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Abstract

Although COVID-19 is predominantly a respiratory disease, it is known to affect multiple organ systems. In this article,
we highlight the impact of SARS-CoV-2 (the coronavirus causing COVID-19) on the central nervous system as there
is an urgent need to understand the longitudinal impacts of COVID-19 on brain function, behaviour and cognition.
Furthermore, we address the possibility of intergenerational impacts of COVID-19 on the brain, potentially via both
maternal and paternal routes. Evidence from preclinical models of earlier coronaviruses has shown direct viral infiltration
across the blood-brain barrier and indirect secondary effects due to other organ pathology and inflammation. In the
most severely ill patients with pneumonia requiring intensive care, there appears to be additional severe inflammatory
response and associated thrombophilia with widespread organ damage, including the brain. Maternal viral (and
other) infections during pregnancy can affect the offspring, with greater incidence of neurodevelopmental disorders,
such as autism, schizophrenia and epilepsy. Available reports suggest possible vertical transmission of SARS-CoV-2,
although longitudinal cohort studies of such offspring are needed. The impact of paternal infection on the offspring
and intergenerational effects should also be considered. Research targeted at mechanistic insights into all aspects of
pathogenesis, including neurological, neuropsychiatric and haematological systems alongside pulmonary pathology, will
be critical in informing future therapeutic approaches. With these future challenges in mind, we highlight the importance
of national and international collaborative efforts to gather the required clinical and preclinical data to effectively address
the possible long-term sequelae of this global pandemic, particularly with respect to the brain and mental health.
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Introduction

COVID-19 illness is caused by the cor-
onavirus, SARS-CoV-2, and is pro-
posed to have evolved via mutation of
a virus originally reported in horseshoe
bats, with pangolins as a putative inter-
mediate species. Although COVID-19
is predominantly a respiratory illness,
extrapulmonary manifestations are
increasingly recognised, including co-
morbid neurological, neuropsychiatric,
neurodevelopmental and coagulation
complications (Gupta et al,, 2020). A
particular challenge in this regard has
been the rapid growth in scientific lit-
erature, often in the form of case
reports and clinical experiences. Since
the range of clinical features have not
been well established, such reports are
important in identifying new clinical
manifestations and therefore patho-
logical mechanisms of action that may
lead to novel and effective treatments.
However, caution is required inter-
preting the numerous reports and as
such we have not included studies that
are yet to undergo peer review.

Epidemiology of the illness

COVID-19 illness typically develops
with the onset of fever, dry cough and
shortness of breath. Asymptomatic
carriers, combined with lack of physi-
cal distancing, or social crowding, can
contribute to super-spreading events
and exponential growth of the conta-
gion. The median incubation period is
around 5 days, with 4-5 days between
illness onset and medical presenta-
tion, and 9days to hospitalisation (Li
et al,, 2020a).

Global COVID-19 cases have sur-
passed |7 million, with close to over
670,000 fatalities (31 July 2020) within
the first 7months of the pandemic.
Several factors contribute to this
growth including a high reproduction
number (R;), estimated between 2 and
4 but which can be reduced with appro-
priate measures. 80% of presentations
appear to be mild, 15% requiring hospi-
tal care (usually for pneumonia) and 5%
needing intensive care (Thevarajan

et al, 2020). The World Health
Organization (WHO) estimated a
crude mortality ratio of 3-5% globally,
compared with 0.1% for influenza. Case
fatality rates (CFRs) are higher in men
by 66% and increase dramatically with
age (<0.5% under 50, rising to 1.3% in
50s and 14.8% by 80s; Verity et al,
2020). Medical comorbidities including
hypertension, diabetes and obesity also
increase the risk of multiple organ fail-
ure and increase mortality and morbid-
ity. Those with cardiovascular com-
plications have a disproportionately
poor outcome, possibly due to the
downregulation of ‘angiotensin convert-
ing enzyme 2’ (ACE2) receptors in vari-
ous systems, leading to cytokine storm
and prothrombotic states. The latter
may be involved in vascular and throm-
botic events beyond the lung, including
the central nervous system (CNS).

Clinical reports indicate that,
although SARS-COV-2 predominantly
affects the respiratory system, it has
complex and poorly understood effects
on multiple organ systems, including the
CNS (Gupta et al., 2020). This includes
clusters of neurological symptoms (in
36-84% of cases) such as loss of smell
and taste, headaches, fluctuating con-
sciousness and encephalopathy, throm-
bosis and stroke, particularly in severe
illness. Additionally, the Centers for
Disease Control and Prevention (CDC)
data report more severe outcomes for
pregnant COVID-19-positive women
compared to non-pregnant women
31.5% vs 5.8% (www.cdc.gov/mmwr/vo
lumes/69/wr/mmé6925al.htm). We review
below the evidence from human and
animal studies for neurological and neu-
ropsychiatric manifestations of COVID-
19 and, while data are limited, we
discuss the possible neurodevelopmen-
tal impact of COVID-19 in pregnancy
and early brain development.

Neurological and
neuropsychiatric features
of COVID-19

The evidence for CNS involvement in
human coronavirus (HCoV) infections

is largely derived from case reports of
coronavirus family viruses causing
Severe Acute Respiratory Syndrome
(SARS) and Middle-East Respiratory
Syndrome (MERS), both of which have
high fatality rates. These studies
reported a range of neurological symp-
toms, including seizures, altered con-
sciousness, focal motor deficits, strokes
and encephalitis. They also identified
brain scan changes and evidence for
viral genetic material in cerebrospinal
fluid (CSF) and post-mortem brains
(Cheng et al., 2007). In a systematic
review of neuropsychiatric complica-
tions of severe coronavirus infections
(including SARS and MERS), Rogers
et al. (2020) noted few psychiatric
sequelae of these infections. They iden-
tified delirium, agitation and altered
consciousness due to COVID-19 and
highlighted the need to monitor for
psychiatric symptoms post-recovery.

Almost two-thirds of patients with
SARS-CoV-2 are reported to manifest
loss of smell (anosmia) and/or loss of
taste (ageusia) as a presenting symp-
tom (Table ). These symptoms per-
sist longer than other symptoms.
Recognition of such symptoms could
aid in rapid identification and case iso-
lation. While evidence from animal
studies in other SARS-CoV CNS
infections implicated the olfactory
pathway as a potential portal to the
brain (Wu et al,, 2020), another study
in SARS-CoV-2 suggested the olfac-
tory epithelium rather than the olfac-
tory nerve is involved (Kerslake et al.,
2020). Further studies to assess pos-
sible neuroinvasive effects of SARS-
CoV-2 are needed, as this may result
in direct neurological and neuropsy-
chiatric sequelae affecting the orbito-
frontal cortex, hippocampus and
amygdala that connect directly with
the olfactory nerve.

There are numerous (and rapidly
evolving) case series and case reports
being published from across the world,
predominantly from the Northern
Hemisphere where the cases have
been high (see Table I). It is clear that
neurological complications occur more
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commonly than initially thought and
estimates range from 36% to 84%
(e.g. Helms et al. and Mao et al, see
Table I). In those with more severe ill-
ness, these neurological complicationsin-
clude impaired consciousness, immune-
mediated neuropathies, encephalopa-
thies and large-vessel strokes. A recent
systematic review (Ghannam et al,
2020) showed that COVID-19-related
neurological complications were asso-
ciated with poorer outcomes or death
in 43.9% of cases, with cerebrovascular
insults being most prevalent (49%). Of
those with cerebrovascular complica-
tions, there were raised procoagulation
parameters such as D-dimer levels
(>80%), C-reactive protein (57%) and
fibrinogen (28.5%). Indeed, evidence
suggests that thrombosis affecting mul-
tiorgan systems is associated with
poorer outcomes (Gupta et al., 2020).
Importantly, pulmonary thromboses,
including in the microvasculature, may
also explain the so-called ‘happy-hypox-
ics’ (Couzin-Frankel, 2020). Others
have suggested that an apparent uncon-
cern regarding low oxygen levels results
from viral CNS involvement of the
medullary cardiorespiratory centre (Li
et al., 2020b).

Encephalopathy in COVID-19 may
be a direct viral effect due to neuro-
invasion, an immune-mediated pathol-
ogy triggered by the virus, indirect
immunopathology due to blood-brain
barrier dysfunction, or a combination
of all three. A recent COVID-19 post-
mortem study identified evidence of
inflammation and neuronal loss but
did not confirm virus infiltration (Von
Weyhern et al,, see Table I). Magnetic
resonance imaging (MRI) in COVID-
|9 patients may allow early identifica-
tion of neurological involvement or
allow differentiation of true neuro-
logical involvement from toxic and
metabolic CNS effects in severely
affected COVID-19 patients. Lumbar
puncture CSF examinations have tended
to give negative results (Table 1), but
should be considered in severe cases.
Only one study mentioned the pres-
ence of a dysexecutive syndrome,
though the measures used were

rudimentary (Helms et al., see Table I).
It is likely that neurological and possi-
ble neuropsychiatric complications
will become clearer as more patients
recover.

Early reports of increasing mental
health problems following COVID-19
infections have been further substan-
tiated by a systematic review (Rogers
et al, 2020) reporting an increased
incidence of depression, anxiety,
fatigue and insomnia following coro-
navirus infections. The findings were
limited by poor methodological issues
due to lack of pre-infection assess-
ments and lack of control groups.

Intriguingly, there is emergence of
more  complex  neuropsychiatric
symptoms such as changes in behav-
iour and psychosis in those who are
COVID-19 positive. Therefore, it will
be imperative to systematically docu-
ment frontline clinician observations
of neurological and neuropsychiatric
sequelae and to follow such cases lon-
gitudinally. CNS effects involving dis-
rupted behaviour and cognition in
affected adults and children (particu-
larly during critical periods of child-
hood maturation and adolescence)
may later lead to mental disorders
with long-term sequelae.

SARS-CoV-2 mechanisms
for neural injury — how
animal models inform
treatment strategies

Mammalian studies indicate SARS-
CoV-2 is similar to other coronaviruses
and enters the cell via ACE2 receptors
after priming by transmembrane serine
protease 2 (TMPRSS2) targeting the
viral spike (S) protein (Hoffmann et al.,
2020). Limited data indicate genetic
variations in ACE2 and TMPRSS2 may
be important in variable susceptibility
to SARS-CoV-2, across ethnicities and
gender (with higher expression in men).
Neural injury caused by COVID-I9
may result from direct neuronal inva-
sion, haematogenous entry (virus-con-
taining immune cells) or secondary to
local and systemic inflammatory

changes. ACE2 binding affinity for
SARS-CoV-2 is [0-fold higher com-
pared to SARS-CoV despite it using a
conserved mechanism, highlighting its
enhanced infectivity and transmissibil-
ity. In the CNS, ACE2 receptors are
expressed in the spinal cord, cortex,
hippocampus, cerebellum and other
brain regions. However, serine pro-
tease TMPRSS2, which is also required
for SARS-CoV-2 entry to cells, is only
weakly expressed in brain (Uhlén et al.,
2015).  Furthermore, ACE2 and
TMPRSS2  showed substantial co-
expression in the olfactory epithelium
compared to olfactory neuronal cells
(Kerslake et al,, 2020). While more
studies need to examine the issue of
direct viral effects on the CNS, these
findings might suggest that direct viral
infiltration is not be the main mecha-
nism of CNS damage. Rather, the
majority of CNS complications may
result from secondary mechanisms,
such as respiratory distress, hypoxia,
thrombosis and neuroinflammation.
Animal studies may inform our
understanding of the pathophysiology
of CNS involvement in SARS-CoV-2
infections, in addition to human cellu-
lar models that are being developed.
Mice, hamsters, ferrets and non-
human primates have been used, with
mice as the most pragmatic preclinical
models (Cockrell et al., 2018). Mice
transgenic for the human ACE2
(hACE2) gene, encoding the primary
SARS-CoV receptor, represent a use-
ful tool as they are susceptible to the
virus. Potential treatment strategies
in these animal models include target-
ing pre-treatment with pan-coronavi-
rus fusion inhibitors and inhibitors of
TMPRSS2. ACE2 downregulation sec-
ondary to SARS-CoV-2 viral spike (S)
protein binding is one mechanism that
may contribute to neuroinflammation
(Hoffmann et al, 2020), as well as
inflammation in other organs including
lung and heart, with recombinant
ACE?2 able to ameliorate tissue injury.
ACE2 is an important part of the
renin—angiotensin  system  (RAS)
responsible for metabolising Ang Il to
Ang-(1-7), with the latter providing a
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sympatholytic and antihypertensive
effect that is protective in neuronal
injury. Dysregulation of this system in
COVID-19 infection contributes to
ischemic brain injury by promoting
small-vessel hypoperfusion and arte-
rial atherothrombosis.

Severe COVID-19 infection leads
to activation of microglia and mac-
rophages with release of cytokines
and chemokines, which may explain
the hyperactive immune response
observed. The resultant systemic in-
crease in pro-inflammatory cytokines
may contribute to presenting symp-
toms of headache, arthralgia and fever
and in more severe cases to delirium,
paresis and seizures. These systemic
inflammatory and pro-coagulant changes
in SARS-CoV-2 infection will vary
with host factors such as ACE2 recep-
tor expression, vascular risk factors
and prothrombotic states. ACE2
receptor gene expression is lower in
males and decreases with age and dia-
betes (Brufsky, 2020). These factors
will exacerbate the downregulation of
ACE2 by SARS-CoV-2 binding and
correlate with severity of illness and
mortality.

Alterations in the coagulation path-
way are common in SARS-CoV-2 infec-
tion, portend a poor prognosis and likely
represent the crossroads between the
coagulation pathway and the immune
response. Elevated D-dimer (indicative
of fibrinolysis), prolonged prothrombin
time with a preserved activated partial
thromboplastin time (APTT) and ele-
vated fibrinogen are most commonly
observed. The coagulation changes
reflect infllmmation-induced changes
in endothelial cells (which express
ACE?2), endotheliitis secondary to viral
infection and result in capillary micro-
thrombi that may cause small-vessel
ischemic change in organs, such as
lungs and brain. In severe infection, large
vessel arterial occlusion-led stroke can
affect multiple territories with evidence of
positive lupus anticoagulant in five of six
patients with stroke (Beyrouti et al., see
Table 1); however, the criteria for
antiphospholipid syndrome, an autoim-
mune hypercoagulable state, were not

met and the pathogenic role of this
inhibitor was unclear. The overlapping
host inflammatory response and
inflammatory milieu created by SARS-
CoV-2 induced low ACE2, and reduced
host mobility because of the illness, are
likely to contribute to the increased
cases with cerebral, pulmonary and
other organ thromboses.

Vertical transmission,
maternal immune
activation and
intergenerational impact

The global nature of the COVID-19
pandemic raised concern for pregnant
women across the world regarding
the outcomes of SARS-CoV-2 infec-
tions, as the effects on mothers and
foetuses (including long-term neu-
rodevelopmental impacts) are largely
unknown.

There are three main considera-
tions for a developing foetus: (1) ver-
tical transmission of the disease from
the mother, (2) the prenatal effects of
maternal systemic infection on the
foetus, and (3) the possible effects on
placental functioning and consequent
pregnancy outcomes. The presence of
ACE?2 receptors in the placenta sug-
gests potential for such transmission.
Details of studies reporting on this
issue are outlined in Table I, with
some initial studies reporting no evi-
dence of vertical transmission and
some reports of positive cases in neo-
nates emerging more recently.

Most studies addressing this issue
are case reports or case series, as
would be expected for a disease that
has affected humanity for less than a
year, while some have attempted sys-
tematic reviews and meta-analyses
trying to incorporate heterogeneous
methods and findings. One such meta-
analysis of 108 pregnancies (Zaigham
and Andersson, 2020) concluded that
vertical transmission could not be
excluded. While most such studies did
not include testing for coronavirus,
those that included testing suggest this
possibility. Several studies have found

that reverse transcriptase—polymerase
chain reaction (RT-PCR) tests pro-
duced positive results in the infant.
While some studies did not find evi-
dence for a positive test, they did
identify elevated cytokines, particu-
larly interleukin (IL)-6 as well as IgM
and IgG antibodies (summarised in
Table 1). While IgG antibodies and
cytokines may passively cross the pla-
cental barrier, I1gM due to its larger
molecular structure usually does not,
which indicates antibodies were likely
produced by the infant in response to
in utero SARS-CoV-2 infection. These
findings (although only case reports)
may suggest that foetal infection with
SARS-CoV-2 had occurred earlier in
pregnancy, resulting in the foetus
developing antibodies. Furthermore,
one French study by Nathan and col-
leagues (see Table I) reported five
infants below age 3 months with con-
firmed COVID-19 presenting with
neurological symptoms, raising impor-
tant questions about how they became
infected. Although their parents
showed symptoms of mild infection
they were unfortunately not tested.

Irrespective of vertical transmis-
sion, maternal infection could lead to
neurodevelopmental changes in the
foetus. Schizophrenia incidence rates
have risen following previous influ-
enza epidemics and a range of viral
and bacterial maternal infections are
associated with neurodevelopmental
abnormalities in the offspring, espe-
cially with infection in early pregnancy
(Meyer, 2019). These infections poten-
tially trigger maternal immune systems
releasing a cascade of cytokines and
chemokines (e.g. tumour necrosis fac-
tor [TNF]-a, IL-6) and other immune
alterations that may be transmitted to
the foetus. Also, critically ill pregnant
women are at risk of placental hypoxia,
compromising foetal oxygen supply
that can lead to restricted growth and
arrested brain development.

We also have a greater under-
standing from clinical and preclinical
models such as maternal immune acti-
vation (MIA) in rodents that maternal
neuroinflammatory challenges (e.g. with
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influenza viruses), particularly during
critical trimesters, can lead to signifi-
cant neurodevelopmental changes in
the foetus and alter neurodevelop-
mental trajectories (Meyer, 2019).
Such preclinical models have informed
the pathogenic mechanisms of various
neurodevelopmental disorders, par-
ticularly schizophrenia and autism
spectrum disorder (ASD). As observed
in these models of maternal infection,
similar increases in cytokines are also
observed during coronavirus infec-
tion, and these factors could contrib-
ute to increasing vulnerability and
predisposition to mental illnesses in
the years to come.

A number of viruses are known to
affect the developing foetus. A recent
review (Yockey et al., 2020) summa-
rises the mechanisms involved, includ-
ing effects relevant to each trimester,
direct effects of viruses reaching the
foetus and impact of maternal and
foetal immune activation. A number
of risk factors are described by Meyer
(2019) relevant to immune activation
including low maternal iron and anae-
mia, gestational diabetes and maternal
stress, which raise important issues in
relation to COVID-19 infection in
pregnancy. While the available evi-
dence suggests there are no gross
abnormalities in neonates of mothers
who were COVID-19 positive (cf.
Zika and cytomegalovirus), more data
are needed.

Furthermore, long-term effects in
these children may not be evident for
years, particularly as the peak inci-
dence for many psychiatric disorders
with neurodevelopmental origins is in
late teens or early adulthood. This
hypothesis is currently speculative;
extensive evidence from other viral
infections affecting pregnancy and off-
spring outcomes suggests that appro-
priate longitudinal cohort studies and
preclinical models need to be estab-
lished. Animal models provide viable
tools, with shorter time frames for
their developmental trajectories,
which could provide a ‘fast-forward’
view of potential impacts on future
generations. These intergenerational

and possibly transgenerational propa-
gative effects could include a range of
phenotypic impacts including increased
predisposition to neurological, neu-
ropsychiatric and neurodevelopmen-
tal disorders.

While there is justifiable focus on
maternal infection, evidence from at
least one other infectious disease
indicates the potential intergenera-
tional epigenetic effects of paternal
infection. The first evidence that a
pathogenic infection preconception
(Toxoplasma gondii) in males can
induce phenotypic changes in off-
spring was recently generated in a
mouse model (Tyebji et al.,, 2020) and
the impacts on behaviour were both
intergenerational (affecting offspring)
and transgenerational (affecting grand-
offspring). A recent publication (Table 1)
has detected SARS-CoV-2 presence
in semen samples suggesting the pos-
sibility of transmission from paternal
infection to offspring.

Further high-quality studies evalu-
ating the effects of maternal and
paternal infection on the offspring and
establishing clinical cohort studies to
follow up this population would be
essential in understanding the risks
SARS-CoV-2 poses. Such research
could inform prevention and treat-
ment of negative intergenerational
impacts on offspring.

Treatment strategies

The field is racing to identify promis-
ing treatments and vaccines. Treat-
ments relevant to neurological and
neuropsychiatric sequelae could include
dealing with severe inflammatory re-
sponses, thromboses and underlying
comorbidities (including hypertension
and diabetes). While a review of these
treatments is beyond the scope of
this article, further information rele-
vant to current approaches to treat-
ments has been established by the
NC-IUPHAR (the nomenclature com-
mittee of the International Union of
Basic & Clinical Pharmacology; www.
guidetopharmacology.org/cor
onavirus.jsp) and an up-to-date list of

current trials can be found at the
ClinicalTrials.Gov website (https://bit.
ly/2SkDe7Q).

Conclusions and ways
forward (Box I)

As COVID-19 cases increase globally
and lockdown measures ease across
many countries, we are already witness-
ing ‘second waves’ of infection. It is
imperative that we utilise collaborative
networks to systematically document
neurological and neuropsychiatric clinical
manifestations of patients with COVID-
19 (eg. CoroNerveStudies Group),
which will assist in managing the illness
longer term, as proposed by colleagues
(Holmes et al., 2020) who mapped out
the research priorities for the pan-
demic. This includes characterising clini-
cal phenotypes, short- and long-term
sequelae, response to treatments and
ultimately the morbidity and mortality
caused by CNS involvement. Detection
of COVID-19 viral signatures in autop-
sies and brain tissue sampling will con-
clusively establish the effects of the
virus on the CNS. Imaging will play a
key defining role in providing diagnos-
tic precision and/or early detection of
neurological manifestations, assisting
treatment decisions and improving un-
derstanding of pathogenesis.
Observations of unusual behav-
ioural and psychiatric symptoms in
those recovering will also be impor-
tant. If the virus enters the CNS via
the olfactory nerve or other routes,
which is not clearly established at this
stage, it has the potential to cause
neuropsychiatric and neurological
complications. This may include loss
of inhibitory control, apparent uncon-
cern, loss of normal fear and anxiety,
and social disinhibition. Cognitively,
we might expect impacts on inhibi-
tory control systems, executive func-
tions and memory. Anecdotal evidence
from reports by clinicians (mainly gen-
eral practitioners) suggests such
behaviours were observed, especially
an apparent lack of concern or appre-
ciation of the seriousness of symp-
toms, leading to sudden death in some
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Box I|. Summary and ways forward.

Key findings

Anosmia and ageusia are important early signs of infection, often before other respiratory symptoms.
Neurological manifestations of COVID- 9 infection are increasingly reported.
Thromboses may be secondary to a severe inflammatory response, resulting in strokes and other thrombotic events in multiple

organs.

Behavioural and cognitive changes may be secondary to CNS involvement, but require longitudinal study.

Possible vertical transmission. RT-PCR tests in neonates may be negative especially if infection occurred days to weeks prior to
birth; however, antibody testing may be key to infection identification.
Maternal and possible paternal transmission needs further exploration.

Limitations

Rapid publications, cross-sectional or retrospective data limited, poor methodological quality and rigour make generalisability

difficult.

Limited testing and detection underestimate prevalence of neurological and neuropsychiatric complications.
Lack of adequate data on vertical transmission and possible neurodevelopmental impacts.

Lack of data in high-risk groups, including severely mentally ill and those with disability.

Ways forward

Establishing database resources to gather reports in the first instance.
CoroNerve surveillance survey established in the United Kingdom (www.rcpsych.ac.uk/members/your-faculties/
neuropsychiatry/coronerve-surveillance-survey).

Resource being established in Australia.

Establishing cohorts to be followed longitudinally.
Including behavioural, cognitive and imaging analysis.

Recruitment of cohorts of adults and children to assess neurodevelopmental impacts.

Postmortem brain bank of positive cases to assess impact of the virus on the CNS.
Testing for SARS-CoV-2 is a critical factor in determining relevance of these and other symptoms.

CNS: central nervous system; RT-PCR: reverse transcriptase—polymerase chain reaction; SARS: Severe Acute Respiratory Syndrome.

patients. This raises important ques-
tions about possible direct CNS
effects and their likely role in the high
mortality observed.

The fact that the spatial and temporal
progress of this pandemic has been
mapped in unprecedented detail will
allow the establishment of crucial longi-
tudinal studies, including birth cohorts.
Thus, it will be important to closely
monitor the outcomes of children born
to mothers infected prior to, and during,
pregnancy. Furthermore, we suggest
that the health outcomes of children
whose fathers were infected prior to
conception should also be monitored.
Coronaviruses belong to a large family
with extensive animal reservoirs and
potential to make the leap to humans.
This is unlikely to be the last pandemic
humanity has faced and future pandemics
caused by viruses (and other pathogens)
with higher infectivity and mortality may
be even more severe. Initiatives such as
the Caoalition for Epidemic Preparedness
Innovations (CEPI) and other concerted

international research efforts must be
maintained, fully resourced and sup-
ported if we are to gain an advantage in
this battle to protect, and optimise,
global health and prosperity.
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