs, such as colchicine, reduce myocardial and pericardial
inflammation (Beetler et al., 2023; Fairweather et al., 2003; Miteva et al., 2018; Pappritz et al., 2022). A case series
by Frustaci et al. (2022) reported three cases of severe eosinophilic myocarditis after mRNA vaccination (eosinophils
are activated by mast cells) in individuals who had experienced hypersensitivity/allergic reactions to mRNA vac-
cines. Another case report described a patient with Still’s disease and myocarditis after an mRNA vaccine (Hugues
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etal.,2022). Still’s disease is associated with elevated levels of IL-1f and IL-18, and treatment with IL-1f3 and IL-6
inhibitors was effective (Hugues et al., 2022). Another case report examined the immune response of a patient with
myocarditis after mRNA vaccination and found elevated circulating levels of IL-18 (Won et al., 2022). Another case
study of vaccine-associated myocarditis cases found antibodies against IL-1R antagonist (IL-1RA) in the serum of
patients with myocarditis after mRNA vaccination, indicating activation/regulation of the IL-1[ receptor pathway
(Thurner et al., 2022). Overall, these several reports found consistent associations with inflammasome activation.

Last, one animal study reported that the COVID-19 mRNA vaccine was able to induce myopericarditis in
BALB/c mice (Li et al., 2022), though these animals did not demonstrate myocardial inflammation typical of
myocarditis animal models. Mast cells are most concentrated in BALB/c mice along the pericardium, where they
could be activated by the spike protein, leading to pericardial inflammation. Unfortunately, these investigators
did not examine mast cell numbers or activation. However, pericardial mast cell activation is well known as a
major driver of myocarditis/perimyocarditis in viral animal models, as described. Evidence of activation of this
pathway was observed in male BALB/c mice given mRNA vaccines that had higher levels of IL-1p, indicating
TLR4/inflammasome activation (Li et al., 2022).

Overall, these findings provide a possible mechanism for how mRNA vaccines (and, to a lesser extent, other
platforms) may activate complement and TLR4/inflammasome pathways on mast cells and macrophages to induce
myocardial and pericardial inflammation. The potential role of mast cells in effects from COVID-19 vaccines has
been reviewed in Fairweather et al. (2023b) and Theoharides (2021).

COVID-19 VACCINES: CLINICAL AND EPIDEMIOLOGICAL EVIDENCE

The committee considered randomized controlled trials (RCTs) and observational studies to determine the
relationship between COVID-19 vaccines and myocarditis and pericarditis.

BNT162b2

RCTs, BNT162b2

A Cochrane Systematic Review of 41 RCTs of COVID-19 vaccines did not report findings for myocarditis or
pericarditis (Grana et al., 2022). A Brighton Collaboration systematic review of serious adverse events after mMRNA
vaccination (Fraiman et al., 2022) reported on myocarditis/pericarditis in two large Phase 3 placebo-controlled
RCTs of BNT162b2! and mRNA-12732 but with no imbalance in the number of events, and no inference about
causality or association was attempted (Fraiman et al., 2022). The number of events in the Brighton Collaboration
review does not align with the more detailed review of the trial results described from Food and Drug Administra-
tion (FDA) source materials.

Next, the committee reviewed myocarditis/pericarditis events from published and unpublished reports of indi-
vidual RCTs of BNT162b2. The primary unpublished data sources include the FDA advisory committee, emergency
use authorization (EUA), and biologic license application materials, which reported individual counts of events
in each arm of each trial and details about them. These counts sometimes changed with additional follow-up and
clinical review, so counts from the most recent FDA review documents were used when possible.

In the Phase 2/3 RCT C4591001, among individuals aged 16+ (n = 22,030), no myocarditis or pericarditis
events were observed that were considered at least possibly related (FDA, 2020a,b, 2021a). In the same RCT,
among individuals aged 12—-15 (n = 1,131), one myocarditis event and no pericarditis events were observed
(FDA, 2021b,c). In this trial, one 15-year-old boy in the placebo arm crossed over to receive open-label
BNT162b2 at age 16, and 3 days later, he developed myocarditis; the FDA reviewer noted a “reasonable pos-
sibility that the myopericarditis was related to the vaccine administration due to the plausible temporal relation-
ship” (FDA, 2021c¢).

I Refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
2 Refers to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
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In the Phase 2/3 RCT C4591007, among children aged 5—11 (n = 3,109), no myocarditis or pericarditis events
were observed that were at least possibly related (FDA, 2021c¢). In that same RCT, among children 6 months to 4
years (n = 3,013), no myocarditis or pericarditis events were observed (FDA, 2022a).

The count of myocarditis and pericarditis events in these trials was so low (one myocarditis event across all trial
populations) that no statistical inference could be made. The lack of a clear signal for myocarditis or pericarditis in
these trials effectively excludes a large average increase in risk in broad populations studied but not the possibility
of a causal effect that results in one case per tens of thousands of vaccine exposures.

Observational Studies, BNT162b2

Because of the large number of observational studies on myocarditis and pericarditis after mRNA vaccines,
the committee next reviewed findings from systematic reviews or meta-analyses of observational studies. Many
of the systematic reviews had serious methodological limitations, including a failure to account for different study
designs and especially differences in outcome surveillance and ascertainment methods, which can vary substantially
by country and across health care systems and surveillance systems within a country.

Rates of myocarditis tended to be lower in passive surveillance studies (i.e., spontaneous adverse event
reporting) than in those that relied on diagnosis codes from health care encounters. Although passive surveillance
(i.e., pharmacovigilance) studies suffer from reporting bias and are typically considered a weaker design than
epidemiological studies with a well-enumerated population base and outcome identification through health care
encounters, the likelihood of nondifferential misclassification of outcomes by exposure status is also high in studies
nested within health care systems, given the high level of public awareness about myocarditis as a potential harm of
some COVID-19 vaccines. Some pharmacovigilance studies used the most rigorous methods to identify outcomes,
such as verifying cases by reviewing medical records and applying CDC clinical criteria for myocarditis (Oster et
al., 2022). Confounding by age and sex was also a serious limitation in many studies. Because of the substantial
evidence of effect modification of vaccine-related myocarditis risk by sex and age and possible confounding by
these factors, the committee prioritized analyses that carefully accounted for both.

The most comprehensive review of epidemiologic studies of myocarditis and pericarditis related to COVID-19
mRNA vaccines was A Living Evidence Synthesis by Canada’s Strategy for Patient-Oriented Research (SPOR),
which provided detailed results stratified by age and sex for each mRNA vaccine from a protocolized review of
the literature. Results from an interim review of the evidence were published in 2022 (Pillay et al., 2022), and
more recent updates have been posted on the SPOR website (Update #4 on March 29, 2023) (Gaudet et al., 2023).
This review reported incidences by age groups consistent with the age eligibility criteria in the registration clinical
trials of the mRINA vaccines. The main findings from SPOR (Gaudet et al., 2023) are summarized in Table 7-1.

The key findings from the SPOR review were that BNT162b2 and mRNA-1273 likely increased the risk of
myocarditis in male adolescents (12—17) and young adults (18-39) (Gaudet et al., 2023). Absolute risk estimates
varied across studies by an order of magnitude, but even the highest reflect a low absolute risk. Nonetheless, the
absolute risk estimates in certain male age groups appear to be orders of magnitude greater than the estimated
background rate in the general population, making confounding or reporting bias an unlikely explanation. The
risk in women, young children, and older adults may also be elevated, but the magnitude of the risk and the cer-
tainty of this finding are lower. The evidence reflected moderate to higher certainty that the risk of myocarditis is
greater with mRNA-1273 compared with BNT162b2 in the older age groups, but risk associated with BNT162b2
remained elevated. The results from this review are consistent with results from several other systematic reviews.

The evidence from the SPOR review on pericarditis without myocarditis was sparse (Gaudet et al., 2023). For
example, no studies in children aged 0—4 were identified, and only a single study included those aged 5—11. With
just two studies, the certainty was low for boys and girls aged 12-17, women aged 18-24, and men aged 25-39,
with an estimated absolute risk of <20 cases per million in those age—sex groups.

In addition to the SPOR review, Tables 7-2 and 7-3 summarize findings from some of the most informative
individual epidemiological studies, prioritizing studies that had large numbers of vaccine-related myocarditis
and pericarditis cases, respectively used an appropriate control group, attempted to address confounding by fac-
tors that may be associated with the vaccine, and reported risk estimates stratified by sex and age. These studies
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TABLE 7-1 Findings from Canada’s Strategy for Patient-Oriented Research

Myocarditis
Male Female
Age Group Cases/million Certainty Studies Cases/million  Certainty Studies
6m-4y <20 Low 1 <20 Low 1
5-11y <20 Moderate 6 <20 Low 7
12-17y 13-390 Moderate 16 1-50 Very low 16
18-29y 29-157 Moderate 14 2-37 Very low 12
18-39y 8-104 Moderate 12 <20 Low 9
mRNA-1273 Risk Compared to BNT162b2
Age Group RR Certainty Studies RR Certainty Studies
6m-4y Same Low 1 Same Low 1
5-11y — — 0 Uncertain Very low 0
12-17y Higher Low 1 Uncertain Uncertain 1
18-29y 2-3x Moderate 6 2-3x Moderate 5
30-39y Higher High 5 Higher Low 5
Pericarditis

Age Group Cases/million Certainty Studies Cases/million  Certainty Studies
6m—4y — — 0 — — 0
5-11y Uncertain Very low 1 Uncertain Very low 1
12-17y <20 Low 2 <20 Low 2
18-24y Uncertain Very low 2 <20 Low 2
25-39y <20 Low 2 Uncertain Uncertain 2

NOTES: Certainty refers to certainty of the risk estimates using Grading of Recommendations, Assessment, Development, and Evaluations
(GRADE) (Siemieniuk and Guyatt, 2024). Rates are excess incidence compared to background rate. Estimated background rate after vaccina-
tion is 0.2/million for myocarditis and 1.4/million for pericarditis. <20 per million reported when incidence rates from all studies reported as
low. BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to the
COVID-19 vaccine manufactured by Moderna under the name Spikevax®. m: month; RR: risk ratio; y: years.

SOURCE: Gaudet et al., 2023.

ascertained myocarditis events (Table 7-2) and pericarditis events (Table 7-3) after the first or second dose of the
vaccine. All but one study relied on administrative data (diagnosis codes from health care encounters) to identify
cases (Goddard et al., 2022a,b). Validation studies have reported that the positive predictive value of myocarditis
International Classification of Diseases—10 diagnosis codes for validated events is approximately 70 percent (Wu
et al., 2023). Therefore, bias due to outcome misclassification, which may be differential, is a potential limitation
of nearly all of these population-based studies. Collectively, these studies strongly suggested an increased risk of
myocarditis associated with BNT162b2, although it is likely to be lower than with mRNA-1273.

In contrast with myocarditis, few high-quality epidemiological studies of pericarditis without myocarditis
were identified. Three found no increased risk, and two found an increased risk for BNT162b2. The relative risk
estimates for pericarditis in the positive studies were much lower than the corresponding relative risk estimates
for myocarditis.

Evidence from passive surveillance studies of potential harms was also considered. An analysis of cases of
myocarditis related to mRNA vaccines in VAERS corroborated the findings from the epidemiological studies and
was considered just as informative for the causality assessment (Oster et al., 2022). Notably, the myocarditis cases
in VAERS were validated by medical record review and the application of CDC clinical criteria, and the observed

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27746?s=z1120

Evidence Review of the Adverse Effects of COVID-19 Vaccination and Intramuscular Vaccine Administration

140  EVIDENCE REVIEW OF THE ADVERSE EFFECTS OF COVID-19 VACCINATION AND INTRAMUSCULAR VACCINE ADMINISTRATION

TABLE 7-2 Selected Epidemiological Studies of Risk of Myocarditis Associated with BNT162b2

Vaccinated | Results
Author Age Setting Design Confounding Outcome | Interval | N Cases (95% CI)

Bots et al. | 5+ Europe Self- Self-controlled | ICD 28d 124 72 Myocarditis
(2022) 4 controlled codes million only
countries)

All ages:
RR 3.18 (1.65-
6.12)

Men:
RR 2.78 (1.53—
5.07)

Aged 12-29:
RR 7.78 (2.58-
23.5)

Goddard et | 5-39 | VSD Vaccinated None Record 7d 2.6 101 Myocarditis/
al. (2022a) only review million pericarditis

Higher risk for
males, second
dose, and 12-15
and 16-17 age
groups

Goddard et | 18-39 | VSD Self- Self-controlled | Record 7d 1.5 41 Myocarditis and
al. (2022b) controlled review million pericarditis

All ages
RR 6.94 (3.57-
14.13)

Karlstad et | 12+ Europe Unvaccinated | Adjustment ICD 28d 15.1 220 Myocarditis
al. (2022) 4 control codes million only
countries)
Higher risk for
males, second
dose, and 16-24
age group

mRNA-1273
risk greater than
BNT162b2

Le Vu et 12-50 | France Case-control | Adjustment ICD 21d 21.2 405 Myocarditis
al. (2022) codes million only
RR 8.1 (6.7-9.9)

Higher risk for
males, second
dose, and 18-24
age group

mRNA-1273
risk greater than
BNT162b2
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TABLE 7-2 Continued
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Author

Age

Setting

Design

Confounding

Outcome

Interval

N

Vaccinated
Cases

Results
(95% CI)

Massari
et al.
(2022)

12-39

Italy

Self-
controlled

Self-controlled

ICD
codes

21d

24
million

74

Myocarditis or
pericarditis

RR 3.39 (2.02-
5.68)

Higher risk for
males, second
dose, and 12-17
and 18-29 age
groups

mRNA-1273
risk greater than
BNT162b2

Patone et
al. (2022a)

13+

England

Self-
controlled

Self-controlled

ICD
codes

28d

21.0
million

243

Myocarditis
only

RR 1.57 (1.28-
1.92)

Higher risk for
males, second
dose, and <40
age group

mRNA-1273
risk greater than
BNT162b2

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to the
COVID-19 vaccine manufactured by Moderna under the name Spikevax®. CI: confidence interval; d: days; ICD: International Classification
of Diseases; RR: relative risk; VSD: Vaccine Safety Datalink.
SOURCES: Bots et al., 2022; Goddard et al., 2022a,b; Karlstad et al., 2022; Le Vu et al., 2022; Massari et al., 2022; Patone et al., 2022a.

reporting rates were orders of magnitude greater than the estimated background rate. Specifically, the rate of vali-
dated cases was much higher in male than in female vaccinees, higher after the second dose, and highest in the
12-15, 16-17, and 18-24 age groups.
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TABLE 7-3 Selected Epidemiological Studies of Risk of Pericarditis Associated with BNT162b2

Vaccinated | Results

Author Age Setting Design Confounding Outcome | Interval | N Cases (95% CI)
Bots et al. | 5+ Europe (4 | Self- Self-controlled | ICD 28d 12.4 244 RR 0.90 (0.67—
(2022) countries) | controlled codes million 1.21)
No increased
risk
Corrao et 12+ Italy Cohort vs. Adjustment ICD 28d 8.9 146 No increased
al. (2022) unvaccinated codes million risk
Karlstad et | 12+ Europe (4 | Unvaccinated | Adjustment ICD 28d 15.1 267 Increased risk in
al. (2022) countries) | control codes million males
RR 1.38

(1.1-1.74) and
females RR 1.47
(1.05-2.05)

Higher RR
under age 40
compared to 40
and over

mRNA-1273
risk greater than
BNT162b2

Le Vu et 12-50 | France Case-control | Adjustment ICD 21d 212 288 RR 29 (2.3-
al. (2022) codes million 3.8).

Increased risk
under age 40 in
males, under age
30 if females

Patone et 13+ England | Self- Self-controlled | ICD 28d 17.0 134 No increased
al. (2022b) controlled codes million risk

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers
to the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. d: days; ICD: International Classification of Diseases; RR:
relative risk.

SOURCES: Bots et al., 2022; Corrao et al., 2022; Karlstad et al., 2022; Le Vu et al., 2022; Patone et al., 2022b.

mRNA-1273

RCTs, mRNA-1273

The committee reviewed myocarditis/pericarditis events from published and unpublished reports of individual
RCTs of mRNA-1273. The primary unpublished sources include the FDA advisory committee, EUA, and biologic
license application materials, which reported individual counts of myocarditis/pericarditis events in each arm of
each trial and details about these cases. These counts sometimes changed with additional follow-up and clinical
review, so counts from the most recent FDA review documents were used when possible.

In the Phase 2/3 RCT P301, among individuals ages 18+ (n = 15,206), no myocarditis was observed, and
two pericarditis events were observed that were considered at least possibly related (FDA, 2020c, 2022c¢). In
the Phase 2/3 RCT P203, among individuals aged 12-17 (n = 2,486), no myocarditis or pericarditis events were
observed that were judged to be at least possibly related (FDA, 2022b).

In the Phase 2/3 RCT P204, among children ages 6—11 (n = 3,007), no myocarditis or pericarditis events were
observed that were judged to be at least possibly related (FDA, 2023a). In the Phase 2/3 RCT P204, among children
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TABLE 7-4 Reports to the Vaccine Adverse Event Reporting System After mRNA-Based COVID-19
Vaccination That Met the Centers for Disease Control and Prevention’s Case Definition for Myocarditis Within
a 7-Day Risk Interval per Million Doses of Vaccine Administered

Reported Cases of Myocarditis Within a 7-Day Risk Interval
per Million Doses of Vaccine Administered (95% CI) Expected Cases of

. - . - Myocarditis in a
Age Group Vaccination with BNT162b2 Vaccination with mRNA-1273 7-Day Risk Interval
(years) First Dose Second Dose First Dose Second Dose per Million Doses

Males
12-15 7.06 (4.88-10.23) | 70.73 (61.68-81.11) — — 0.53 (0.40-0.70)
16-17 7.26 (4.45-11.86) 105.86 (91.65-122.27) | — — 1.34 (1.05-1.72)
18-24 3.82 (2.40-6.06) 52.43 (45.56-60.33) 10.73 (7.50-15.34) | 56.31 (47.08-67.34) 1.76 (1.58-1.98)
25-29 1.74 (0.78-3.87) 17.28 (13.02-22.93) 4.88 (2.70-8.80) 24.18 (17.93-32.61) 145 (1.21-1.74)
30-39 0.54 (0.20-1.44) 7.10 (5.26-9.57) 3.00 (1.81-4.97) 7.93 (5.61-11.21) 0.63 (0.54-0.73)
40-49 0.55 (0.21-1.48) 3.50 (2.28-5.36) 0.59 (0.19-1.82) 4.27 (2.69-6.78) 0.78 (0.67-0.90)
50-64 0.42 (0.17-1.01) 0.68 (0.33-1.43) 0.62 (0.28-1.39) 0.85 (0.41-1.79) 0.77 (0.68-0.86)
=65 0.19 (0.05-0.76) 0.32 (0.10-1.00) 0.18 (0.05-0.72) 0.51 (0.21-1.23) —
Females

12-15 0.49 (0.12-1.98) 6.35 (4.05-9.96) — — 0.17 (0.11-0.29)
16-17 0.84 (0.21-3.37) 10.98 (7.16-16.84) — — 0.42 (0.27-0.66)
18-24 0.18 (0.03-1.31) 4.12 (2.60-6.54) 0.96 (0.31-2.96) 6.87 (4.24-11.05) 0.38 (0.30-0.49)
25-29 0.26 (0.04-1.84) 2.23 (1.07-4.69) 0.41 (0.06-2.94) 8.22 (5.03-13.41) 0.48 (0.35-0.65)
30-39 0.72 (0.32-1.60) 1.02 (0.49-2.14) 0.74 (0.28-1.98) 0.68 (0.22-2.10) 0.47 (0.39-0.57)
40-49 0.24 (0.06-0.97) 1.73 (0.98-3.05) 0.18 (0.02-1.25) 1.89 (0.98-3.63) 0.89 (0.77-1.04)
50-64 0.37 (0.15-0.88) 0.51 (0.23-1.14) 0.65 (0.31-1.36) 0.43 (0.16-1.15) 01.00 (0.89-1.13)
=65 0.08 (0.01-0.54) 0.35 (0.13-0.92) — 0.26 (0.08-0.81) —

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. CI: confidence interval.
SOURCE: Table adapted from Oster et al., 2022.

ages 6 months to 5 years (n = 4,792), no myocarditis or pericarditis events were observed that were judged to be
at least possibly related (FDA, 2023a).

The count of myocarditis and pericarditis events in these trials was so low (two pericarditis events across all
trial populations) that no statistical inference could be made. The lack of a clear signal for myocarditis or peri-
carditis in these trials effectively excludes a large average increase in risk in broad populations studied but not
the possibility of a causal effect that results in one case per tens of thousands of vaccine exposures. Based on the
RCT evidence alone, no conclusion was made about a potential causal effect of mRNA-1273 on these outcomes.

Observational Studies, mRNA-1273

As described, the Living Evidence Synthesis provided strong evidence that mRNA vaccines likely increase the
risk of myocarditis, and the same age, sex, and dose trends were observed for BNT162b2 and mRNA-1273. Moreover,
the evidence reflected moderate to higher certainty that the risk is greater with mRNA-1273 in the older age groups.

Results from the SPOR review (Gaudet et al., 2023) were consistent with results from the most informative
individual epidemiological studies (Table 7-5). Collectively, these studies strongly suggested an increased risk of
myocarditis with mRNA-1273, which is likely to be larger compared to BNT162b2.
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TABLE 7-5 Selected Epidemiological Studies of Risk of Myocarditis Associated with mRNA-1273
Vaccinated | Results (95%
Author Age Setting Design Confounding Outcome | Interval | N Cases CI)

Bots et al. | 5+ Europe (4 | Self- Self- ICD 28d 1.5 20 Myocarditis
(2022) countries) | controlled controlled codes million only

All ages:
RR 5.28 (1.68—
16.6)

Men:
RR 5.80 (1.62—
20.7)

Men aged
12-29:

RR 6.05 (1.09-
33.5)

Goddard et | 5-39 VSD Vaccinated None Record 7d 949272 | 36 Myocarditis/
al. (2022a) only review pericarditis

Higher risk for
males,

second dose,
and 18-29 age
group

Goddard et | 18-39 | VSD Self- Self- Record 7d 923,711 | 38 Myocarditis and
al. (2022b) controlled controlled review pericarditis

All ages:
RR 18.75 (6.73—
64.94)

mRNA-1273 vs.
BNT162b2

RR 1.61 (1.02—
2.54)

Karlstad et | 12+ Europe (4 | Unvaccinated | Adjustment ICD 28d 2.4 78 Myocarditis
al. (2022) countries) | control codes million only

Higher risk for
males, second
dose, and aged
16-24

mRNA-1273
risk greater than
BNT162b2
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TABLE 7-5 Continued

Vaccinated | Results (95%

Author Age Setting Design Confounding Outcome | Interval | N Cases CI)
Le Vu et 12-50 | France Case-control | Adjustment ICD 21d 2.9 129 Myocarditis
al. (2022) codes million only

RR 30 (21-43)
Higher risk for
males, second
dose, and 18-24
age group

mRNA-1273
risk greater than
BNT162b2

Massari et | 12-39 | Italy Self- Self- ICD 21d 456,050 | 40 Myocarditis or
al. (2022) controlled controlled codes pericarditis

RR 7.59 (3.26-
17.65)

Higher risk for
males, second
dose, and 18-29
age groups

mRNA-1273
risk greater than
BNT162b2

Patone et 13+ England | Self- Self- ICD 28d 1.2 51 Myocarditis
al. (2022a) controlled controlled codes million only

RR 11.76 (7.25-
19.08)

Higher risk for
males, second
dose, and <40
age group

mRNA-1273
risk greater than
BNT162b2

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to the
COVID-19 vaccine manufactured by Moderna under the name Spikevax®. CI: confidence interval; d: days; ICD: International Classification
of Diseases; RR: relative risk; VSD: Vaccine Safety Datalink.

SOURCES: Bots et al., 2022; Goddard et al., 2022a,b; Karlstad et al., 2022; Le Vu et al., 2022; Massari et al., 2022; Patone et al., 2022a.

Few high-quality epidemiological studies of myocarditis without pericarditis were identified; two found no
increased risk, and three found an increased risk for mRNA-1273 (Table 7-6). The relative risk estimates for
pericarditis in the positive studies were larger than the risk estimates for BNT162b2 but much lower than the cor-
responding ones for myocarditis. The analysis of cases of myocarditis related to VAERS also corroborated these
findings (Oster et al., 2022).
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TABLE 7-6 Selected Epidemiological Studies of Risk of Pericarditis Associated with mRNA-1273

Author Age Setting Design Confounding Outcome | Interval | N Vaccinated | Results (95%
Cases CI)
Bots et al. | 5+ Europe (4 | Self- Self- ICD 28d 1.5 46 No increased
(2022) countries) | controlled controlled codes million risk
Corrao et 12+ Italy Cohort vs. Adjustment ICD 28d 1.6 52 RR 1.9
al. (2022) unvaccinated codes million (1.5-2.5)
Karlstad et | 12+ Europe (4 | Unvaccinated | Adjustment ICD 28d 2.4 62 Increased risk in
al. (2022) countries) | control codes million males
RR 2.99
(2.02-4.44)
Females
RR 3.41
(1.98-5.87)
Higher RR

under age 40
compared to 40

and over
mRNA-1273
risk greater than
BNT162b2

Le Vu et 12— France Case-control | Adjustment ICD 21d 2.9 54 RR 5.5 (3.3-9.0)

al. (2022) 50 codes million

Patone et 13+ England Self- Self- ICD 28d 1.0 0 No increased

al. (2022b) controlled controlled codes million risk

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to the
COVID-19 vaccine manufactured by Moderna under the name Spikevax®. CI: confidence interval; d: days; ICD: International Classification
of Diseases; RR: relative risk.

SOURCES: Bots et al., 2022; Corrao et al., 2022; Karlstad et al., 2022; Le Vu et al., 2022; Patone et al., 2022b.

Ad26.COV2.S

RCTs, Ad26.COV2.S

The committee reviewed myocarditis/pericarditis events from published and unpublished reports of individual
RCTs of Ad26.COV2.S.3 The primary unpublished data sources include the FDA advisory committee and EUA.
In the Phase 3 RCT 3001, among individuals aged 18+ (n = 21,895), no myocarditis events were observed, and
one pericarditis event was observed that was judged to be at least possibly related (FDA, 2021d.e).

The count of myocarditis and pericarditis events was so low (one pericarditis event) that no statistical infer-
ence could be made. The lack of a clear signal for myocarditis or pericarditis in these trials effectively excludes a
large average increase in risk in broad populations studied but not the possibility of a causal effect that results in
one case per tens of thousands of vaccine exposures. Based on the RCT evidence alone, no conclusion was made
about a potential causal effect of Ad26.COV2.S on these outcomes.

3 Ad26.COV2.S refers to the COVID-19 vaccine manufactured by Janssen.
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Observational Studies, Ad26.COV2.S

Few epidemiological studies have attempted to evaluate whether Ad26.COV?2.S is associated with myocarditis
or pericarditis. The committee identified no studies that included a large number of vaccine-related myocarditis or
pericarditis cases, used an appropriate control group, and attempted to address confounding by factors that may
be associated with Ad26.COV2.S. For example, in Bots et al. (2022), cited in the BNT162b2 vaccine evidence
review, fewer than five cases of myocarditis were reported after Ad26.COV2.S, resulting in a risk estimate that
was uninformative (incidence rate ratio 1.6, 95% CI: 0.1-21.6).

In the pharmacovigilance literature, the committee identified only two studies that evaluated the potential
myocarditis risks associated with Ad26.COV2.S. One used a global database of spontaneous adverse event reports
to evaluate a disproportionality ratio for various COVID-19 vaccines, comparing vaccine exposure in myocarditis
cases to other adverse event reports (Macias Saint-Gerons et al., 2023). This study design is highly susceptible
to bias and provides no information about the absolute magnitude of risk; the reporting odds ratio for Ad26.
COV2.S was 1.9 (95% CI: 1.7-2.1) compared to 17 (95% CI: 16-17) for BNT162b2 and 7.6 (95% CI: 7.4-7.8)
for mRNA-1273.

In the second pharmacovigilance study conducted using VAERS data through February 2022, 189 cases of
myopericarditis were identified, but only 52 met the CDC case definition for a validated event (Woo et al., 2023).
The observed incidence was compared to background rates of myocarditis estimated in two different studies:
the relative risk estimates for myopericarditis with Ad26.COV2.S were 3.2 (95% CI: 2.04.8) and 1.1 (95% CI:
0.7-1.7), depending on which of the two data sources was used to estimate the background rate.

NVX-CoV2373

RCTs, NVX-CoV2373

The committee reviewed myocarditis/pericarditis events from published and unpublished reports of individual
RCTs of NVX-CoV2373.4 The primary unpublished data source was the EUA memoranda, which included a
detailed accounting of the events observed.

InRCT 301, among individuals aged 18+ (n = 19,735), one myocarditis and one pericarditis event were judged
to be at least possibly related (FDA, 2023b; Marks, 2023). In RCT 302, among individuals age 18+ (n = 7,750),
one myocarditis and one pericarditis event were judged to be at least possibly related (FDA, 2023b). In RCT 301,
among individuals aged 12—17 (n = 1,487), one myocarditis event and no pericarditis events were judged to be at
least possibly related (FDA, 2023b).

Across all of these trial populations, the number of myocarditis and pericarditis events observed (six) out of
approximately 42,000 vaccine exposures raises the possibility of a signal for rare events that typically would not be
observed in trials of this size. However, the number of events was inadequate for statistical inference. Based on the
RCT evidence alone, no conclusion was made about a potential causal effect of NVX-CoV2373 on these outcomes.

Observational Studies, NVX-CoV2373

In the United States, only 89,000 doses of NVX-CoV2373 were administered as of May 11, 2023 (CDC,
2023), approximately double the population that received the vaccine in the Phase 3 trials. The committee did not
identify any epidemiological studies of the risk of myocarditis associated with this vaccine. The global pharma-
covigilance study cited earlier identified 61 cases of myopericarditis, 50 of which were from Australia (Macias
Saint-Gerons et al., 2023). The reported odds ratio for NVX-CoV2373 was 15 (95% CI: 11-19), compared to 17
(95% CI: 17-17) for BNT162b2 and 6.9 (95% CI: 6.8-7.1) for mRNA-1273.

4 Refers to the COVID-19 vaccine manufactured by Novavax.
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From Evidence to Conclusions

The committee identified consistent findings of a large relative risk of myocarditis after either mRNA vaccine
in numerous high-quality observational studies, an absolute risk that is orders of magnitude greater than the
background rate in certain age and sex subgroups, and a plausible biological mechanism for mRNA vaccines.
The strong and substantial body of evidence indicates that the risk of harm varies by age and sex, but it does not
exclude the presence of a causal effect in any particular group defined by age or sex.

Conclusion 7-1: The evidence establishes a causal relationship between the BNT162b2 vaccine and
myocarditis.

Conclusion 7-2: The evidence establishes a causal relationship between the mRNA-1273 vaccine
and myocarditis.

Evidence of a clear association from any well-designed and adequately powered observational studies and
compelling mechanistic evidence was lacking for both Ad26.COV2.S and NVX-CoV2373 and myocarditis.

Conclusion 7-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and myocarditis.

Conclusion 7-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and myocarditis.

In contrast to the abundance of evidence regarding the risk of myocarditis and mRNA COVID-19 vaccines,
few high-quality epidemiological studies have investigated the risk of pericarditis without myocarditis. Several
studies did not find an increased risk, and those that did estimated much lower relative risk of pericarditis than
what was observed for myocarditis. Additionally, very few events were observed in RCTs, with uncertainty as to
whether all events were related to COVID-19 vaccines.

Conclusion 7-5: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and pericarditis without myocarditis.

Conclusion 7-6: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and pericarditis without myocarditis.

Conclusion 7-7: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and pericarditis without myocarditis.

Conclusion 7-8: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and pericarditis without myocarditis.
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Sudden Death and COVID-19 Vaccines

This chapter describes the potential relationship between COVID-19 vaccines and sudden death (see Box 8-1
for conclusions).

BOX 8-1
Conclusions for Sudden Death

Conclusion 8-1: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and sudden death.

Conclusion 8-2: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and sudden death.

Conclusion 8-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and sudden death.

Conclusion 8-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and sudden death.

BACKGROUND

The conceptualization, definition, and clinical assignment of a “sudden death” or a “sudden unexpected death”
(SUD) is complex and challenging despite useful attempts to define “sudden death” in the general case, and several
public health applications have been advanced. This whole area will not be reviewed in detail, but some relevant
dimensions will be addressed.

Sudden death is subject to considerable definitional variation; most epidemiological studies have been limited
to individual countries or subregions. One example of SUD is offered by the World Health Organization (WHO):
“sudden, unexpected, natural deaths either witnessed, and within one hour of symptom onset or, if unwitnessed,
within 24 hours of having been last seen alive and symptom-free” (Sefton et al., 2023). This definition highlights
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some of the definitional challenges. Whether a death is “witnessed” depends in part on social, geographic, and
residential characteristics (Taylor et al., 2023). It also depends on the underlying medical conditions of the dece-
dent and access to health care. In forensic and pathological studies and series, underlying causes of death can
often be identified, but these studies (autopsies of certain types) are only variably performed, in part due to their
substantial costs and whether certain legal, regulatory, clinical, or public health issues are in play, such as possible
homicide, suicide, environmental exposures, vehicular crashes, poisonings, or other “suspicious” circumstances.

The rates of designating SUDs in a given community will likely also depend on its health, social, and economic
status, likely to vary among geographic areas. A central determinant of the accuracy of discovering SUD causes
is the level of professional forensic skills and resources a community devotes to these services, including access
to toxicologic, microbiologic, and other laboratory and technical services. Only about half of the U.S. population
lives in a jurisdiction where coroner and medical examiner services are accredited by the National Association
of Medical Examiners. Some U.S. communities, and others globally, have geographic sudden death registries.
However, differences in definitions may occur when conducting SUD surveillance, such as time since apparent
death or special topical areas of emphasis, including sudden cardiac death, acute drug poisonings, or a focus on
adolescents and young adults. These registries may have other public health value, such as in assessing the efficacy
of community-based cardiopulmonary resuscitation programs.

However, estimates of community SUD incidence rates have been made. For example, in 2019, an estimate
was published of 49 and 21.7 per 100,000 men and women aged 20—64, respectively (Mirzaei et al., 2019). In this
same study, the years of life lost in this age group was estimated to be higher than all but combined cancer, heart
disease, and unintentional injury deaths. This estimate may also reflect the lesser interest or greater complexity of
assessing SUDs among older persons.

In the past several years, there has been more emphasis on “sudden cardiac death,” due perhaps to increased
attention to SUDs among younger people and to technical and scientific advances in understanding the mechanisms
and treatments of SUDs. However, with the advent of COVID-19 vaccines, their distribution in public health
programs often favored targeting older people, because of their greater mortality risks, and underlying causes of
SUDs are at least somewhat different in this age group.

With regard to COVID-19 distribution and overall population mortality trends, there was no difference in
non-COVID-19 mortality between those who were or were not vaccinated as the pandemic worsened in 2020 and
2021 in the United States. For example, a report from the U.S. Vaccine Safety Datalink (Xu et al., 2021) found
that vaccine recipients have lower mortality than those unvaccinated. Similarly, a report using data from the Vac-
cine Adverse Event Reporting System found that in those receiving vaccines, death events within 7 and 42 days
following vaccination occurred at lower rates than all-cause expected rates (Day et al., 2023). Despite limitations,
this finding suggested lower mortality event rates among vaccinees.

MECHANISMS AND CAUSES OF SUDS

The WHO definition does not imply a particular cause or mechanism of death per se, and in many instances,
evidence must often be gathered in multiple ways, including investigation of the death scene and the general
environment, autopsies and related laboratory investigations, interviews with witnesses and other informants, and
medical histories from informants and medical records. It has been estimated that about two-thirds of persons with
SUDs have medical records from a visit to a health care provider in the 2 years prior to their unexpected death
(Husain et al., 2021). However, identifying useful informants and accessing relevant medical records can be chal-
lenging, and cultural and legal impediments and other logistical or technical challenges may occur. For example,
underreporting in patients with epilepsy has been suggested. Acute myocardial infarction, pulmonary embolism,
stroke, and myocarditis can all cause SUD, as discussed in Chapters 6 and 7.

The role of various COVID-19 vaccines in causing SUD is complex as well. The extent to which vaccines may
cause particular medical conditions that may lead to an SUD is discussed in other chapters in this report. For example,
it would seem that acute allergic vaccine reactions, such as anaphylaxis, would be immediate and likely detected at
the time of vaccination, although some delays are possible. Such delays could conceivably relate to unattended deaths.

SUDs may also occur in the context of COVID-19 vaccines in other ways. First and probably most important
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is that vaccinees may have various underlying conditions that could coincidentally lead to an SUD. Under most
circumstances, it would seem possible to identify such situations using informants, autopsy, and other forensic
procedures and medical records; most persons with SUDs are likely to have a notable medical history.

Another circumstance that is likely to lead to SUDs is infection with various strains of severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) itself. This virus, and possibly other viruses circulating in the community,
may cause cardiomyopathies of various types, which are known to cause SUDs (Kyuno et al., 2023). The possi-
bility of SUDs in association with post-COVID-19 syndrome has also been raised (Spartalis et al., 2024). In this
situation, many cases may be suspected or identified using conventional virus detection techniques, and incumbent
pathological findings may be seen at autopsy. However, if viral testing was not performed in the community, and
the infected cases had asymptomatic or presymptomatic infections, the infection may never have been identified.

Epidemiological Evidence

Clinical trial results submitted to the Food and Drug Administration for Emergency Use Authorization and/
or full approval do not indicate a signal regarding sudden death and any of the vaccines under study (FDA, 2021,
2023a,b,c). Table 8-1 presents one study that contributed to the causality assessment.

The committee explored Paratz et al. (2023), who used an Australian population study of one type of SUD,
out-of-hospital cardiac arrest (OHCA), obtained from a registry of about 4.49 million persons, 4.2 million of whom
were 5-50 years old and eligible for vaccination. The authors report unexplained deaths by month, April 2019—
March 2022. Deaths when vaccines (BNT162b2, mRNA-1273, and ChAdOx1-S!) were available were compared
to immediate earlier time periods. The vaccines available and used during the period of analysis varied, and the
data do not identify which vaccines were given to any specific individual.

During the study period, 2,242 people experienced OHCA; the authors noted no variation in median monthly
rates during the three time periods. Within 30 days of their COVID-19 vaccination (type not documented), 38
people died and were referred for forensic assessment: “No differences were seen in underlying causes of death
compared with previously published age-matched data” (Paratz et al., 2023).

The authors only assessed sudden cardiac arrest, unascertained sudden cardiac arrest, and myocarditis, and it
was not clear how many deaths resulted from each type of OHCA. They used a clear definition of OHCA, and in one
analysis, they linked the history of COVID-19 vaccination within 30 days. The number of deaths was modest, and
it was not clear which vaccines were associated with those deaths. The report showed no evidence of an association
between the SUD syndrome and vaccination. Paratz et al. (2023) also included an analysis of sudden death within
30 days of vaccination in “young people” without specifying the age. They reported that causes of death in that
population “were consistent with pre-pandemic causative profiles,” but specific data were not included in the paper.

! The COVID-19 vaccine manufactured by Oxford-AstraZeneca.

TABLE 8-1 Epidemiological Study in the Sudden Death Evidence Review

Study
Design and
Comparison Data Age Number
Author Group Location Source | Vaccine(s) Range | N of Events | Results
Paratz et | Ecological, Australia Out-of- | BNT162b2, 5-50 4.2 million | 38 “No difference was seen
al. (2023) | previously hospital | mRNA-1273 eligible for in underlying causes of
published age- cardiac vaccination sudden death compared
matched data arrest with previously published
registry 8.8 million age-matched data
doses (p = 0.235)”

SOURCE: Paratz et al., 2023.
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FROM EVIDENCE TO CONCLUSIONS

The informative literature that critically assessed the association of SUD with COVID-19 immunizations was
sparse, with many methodological limitations. Only one paper, which included BNT162b2 and mRNA-1273, was
relevant. The authors found a modest number of SUDs and noted no difference from the comparators. No studies
assessed the relationship between Ad26.COV2.S and NVX-CoV2373 and sudden death.

Conclusion 8-1: The evidence is inadequate to accept or reject a causal relationship between the
BNT162b2 vaccine and sudden death.

Conclusion 8-2: The evidence is inadequate to accept or reject a causal relationship between the
mRNA-1273 vaccine and sudden death.

Conclusion 8-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and sudden death.

Conclusion 8-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and sudden death.
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Female Infertility and COVID-19 Vaccines

This chapter describes the potential relationship between COVID-19 vaccines and female infertility (see
Box 9-1 for conclusions).

BOX 9-1
Conclusions for Female Infertility

Conclusion 9-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and female infertility.

Conclusion 9-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and female infertility.

Conclusion 9-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and female infertility.

Conclusion 9-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and female infertility.

BACKGROUND

Infertility is defined as not being able to conceive after 1 year of unprotected sex in couples with opposite-
sex gametes or donor insemination in those under the age of 35 years or within 6 months in those over 35 years
(ACOG, 2019). In the United States, among married females aged 15 to 49 years with no prior births, about 1 in
5 (19 percent) are unable to get pregnant after 1 year of trying (CDC, 2023).

Unassisted conception is complex. At minimum, it requires ovulation, sperm that is capable of fertilizing
an oocyte, functional female pelvic anatomy including patent fallopian tubes, and uterine endometrium that can
support embryo implantation.
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Fertility may be impacted by a number of different biologic factors, in either the male or female reproductive
systems. For females, there is an age-related decline in ovarian reserve (decrease in oocyte number) (Sharma et
al., 2013). There is also an age-related decline in oocyte quality with an associated increase in aneuploidy. This
decline can be exacerbated by exposure to things like cytotoxic chemotherapy, or alcohol or tobacco use. Metabolic
(e.g., obesity) or lifestyle (e.g., alcohol or tobacco use) factors can also contribute to infertility (Sharma et al.,
2013). In addition to issues related to the oocyte and ovulation, the fallopian tubes, uterus, and endometrium also
need to be considered.

The study of biologic factors impacting natural reproduction is challenging given the complexity of the process.
Investigating the cause of infertility is challenging given the latency to diagnose and its heterogeneous nature.
Therefore, this review incorporates studies with measurable outcomes for specific elements of the reproductive
process including ovarian reserve (expected female response to exogenous gonadotropins as measured by anti-
Miillerian hormone [AMH] levels, and/or antral follicle count [AFC], fertilization, and embryo implantation).

MECHANISMS

Syncytin-1, a crucial membrane glycoprotein, facilitates the fusion of trophoblasts into syncytiotrophoblasts,
which are essential for the early development of the placenta during pregnancy (Gallagher, 2020; Lavillette et al.,
2002). Initial theories posited that COVID-19 vaccines might trigger autoantibodies against Syncytin-1, potentially
leading to female infertility due to its structural resemblance to the severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) spike protein (Prasad et al., 2021). However, these concerns were primarily rooted in the interac-
tion of the virus with the angiotensin-converting enzyme 2 (ACE2) receptor, which is expressed in reproductive
tissues such as the testes, ovaries, and placenta.

The paper by Segars et al. (2020) underscores the biological plausibility of SARS-CoV-2 affecting reproduc-
tive health, given its mode of cell entry through the S1 domain of the spike protein to receptors present in repro-
ductive tissues, including ACE2, CD26, Ezrin, and cyclophilins. This connection is particularly concerning, as
previous instances of coronaviruses, like SARS-CoV-1, have been associated with severe orchitis and the loss of
germ cells in males, potentially affecting sperm quality for up to 90 days post-infection. Although ACE2 expres-
sion in human ovaries is dependent on gonadotropins, the exact impact of SARS-CoV-2 on female gametogenesis
remains to be clarified.

Contradicting the initial speculations about Syncytin-1 autoantibodies, subsequent investigations into the
potential cross-reactivity between antibodies generated against the SARS-CoV-2 spike protein and Syncytin-1
revealed no detection of such autoantibodies in human plasma (Prasad et al., 2021). Moreover, studies by
Lu-Culligan et al. (2022) in both animal models and humans confirmed that vaccination does not induce anti-
Syncytin-1 antibodies, dispelling concerns over vaccine-related female infertility through this mechanism.

Another hypothesized mechanism of female infertility is the effect of messenger ribonucleic acid (mRNA)
vaccines on AMH, a critical biomarker for assessing ovarian reserve, providing measurable insight into remaining
egg count and, by extension, fertility potential. This hormone plays a vital role in evaluating ovarian health and
predicting responses to fertility treatments like assisted reproductive technologies. The potential impact of mRNA
vaccines on reproductive health, specifically whether the immune response they provoke could inadvertently affect
ovarian tissues or hormonal balance, thus influencing AMH levels and fertility, was a concern.

In a longitudinal cohort study, AMH in participants pre- and post-administration of mRNA-based COVID-19
vaccines was quantified to assess its impact on ovarian reserve and fertility potential. The study accounted for
established confounding variables that are known to affect AMH concentrations, including age, body mass index,
and the phase of the menstrual cycle. There were no significant alterations in AMH levels post-vaccination, thus
providing evidence against the hypothesis that mRNA COVID-19 vaccines compromise ovarian reserve (Chen
et al., 2021).
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CLINICAL AND EPIDEMIOLOGICAL EVIDENCE

In evaluating the literature on whether COVID-19 vaccines impact female fertility, the committee considered
three types of studies that included important biologic measures known to be associated with reproduction:

* Epidemiologic studies of populations that may or may have not included females with infertility,
e Studies among oocyte donors, and
¢ Studies among females going through in vitro fertilization.

The last type of study does not provide direct evidence but is used to support clinical and epidemiological
evidence. These studies evaluate treatment outcomes, not the development of female infertility. Female infertility
was not an outcome studied in the clinical trials submitted for authorization or approval (FDA, 2021, 2023a,b.c).
Table 9-1 presents eight studies that contributed to the causality assessment.

Although all oocyte donors do not have proven fertility, they are screened for a number of infertility
factors. Because oocyte donors are young, they do not have age-related infertility. Donor oocyte studies provide
the strongest available evidence about the absence of a relationship between COVID-19 vaccines and female
infertility. Oocyte donors are healthy females, usually 18-33 years old, who have undergone intensive medical,
psychological, and genetic testing. Potential oocyte donors are screened for expected ovarian response to stimula-
tion to exogeneous gonadotropin via AMH and/or AFC. They undergo ovarian stimulation therapy, to develop
multiple oocytes, followed by oocyte retrieval. The oocytes are fertilized by sperm in the laboratory, and, after
several days, the best resulting embryo(s) is (are) placed in the uterus of the recipient, whose uterine lining has
been appropriately prepared. Studies of in vitro fertilization provide an opportunity to study measurable outcomes
in specific steps of the reproductive process including markers of ovarian reserve (AMH, AFC, oocyte count),
fertilization, embryo development, and embryo implantation.

Bosch et al. (2023) conducted a self-controlled study on a number of factors related to fertility pre- and
post-vaccination with an mRNA vaccine (BNT162b2,! mRNA-12732), among 115 oocyte donors serving as their
own controls. More oocytes were retrieved post-vaccination (16.62 + 7.1, 95% confidence interval [CI]: 15-18)
versus prevaccination (15.38 + 7.0, 95% CI: 14—17), with no difference in the mean fertilization rate comparing
pre- to post-vaccination (82.69 percent vs. 78.84 percent, respectively), or high-quality embryos (2.29 vs. 2.32,
respectively) (Bosch et al., 2023). Although the sample was small, the findings support the absence of a causal
relationship between mRNA vaccines and female infertility.

In a study of women undergoing elective oocyte cryopreservation, Karavani et al. (2022) compared 224 women
aged 30-39 or older from before (January 2019 to February 2020) or during (December 2020 to January 2022) the
pandemic who were unvaccinated with those vaccinated with BNT162b2. They found that the vaccinated group had
comparable mean numbers of retrieved and mature oocytes compared with the two unvaccinated groups (12.6 + 8.0
versus 13.0 = 8.2 and 12.5 + 7.4 retrieved, and 10.1 £ 6.9 versus 9.5 + 6.4 and 10.1 + 6.3 mature oocytes, respec-
tively; not significant for both) (Karavani et al., 2022). They included women who had been screened to identify
and exclude pre-existing infertility factors.

To assess whether COVID-19 vaccine had an effect on the levels of AMH, Mohr-Sasson et al. (2022) conducted
a self-controlled study among 129 reproductive-age women (18—42) who were evaluated for infertility before vac-
cination with BNT162b2. They found no difference between mean AMH levels (ug/L) pre- and post-vaccination
(5.3 £4.2 versus 5.2 + 4.5, respectively).

Yildiz et al. (2023) conducted a prospective case-control study of 104 women (74 vaccinated with an mRNA
vaccine, and 30 unvaccinated) without known infertility who presented for routine follow-up. Their mean AMH
levels (ug/L) were assessed as an indirect measure of ovarian reserve before two doses of mRNA vaccines, with
no difference pre- and post-vaccination (vaccinated group baseline versus 6 months post-vaccination: 3.37 + 2.23
versus 3.40 = 2.26; unvaccinated group baseline versus 6 months post vaccination: 3.17 +2.17 versus 3.32 +2.13).

I Refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
2 The COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
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TABLE 9-1 Clinical and Epidemiological Studies in the Female Infertility Evidence Review

Comparison
Group/ Outcome
Author N Vaccine Type | Study Type Control Variable(s) | Results
Bosch et 115 oocyte mRNA Cohort with Self- Mean Prevaccination: 15.38 = 7.0
al. (2023) donors (BNT162b2, pre- and controlled number of (95% CI: 14-17)
mRNA-1273) | postexposure oocytes Post-vaccination: 16.62 & 7.1
retrieved | (959, CI: 15-18)
Mean difference: —1.24 £ 6.0
(95% CI1 2.34-0.14)
Mean Prevaccination: 82.69%
fertilization | (95% CI: 79.23-86.15)
rate Post-vaccination: 78.84%
(95% CI: 75.21-82.47)
Mean Prevaccination: 2.29
number (95% CI: 1.85-2.73)
of high- Post-vaccination: 2.32
quality (95% CI: 1.96-2.68)
embryos
(Grade A)
Karavani et | 224 women. BNT162b2 Retrospective | Unvaccinated | Mean Pre-pandemic: 13.0 & 8.2
al. (2022) Pre-pandemic: cohort (pre- and number of Intra-pandemic unvaccinated:
103 intrapandemic) | oocytes 125+74
Intra-pandemic retrieved Vaccinated: 12.6 & 8.0
unvaccinated: p=0892
ificcinated: 69 Number Pre-pandemic:
of mature 95+t 64
oocytes Intra-pandemic unvaccinated:
10.1 £6.3
Vaccinated: 10.1 £ 6.9
p=0.744
Kolatorova | 25 healthy BNT162b2, Cohort Self- LH, FSH, LH:
et al. fertile women | mRNA-1273 controlled SHBG, Before dose 3: 6.36 IU/L
(2022) before and AMH, AFC | After dose 3: 6.11 TU/L
after third p=0.424
vaccination FSH:
Before dose 3: 6.2 IU/L
After dose 3: 6.49 TU/L
p=0.424
SHBG:
Before dose 3: 67.4 nmol/L
After dose 3: 70.17 nmol/L
p=0.75
AMH:
Before dose 3: 3.25 ng/mL
After dose 3: 3.03 ng/mL
p =0.689
AFC:
Before dose 3: 23
After dose 3: 24
p=0.19
Mohr- 129 without BNT162b2 Self- Self- Mean Prevaccination: 5.3 * 4.2 pg/L
Sasson et known controlled controlled AMH Post-vaccination: 5.2 & 4.5 pg/L
al. (2022) infertility levels

p=0.11
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Comparison
Group/ Outcome
Author N Vaccine Type | Study Type Control Variable(s) | Results
Soysal and | 30 vaccinated | BNT162b2 Prospective Unvaccinated | AMH Control group: 4.14 + 2.79
Yilmaz and 30 Cross women and Pre-vaccine group: 4.17 + 1.87
(2022) unvaccinated sectional pre- and post- Post-vaccine study group: 4.13 +
with no history vaccination 1.94
of infertility among p >0.05, between control group
the same and post-vaccine group, and pre-
vaccinated and post-vaccine group
people (self-
controlled)
Wesselink 2,126 women BNT162b2, Cohort Unvaccinated | Per cycle First dose for any vaccine,
et al. aged 21-45 mRNA-1273, fecundity compared with unvaccinated:
(2022) vaccinated: Ad26.COV2.S rate FR 1.09 (95% CI: 0.92-1.30)
1,229
unvaccinated: BNT162b2:
897 FR 1.06 (95% CI: 0.92-1.22)
mRNA-1273:
FR 1.11 (95% CI: 0.95-1.29)
Ad26.COV2.S:
FR 1.06 (95% CI: 0.78-1.43)
Yang et al. | 836 patients BNT162b2, Retrospective | Self- Mean Mean AMH
(2023) prevaccination, | mRNA-1273, | cohort controlled AMH, Prevaccination: 3.83 & 4.56 ng/
138 patients Ad26.COV2.S pre- median mL
post- vaccination AFC Post-vaccination: 3.86 & 4.31 ng/
vaccination mL
(95% CI: 0.491-0.566)
Median AFC
Prevaccination: 18 (IQR, 11-28)
Post-vaccination: 20 (IQR, 12-29)
Yildiz et 104 women: mRNA Prospective Unvaccinated | Mean AMH | Vaccinated group:
al. (2023) 74 vaccinated | (BNT162b2, case control levels Baseline: 3.37 + 2.23 ug/L
and 30 mRNA-1273) After 6 months: 3.40 + 2.26 pg/L
unvaccinated p=0.127
Unvaccinated group:
Baseline: 3.17 = 2.17 pg/L
After 6 months: 3.32 + 2.13 pg/L
p =0.166

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. Ad26.COV2.S refers to the COVID-19 vaccine manufactured
by Janssen. AFC: antral follicle count; AMH: anti-Miillerian hormone; CI: confidence interval; FR: fecundability rate; FSH: follicle-stimulating
hormone; IQR: interquartile range; IU/L: international units per liter; LH: luteinizing hormone; mRNA: messenger ribonucleic acid; ng/mL:
nanograms per mililiter; nmol/L = nanomoles per liter; SHBG: sex hormone binding globulin; pg/L: microgram per liter.

SOURCES: Bosch et al., 2023; Karavani et al., 2022; Kolatorova et al., 2022; Mohr-Sasson et al., 2022; Soysal and Y1lmaz, 2022; Wesselink et
al., 2022; Yang et al., 2023; Yildiz et al., 2023.

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27746?s=z1120

Evidence Review of the Adverse Effects of COVID-19 Vaccination and Intramuscular Vaccine Administration

168  EVIDENCE REVIEW OF THE ADVERSE EFFECTS OF COVID-19 VACCINATION AND INTRAMUSCULAR VACCINE ADMINISTRATION

One retrospective cohort study evaluated the impact of mRNA vaccines (BNT162]b2 and mRNA-1273) and
Ad26.COV2.S? on ovarian function, measured by mean AMH (ng/mL) and median AFC (Yang et al., 2023). Results
were aggregated. Baseline AMH levels were 3.83 + 4.56 prevaccination compared to 3.86 + 4.31 post-vaccination
(95% CI: 0.491-0.566), and median AFC were 18 (interquartile range [IQR], 11-28) prevaccination compared to 20
(IQR, 12-29) post-vaccination. The investigators found no difference in ovarian function pre- and post-vaccination;
however, this study was carried out among women who may have had pre-existing infertility (Yang et al., 2023).

In a self-controlled study of women without known infertility, no difference appeared in ovarian function as
measured by luteinizing hormone, follicle-stimulating hormone, sex hormone binding globulin, AMH, and AFC
before and after the third mRNA vaccine (Kolatorova et al., 2022).

Soysal and Yi1lmaz (2022) also evaluated the effect of the BNT162b2 vaccine on ovarian reserve by comparing
AMH levels pre- and post-COVID-19 vaccination in 30 young women 60-90 days after vaccination and compar-
ing levels between vaccinated and unvaccinated women. The study excluded women with a history of infertility.
The 30 women showed no difference in the mean AMH before and after vaccination (4.17 vs. 4.13; p = 0.785).
The authors also found no difference in the mean AMH comparing vaccinated with unvaccinated women (4.13
vs. 4.14; p = 1.0) (Soysal and Yilmaz, 2022).

A cohort study of 2,126 women found no decreased fecundability in either partner after BNT162b2 (fecundity
rate [FR] 1.06,95% CI: 0.92-1.22), mRNA-1273 (FR 1.11,95% CI: 0.95-1.29), or Ad26.COV?2.S (FR 1.06,95%
CI: 0.78-1.43) (Wesselink et al., 2022); it was one of very few studies to include Ad26.COV?2.S. The study was
limited by self-report of both exposure and outcomes. The authors also noted that approximately 11 percent of
the participants had a prior history of female infertility (Wesselink et al., 2022). None of the studies reported an
adverse effect on fertility after vaccination.

Most studies that examined whether COVID-19 vaccines affect the treatment outcomes of female infertility
found no association. These studies have been summarized in few systematic reviews. Although they were not
the focus of this review, they provided reassurance and context that COVID-19 vaccines do not affect fertility.

All systematic reviews focused on whether COVID-19 vaccines affected female infertility (Chamani et al.,
2022; Huang et al., 2023; Zage et al., 2022; Zhang et al., 2023). None of these studies reported that COVID-19
vaccines negatively affected in vitro fertilization treatment outcomes.

FROM EVIDENCE TO CONCLUSIONS

The studies reviewed reported no effect of COVID-19 vaccines on fertility. The donor oocyte studies provide
the strongest clinical evidence, although the sample sizes were small (Bosch et al., 2023; Karavani et al., 2022).
The lack of an adverse impact on ovarian function further suggests no effect on fertility. This conclusion was
further supported by animal and human data that disprove a hypothesized mechanism (Lu-Culligan et al., 2022;
Prasad et al., 2021).

Conclusion 9-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and female infertility.

Conclusion 9-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and female infertility.

Very few studies examined Ad26.COV2.S and female infertility; the only epidemiological study that did so
did not find an association. The study was limited by the inclusion of people with known infertility and because
measures of infertility and exposure to vaccines were both self-reported (Wesselink et al., 2022). No studies
examined NVX-CoV2373* and female infertility.

3 Refers to the COVID-19 vaccine manufactured by Janssen.
4 The COVID-19 vaccine manufactured by Novavax.
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Conclusion 9-3: The evidence is inadequate to accept or reject a causal relationship between the
Ad26.COV2.S vaccine and female infertility.

Conclusion 9-4: The evidence is inadequate to accept or reject a causal relationship between the
NVX-CoV2373 vaccine and female infertility.
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Shoulder Injuries and Vaccines

INTRODUCTION

The deltoid muscle is the preferred location for vaccination because of an apparent lower risk of subcutaneous
injection, and the immunogenicity is higher compared to gluteal injections (Shaw et al., 1989). The committee was
tasked with reviewing the evidence regarding vaccination and specific injuries to the shoulder (see Chapter 1).
Before doing so, for completeness, the committee provides background information on nonspecific shoulder
injuries associated with vaccination but does not make conclusions. Unlike the previous chapters in this report, this
chapter is not restricted to COVID-19 vaccines. Therefore, the literature search spans from 2011 to 2023, ensuring
inclusion of material released subsequent to the last report by the Institute of Medicine (IOM) in 2012 (IOM, 2012).

The first report of a relationship between vaccination and shoulder injury profiled two patients who devel-
oped shoulder pain and dysfunction after injection into the deltoid (Bodor and Montalvo, 2007). Atanasoff et al.
(2010) offered a case series of 13 patients who developed prolonged shoulder pain after vaccination and offered
the term “SIRVA,” for “shoulder injury related to vaccine administration,” characterized by shoulder pain with
limited motion that develops within a few minutes to <24 hours of vaccine administration and lasts more than 6
months, which distinguishes it from the typical transient soreness after vaccination administration (Atanasoff et
al., 2010; Cagle, 2021).

SIRVA represents a clinical syndrome, is not a specific diagnosis, and may have a number of causes. There
are no specific objective tests to diagnose the condition and no specific International Classification of Diseases
(ICD)-10 codes exist for “SIRVA” (Zheng et al., 2022). In fact, “SIRVA represents a constellation of different
pain-causing diagnoses” (Atanasoff et al., 2010; Cagle, 2021; MacMahon et al., 2022; Slette et al., 2022; Wood
and Ilyas, 2022; Wright et al., 2023). As a result, “SIRVA” is considered confusing (Petrakis et al., 2023), is
controversial (MacMahon et al., 2022), leads to conflicting reports in the literature (Leopold, 2022), and may be
best described as a medico-legal term instead of a diagnosis (Mackenzie et al., 2022). The American Academy of
Orthopaedic Surgeons offered a position statement (AAOS, 2017) that does not use the term “SIRVA” and states,
“The members of the American Academy of Orthopaedic Surgeons (AAOS) take the position that vaccination
administered to the shoulder cannot cause or contribute to common shoulder pathologies such as rotator cuff
tendinopathy, glenohumeral arthritis, and adhesive capsulitis.”

In the absence of epidemiological studies, the committee chose to focus on case reports as the primary source
of analysis, especially in this chapter. Despite being regarded as the lowest level of evidence, well-defined case
reports can provide compelling evidence, which is what the committee aims to present in this context.
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The committee has reviewed evidence on the etiology of shoulder injuries following vaccination, considering
three possible mechanisms of injury. The first encompasses direct trauma from improper placement within the arm,
potentially due to deviations from the optimal injection technique. The second mechanism involves injury follow-
ing the needle or fluid injection, even when the vaccination is correctly placed, suggesting a reaction independent
of the technique. The third potential mechanism is the constituents of the vaccine, such as antigens or adjuvants,
which might induce harms without any error in the administration process. The committee will discern the most
likely causative factors for shoulder injuries or related structural damage when possible.

The committee avoids “SIRVA” and, in response to the Statement of Task, instead focuses on the specific
shoulder-related diagnoses that have been associated with vaccine administration. See Box 10-1 for all conclu-
sions in this chapter.

BOX 10-1
Conclusions for Shoulder Injuries

Conclusion 10-1: The evidence establishes a causal relationship between vaccine administration
and subacromial/subdeltoid bursitis caused by direct injection into the bursa.

Conclusion 10-2: The evidence establishes a causal relationship between vaccine administration
and acute rotator cuff or acute biceps tendinopathy caused by direct injection into or adjacent to
the tendon.

Conclusion 10-3: The evidence favors rejection of a causal relationship between vaccine adminis-
tration and chronic rotator cuff disease.

Conclusion 10-4: The evidence is inadequate to accept or reject a causal relationship between
vaccine administration and adhesive capsulitis.

Conclusion 10-5: The evidence is inadequate to accept or reject a causal relationship between
vaccine administration and septic arthritis.

Conclusion 10-6: The evidence establishes a causal relationship between vaccine administration
and bone injury caused by direct injection into or adjacent to the bone.

Conclusion 10-7: The evidence establishes a causal relationship between vaccine administration
and axillary or radial nerve injury caused by direct injection into or adjacent to the nerve.

Conclusion 10-8: The evidence is inadequate to accept or reject a causal relationship between
vaccine administration and Parsonage-Turner syndrome.

Conclusion 10-9: The evidence is inadequate to accept or reject a causal relationship between
vaccine administration and complex regional pain syndrome.

SUBACROMIAL/SUBDELTOID BURSITIS

Subacromial/subdeltoid bursitis is characterized by inflammation of the subacromial and subdeltoid bursae
located in the shoulder. Bursae are small, fluid-filled sacs that serve as cushions and lubricating structures between
bones (see Figure 10-1), tendons, and muscles to reduce friction and enable smooth movement. Bursitis typically
results from factors such as overuse, trauma, or underlying issues, such as rotator cuff injuries, tendonitis, or arthritis.
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Common symptoms of subacromial/subdeltoid bursitis include shoulder pain, especially when performing
overhead movements or lifting the arm, along with swelling, tenderness, reduced range of motion, radiating pain
into the upper arm, and weakness (due to pain or disuse) in the affected shoulder. Diagnosis involves a physical
examination by a health care provider and may include imaging studies, such as X-rays, ultrasonography, or mag-
netic resonance imaging (MRI) scans, to confirm the presence of bursitis and rule out other shoulder conditions.

The prevalence of subacromial/subdeltoid bursitis varies by age group. Although it can affect individuals
of all ages, it is more commonly observed in adults, particularly those over the age of 30. This is largely due to
age-related changes in the shoulder, such as degeneration of tendons and bursa, which can increase the risk of
developing bursitis. The prevalence is not strongly biased toward one gender. Some studies have suggested that
it may be slightly more common in men, but the gender difference is not significant.

The underlying causes often involve factors such as repetitive overhead activities, trauma, and pre-existing
shoulder problems, including rotator cuff injuries and tendonitis. Individuals engaged in activities that place
increased stress on the shoulder, such as athletes or manual laborers, may be at higher risk.

Evidence from Epidemiological Studies and Case Reports

In recent years, multiple case reports have documented patients developing acute subacromial bursitis shortly
after receiving vaccines. Additionally, Hesse et al. (2020) used the Vaccine Safety Datalink to assess the risk of
subdeltoid bursitis after influenza vaccination. They found that an attributable risk of 7.78 (95% confidence inter-
val [CI]: 2.19-13.38) additional cases of bursitis occur per 1 million persons vaccinated. Post-vaccine subdeltoid
bursitis has been observed in adults spanning an age range of 23-82 years. A common issue identified was the
incorrect injection technique, particularly the placement of injections too high on the arm (see Figure 10-1), under-
scoring the importance of adherence to proper vaccination procedures to minimize risk of harm.

The evidence most significant to the committee consisted of numerous well-documented case reports in
adults (see Table 10-1). No cases of imaging-documented bursitis after vaccine administration were found for the
pediatric population.

The prognosis is generally positive, with most experiencing a complete resolution of symptoms. However,
the recovery time can vary considerably, from as little as 1 week to as long as over 6 months, underscoring the
importance of individualized care and management.

Patients with postvaccine subdeltoid bursitis have commonly reported that the vaccine was administered at a
higher site than anticipated, as documented in studies by Atanasoff et al. (2010), Bodor and Montalvo (2007), and
Hesse et al. (2020). This inadvertent high placement of the vaccine injection may be a contributing factor due to
the proximity of the subacromial and subdeltoid bursae to the injection site.

To mitigate the risk of improper vaccine placement and reduce the likelihood of bursitis, numerous techniques
and guidelines have been proposed and discussed in the medical literature. Researchers and health care providers
have recognized the importance of ensuring correct vaccine administration to minimize the risk of complications.
The literature is replete with reports and recommendations, including studies authored by Bancsi et al. (2018),
Cook (2011), Cross et al. (2016), Doppen et al. (2023), Kowatari et al. (2023), Mardourian et al. (2023), Marshall
et al. (2022), Nakajima et al. (2017), and Pettyjohn et al. (2022).

These reports and studies highlight the significance of proper injection and emphasize the need to avoid vac-
cine placement in the proximity of the subacromial and subdeltoid bursae.! Inadvertently injecting the vaccine
into or too close to these structures can lead to irritation, inflammation, and ultimately bursitis, resulting in pain
and difficulty in shoulder motion technique (see Figure 10-1).

! An IOM committee concluded that “the evidence convincingly supports a causal relationship between the injection of a vaccine and deltoid
bursitis” (IOM, 2012).
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Incorrect Injection Technique B

A Correct Injection Technique

FIGURE 10-1 Tllustration of intramuscular injection techniques.

NOTES: A. Correct injection technique: Demonstrates proper administration of an intramuscular vaccine into the deltoid muscle,
utilizing an appropriate anatomical approach for effective delivery. Dotted line indicates needle inside the deltoid muscle.
B. Incorrect injection technique: Depicts an erroneous injection leading to inadvertent administration into the subdeltoid bursa,
potentially inducing deltoid or subdeltoid bursitis. Solid needle line indicated breach into the bursa. Created with BioRender.com.

From Evidence to Conclusion

The committee conclusion is derived from a body of evidence, as demonstrated in the 15 case reports described
in Table 10-1, that consistently features ultrasound or MRI imaging and symptom onset in the ipsilateral shoulder
occurring within a biologically significant time window (typically 0—48 hours after vaccination). Studies that lacked
pertinent imaging data or extend beyond this critical time frame present a less compelling connection to vaccina-
tion. Many patients report that the injection was “too high” or “too deep,” which would put the vaccine material
in the subdeltoid bursa. The mechanism behind subacromial/subdeltoid bursitis following vaccine administration
is closely tied to the incorrect placement of the needle, particularly when it is higher than expected.

Conclusion 10-1: The evidence establishes a causal relationship between vaccine administration and
subacromial/subdeltoid bursitis caused by direct injection into the bursa.
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TABLE 10-1 Case Reports Regarding Subacromial/Subdeltoid Bursitis After Vaccination

Onset of Symptom Duration

Author Age | Sex | Vaccine(s) Symptoms | Before Evaluation | Imaging
Cantarelli Rodrigues et al. (2021) | 61 B ChAdOx1-S 30 min 8 weeks MRI
Chow et al. (2022) 62 F ChAdOx1-S Immediate | 2 weeks Ultrasound and

MRI
Chuaychoosakoon et al. (2021) 52 M Sinovac (COVID-19) 3 days NR Ultrasound
Chuaychoosakoon and Boonsri 52 F mRNA COVID-19 2 weeks 17 days MRI
(2023)
Cook (2014) 76 M Influenza Immediate | 3 days Ultrasound
Cross et al. (2016) 82 F Pneumococcal (PPSV23) | 2 hours NR Ultrasound
Cross et al. (2016) 23 F DTaP 24 hours 2-3 days Ultrasound
Honarmand et al. (2021) 42 M mRNA-1273 2 days NR MRI
Honarmand et al. (2021) 38 M BNT162b2 2 weeks NR Ultrasound
Jenkins et al. (2020) 61 F Influenza NR 3 months MRI
Maliwankul et al. (2022) 52 M Sinovac (COVID-19) 2 days 6 days MRI
Maliwankul et al. (2022) 51 F ChAdOx1-S 3 hours 4 days MRI
Maliwankul et al. (2022) 71 M ChAdOx1-S 1 day 6 weeks MRI
Maliwankul et al. (2022) 68 M ChAdOx1-S 1 day 2 weeks Ultrasound
Moya et al. (2022) 69 B Sputnik V (COVID-19) Immediate | 5 days MRI
Okur et al. (2014) 66 F Influenza Immediate | NR MRI
Okur et al. (2014) 39 M Influenza NR 2 months MRI
Okur et al. (2014) 36 M Influenza NR NR MRI
Pearson and Bent (2022) 74 M COVID-19 (unspecified) | 3 days 3—4 weeks MRI
Salmon et al. (2015) 26 F DTaP NR 48 hours MRI
Uchida et al. (2012) 45 B HPV (Cervarix) 3 hours 3 days MRI
Wharton et al. (2022) 31 M mRNA-1273 1 day 2.5 weeks MRI
Wong et al. (2021) 51 B Influenza 48 hours 3 months MRI
Wright et al. (2019) 72 F Influenza NR 2 weeks MRI
Yuen et al. (2022) 84 E mRNA COVID-19 3 days 1 week MRI

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. ChAdOx1-S refers to the COVID-19 vaccine manufactured
by Oxford-AstraZeneca. DTaP: diphtheria, tetanus, and acellular pertussis; F: female; HPV: human papillomavirus; M: male; MRI: magnetic
resonance imaging; NR: not reported.

SOURCES: Cantarelli Rodrigues et al., 2021; Chow et al., 2022; Chuaychoosakoon and Boonsri, 2023; Chuaychoosakoon et al., 2021; Cook,
2014; Cross et al., 2016; Honarmand et al., 2021; Jenkins et al., 2020; Maliwankul et al., 2022; Moya et al., 2022; Okur et al., 2014; Pearson and
Bent, 2022; Salmon et al., 2015; Uchida et al., 2012; Wharton et al., 2022; Wong et al., 2021; Wright et al., 2019; Yuen et al., 2022.
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ACUTE ROTATOR CUFF OR ACUTE BICEPS TENDINOPATHY

Acute rotator cuff or biceps tendinopathy caused by direct injection into the tendon or tendon sheath is char-
acterized by onset of pain within 24 hours and evidence of acute pathology (such as marked edema in the tendon)
on imaging. Imaging of a partial- or full-thickness rotator cuff tear or chronic tendinosis alone is insufficient to
demonstrate a direct injury to the tendon.

Acute rotator cuff tendinopathy refers to acute inflammation or irritation of the tendons comprising the rotator
cuff, a group of four tendons that surround the shoulder joint: the supraspinatus (SSP), infraspinatus, teres minor,
and subscapularis tendons. Acute tendinopathy typically arises from trauma, overuse, or sudden strain on these
tendons. Common clinical presentations include shoulder pain, limited range of motion, and localized tenderness.
Imaging modalities, such as ultrasound or MRI, are often employed to aid in diagnosis, revealing signs of inflam-
mation and tendon damage. Treatment strategies are rest, anti-inflammatory medication, physical therapy, and
sometimes corticosteroid injections to alleviate pain and promote healing.

Acute biceps tendinopathy involves inflammation or injury to the long head of the biceps tendon, which runs
through the bicipital groove in the upper arm and attaches to the superior labrum of the glenoid in the shoulder joint.
This condition can arise from sudden overexertion, repetitive strain, or direct trauma to the biceps tendon. Clinical
manifestations include localized anterior shoulder pain, which may be aggravated by certain movements, such as
overhead lifting or reaching. Patients may experience weakness and discomfort during activities that involve the
affected tendon. Diagnosis often relies on clinical evaluation, imaging studies (such as ultrasound or MRI), and
occasionally, arthroscopy to assess the extent of damage. A consistent hallmark is the conspicuous enlargement
of the affected tendon or muscle in diagnostic imaging with a significant increase in signal intensity, indicating
pronounced edema. These findings are instrumental in identifying and characterizing the condition.

The clinical outcomes of individuals afflicted with this tendinopathy can be quite diverse. Although some improve
in a week or two, others may endure discomfort and functional limitations for an extended period, sometimes beyond
6 months.

Mechanisms of Injury

In assessing the strength of mechanistic evidence related to this condition, it is important to consider the
combination of clinical factors, including the specific demographic characteristics, imaging findings, and observed
outcomes. These elements collectively contribute to the overall understanding of the cause of rotator cuff or biceps
acute tendinopathy caused by vaccine injection, aiding in evaluation and management.

Evidence from Case Reports

Rotator cuff or acute biceps tendinopathy induced by inadvertent injection into the rotator cuff tendon or
muscle has been notably reported in adults spanning a relatively wide age range, 2683 years (see Table 10-2).
Among these 14 cases, the onset of pain is a particularly salient feature, with the majority of individuals experi-
encing immediate discomfort. No cases of imaging-documented acute rotator cuff injury have been reported in
the pediatric population.
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TABLE 10-2 Case Reports of Acute Rotator Cuff or Acute Biceps Tendinopathy After Vaccination

Symptom
Duration
Onset of Before

Author Age | Sex | Vaccine Symptoms | Evaluation | Imaging Findings

Bansal and 59 17 DTaP <24 hours | 6 weeks MRI High-grade partial

DiLorenzo (2020) teres minor tear

Barnes et al. (2017) 22 F Influenza 2 hours 2 months MRI and Partial supraspinatus

ultrasound tear

Bathia and Stitik 34 17 Influenza Immediate | 3 weeks MRI Tendinosis of

(2009) infraspinatus

Chuaychoosakoon 52 F mRNA COVID-19 NR 3 days MRI Fluid supraspinatus

and Boonsri (2023) tendinosis

Klabklay et al. (2022) | 50 M ChAdOx1-S 3 hours 3 days Ultrasound Swelling of
supraspinatus,
calcific tendonitis in
subscapularis

Maliwankul et al. 64 M ChAdOx1-S 2 days 1 month Ultrasound Biceps tenosynovitis

(2022)

Nakajima et al. 83 17 BNT162b2 Immediate | 8 days X-ray and MRI | Calcium in

(2023) supraspinatus
inflammatory
subdeltoid bursitis

Natanzi et al. (2020) | 42 F Influenza Immediate | 7 weeks MRI Edema at teres
minor insertion

Natanzi et al. (2020) | 38 B Influenza Immediate | 2 months MRI Edema in humerus
and teres minor
insertion

Sahu and Shetty 33 M Covaxin (COVID-19) | Immediate | 2 days X-ray Calcific tendonitis

(2022) supraspinatus

Shabhaz et al. (2019) | 35 Influenza Immediate | 1 hour MRI Biceps tenosynovitis

Sukhija et al. (2022) |26 Covaxin (COVID-19) | 15 days 15 days MRI and Edema in

ultrasound myotendinous
junction of teres
minor*

Szari et al. (2019) 31 M Influenza Immediate | 4 months MRI Partial cuff tear
diffuse cuff
tendinosis

Zeldin et al. (2023) 53 F Influenza Immediate | 2 months MRI Fluid collection

lateral to biceps
groove with
hyperechoic focus,
possibly a needle tip

NOTES: *The committee identified edema in the myotendinous junction of Teres Minor on the MRI images, which was not specifically indicated
in the case study. BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. ChAdOx1-S refers
to the COVID-19 vaccine manufactured by Oxford-AstraZeneca. DTaP: diphtheria, tetanus, and acellular pertussis; F: female; M: male; MRI:
magnetic resonance imaging; NR: not reported.
SOURCES: Bansal and DiLorenzo, 2020; Barnes et al., 2017; Bathia and Stitik, 2009; Chuaychoosakoon and Boonsri, 2023; Klabklay et al.,
2022; Maliwankul et al., 2022; Nakajima et al., 2023; Natanzi et al., 2020; Sahu and Shetty, 2022; Shahbaz et al., 2019; Sukhija et al., 2022;
Szari et al., 2019; Zeldin et al., 2023.
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From Evidence to Conclusion

The committee’s decision is derived from a body of evidence, as demonstrated in the case reports provided
(see Table 10-2). Injection of a vaccine into the biceps or rotator cuff tendon can produce an acute tendinosis
characterized by edema and increased signal on ultrasound or MRI imaging.

Conclusion 10-2: The evidence establishes a causal relationship between vaccine administration and
acute rotator cuff or acute biceps tendinopathy caused by direct administration of vaccine into or
adjacent to the tendon.

CHRONIC ROTATOR CUFF DISEASE

Chronic rotator cuff disease comprises a diverse range of injuries and pathological conditions, with its
prevalence escalating in correlation with age. This encompassing term encapsulates chronic tendinosis as well as
partial- and full-thickness tears of the rotator cuff, collectively delineating the multifaceted nature of the condition.
Approximately 22 percent of individuals over 40 are affected by full-thickness rotator cuff tears (Kuhn, 2023). The
prevalence increases with advancing age: approximately 13 percent of people in their fifth decade, 20 percent in
their sixth decade, 30 percent in their seventh decade, and a striking 50 percent in their eighth decade of life have
full-thickness rotator cuff tears (Kuhn, 2023; Minagawa et al., 2013; Tempelhof et al., 1999; Teunis et al., 2014;
Yamamoto et al., 2011). It is essential to note that the overwhelming majority of these cases are asymptomatic,
meaning that individuals may not experience noticeable symptoms despite the presence of these tears (Jeong et
al., 2017; Kuhn, 2023; Minagawa et al., 2013; Reilly et al., 2006; Tempelhof et al., 1999). As most patients with
rotator cuff tears are asymptomatic it is not surprising that surgical intervention is performed in fewer than 5 per-
cent of all individuals with rotator cuff tears (Kuhn, 2023).

In cases where individuals develop shoulder pain, particularly after vaccination, diagnostic imaging is
frequently employed to evaluate the shoulder joint. An investigation of patients who applied for compensation
through vaccine injury programs revealed that 80.3 percent of these individuals underwent MRI imaging. Inter-
estingly, partial and complete rotator cuff tears were observed in 44.3 percent of these cases (Hesse et al., 2020).
The median age was approximately 51, which aligns with the prevalence data in the general population. Given
the high prevalence, especially in older individuals, it has been suggested that the observed rotator cuff pathology
after vaccination is not directly related to the vaccine itself (AAOS, 2017; Slette et al., 2022).

Mechanism of Injury

Chronic tendinosis and partial- and full-thickness tears of the rotator cuff collectively represent common
degenerative shoulder conditions (Jeong et al., 2017; Minagawa et al., 2013; Reilly et al., 2006; Tempelhof et al.,
1999; Teunis et al., 2014). No plausible mechanism exists whereby vaccine administration would be responsible
for chronic rotator cuff disease.

From Evidence to Conclusion

Chronic rotator cuff disease is typically a degenerative age-related condition and ubiquitous in the adult
population. An injection into tendon material may produce increased signal on MRI imaging and an acute
tendinosis (see section on acute tendinopathy) but not acute rotator cuff tears or corresponding rotator cuff muscle
atrophy. Although it is common for patients with shoulder pain to undergo imaging and identify degeneration in
the rotator cuff, these findings are more likely pre-existing and not related to a vaccine. The committee found the
lack of a mechanistic explanation for chronic rotator cuff disease compelling.

Conclusion 10-3: The evidence favors rejection of a causal relationship between vaccine administra-
tion and chronic rotator cuff disease.
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ADHESIVE CAPSULITIS

Frozen shoulder, also known as “adhesive capsulitis,” is a debilitating condition that affects 1-5 percent of
the population (Kingston et al., 2018). Certain demographic factors may increase the risk, with higher prevalence
rates in females between 40 and 60, who have obesity, or who have diabetes (Huang et al., 2013; Kingston et al.,
2018). Despite the higher prevalence in those under 50, reports in pediatric patients are rare (Levin et al., 2021).
Furthermore, frozen shoulder can sometimes manifest as a complication after surgical procedures or injuries that
require immobilization, such as a proximal humerus fracture. The multifaceted demographic associations highlight
the need for careful assessment and tailored management.

Diagnosing frozen shoulder can be a complex process. In the early stages, when the condition may be inflam-
matory, it is often a clinical diagnosis of exclusion, as it shares symptoms with other shoulder conditions. However,
in later stages, where it may be fibrotic, a marked loss of motion becomes a defining feature. Diagnostic imaging,
such as MRI, may reveal characteristic signs, including rotator interval thickening and axillary capsule thickening
(Choi and Kim, 2020). Early diagnosis is critical for a favorable prognosis, but health care providers often face
challenges in accurately diagnosing frozen shoulder in its early stages due to its shared symptoms.

Although frozen shoulder was considered a self-limited issue with a typical duration of 1-year, longer-term
studies have revealed that some individuals continue to experience unresolved pain and limited motion beyond
this time frame (Hand et al., 2008; Kim et al., 2020). These findings emphasize the importance of ongoing moni-
toring and management to optimize long-term outcomes. The multifaceted nature of this condition, including its
demographic associations, diagnostic challenges, and evolving treatment approaches, underscores the complexity
of addressing it effectively.

Evidence from Case Reports

Data reviewed by the committee regarding frozen shoulder after vaccination are limited (see Table 10-3):
four case series ranging in sample size from 3 to 16 cases (Chu, 2022; Ghosh et al., 2023; Sahu and Shetty, 2022;
Saleh et al., 2015). Three of the four reported on frozen shoulder with symptom onset within days after either
BNT162b22 or ChAdOx1-S3 and diagnosis months to years later (Chu, 2022; Ghosh et al., 2023; Sahu and Shetty,
2022). In addition, three case studies reported frozen shoulder in three patients diagnosed months to a year after
BNT162b2, mRNA-1273,* or ChAdOx1-S. The fourth case series reported on frozen shoulder 1.5 months to
2 years after unidentified flu (n = 2) and pneumonia (n = 1) vaccination (Saleh et al., 2015). An additional two
case studies reported on frozen shoulder after an unidentified flu vaccine (Thompson and Ensrud, 2020) and a
human papillomavirus (HPV) vaccine (Smith et al., 2020); the child who had the HPV vaccine had diagnoses of
Parsonage-Turner syndrome (PTS) and osteomyelitis.

From Evidence to Conclusion

The cause of frozen shoulder is still unclear, and diagnosis often comes at later stages, when a fibrotic process
greatly limits motion and function. The clinical diagnosis is least clear early on, and a diagnosis months to years
later makes establishing a cause and effect unlikely, given the many confounding factors over time. Thus, attribu-
tion to vaccination is difficult if not impossible.

Conclusion 10-4: The evidence is inadequate to accept or reject a causal relationship between vac-
cine administration and adhesive capsulitis.

2 The COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®.
3 The COVID-19 vaccine manufactured by Oxford-AstraZeneca.
4 The COVID-19 vaccine manufactured by Moderna under the name Spikevax®.
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TABLE 10-3 Case Reports of Adhesive Capsulitis After Vaccination

Symptom
Duration
Onset of Before

Author Age Sex Vaccine(s) Symptoms Evaluation Imaging Findings
Aldosary 52 IFi ChAdOx1-S 24 hours 8 months MRI Frozen shoulder 8
(2022) months after injection
Biglia et 50 F BNT162b2 48 hours 1 month Ultrasound | Frozen shoulder
al. (2023)
Chu (2022) | 18+ 4 M BNT162b2 3.5 £ 2.5 days >3 months MRI Frozen shoulder in

12 F (12/16 patients) 10/16 patients
Ghosh et 48.7 5SM ChAdOx1-S 123 + 3.1 days [94x24 NR Frozen shoulder
al. (2023) +12.7 4 F weeks

years

Quinodoz “In his M mRNA-1273 4 months 1 year MRI Frozen shoulder
et al. 40s”
(2023)
Sahu and 10 cases, | 9 F ChAdOx1-S 24-48 hours 14+ months X-rays, Frozen shoulder
Shetty mean 1M (9 cases) MRI in 3
(2022) 53.8 4 diabetic or

prediabetic Covaxin

and 4 (COVID-19)

hypothyroid | (1 case)
Saleh et al. | 30 2M Influenza (2) Following day; 3 months; Lab work, | Frozen shoulder
(2015) 67 B Pneumonia (1) | soon after; same | 2 years; X-ray, MRI

69 day 6 weeks
Smith et al. | 15 F HPV (Gardisil) | 11 days NR X-ray, MRI | Frozen shoulder,
(2020) Parsonage-Turner,
and osteomyelitis

Thompson | 64 M Influenza 3 days >9 months MRI Frozen shoulder 6
and Ensrud months after injection
(2020)

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®.ChAdOx1-S refers to the COVID-19 vaccine manufactured by
Oxford-AstraZeneca. F: female; HPV: human papillomavirus; M: male; MRI: magnetic resonance imaging; NR: not reported.

SOURCES: Aldosary, 2022; Biglia et al., 2023; Chu, 2022; Ghosh et al., 2023; Quinodoz et al., 2023; Sahu andShetty, 2022; Saleh et al., 2015;
Smith et al., 2020; Thompson and Ensrud, 2020.

SEPTIC ARTHRITIS

Septic arthritis of the shoulder, also referred to as “infectious arthritis,” is a rare but serious condition char-
acterized by the invasion of the shoulder joint by infectious microorganisms, typically bacteria. A cross-sectional
study involving 97 patients indicated that the primary source of infection is often hematogenous, meaning that
the bacteria spread through the bloodstream and access the joint (Sweet et al., 2019). However, other contiguous
infections (e.g., soft tissue abscess, osteomyelitis) can be a cause. Septic arthritis can also arise from direct inocu-
lation of bacteria into the joint via major trauma or, very rarely, by injection of bacterially contaminated material
directly into the joint. The most commonly identified infectious organism in these cases is Staphylococcus aureus.
Septic arthritis leads to inflammation and damage within the joint, resulting in significant pain, reduced range of
motion, and potential joint destruction if not promptly and effectively managed.
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TABLE 10-4 Case Reports of Septic Arthritis After Vaccination

Onset of Symptom Duration
Author Age Sex Vaccine Symptoms | Before Evaluation | Imaging Findings
Darnley et | 32 E Influenza 2 weeks NR Negative Septic arthritis
al. (2019) X-rays, positive
MRI
Floyd et al. | 59 F Pneumococcal | 2 hours 3 days MRI and surgical | Aseptic inflammatory
(2012) (PPSV23) cultures negative arthritis

NOTE: F: female; MRI: magnetic resonance imaging; NR: not reported.
SOURCES: Darnley et al., 2019; Floyd et al., 2012.

Epidemiological data on septic arthritis of the shoulder are limited, but estimates suggest an annual U.S. inci-
dence of approximately 3,200 cases (Jiang et al.,2017). Certain risk factors have been associated with an increased
likelihood, including older age, pre-existing joint diseases, lower socioeconomic status, diabetes, and underlying
skin infections (Brennan and Hsu, 2012; Favero et al., 2008; Kunutsor et al., 2016).

Diagnosis typically involves a combination of clinical evaluation, laboratory testing, and imaging studies.
One key criterion is the presence of a positive synovial fluid culture, which confirms the presence of infectious
microorganisms within the joint. Laboratory tests, such as complete blood counts and inflammatory markers, can
support the diagnosis.

Evidence from Case Reports

The evidence reviewed by the committee, two case studies, is meager (see Table 10-4). In the first case (Darnley
et al., 2019), the diagnosis was made via surgical pathology 3.5 months after influenza vaccination. Given the long
interval between vaccination and diagnosis, it is impossible to rule out other sources of the infection. Furthermore,
the initial MRI finding of an SSP tear could have explained the shoulder pain. In the second case, the diagnosis was
septic arthritis, but a surgical culture was negative (Floyd et al., 2012). Neither case report was of a child.

From Evidence to Conclusion

Evidence linking septic arthritis of the shoulder with vaccination is limited to two case studies.

Conclusion 10-5: The evidence is inadequate to accept or reject a causal relationship between
vaccine administration and septic arthritis.

BONE INJURY

Bone injuries following vaccinations have been highlighted through numerous case reports, indicating a wide
array of bone-related issues in adults. There are diverse symptoms that typically manifest within a few days after
vaccination. Advanced diagnostic tools such as MRI have been used in uncovering a range of bone pathologies
post-vaccination, including marrow edema, cortical bone erosions, avascular necrosis, and cystic lesions particu-
larly noted in the humeral head (see Table 10-5).

Mechanism of Injury

The mechanism underlying bone injury after vaccination is supported by one small case series where 12 of 16
adults diagnosed with an influenza vaccine—mediated shoulder injury had ultrasound, immunophenotypic analyses,
human leukocyte antigen (HLA) typing, and antigen-specific immunoassays. Vaccine-related bone toxicity and
T cell/osteoclast interactions were assessed in vitro. Of these 12 adults, imaging demonstrated inflammatory tissue
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TABLE 10-5 Case Reports of Bone Injury After Vaccination

Symptom
Onset of Duration Before
Author Age | Sex | Vaccine Symptoms | Evaluation Imaging Findings
Erickson et al. 51 17 Influenza 1 day 10 months MRI at 2 months | 10-month MRI showed
(2019) and 10 months humeral head osseous
erosion
Flores et al. 49 M Influenza 1 day 2 months MRI Bone marrow edema
(2022)
Kashkosh et al. 40 M COVID-19 2 days 12 weeks MRI, Focal avascular necrosis
(2023) normal CT
3 months prior
Kuether et al. 48 F Influenza 2.5 hours 10 weeks MRI Localized
(2011) avascular necrosis humeral
head
Littrell et al. 51 M Influenza 2 hours 6 weeks MRI 6 weeks 6 weeks: cortical
(2020) irregularity, bone edema
9 months : progressive
erosive changes of humeral
head bone marrow edema
Messerschmitt et | 46 M Influenza 3 days 3 weeks Bone scan, Humeral head lytic
al. (2012) MRI, X-ray lesion chondrolysis from
intraosseous injection
Okur et al. (2014) | 39 M Influenza NR 2 months MRI Edema in greater tuberosity
Okur et al. (2014) | 36 M Influenza NR NR MRI Edema in greater tuberosity
Salmon et al. 26 I Diptheria, NR 48 hours MRI Edema in humeral head
(2015) tetanus, polio
Shabhaz et al. 35 F Influenza Immediate | 1 hour MRI 1 week, 1 week effusion
(2019) 6 weeks, 4 weeks biceps tendonitis
8 months 8 months reactive bone
edema
Szari et al. (2019) | 31 M Influenza Immediate | 4 months MRI Edema in humeral head
Taylor and Hinke | 55 F Influenza <1 day 3 months MRI Humeral head edema,
(2014) repeat at 3 months, cortical
erosion

NOTES: CT: computed tomography scan; F: female; M: male; MRI: magnetic resonance imaging; NR: not reported.
SOURCES: Erickson et al., 2019; Flores et al., 2022; Kashkosh et al., 2023; Kuether et al., 2011; Littrell et al., 2021; Messerschmitt et al., 2012;
Okur et al., 2014; Salmon et al., 2015; Shabhaz et al., 2019; Szari et al., 2019; Taylor and Hinke, 2014.

damage, including bone erosions, in six. Tissue damage was associated with a strong peripheral blood T and B cell
activation and extracellular matrix-reactive autoantibodies (autoantigen microarray). Subjects with erosions were
HLA-DRB1*#04 positive and showed extracellular matrix-reactive HLA-DRB1%04 restricted T cell responses tar-
geting heparan sulfate proteoglycan. Antigen-specific T cells potently activated osteoclasts via receptor activator of
nuclear factor kappa-B (RANK) interaction with its ligand (RANK/RANK-L), and the osteoclast activation marker
Trap5b was high in sera of patients with an erosive shoulder injury. In vitro, the vaccine adjuvant alphatocopheryl
succinate recapitulated bone toxicity (Hirsiger et al., 2021).

Evidence from Case Reports

Vaccine-related bone injury has appeared in a number of case reports for adults aged 22-55. No pediatric
cases of imaging-documented vaccine-related bone injury have been reported (see Table 10-5). Symptoms typically
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develop within 3 days. MRI demonstrated a variety of bone pathologies, including marrow edema near the site of
the injection, cortical bone erosions (Salmon et al., 2015), avascular necrosis (Kashkosh et al., 2023; Kuether et al.,
2011), and humeral head cystic lesions (Erickson et al., 2019). Treatment included nonsteroidal anti-inflammatory
drugs, corticosteroid injections, physical therapy, and rarely surgery. The course for recovery of bone changes is
variable but typically lasts many months.

From Evidence to Conclusion

The conclusion is derived from a body of evidence, as demonstrated in the case reports (see Table 10-5),
which consistently feature imaging and symptom onset within a biologically significant time window (typically
0-72 hours after vaccination). Studies that lack pertinent imaging data or extend beyond this critical time frame
are likely to present a less compelling connection to vaccination. Patients who develop shoulder pain after vaccina-
tion will rarely demonstrate bone erosions, new-onset avascular necrosis, or bone marrow edema. These changes
occur at the site of the injection and appear acute on imaging. Although the mechanistic data are limited, they do
suggest that bone erosions in patients with shoulder pain may have T cell activation of osteoclasts, which would
produce these erosions.

Conclusion 10-6: The evidence establishes a causal relationship between vaccine administration
and bone injury caused by direct injection into or adjacent to the bone.

AXILLARY OR RADIAL NERVE INJURY

The axillary nerve is a branch of the brachial plexus, a network of nerves in the shoulder and upper arm. It
controls the deltoid, a major muscle involved in shoulder movement and stability. Axillary nerve injury can occur
due to various causes, including trauma, compression, or surgical procedures in the shoulder area. Common symp-
toms include weakness or paralysis of the deltoid muscle, leading to difficulty in raising the arm and performing
overhead movements.

The radial nerve is another major nerve of the arm, originating from the brachial plexus, connecting to the
muscles that control wrist and finger extension, and playing a vital role in hand and forearm function. Radial
nerve injuries can result from a variety of factors, including trauma, fractures of the arm bones, compression of
the nerve, or complications from medical procedures. Symptoms typically include weakness or loss of function
in wrist and finger extension, which can lead to difficulties in gripping objects and performing fine motor tasks.

Nerve injuries, including to the axillary and radial nerves, can vary in severity, from mild and temporary to
more severe and long lasting, depending on the cause and extent. Treatment may involve physical therapy, medica-
tion, and sometimes surgical intervention to repair the damaged nerve or address underlying issues. Nerve injuries
can significantly impact motor function, and management is often focused on restoring as much functionality as
possible.

Axillary and radial nerve injuries can also be associated with vaccination, particularly when the vaccine is
injected directly into or very close to the nerve. This unusual occurrence is characterized by progressive weakness
that typically develops within 24 hours. To support the diagnosis of such injuries related to vaccination, medical
professionals often rely on diagnostic tests, such as electromyogram and nerve conduction studies (EMG/NCS),
and imaging techniques, such as ultrasound or MRI. These tests can help confirm the presence of nerve damage
and its specific location, aiding in the identification and evaluation of the injury.

In these cases, the proximity of the vaccine injection site to the nerves in question can potentially lead to local-
ized trauma or inflammation, resulting in nerve injury and its associated symptoms. Vaccine-related nerve injuries
are extremely rare and represent only a small fraction of vaccine-related adverse events. Nonetheless, health care
professionals carefully monitor and investigate such cases to ensure vaccine safety and provide appropriate care.
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Mechanism of Injury

The mechanism related to vaccination appears to stem from a direct injury to the nerve or inflammation in the
vicinity of the nerve. This typically occurs when the needle placement is in close proximity to the nerve, which
may inadvertently traumatize or irritate it, leading to damage. The proximity of the injection to the nerve can result
in localized trauma or inflammation, which may trigger nerve injury or lead to nerve compression, irritation, or
damage, ultimately resulting in weakness and related symptoms. This mechanism highlights the importance of
precise and careful injection techniques to minimize the risk.

Evidence from Case Reports

Direct nerve injuries related to vaccination have been documented in four case reports (Beredjiklian et al.,
2012; Blumstein and Kreithen, 1966; Imran and Hayley, 2013; Meirelles and Motta Filho, 2004) (see Table 10-6).
A comprehensive review of these data appears in a systematic review (Wright et al., 2023).

These cases reveal certain demographic patterns: direct nerve injuries have been exclusively reported in adults,
spanning a wide age range, 23—73 years. The vaccines included two solitary influenza, one combined influenza
and tetanus/diphtheria, and one tetanus. Of the documented cases, two involved injuries to the axillary nerve; the
other two affected the radial nerve. All four patients consistently reported developing symptoms within 24 hours
after vaccination. These symptoms typically manifested as progressive weakness in the affected limbs. No cases
of nerve injury related to vaccination have been reported in children.

Physicians employed a variety of diagnostic techniques. EMG and NCS were used to identify the nerve
injuries in two patients, and imaging techniques such as ultrasound or MRI were employed for one patient each.

The treatment approach in all four cases was nonsurgical, emphasizing noninvasive methods to manage the
nerve injuries. Ultimately, all four patients experienced a degree of recovery, regaining function, although recu-
peration time varied significantly. The recovery period ranged from as short as 1 month to as long as 31 months.
One patient reported some residual weakness even after recovery, underlining the diversity in outcomes among
cases of direct nerve injury associated with vaccination.

TABLE 10-6 Case Reports of Axillary or Radial Nerve Injury After Vaccination

Onset of Symptom Duration
Author Cases | Age | Sex Vaccine Symptoms | Before Evaluation | Imaging
Beredjiklian et al. 1 26 M Influenza 16 hours 1 day MRI edema along radial
(2012) nerve EMG neuropathy
Blumstein and 1 23 M Tetanus <1 day 7 hours NR
Kreithen (1966)
Imran and Hayley 1 73 M Influenza Immediate | 8 weeks None
(2013)
Meirelles and Motta | 1 67 M Influenza, <1 day 6 months NCS axillary nerve with
Filho (2004) diphtheria, tetanus reinnervation

NOTES: EMG: electromyogram; M: male; MRI: magnetic resonance imaging; NCS: nerve conduction study; NR: not reported.
SOURCES: Beredjiklian et al., 2012; Blumstein and Kreithen, 1966; Imran and Hayley, 2013; Meirelles and Motta Filho, 2004.
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From Evidence to Conclusion

The committee conclusion is derived from a body of evidence, as demonstrated in the case reports provided
(see Table 10-6), which consistently feature imaging or EMG/NCS and symptom onset occurring within a biologi-
cally significant time (typically 0-24 hours after vaccination). Studies that lack pertinent imaging data or extend
beyond this critical time frame are likely to present a less compelling connection to vaccine administration.

The axillary and radial nerves are potentially at risk for deltoid vaccine injections. A direct injection of vac-
cine material into or near a nerve could damage it, producing pain and weakness for its sensory and motor por-
tions. Damage can be confirmed by diagnostic studies.

Conclusion 10-7: The evidence establishes a causal relationship between vaccine administration and
axillary or radial nerve injury caused by direct injection into or adjacent to the nerve.

PARSONAGE-TURNER SYNDROME

PTS is a clinical syndrome classically typified by new onset of pain in the upper quarter followed by, within
hours to days, paresis. Also known as “neuralgic amyotrophy’ or “idiopathic brachial plexus neuropathy,” it presents
as a distinctive clinical syndrome characterized by abrupt, intense pain, typically within the shoulder and upper arm
regions (Van Eijk et al., 2016). This pain is often described as sharp, burning, or neuralgic. Within a relatively short
time frame, typically hours to days, individuals can develop muscle weakness or paralysis that is often localized along
the innervation pathway of specific nerves within the brachial plexus, resulting in particular functional impairments
(Van Ejjk et al., 2016).

Commonly affected nerves include the long thoracic, suprascapular, and anterior interosseous nerves (Van
Eijk et al., 2016). Damage to the long thoracic nerve can lead to scapular winging, characterized by the abnormal
protrusion of the shoulder blade, which can cause both visible and functional changes in the shoulder region.
Injury to the suprascapular nerve often makes it challenging to lift the arm and rotate it outward. Damage to the
anterior interosseous nerve may lead to decreased grip strength, impacting the ability to hold and grasp objects
effectively. In addition to pain and muscle weakness, individuals may experience tingling sensations and sensory
disturbances in the upper extremity. This multifaceted clinical presentation underscores the complexity of PTS.

The diagnosis typically involves a thorough clinical assessment and EMG/NCS. Occasionally, an MRI will
show inflammation around the brachial plexus. These diagnostic tests help confirm the presence of nerve damage
and assess the extent of neural involvement.

The prevalence of PTS is not well defined and has generated variable estimates. The epidemiology remains
uncertain, and incidence rates reported in the literature vary significantly, from 1-3 cases per 1,000 to 1-3 cases
per 100,000 (van Alfen et al., 2015; Van Eijk et al., 2016). This disparity highlights the challenges in precisely
establishing prevalence.

PTS may be more frequent in certain populations. Some studies have suggested that it may be more common
in men than women (Ameer et al., 2023; van Alfen and van Engelen, 2006), but the underlying factors contributing
to this difference are not fully explained. Children can be diagnosed with PTS, albeit rarely and more often after
immunization or viral infection (van Alfen et al., 2000).

Mechanism of Injury

The pathophysiology also remains unclear. The evidence does not support a genetic susceptibility or auto-
immunity as primary causes. Limited low-level evidence has indicated potential associations between PTS and
recent infections, but the causative relationship remains uncertain (van Alfen and van Engelen, 2006). Additionally,
there have been reports of PTS after vaccination for various diseases, including COVID-19 (Ameer et al., 2023),
influenza (Shaikh et al., 2012), and typhoid (Kim et al., 2021). These associations are still a subject of ongoing
investigation and require further research to establish the nature of these links definitively.
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TABLE 10-7 Case Reports of Parsonage-Turner Syndrome After Vaccination

Onset of Symptom Duration
Author Age Sex | Vaccine Symptoms Before Evaluation | Imaging Findings
Bernheimer and | 42 I mRNA-1273 3 weeks 3 weeks + 1 day MRI Parsonage-Turner
Gasbarro (2022) unremarkable syndrome
Chua et al. 64 M mRNA-1273 12-24 hours | 3 weeks EMG, nerve Brachial neuritis
(2022) conduction
study, MRI

Coffman et al. 66 B BNT162b2 1 month NR EMG Parsonage-Turner
(2021) syndrome
Flikkema and 43 M mRNA-1273 2 days NR MRI of brachial | Parsonage-Turner
Brossy (2021) plexus syndrome
Fransz et al. 25 M Hepatitis B 1 month NR EMG Parsonage-Turner
(2014) syndrome
Holmes et al. 12 M Influenza More than a | NR None Brachial neuritis
(2019) year
Kang and Cho 63 M ChAdOx1-S Within a 1 month EMG Brachial neuritis
(2022) week
Kawegere and 62 F Influenza Within hours | NR X-ray, MRI Brachial neuritis
Goldberg (2022)
Kim et al. 20 M Typhoid 6 days 3 days EMG, MRI Parsonage-Turner
(2021) syndrome
Koh et al. Mean 3M |2 BNTI162b2 25 days, NR MRI, EMG Parsonage-Turner
(2021) 50.66 and 1 mRNA- 4 days, syndrome

with 1273 7 days

range

44-58
Lindgren et al. 54 M Shingles A few days 9+ months EMG, MRI Parsonage-Turner
(2019) syndrome
Oncel and 56 M BNT162b2 24 hours NR EMG, MRI Parsonage-Turner
Coskun (2022) (second dose) syndrome
Shields et al. 6 3 M | mRNA-1273 and | Not stated NR EMG Parsonage-Turner
(2022) patients [ 3 F | BNT162b2 syndrome

aged

36-84
Sinha and Gupta | 85 M Influenza 1 week NR MRI, EMG Parsonage-Turner
(2017) syndrome
VanLancker and | 29 M mRNA A few hours | NR EMG Brachial neuritis
Sheth (2022) COVID-19,

Influenza
Vitturi et al. 51 M ChAdOx1-S Onset of A few days EMG Brachial neuritis
(2021) symptoms
not reported

NOTES: BNT162b2 refers to the COVID-19 vaccine manufactured by Pfizer-BioNTech under the name Comirnaty®. mRNA-1273 refers to
the COVID-19 vaccine manufactured by Moderna under the name Spikevax®. ChAdOx1-S refers to the COVID-19 vaccine manufactured by
Oxford-AstraZeneca. EMG: electromyogram; F: female; M: male; MRI: magnetic resonance imaging; NR: not reported.

SOURCES: Bernheimer and Gasbarro, 2022; Chua et al., 2022; Coffman et al., 2021; Flikkema and Brossy, 2021; Fransz et al., 2014; Holmes
et al., 2019; Kang and Cho, 2022; Kawegere and Goldberg, 2022; Kim et al., 2021; Koh et al., 2021; Lindgren et al., 2019; Oncel and Coskun,
2022; Shields et al., 2022; Sinha and Gupta, 2017; VanLancker and Sheth, 2022; Vitturi et al., 2021.
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Evidence from Case Reports

A syndrome is defined by a collection of clinical signs and symptoms where the pathophysiology and cause
of a disease are poorly understood. PTS is no exception. The evidence reviewed by the committee is confined to
two case series, totaling nine patients, and 14 case studies (see Table 10-7). In the case series of six patients, all
of them reported symptoms after COVID-19 messenger ribonucleic acid (mRNA) injection (BNT162b2, mRNA-
1273), but when symptoms appeared was not reported in individual patients, making the timeline unknown (mean
duration of 17 days, with 5 days—8-week range) (Shields et al., 2022). In the case series of three patients, symptoms
appeared 4-25 days after mRNA injection (two BNT162b2 and one mRNA-1273) (Koh et al., 2021). In addition,
in nine case studies, symptoms appeared days to months after COVID-19 vaccination, the majority after mRNA
vaccines. In five case studies, symptoms appeared after vaccinations for influenza (n = 3), hepatitis B (n = 1),
and typhoid (n = 1)

From Evidence to Conclusion

The committee identified descriptions of PTS after vaccination in 23 people. In several cases, the onset of
symptoms was either not reported or months after several different kinds of vaccination. In addition, PTS appears
to be rare with a poorly understood pathophysiology; because of these issues, the evidence is limited to case studies,
and establishing cause and effect is difficult.

Conclusion 10-8: The evidence is inadequate to accept or reject a causal relationship between vac-
cine administration and Parsonage-Turner syndrome.

COMPLEX REGIONAL PAIN SYNDROME

Complex regional pain syndrome (CRPS), previously known as “reflex sympathetic dystrophy,” is a multifaceted
and often debilitating chronic condition that typically affects a limb, although it can spread to other parts of the body.
CRPS is characterized by persistent, intense pain, and a range of sensory, motor, and autonomic symptoms.

CRPS exhibits a diverse demographic profile. Its incidence varies widely across studies, estimated at 5-26
individuals per 100,000 per year (de Mos et al., 2007; Elsharydah et al., 2017; Ott and Maihofner, 2018; Sandroni
et al., 2003). Certain demographic variables have been associated with a higher risk, including being female and
of Caucasian ethnicity and having a higher socioeconomic status, a history of depression, headaches, or drug abuse
(Elsharydah et al., 2017). Conversely, diabetes, obesity, and hypothyroidism have been linked to lower rates of
CRPS Type 1 (Elsharydah et al.,2017; Harden et al., 2010). Evidence is quite limited in children. A scoping review
on CRPS in pediatric athletes (Moretti et al., 2021) identified twelve case studies and three case series implying
that sport-related injury may be a causal factor.

Diagnosis can be challenging, given no universally accepted standard. To enhance diagnostic accuracy, the
Budapest criteria, developed by Harden and colleagues in 2007 (see Table 10-8), have been used (Harden et al.,
2007; Kessler et al., 2020). They include a combination of clinical effects, including sensory, vasomotor, sudo-
motor/edema, and motor/trophic symptoms, and provide a standardized framework to aid health care providers,
promoting more consistent and accurate identification. The fourth criterion seems to indicate that CRPS is a
diagnosis of exclusion.

Mechanism of Injury

The pathological etiology remains complex and multifactorial. Although a definitive cause has not been estab-
lished, inflammation is considered a potential contributor. Research has indicated elevated levels of proinflammatory

> An IOM committee concluded that “the evidence favors acceptance of a causal relation between tetanus toxoid and brachial neuritis”
(IOM, 1994).
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TABLE 10-8 Budapest Criteria to Diagnose Complex Regional Pain Syndrome

1. Continuing pain that is disproportionate to inciting event

2. At least one sign in three of | Semsory: Hyperesthesia or allodynia

four categories by history Vasomotor: Temperature abnormalities/asymmetry, skin color changes/asymmetry
Sudomotor: Edema, sweating changes/asymmetry

Motor/trophic: Decreased range of motion; weakness; dystonia; hair, nail, or skin changes

3. At least one sign in two of Sensory: Evidence of hyperalgesia (to pinprick) and/or allodynia (to light touch and/or

four categories by exam temperature sensation and/or deep somatic pressure and/or joint movement)

Vasomotor: Evidence of temperature asymmetry > 1 degree C, skin color changes/asymmetry
Sudomotor: Evidence of edema, sweating changes, asymmetry

Motor/trophic: Evidence of decreased range of motion; weakness; tremor; dystonia; hair, nail,
skin changes

4. There is no other diagnosis that better explains the symptoms

SOURCES: Harden et al., 2007; Kessler et al., 2020.

cytokines and decreased levels of the anti-inflammatory protein interleukin (IL)-1RA, suggesting an inflammatory
component (Lenz et al., 2013). Trauma has also been implicated as a cause (Beerthuizen et al., 2012).

Evidence from Case Reports

Evidence reviewed by the committee on the association of CRPS with vaccination is confined to one database
study of 120 female vaccinees after HPV (Ozawa et al., 2017) and one after anthrax (Phillips et al., 2017) (see
Table 10-9). Unfortunately, the database study (Ozawa et al., 2017) had no report of treatment or outcome, and
patients reported onset of symptoms an average of 319 days after vaccination. Over such an extended period, many
confounding factors are likely. Another study (Naleway et al., 2023) assessed the incidence of CRPS involving
the upper extremity in individuals aged 9-30 years in a single integrated health system during three time periods:
2002-2006, before HPV vaccine licensure; 2007-2012, after licensure but before published case reports; and
2013-2017, after published case reports. Cases were identified using ICD-9/ICD-10 codes and text-based diagnoses

TABLE 10-9 Case Reports of Complex Regional Pain Syndrome After Vaccination

Symptom

Duration

Before
Author Age Sex Vaccine | Onset of Symptoms Evaluation Imaging Findings
Naleway et al. | 14 B HPV Same day as vaccination | 49 days NR CRPS
(2023)
Ozawa et al. Mean 13.6 £1.6 years; | 120 F | HPV 1 to 1,532 days (average | >8 months NR CRPS
(2017) range 11-19 319.7 + 349.3 days)
Phillips et al. 21 F Anthrax | 2 weeks >7 months EMG, MRI | CRPS
(2017)

NOTES: CRPS: complex regional pain syndrome; EMG: electromyogram; F: female; HPV: human papillomavirus; MRI: magnetic resonance
imaging; NR: not reported.
SOURCES: Naleway et al., 2023; Ozawa et al., 2017; Phillips et al., 2017.
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in the electronic health record. There was no difference in the incidence between these three time periods, and out
of the total of 113 verified cases identified, only one case was attributed by a practitioner to HPV vaccination.®

From Evidence to Conclusion

A syndrome is defined by a collection of clinical signs and symptoms where the pathophysiology and cause of
a disease are poorly understood. CRPS is no exception. The case descriptions in Table 10-9 include sufficiently long
times between vaccination and onset of symptoms to cloud interpretation of the role vaccination might have played.

Conclusion 10-9: The evidence is inadequate to accept or reject a causal relationship between vac-
cine administration and complex regional pain syndrome.
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Crosscutting Remarks

This chapter summarizes the conclusions made for each of the four COVID-19 vaccines under review and
then presents the conclusions, including those about shoulder injuries related to intramuscular administration of
any vaccine, by causal category. It offers a summary of information regarding evidence in children. Finally, it
identifies methodologic challenges the committee encountered during its review.

The committee makes 85 conclusions about the causal relationship or lack thereof between vaccines and
possible harms. Although it lacked evidence to establish, accept, or reject a causal relationship for many possible
harms, it identified sufficient evidence for 20 conclusions. It is not surprising that evidence is insufficient for the
majority; National Academies of Sciences, Engineering, and Medicine (National Academies) committees conduct-
ing similar reviews had similar results. The literature on the relationship between the four COVID-19 vaccines and
many of the adverse events in the Statement of Task is sparse, not directly applicable to the question of causality,
or conflicting or unconvincing due to study design problems, such as sample size limitations or case ascertain-
ment. Fortunately, important research that sheds light on both the benefit and the potential harms of COVID-19
vaccines is published regularly. As discussed in Chapter 1, the committee incorporated into its definitions of the
causal conclusions the understanding that further research may change a conclusion, although the committee thinks
it is unlikely for conclusions establishing causality.

Given that this review occurred shortly after vaccines were available, the information in this report is a snapshot
in time. New COVID-19 vaccines will be developed, and research will continue on many fronts. Understanding
causation is a dynamic process; conclusions are refined as information accumulates. For example, the evidence
reviewed in this report does not address real-world use in which many individuals received a “mix and match”
sequence (i.e., some with BNT162b2 for their primary series received mRNA-1273 as a booster). Many people
vaccinated for COVID-19 received other vaccines (e.g., influenza) simultaneously, and the effect of combined
vaccination is not yet well explored. Most of the evidence regarding COVID-19 vaccines was from the primary
series. Because children were among the last vaccinees, less evidence exists about them, especially for the youngest
age groups (see subsequent section). These areas pose great opportunities for future research.

COVID-19 VACCINE-SPECIFIC CONCLUSIONS
The committee was not charged to evaluate the benefits of COVID-19 vaccines. All conclusions must be

assessed in the context of the established harms of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
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infection and the well-documented benefits of COVID-19 vaccines in preventing those harms. Most of the evi-
dence the committee reviewed included BNT162b2 (see Box 11-1), which is not surprising, as it was the first
vaccine available in the United States and many other countries; mRNA-1273 quickly followed, and many studies
addressed it as well (see Box 11-2). The U.S. Food and Drug Administration (FDA) revoked the authorization of
Ad26.COV2.S, and the number of studies reflected that short availability (see Box 11-3). NVX-CoV2373 is the
most recently available vaccine in the United States—FDA issued an emergency use authorization (EUA) in July
2022 (FDA, 2022)—and the committee identified no epidemiological studies relevant to its review (see Box 11-4).

BOX 11-1
Conclusions Regarding BNT162b2

Conclusion 3-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and Guillain-Barré syndrome.

Conclusion 3-9: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and Bell’s palsy.

Conclusion 5-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and thrombosis with thrombocytopenia syndrome.

Conclusion 6-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and myocardial infarction.

Conclusion 6-5: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and ischemic stroke.

Conclusion 7-1: The evidence establishes a causal relationship between the BNT162b2 vaccine
and myocarditis.

Conclusion 9-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and female infertility.

For all other possible harms studied, the conclusion was that the evidence was inadequate to accept or
reject a causal relationship with the BNT162b2 vaccine.
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BOX 11-2
Conclusions Regarding mRNA-1273

Conclusion 3-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and Guillain-Barré syndrome.

Conclusion 3-10: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and Bell’s palsy.

Conclusion 5-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and thrombosis with thrombocytopenia syndrome.

Conclusion 6-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and myocardial infarction.

Conclusion 7-2: The evidence establishes a causal relationship between the mRNA-1273 vaccine
and myocarditis.

Conclusion 9-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and female infertility.

For all other possible harms studied, the conclusion was that the evidence was inadequate to accept or
reject a causal relationship with the mRNA-1273 vaccine.

BOX 11-3
Conclusions Regarding Ad26.COV2.S

Conclusion 3-3: The evidence favors acceptance of a causal relationship between the Ad26.COV2.S
vaccine and Guillain-Barré syndrome.

Conclusion 5-3: The evidence favors acceptance of a causal relationship between the Ad26.COV2.S
vaccine and thrombosis with thrombocytopenia syndrome.

For all other possible harms studied, the conclusion was that the evidence was inadequate to accept or
reject a causal relationship with the Ad26.COV2.S vaccine.

BOX 11-4
Conclusions Regarding NVX-CoV2373

For all possible harms studied, the evidence was inadequate to accept or reject a causal relationship with
the NVX-CoV2373 vaccine.
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The committee made separate conclusions for each vaccine, even if they were of the same platform. However,
the conclusions for the two messenger ribonucleic acid (mRNA) vaccines were almost identical:

¢ Evidence establishing a causal relationship with both vaccines and myocarditis;

e Evidence favoring rejection of a causal relationship between both vaccines and thrombosis with
thrombocytopenia syndrome (TTS), infertility, Guillain-Barré syndrome (GBS), Bell’s palsy (BP), and
myocardial infarction (MI) (numerous studies support the conclusions about GBS, BP, and MI; the evidence
for TTS and infertility was more limited but still suggested no effect); and

» Evidence favoring rejection of a causal relationship between BNT162b2 and ischemic stroke, but the evidence
was inadequate to accept or reject a causal relationship for mRNA-1273, as the data were more limited.

Despite the limited use of Ad26.COV2.S in the United States and a limited number of published studies, the
committee identified sufficient evidence to favor acceptance of a causal relationship with two specific adverse events,
TTS and GBS. The evidence bases for these two conclusions were very different. The conclusion about TTS relied
heavily on strong mechanistic evidence that vaccination induced anti-PF4 antibody to platelets in people with TTS.
Although the mechanistic findings for ChAdOx1-S were strong, it was not used in the United States. The similar,
although less striking, mechanistic findings with Ad26.COV2.S, combined with pharmacovigilance data, led the
committee to Conclusion 5-3: the evidence favors acceptance of a causal relationship between it and TTS. The data
supporting Conclusion 3-1 about GBS were based on strong epidemiological studies and pharmacovigilance data.

SHOULDER INJURY CONCLUSIONS

The committee concentrated on case reports as the primary source of analysis, evaluating individual cases to
arrive at the conclusions (see Box 11-5). Here, the committee was not limited to COVID-19 vaccines. The com-
mittee has examined evidence regarding shoulder injuries post-vaccination, exploring three potential mechanisms:
direct trauma from improper placement, injury following injection regardless of technique, and vaccine constituents
inducing harm, aiming to determine primary causative factors.

BOX 11-5
Conclusions Regarding Shoulder Injuries

Conclusion 10-1: The evidence establishes a causal relationship between vaccine administration
and subacromial/subdeltoid bursitis caused by direct injection into the bursa.

Conclusion 10-2: The evidence establishes a causal relationship between vaccine administration
and acute rotator cuff or acute biceps tendinopathy caused by direct injection into or adjacent to
the tendon.

Conclusion 10-3: The evidence favors rejection of a causal relationship between vaccine adminis-
tration and chronic rotator cuff disease.

Conclusion 10-6: The evidence establishes a causal relationship between vaccine administration
and bone injury caused by direct injection into or adjacent to the bone.

Conclusion 10-7: The evidence establishes a causal relationship between vaccine administration
and axillary or radial nerve injury caused by direct injection into or adjacent to the nerve.

For all other shoulder injuries studied, the conclusion was that the evidence was inadequate to accept or
reject a causal relationship.
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SUMMARY BY CAUSAL CATEGORY

The committee made six conclusions that the evidence establishes a causal relationship with vaccination (see
Box 11-6); the evidence fell into two broad categories. The conclusions regarding the mRNA vaccines, BNT162b2
and mRNA-1273, and myocarditis relied on large epidemiological studies that were consistent with well-supported
mechanistic evidence. Studies in animal models and ex vivo human samples show a connection between myocarditis
and the activation of immune pathways, such as Toll-like receptor 4/inflammasome/interleukin (IL)-1f3, triggered by
mRNA COVID-19 vaccines. In patients with vaccine-associated myocarditis, the spike protein has been detected in
myocardial tissue and is accompanied by elevated blood levels. The conclusions regarding certain shoulder injuries
after intramuscular vaccination (independent of type) relied heavily on numerous well-documented case reports and
a good mechanistic understanding that injection directly into certain areas of the shoulder could lead to injury.

The committee also made two conclusions that the evidence favors acceptance of a causal relationship for
Ad26.COV2.S and GBS and TTS (see Box 11-7). As described, the evidence bases for these two conclusions varied.

BOX 11-6
Conclusions for Which the Evidence Establishes a Causal Relationship

Conclusion 7-1: The evidence establishes a causal relationship between the BNT162b2 vaccine
and myocarditis.

Conclusion 7-2: The evidence establishes a causal relationship between the mRNA-1273 vaccine
and myocarditis.

Conclusion 10-1: The evidence establishes a causal relationship between vaccine administration
and subacromial/subdeltoid bursitis caused by direct injection into the bursa.

Conclusion 10-2: The evidence establishes a causal relationship between vaccine administration
and acute rotator cuff or acute biceps tendinopathy caused by direct injection into or adjacent to
the tendon.

Conclusion 10-6: The evidence establishes a causal relationship between vaccine administration
and bone injury caused by direct injection into or adjacent to the bone.

Conclusion 10-7: The evidence establishes a causal relationship between vaccine administration
and axillary or radial nerve injury caused by direct injection into or adjacent to the nerve.

BOX 11-7
Conclusions for Which the Evidence Favors Acceptance of a Causal Relationship

Conclusion 3-3: The evidence favors acceptance of a causal relationship between the Ad26.COV2.S
vaccine and Guillain-Barré syndrome.

Conclusion 5-3: The evidence favors acceptance of a causal relationship between the Ad26.COV2.S
vaccine and thrombosis with thrombocytopenia syndrome.
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The committee made conclusions favoring rejection of causality for 12 vaccine—adverse event relationships
(see Box 11-8). Although the committee concluded that the evidence establishes a causal relationship with Ad26.
COV2.S for GBS and TTS, it concluded that the evidence favored rejection with each of the mRNA vaccines.
This supports the understanding that vaccine platform distinctly influenced the adverse physiologic and immune
response. The committee also favored rejection of a causal relationship for the mRNA vaccines and several
other outcomes: female infertility, BP, and MI. The committee favored rejection of a causal relationship between
BNT162b2 and ischemic stroke but found that the evidence was inadequate to accept or reject a causal relationship
between mRNA-1273 and ischemic stroke. The evidence base varied widely for these conclusions. The committee
made one conclusion related to shoulder injuries, favoring rejection of a causal relationship for chronic rotator
cuff disease following vaccination with any vaccine.

BOX 11-8
Conclusions for Which the Evidence Favors Rejection of a Causal Relationship

Conclusion 3-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and Guillain-Barré syndrome.

Conclusion 3-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and Guillain-Barré syndrome.

Conclusion 3-9: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and Bell’s palsy.

Conclusion 3-10: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and Bell’s palsy.

Conclusion 5-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and thrombosis with thrombocytopenia syndrome.

Conclusion 5-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and thrombosis with thrombocytopenia syndrome.

Conclusion 6-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and myocardial infarction.

Conclusion 6-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and myocardial infarction.

Conclusion 6-5: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and ischemic stroke.

Conclusion 9-1: The evidence favors rejection of a causal relationship between the BNT162b2
vaccine and female infertility.

Conclusion 9-2: The evidence favors rejection of a causal relationship between the mRNA-1273
vaccine and female infertility.

Conclusion 10-3: The evidence favors rejection of a causal relationship between vaccine adminis-
tration and chronic rotator cuff disease.
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For most of the potential harms studied, the evidence was inadequate. Reasons for this include a paucity of
studies (e.g., capillary leak syndrome [CLS]), difficulty in diagnostic accuracy (e.g., tinnitus), or methodological
flaws, such as difficulty controlling for confounders. For some outcomes, the evidence was inadequate even given
a large body of literature because the studies had conflicting results (e.g., pulmonary embolism after mRNA
vaccination).

EVIDENCE IN CHILDREN

As noted in Chapter 1, potential vaccine-associated harms may differ in children and adults. For this reason,
the committee conducted an in-depth review of the literature on adverse events to vaccines against SARS-CoV-2
specifically in children (under 18 years of age). At the time of committee review, data were available only for
BNT162b2 and mRNA-1273. EUAs were later than for adults, and decreased uptake of vaccines in children, par-
ticularly those younger than 11, has led to far less data. Among the potential harms evaluated by the committee,
infertility is not relevant to the pediatric population and has not been studied in children.

Children Younger Than 12

Few data exist for any possible harm other than myocarditis in children younger than 12. For myocarditis,
surveillance studies of risk after COVID-19 vaccination have been conducted in children aged 5-11 (Walter et
al., 2022), in addition to the original randomized clinical trials (Creech et al., 2022), as noted in the chapter on
myocarditis. Multiple studies provide point estimates of risk (e.g., 1.3 cases per million children after the first dose
and 1.8 cases per million after the second dose in one systematic review evaluating risk after either BNT162b2
or mRNA-1273 [Simdes et al., 2023] or 1-5 cases per million according to the surveillance database used in a
study of BNT162b2 [Watanabe et al., 2023]). A Danish surveillance study after BNT162b2 estimated incidence at
4.8 cases per million and used historical background incidence data to calculate a vaccine-associated myocarditis
risk ratio of 4.6 (95% confidence interval: 0.1-156.1) (Hause et al., 2022). The absolute increase in risk from
BNT162b2 and mRNA-1273 in the 5-11 age group appears to be less than in the 12—17 years and young adult
age groups, but because of the epidemiological evidence, the magnitude of risk in this age group is uncertain.
Additional research could shed light on the risk in this age group.

Data are sparse on the risk of myocarditis after COVID-19 vaccine in children 6 months to 4 years. The largest
surveillance study, using the Vaccine Adverse Event Reporting System data, documented no cases of myocarditis
after 599,457 doses of BNT162b2 or 440,773 doses of mRNA-1273 (Hause et al., 2021). Data in children 6 months
to 4 years of age are insufficient to evaluate risk of myocarditis after COVID-19 vaccination, since myocarditis
is rare in this age group.

Data in children under 12 on the association of COVID-19 vaccines with immune-mediated mechanisms (TTS,
immune thrombocytopenic purpura. CLS), neurologic syndromes (GBS, chronic inflammatory demyelinating
polyneuropathy, BP, transverse myelitis), postural orthostatic tachycardia syndrome (POTS), sensorineural hear-
ing loss or tinnitus, sudden death, or thromboembolic events (MI, ischemic stroke, hemorrhagic stroke, deep vein
thrombosis, pulmonary embolism, venous thromboembolism) are limited to small observational studies, case series,
and case reports. In some cases, no data are available at all. The paucity of data on most adverse events in children,
particularly children <12 years of age, highlights both the poor immunization rates in children, an equity issue that
is important to address with improved access to COVID-19 vaccines for children, and the need for further study
of acute and long-term adverse events after COVID-19 vaccination in children.

Children Older Than 12

More data are available on potential harms in children 12+ than in those younger. As outlined in Chapter 7,
substantial data are available on the risk of myocarditis in children 12+ and show an increased risk of myocarditis
for boys. Findings are summarized in that chapter; for example, in the systematic review Living Evidence Synthesis
conducted by the Canada’s Strategy for Patient-Oriented Research, findings from 16 studies of children 12—-17
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years old provided an estimated range in boys of 13—-390 cases per million, all estimates above population norms,
but the range for girls was 1-50 cases per million (Su, 2021). The findings in children 12—17 are consistent with
findings in adults of increased risk of myocarditis, particularly in boys.

For a number of other potential harms, data in large surveillance studies include children 12+ and adults,
but pediatric-specific findings on potential harms were not analyzed. For example, some studies of neurologic
outcomes included children 12-17, but none described findings specific to children. Similarly, a large study of
multiple immune-mediated, thromboembolic, and neurologic outcomes included children 12—17 but did not include
age-specific risk estimates (Hause et al., 2022). For these outcomes, multiple studies included individuals 16+, as
outlined in the previous chapters, but made no separate evaluation of them. Data on chronic headache, POTS, or
sudden death in association with the COVID-19 vaccine in children 12+ were limited to case reports.

The data reviewed highlight the paucity of information specifically in children on possible harms after
COVID-19 vaccination. Because so little data are available for children, particularly those under 12, for most of
the harms reviewed, and because of the insufficient time or immunization of younger children to detect infrequent
harms, including harms that are infrequent or nonexistent in adults, ongoing and future pharmacovigilance and
epidemiology studies will produce more definitive data on the risk and relative incidence of harms.

Shoulder Injuries in Children

Data on shoulder injury, as summarized in Chapter 10, are largely limited to case reports or small case series.
Among specific shoulder injury diagnoses, pediatric case reports of the potential harm after vaccination were not
found for subacromial/subdeltoid bursitis, axillary or radial nerve injury, bone injury, acute rotator cuff injury,
or septic arthritis, suggesting that these are very rare in children. Pediatric cases or case series were reported for
Parsonage-Turner syndrome, adhesive capsulitis, and complex regional pain syndrome after vaccination did not
provide sufficient evidence for conclusions regarding risk.

CONCLUDING REMARKS

The COVID-19 pandemic resulted in voluminous research in many disciplines on many topics by many
investigators conducted very quickly. Many factors complicated this research. Vaccines were approved or autho-
rized for use at different times for different populations in different countries. Older people were among the first
groups to receive the vaccine; they often have comorbidities that could have put them at risk for health problems
simply concurrent with vaccination. The communities being vaccinated had widespread SARS-CoV-2 infection,
so that few studies were able to exclude patients with an infection that occurred simultaneously with vaccination.
Thus, some of the conditions might reflect harms from infection rather than vaccination. Epidemiological patterns
of non-COVID-19 infections changed dramatically during the early days of the pandemic and the vaccination
campaigns due to social distancing and other public health interventions. See the discussion on GBS in Chapter 3
as an example. This complicates the use of historical controls in some studies. Many publications report surveil-
lance findings, which do not use comparison populations. Rather, comparisons are made to historical trends, not
a true contemporaneous unvaccinated population. Other methodologic limitations in many of the studies include
challenges in confirming vaccine receipt and in diagnostic validity.

Many studies reviewed by the committee in this report were not initiated to support causal inference reviews
such as this. Thus, although a particular paper might have had limited utility to this committee, it likely has rel-
evance and immense purpose to others. The committee appreciates the work of the researchers and participants
involved in these studies often under the very difficult circumstances of an ongoing public health emergency and
hopes that the information and conclusions in this report are useful to the vaccine research community at large.
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Public Meeting Agenda

COMMITTEE TO REVIEW RELEVANT LITERATURE REGARDING
ADVERSE EVENTS ASSOCIATED WITH VACCINES

The Keck Center, 500 Fifth Street, NW
Washington, DC 20001

Thursday, March 30, 2023
12:00-12:05 ET Welcome
George J. Isham, M.D., M.S., Committee Chair
12:05-1:15 Public comment period for preregistered attendees

1:15 OPEN SESSION ENDS
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