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Educational aims

The reader will:

� Realize how little we know about the spectrum of disease of COVID-19 in children.
� Understand modes of SARS-CoV-2 transmission and the resulting infection control polices.
� Know when to suspect COVID-19 in a child and how to confirm the diagnosis.
� Be able to provide parents with an accurate assessment of the prognosis and treatment options if their child has COVID-19

infection.
� Be aware of possible scenarios for how this pandemic may evolve.
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COVID-19 is a coronavirus responsible for a global pandemic that started in China in December 2019 and
has quickly spread to almost all countries. Approximately 2% of cases are diagnosed in children. There is
increasing evidence for transmission by asymptomatic or presymptomatic adults and children. The clin-
ical features do not differ from those of other respiratory viral infections, although rare cases manifest an
unusual rash involving the digits. Disease is generally mild in children but deaths have been reported.
Risk groups for severe disease in children are yet to be delineated. All treatments remain experimental.

� 2020 Elsevier Ltd. All rights reserved.
INTRODUCTION lation of the latter two viruses is presumed to be because asymp-
COVID-19 is a respiratory infection caused by SARS-CoV-2, a sin-
gle stranded RNA betacoronavirus first detected inWuhan, China in
December, 2019[1]. Like all human coronaviruses, this virus almost
certainly originated in bats and spread to humans via an animal, in
this case possibly the pangalon[2] at a live animal market. Four
other coronavirus (229E, OC43, NL63, and HKU1) circulate world-
wide year-round but with increased case numbers in winter and
spring in temperate climates [1]. These four viruses typically cause
mild respiratory tract infections in children and adults. Severity is
somewhat comparable to rhinovirus infection; paediatric hospital-
ization is far less common thanwith influenza or respiratory syncy-
tial virus (RSV) infection. SARS-CoV-1, presumed to spread to
humans from civet cats, circulated in 2003 only with 9% mortality
[3]. Middle East Respiratory syndrome (MERS), thought to spread
to humans from camels, has circulated primarily in Saudi Arabia
since 2012with a startling 34%mortality rate [3]. The limited circu-
tomatic or mild infection is rare. Infected people are too ill even
early in the course of infection to go out in public so generally infect
only household contacts or health care workers (HCWs). Con-
versely, with SARS-CoV-2, many infected people are asymptomatic
or presymptomatic yet have a viral load in the upper respiratory
tract comparable to that of symptomatic patients [4,5]. This renders
contact tracing problematic, enabling the virus to spread to at least
187 of the 195 countries on the planet byMay 11, 2020. It is difficult
to determine the effectiveness of school closures, bans on public
gatherings, universal use of masks and other public health policies
on spread of the virus due to variations in testing algorithms, the
date on which SARS-CoV-2 became endemic in a country, the pro-
portion of people already infected when policies were put in place
and the level of compliance with these policies.
TRANSMISSION OF SARS-COV-2

Transmission of SARS-CoV-2 is thought to occur only by contact
with either fomites or large droplets. Each infected person infects
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Fig. 1. Appearance of hands in a child with proven COVID-19 on day 10 of
respiratory symptoms.
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an estimated 5.7 others ((the R0 (pronounced R naught) of the
virus)) [6]. In an experiment with RSV, infection occurred with
inoculation of the eyes or nose but not the mouth of volunteers
[7]. These two routes of infection likely account for all cases of
COVID-19 although it remains possible that entry of SARS-CoV-2
via the mouth leads to infection.

A vital measure to prevent spread by contact is to ensure that
one’s hands are clean before touching one’s face after touching a
person (since anyone can have asymptomatic COVID-19) or when
in an environment where there could be SARS-CoV-2 on fomites
(such as doorknobs or handrails). Although SARS-CoV-2 can be
detected for days on fomites [8], it is not known for how long this
is viable or transmittable virus. Virus can sometimes be detected in
stool even after the infected person has negative respiratory spec-
imens [9] but it is not known whether infection ever occurs from
contact with feces or aerosolization from toilets.

With regard to spread by large droplets, when an infected
symptomatic or asymptomatic person coughs, sneezes, spits,
breaths, or talks, droplets will be produced and immediately fall
to the ground. Spread of droplets is usually up to 1 meter but
can be further with an unprotected sneeze. A surgical mask (also
known as medical or procedure mask) worn properly by either
the infected person or by their contacts is highly likely to prevent
transmission. Nonetheless, the risk with a universal mask policy is
that people are unlikely to consistently comply with the recom-
mendation to wash their hands immediately before donning a
mask and after doffing it and may touch their face frequently to
scratch under or to adjust their mask. Cloth masks appear to be less
effective than surgical masks but this could in part be related to
wearing used or wet cloth masks [10].

As mentioned, the viral load in the upper respiratory tract is
similar in asymptomatic versus symptomatic cases [4,5]. There-
fore, it is not surprising that spread from asymptomatic or
presymptomatic cases is well documented in household settings
or with other close contact [11]. It appears that adults are infec-
tious for up to 3 days prior to symptom onset [12]. The relative
contribution of presymptomatic and asymptomatic cases to spread
remains controversial [13]. It seems unlikely that spread will occur
by simply walking past an infected asymptomatic person.

PROTECTION OF HEALTH CARE WORKERS

A meta-analysis of 4 studies reported no difference in the trans-
mission of respiratory viruses to HCWs who wore surgical masks
versus N95 masks (these filter minimum 95% of airborne particles)
[14]. For coronaviruses, the authors report ‘‘When seasonal coron-
avirus (OC43, HKU1, 229E, NL63) was tested for by PCR in a non-
cluster randomized trial of medical masks vsN95 respirators,
4.3% (9/212) of nurses in the medical mask group had RT-PCR con-
firmed coronavirus infection compared to 5.7% (12/210) in the N95
respirator group (p = 0.49)” [14]. N95 masks are recommended for
HCWs when patients infected with respiratory viruses are under-
going medical procedures that produce abundant aerosols (dro-
plets that are smaller than those produced spontaneously by a
patient so they travel further and may be able to penetrate a sur-
gical mask). Common examples of such procedures are tracheal
intubation or extubation, positive pressure ventilation, delivery
of medications via nebulisation and high-flow oxygen delivery
[15]. The need for N95 masks with these procedures has not been
formally studied but tracheal intubation was associated with an
increased risk of transmission of SARS-CoV-1 to HCWs [15]. How-
ever, in an early unrecognized case of COVID-19 in Singapore,
nosocomial transmission did not occur to 35 HCWs exposed to
medical aerosol generating procedures for minimum 10 min while
wearing only surgical masks [16]. Three of 94 HCWs with medium
or high risk exposures to an unrecognized case in the United States
(US) became infected but the infected HCWs did not consistently
wear even surgical masks [17].
CLINICAL FEATURES OF COVID-19 IN CHILDREN

As with all respiratory viruses, the spectrum of COVID-19
ranges from asymptomatic infection to severe pneumonia with
respiratory failure. In a 2019 study of 214 adults and children,
asymptomatic infection occurred in 70 to 85 % of RSV, parainfluen-
za, adenovirus, human rhinovirus and coronavirus infections com-
pared to approximately 40% of influenza and 30% of human
metapneumovirus infections [18]. To accurately determine the
incidence of asymptomatic COVID-19 in children, viral detection
and collection of data on symptoms needs to be performed on a
large random group of children at the peak of an outbreak. Ideally,
there would be follow-up data collection to determine how many
were presymptomatic.

Recent estimates of the mean incubation period (time from
exposure to symptoms) in patients of all ages from two different
studies were 4.2 [6] and 5.1 [19] days with 2.5% being symptomatic
before day 2.2 or after day 11.5 [19].

The only three studies to date to report clinical features on a sub-
stantial number of children included 171 inpatients in one hospital
in China [20] 291 outpatients and inpatients throughout the US [21]
and 100 children assessed in 17 emergency departments in Italy
(reference = Childrenwith Covid-19 in Pediatric Emergency Depart-
ments in Italy [58]. Cough was reported in 44% to 54%, fever in 42%
to 56%, diarrhea in 9% to 13 % and nausea/vomiting in 10% to 11%.
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These features do not differ from what one might expect with
any respiratory virus so it is important to look for distinguishing
features of COVID-19. The only feature recognized to date was first
reported in April 2020 [22] and is distal vascular involvement of
the toes, fingers or both (See Figs. 1 and 2 for an example in a
2 year old child from Ecuador). A report from Italy characterizes
these as chilblain-like lesions and describes 63 cases, primarily in
adolescents [23]. Although only 2 of 11 tested had COVID-19
detected, lesions started a median of 10 days after the onset of res-
piratory symptoms so virus may have cleared by the time of test-
ing. Another report from Italy describes 14 cases (11 in children)
seen during the COVID-19 outbreak; 3 NP and 2 rectal swabs were
negative for SARS-CoV-2 [24]. There is increasing evidence that
thrombosis may play a role in the pathophysiology of COVID-19
which could explain this unusual manifestation in digits [25]. In
terms of other cutaneous features, active surveillance in 88
patients in Italy (presumably all adults) with no recent drug expo-
sure found that14 had a generalized erythematous viral rash, 3 had
urticaria and one had vesicles [26]. In another report from Italy, 2
of 130 inpatients had vesicles [27]. Five of 103 inpatient adults in
France had cutaneous manifestations (2 erythematous rashes, 2
urticarial rashes and herpes stomatitis) [28]. In areas where
SARS-CoV 2 co-circulates with dengue, a petechial rash from
COVID-19 has led to diagnostic confusion [29].

A multisystem inflammatory syndrome sometimes leading to
shock was first described in children in countries with extensive
SARS-CoV-2 circulation in May 2020 (reference is: Hyperinflamma-
tory shock in children during COVID-19 pandemic [57].) but the
virus is often not detectable. Virus may have cleared by the time
of presentation. Causation by SARS-CoV-2 seems likely but remains
unproven.

Neurologic manifestations including dizziness (17%), headache
(13%) and impairment of taste (6%) and smell (5%) were reported
in 214 adult inpatients in China. Five had cerebral infarcts and
one had an intracranial bleed [30]. A case of encephalitis with
detection of SARS-CoV-2 in cerebral spinal fluid has been reported
Fig. 2. Follow-up photo 7 days later (Unlike previously reported cases, this child
has a necrotic digit.).
in an adult [31]. Pediatric neurologic manifestations reported to
date are limited to a 6 week-old infant with a possible seizure
[32]. Myocarditis has been reported in adults [33]. In the recent
reports of the pediatric multisystem inflammatory syndrome,
myocardial dysfunction was reported in 7 of 8 cases and dilated
coronary arteries in one case.

Adults with severe pneumonia who progress to respiratory fail-
ure most commonly manifest pneumonia with Acute Respiratory
Distress Syndrome (ARDS). The time between symptom onset
and hospitalization in adults is longer than one might predict for
a viral pneumonia (7–12 days [34,35]). Some manifest a cytokine
release syndrome, suggesting that the immune response to the
virus may be the primary problem. There are no reports yet of
the clinical features of children with respiratory failure.

Pediatric data obtained from the websites of countries with
more than 1000 total adult and pediatric cases on April 13, 2020
showed that 1.9% of cases were in children and that death occurred
in 5 of 5501 infected children (0.09%) (unpublished data). This fig-
ure is difficult to interpret given the inconsistency in the indica-
tions for testing children. Understandably, early in the epidemic
most children with CVOID-19 were admitted to hospital given
the severity of disease in adults. However, by the time that the
virus became endemic in the US in March 2020, it was apparent
that most children could be safely cared for at home and only
147 of the first 745 US pediatric cases with known hospitalization
status were admitted (20%) of which 15 (2% of all cases and 10% of
those admitted) went to the intensive care unit [21] and 3 died
(0.4% of all cases and 2% of those admitted). In preliminary data
from New York, all 46 admitted children were alive (14 were still
in hospital), 7 (15%) required ICU care of which 4 required mechan-
ical ventilation and none required renal replacement therapy [36].

As with other coronaviruses, vertical transmission is yet to be
proven [37]. SARS-CoV-2 has been detected from neonates but this
could represent colonization rather than infection. All neonates
with virus detected have done well. If the mother is infected, she
can breastfeed while wearing a mask [37].

The risk factors for severe COVID-19 in children are yet to be
established. Preliminary US data suggest that comorbidities
increase the risk of admission [21] but they may also lower the
threshold for admission. There are no data yet on risk factors for
ICU admission or death although all 6 children admitted to US ICUs
with available data had comorbidities [21]. It seems likely that
children with pulmonary or cardiac disease or immunosuppression
are at increased risk for severe disease but were this risk substan-
tial, one might expect there to have been more deaths.

It is not clear yet whether asthma increases the risk of severe
COVID-19 in adults or children [38]. There were 40 children with
asthma amongst the first 345 children diagnosed in the US with
data on comorbidities available but the severity of COVID-19 in
these children is not reported [21]. Infection with viruses other
than rhinovirus increased the chance of treatment failure in asth-
matic children [39] so it seems likely that COVID-19 will do the
same. There are theoretical concerns that obese children and those
with cystic fibrosis will be at increased risk of severe COVID-19
[40].
DIAGNOSIS

Viral detection

It is impressive that molecular testing for SARS-CoV-2 became
available in many countries within one month of the virus being
identified. A nasopharyngeal (NP) swab is commonly obtained for
testing. The yield from NP specimens for respiratory viruses
appears to be higher than from throat swabs or saliva [41], but this
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is yet to be confirmed for SARS-CoV-2. The yield appears to be
higher from bronchoalveolar lavage specimens than from upper
respiratory samples [42], but lower tract specimens are only avail-
able from intubated patients. It seems plausible that the viral load
is higher in the upper respiratory tract early in the course of dis-
ease, but with pneumonia will eventually be higher in the lower
tract. It is impossible to establish the true sensitivity of the many
available molecular assays as there is no reference standard and
NP specimens may be obtained incorrectly. The accuracy of diag-
nosis would be even more important were there an effective treat-
ment. Virus was shed for a median of 14 days in one study [43] but
it is not known whether patients with small amounts of detectable
virus remain infectious.

Serology

There is a race to develop accurate serologic assays. They could
prove useful for diagnosis in cases where COVID-19 seems likely
but virus cannot be detected. Assuming that reinfection is rare or
results in mild disease, those with antibodies could be allowed to
resume their previous work and activities. Again though, there is
no reference standard and it seems possible that antibodies (espe-
cially IgM) could cross-react with other viruses or that reinfection
could occur despite the presence of IgG.

Chest imaging

Findings on plain radiographs are not distinctive from findings
with any other viral respiratory tract infection. Typical findings
on computed tomography (CT) chest in adults are ‘‘ground-glass
opacities, multifocal patchy consolidation, and/or interstitial
changes with a peripheral distribution” [44]. An early case series
described CT chest findings in 20 infected children. Four had nor-
mal imaging, 6 had unilateral disease and 10 had bilateral disease.
All with abnormal findings had subpleural disease, 10 had consol-
idation with surrounding halos and 12 had ground glass appear-
ance [45]. From 1014 patients in Wuhan (only 7 were children),
the sensitivity of CT in patients with COVID-19 detected was 97%
(95%CI, 95–98%, 580/601 patients) while specificity was only 25%
(95% CI 22–30%, 105/413 patients) [44]. This suggests that CT chest
should not be used to diagnose COVID-19.
TREATMENT

There was minimal investment in finding treatments or vacci-
nes for coronaviruses until 2020 as disease due to 229E, OC43,
NL63, and HKU1 is usually mild and disease due to MERS is limited
to the Middle East. The anti-viral agent thought to hold the most
promise is remdesivir [46], an RNA polymerase inhibitor with in-
vitro activity against MERS [47]. This drug has been studied for
Ebola virus disease but appears of COVID-19 to be less promising
than other options [48]. The largest study to date described a
68% response rate but lacked a control group so is impossible to
interpret [49]. Lopinavir-ritonavir is a protease inhibitor with
extensive use as an antiretroviral agent, but did not suppress viral
replication in the initial randomized controlled trial [50]. However,
treatment was started on median day 13 of symptoms which may
be too late to procure benefit so further trials are ongoing. Hydrox-
ychloroquine and chloroquine have been used for decades for
malaria and for rheumatologic conditions. They inhibit SARS-
CoV-2 entry by an unknown mechanism so could be effective for
prophylaxis or for treatment. Trials to date are not definitive as
they are small with a high risk of bias, sometimes using monother-
apy and sometimes adding azithromycin (for unclear reasons) [51].
Because end-stage COVID-19 is reminiscent of a hyper-
inflammatory state with cytokine storm, the IL-6 inhibitor tocilizu-
mab is being studied. A detailed summary of medications for treat-
ment of SARS-Cov-2 compiled by pharmacists and paediatric
infectious diseases physicians in North America was published
April 2020 [46]. In keeping with the Infectious Diseases Society
of America recommendations for adults [52], they recommended
that none of these medications be used outside of clinical trials.
Given the absence of effective medications, convalescent plasma
warrants study [53].

Based on experience with previous coronoaviruses, oral corti-
costeroids were considered potentially detrimental for treatment
of COVID-19 [38] although this has not been formally studied. This
led to great concern as to whether asthma exacerbations should be
managed with corticosteroids when SARS-CoV-2 is circulating in
the community. The consensus to date is that there is insufficient
evidence to avoid corticosteroids for management of asthma [38].

The management of respiratory failure due to COVID-19 is con-
troversial. The initial mortality rate was 25% in adults who
required mechanical ventilation in New York with many survivors
still ventilated when the data were published [36]. It has been
observed that some patients with respiratory failure with COVID-
19 have high pulmonary compliance so perhaps do not fit the typ-
ical pattern of ARDS. This should be taken into account when deter-
mining whether to use non-invasive ventilation, high PEEP and
prone positioning [54]. For the first 32 adults in the US managed
with ECMO, 10 had died, 17 remained on ECMO and 5 were suc-
cessfully decannulated in the initial report [55].
PREDICTING THE FUTURE

The future evolution of this pandemic is of interest to every per-
son alive today. The following all seem possible in any given
country:

1. There is only ever one wave of COVID-19. Based on the R0, this
would require that an estimated 82% of people are infected dur-
ing the first wave [6], leading to herd immunity such that spread
is minimal if the virus is reintroduced. However, perhaps this
estimate will prove to be incorrect and most countries will only
ever see one wave despite achieving a lower level of herd immu-
nity. A single wave is reminiscent of what happened when Zika
virus reached the Americas in 2015, differences being that an
estimated 80% of Zika virus infections are asymptomatic and
Zika virus requires a mosquito to spread person-to-person.

2. There are repeated waves of COVID-19 until herd immunity
develops.

3. We learn that reinfection with SARS-CoV-2 or a mutated ver-
sion is common so COVID-19 becomes endemic (like 229E,
OC43, NL63, and HKU1 have done). It is difficult to predict
whether infection will occur year round (but more commonly
in the winter and spring in temperate climates) as with these
other coronaviruses or seasonally (as with RSV and influenza).
The severity of infection with RSV and influenza is higher in
infants and in the elderly. One might predict the same pattern
with COVID-19 but it is striking to what a degree infants have
been spared from severe disease in the first wave.

4. There are repeated waves of COVID19 until an effective vaccine
is employed. Although experts suggest that there may be a vac-
cine during 2021, this seems optimistic given that the first
study of an RSV vaccine ended in 1966 [56], yet there is still
no licensed vaccine. After decades of development, influenza
vaccines have only about 50% efficacy in recent years. However,
we would readily adopt a well-tolerated SARS-CoV-2 vaccine
with 50% efficacy given the havoc the virus is wreaking
worldwide.
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CONCLUSION

The course of history has been changed by SARS-CoV-2. The
general public has become aware of the basic principles of infec-
tion control. We will eventually emerge from the havoc wreaked
by this virus, hopefully with better tools to prevent and manage
future pandemic threats.

DIRECTIONS FOR FUTURE RESEARCH

� Surveillance studies and development of a validated serologic
assay to determine the incidence of asymptomatic infections
in all age groups.

� Incidence and severity of reinfection in all age groups.
� Randomized controlled trials of remdesivir, lopinavir-ritonavir,
hydroxychloroquine, tocilizumab and convalescent plasma for
treatment of COVID-19.
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