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There is limited evidence available on the long-term impact of SARS-CoV-2 infection in children. In this
article, the authors analyze the recent evidence on pediatric long covid and lessons learnt from a pediatric
post-covid unit in Rome, Italy. To gain a better understanding of the concerns raised by parents and
physicians in relation to the potential long-term consequences of this novel infection, it is important to
recognize that long-term effect of a post-infectious disease is not a new phenomenon.

Plain language summary: The authors analyze the recent evidence on pediatric long covid and lessons
learnt from a pediatric post-covid unit in Rome, Italy. Also, we analyze the long-term effects of other
infectious diseases.

Tweetable abstract: An analysis of the recent evidence on pediatric long covid and lessons learnt from a
pediatric post-covid unit in Rome, Italy.
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COVID-19 continues to severely impact global population even after 2 years of official declaration as a public health
emergency of international concern. Despite substantial research into SARS-CoV-2 pathogenesis, transmission
dynamics and genome evolution, COVID-19-related morbidity and mortality, social restrictions and economical
impacts still remain a huge concern [1]. Specifically, there is increasing recognition that a significant number of
people have not fully recovered from the initial infection even months later. It is estimated that up to 30%
of infected adults are affected by long-term SARS-CoV-2 sequelae, manifesting as a multisystem condition often
impacting education and occupation [2]. The long-term consequences of SARS-CoV-2 infection, initially defined as
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Table 1. Established long-term sequelae and complications by organ system for common pediatric infectious diseases
according to available literature.
Parameters Chronic fatigue Lungs Heart Kidneys Immune system Brain Cancers

RSV – � – – – – –

EBV � – – – � � �
Measles – – – – � � –

Poliomyelitis � � � – – – –

Influenza virus � – – – – – –

HIV � � � � � � �
Streptococcus
pyogenes

– – � � – � –

Dengue virus � – – – – – –

Chikungunya virus � – – – – – –

SARS-CoV-2 � � � � ? � –

For patients’ experience refer to Box 1, for literature details refer to the Supplementary Box.

long covid by patient support groups, are characterized by signs and symptoms such as chronic fatigue, cardiovascular
problems, coagulation disorders, chronic liver, kidney and lung disease, post-exertional malaise, musculo–skeletal,
neurological, cognitive and psychological problems. In October 2021, the World Health Organization (WHO)
provided a comprehensive definition of post-covid condition in adults [3]. However, while long covid has been
widely described in adults, its burden and characterization are less defined in the pediatric population. In fact,
the WHO adds to their guidance that “a separate definition may be applicable for children” [3]. There is limited
evidence on the long-term impact of SARS-CoV-2 infection in children available. Most studies published to date
have focused on adult populations. However, emerging evidence from case studies, patient support groups and
clinicians highlight that children worldwide are impacted by long covid. Given the current uncertainties, recent
evidence on pediatric long covid and lessons learnt from a pediatric post-covid unit in Rome, Italy, are reviewed. To
gain a better understanding of the concerns raised by parents and physicians in relation to the potential long-term
consequences of this novel infection, it is important to recognize that post-infectious disease sequelae is not a new
phenomenon. Post-viral sequelae has been well described by patients’ experiences (Box 1) and in natural history
studies (Supplementary Box & Table 1) for well-known infectious diseases in the past [4–57].

Long covid in children
Evidence from the literature

Carfi et al. first described long covid by reporting the persistence of symptoms for an average of 60 days post
disease onset in hospitalized COVID-19 adult patients in Italy, in August 2020 [58]. They reported that, of 143
enrolled adults, 32% had one or two persistent symptoms and 55% had three or more for a mean of 60 days
post-onset, particularly fatigue and dyspnea. This report has been later confirmed by numerous follow-up studies
of COVID-19 survivors from all over the world. persistent symptoms have been reported even in younger adults
and independently from the severity of acute disease [59,60]. Patients themselves have played a primary role in the
description and recognition of long covid [61].

The scenario is more complex when referring to children. The description of persistent symptoms post-SARS-
CoV-2 infection in children by two independent research teams in Italy [62] and Sweden [63] has initiated the long
covid debate in children.

In parallel, independent parents from the UK (LongcovidKids) and France (apresJ20) started online support
groups on social media to highlight that children experienced problems months after the initial infection. Similar
support groups have also emerged in several countries globally. Other follow-up studies from Russia, Latvia, France,
UK, The Netherlands, Germany, Spain, Australia and Switzerland have also confirmed that some children were
experiencing prolonged recovery and sequelae (Table 2) [62–78]. Some of these studies reported a high prevalence
of children and young people affected by one or more symptoms months after the initial infection [62–78]. Given
the current lack of a definition of pediatric long covid, combined with heterogeneity and a high risk of bias in
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Box 1. Patient experiences

An adolescent with long covid
I’m Cecilia, a 17-year-old girl, born in August 2004, with no relevant pre-existing medical conditions. On 11th April
2021, I woke up during the night having several chills, a bad headache, a high fever and a very severe sore throat. I
immediately understood that was not the conventional flu I suffered from in the past, not even similar to the worst
one.
I had many debilitating symptoms, such as constant weakness, high fever, shortness of breath, tachycardia, loss of
smell and taste and many muscular and skeletal aches, especially in my chest and back. I tested positive for more
than 20 days in a row, till the 6th May 2021, when I finally had a negative swab. I felt very sick during my
quarantine, and I spent many hours a day sleeping. The unmanageable weakness, tachycardia, frequent headaches,
extreme difficulties breathing and aches, persisted even after the assumed healing time. I took an entire month’s
rest to try to recover completely: I was sure I just needed time to heal perfectly and to be able to go back to a
regular and painless teenager’s life.
Afterward, in June, the situation was static. I was complaining about not feeling well, and most of all, I felt so
scared and lonely as no doctor believed my pain: “you’re a young girl, it’s all in your head, covid doesn’t affect
young people this much”, they told me. I knew something was going on in my body since I was still feeling very ill; I
had many daily pains, I couldn’t walk for more than 10 min or go up the stairs without having tachycardia, chest
aches and breathlessness. I didn’t give up on myself even when I felt all-up; I cried on my mum’s chest through
entire nights because I wasn’t feeling safe and I didn’t recognize myself.
In June 2021, I finally met a doctor who diagnosed me with long covid. That diagnosis paradoxically made me
pleased, made me feel understood by legitimizing my pain and symptoms. I did many hospital visits and exams to
analyze what was going on and inform a medical treatment strategy.
It’s been almost a year now since I got COVID-19, and I’m still struggling with pain and difficulties. This current year
is my last one in high school. I have to attend many courses to have a chance to get into medical university. It’s been
very demanding lately: since I got covid, I’m not able to concentrate as well as before. I feel like I’m not capable of
thoroughly understanding what I study.
I’m truthfully still trying to figure out how this disease hit my body and changed it. It’s very challenging for a
teenager to face an infectious disease like this, since we’re all still learning about it. I honestly hope this
unpredictable and damaging experience will be a terrible nightmare as soon as possible.
An adult with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)
Forty years ago, after spending the summer studying English as my second language at a rigorous preparatory
school in the USA and graduating with honors, upon returning back home to start my freshman year in high school,
I came down with an infection that changed my life forever. A common case of infectious mononucleosis, caused by
Epstain–Barr virus (EBV), ripped through my young body and brain, disrupting my ability to study and be my former
active self. I have been ill for 40 years now, 30 of which without a proper diagnosis. Ten years ago my health
deteriorated to the point of becoming house and bed-bound. The illness that has affected me since that fall, has
not only stolen my capacity to use my brain, but also my ability to participate and perform the most basic of
everyday life activities. This condition has a long complicated history, made up of neglect, disbelief and
mistreatments of millions of sufferers around the world. Its core symptom is called PEM (post-exertional malaise) a
vicious physiological payback, a crash, after even minimal physical, mental or emotional activities. The illness has a
name: ME (myalgic encephalomyelitis) and as such has been recognized by the WHO, since 1969, as a post-viral
neurological disease. Through biomedical research we are starting to recognize it as a neuro-immuno-metabolic,
chronic and systemic illness. Many cases start after an infection. People with ME, are for the vast majority still left
undiagnosed or more frequently misdiagnosed. Our illness is finally starting to be talked about due to the many
clinical similarities with long covid. Our greatest hope is to be finally listened to, believed, diagnosed, counted,
properly researched and treated, along with the many who may be at risk of developing ME/CFS after COVID-19.
May Dr Oliver Sacks’ words be a guiding light and an admonition: “Our patients are our teachers.”
A parent of a child with ME/CFS
When my daughter first started being unwell, it didn’t occur to me that her symptoms could be ME. She was only
7 years old, and her symptoms were initially very mild. She complained that her throat was sore every now and then
and she was tired a lot. My mother (her grandmother) and I both have ME, but we both had only become unwell as
adults. I accepted the GP’s suggestion that it was a virus that was lingering.
I knew for certain it must be ME about 7 months later, when we went away for a night and she had a terrible
energy ‘crash’ afterwards. She was ill/‘paid’ for the trip for about a week, and it reminded me so much of my own
illness. It was classic PEM. This was preceded by 5 months of going from doctor to doctor, writing letters to the
Health Minister, trying to find a doctor or consultant who knew anything about pediatric ME and was equipped to
assess her. It was so disheartening.
Some of the doctors, I could see in their eyes, they thought I was a hypochondriac, one said ‘she presents well
today’. I felt completely unseen, unheard, I thought this is what being gaslighted feels like.
Having a child with ME, every step to get her help is a long battle. I am exhausted mentally and physically by it.
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Table 2. Main findings from studies providing details of symptoms at least 4 weeks after initial SARS-CoV-2 infection.
Study Country Size Control group Prevalence of long covid Ref.

Buonsenso Italy 129 No 14 (20.6%) of children interviewed �120 days after
infection reported ≥3 symptoms

[62]

Brackel The Netherlands 89 No 36% experienced severe limitations in daily function.
The most common complaints were fatigue,
dyspnea and concentration difficulties with 87%,
55%, and 45%, respectively

[64]

Sterky Sweden 55 No 4 (7.2%) had multiple severe symptoms that were
possibly related to COVID-19

[65]

Ludvigsson Sweden 5 No All children reported symptoms for 6–8 months after
their clinical diagnoses

[63]

Molteni UK 1734 1734
(based on a negative PCR
nasopharyngeal test)

1.8% of the positive children experienced symptoms
for at least 56 days. 0.9% in the negatively tested
cohort had symptoms for at least 28 days

[66]

Osmanov Russia 518 No Multiple symptoms were experienced by 44 (8.4%)
participants

[67]

Nogueira Lopez Spain 72 No Eight children reported longer lasting constitutional
symptoms

[68]

Radtke Switzerland 109 1246
(based on serology)

Four of 109 seropositive children (4%) vs 28 of 1246
seronegative ones (2%) reported at least one
symptom lasting beyond 12 weeks

[69]

Say Australia 151 No At 3–6 months follow-up, six (4%) children mild
post-viral cough, three (2%) fatigue, one (1%) had
both postviral cough and fatigue

[70]

Smane Latvia 236 142 (other infections) 95 (45.2%) COVID patients had ≥3 persistent
symptoms after the 12-week cut-off point, compared
with six (4.7%) of the control group

[71]

Zavala UK 472 387
(based on a negative PCR
nasopharyngeal test)

Four weeks after infection, 21/320 (6.7%) of
symptomatic cases and 6/154 (4.2%) of symptomatic
controls (p = 0.24) experienced on-going symptoms.
Of the 65 on-going symptoms solicited, three clusters
were significantly (p � 0.05) more common, albeit at
low prevalence, among symptomatic cases (3–7%)
than symptomatic controls (0–3: neurological, sensory
and emotional and behavioral wellbeing

[72]

Borch Denmark 37522 78,037
(not been tested positive for
SARS-CoV-2, but unclear type
and frequency of testing)

SARS-CoV-2 children aged 6–17 years reported
symptoms more frequently than the control group
(percent difference 0.8%). The most reported
symptoms among pre-school children were fatigue
risk difference (RD) 0.05 (CI 0.04–0.06), loss of smell
RD 0.01 (CI 0.01–0.01), loss of taste RD 0.01 (CI
0.01–0.02) and muscle weakness RD 0.01 (CI
0.00–0.01). Among school children the most
significant symptoms were loss of smell RD 0.12 (CI
0.12–0.13), loss of taste RD 0.10 (CI 0.09–0.10), fatigue
RD 0.05 (CI 0.05–0.06), respiratory problems RD 0.03
(CI 0.03–0.04), dizziness RD 0.02 (CI 0.02–0.03), muscle
weakness RD 0.02 (CI 0.01–0.02) and chest pain RD
0.01 (CI 0.01–0.01)

[73]

Preprints

Blankenburg Germany 188 1365 (based on serology) Similar pattern of persistent symptoms in both groups [74]

Buonsenso UK 510 No Parents reported a several different symptoms lasting
up to 9 months

[75]

Miller UK 175 4503
(based on serology)

The prevalence of persistent symptoms lasting
≥4 weeks in children during the second and third UK
wave of the COVID-19 pandemic was1.7% overall,
and 4.6% among children with a history of
SARS-CoV-2 infection. Apart from children with a
history of SARS-CoV2 infection, girls, teenagers and
children wit

[76]

Only studies providing a detailed description of the pediatric cohort were included.
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Table 2. Main findings from studies providing details of symptoms at least 4 weeks after initial SARS-CoV-2 infection
(cont.).
Study Country Size Control group Prevalence of long covid Ref.

Knoke Germany 73 45
(based on serology)

No significant differences were detected in frequency
of abnormal pulmonary function (COVID-19: 12,
16.4%; controls: 12, 27.7%; OR 0.54, 95% CI
0.22–1.34)
No details provided on characteristics of persistent
symptoms

[77]

Stephenson UK 3065 3739
(based on a negative PCR
nasopharyngeal test)

At 3 months post-testing, 66.5% of test-positives and
53.3% of test-negatives had any symptoms, whilst
30.3% and 16.2%, respectively, had three or
more symptoms

[78]

Only studies providing a detailed description of the pediatric cohort were included.

many studies, and limited access to diagnostics during the pandemic, the reported prevalence should be interpreted
with caution. For example, studies without control groups report very high prevalence, which might overestimate
the real burden of long covid, while those with control groups may be more appropriate estimates, although some
of them have imperfect controls (e.g., children with only one negative PCR test). However, the early reports and
emerging data suggests that a proportion of children might have chronic health problems deserves attention, and
further investigations into etiology by pediatricians to inform care are warranted to reduce risk of chronicity and
improve long-term outcomes.

There is an ongoing debate on the etiology of long covid, and some healthcare professionals have raised concerns
that some of the symptoms reported by these studies, such as fatigue, headache and mood changes might be a
consequence of rigid social restrictions that children have suffered, in particular self-isolation/quarantines and
school closures [79], rather than direct consequences of COVID-19 infection itself. To address this, researchers have
tried to identify and characterize the real burden of long covid by performing longitudinal online surveys, either
by phone or online applications, including control groups of children that supposedly have never had COVID-19.
These studies [66,69] have found that many of the symptoms were frequent in both the COVID-19 positive and
control groups, although generally children with documented SARS-CoV-2 infections had higher frequency and
higher number of symptoms lasting for more than 12 weeks. Overall, these studies concluded that about 1%
children with a recognized SARS-CoV-2 infection may experience some form of persistent sequelae for more than
3 months [80].

Although controlled studies may provide a more realistic estimation of long covid incidence, selection of controls
is associated with limitations. For example, a recently published large cohort study from the UK included children
that tested negative by one nasopharyngeal PCR test as controls. However, a single negative test has a very low
predictive value and does not guarantee that the child has never had COVID-19. A study from Switzerland instead
included children with a negative IgG test against SARS-CoV-2 as a control group [69]. Even in this case, a false
negative test or rapid decay of IgG cannot firmly exclude that some controls have never been infected by SARS-
CoV-2. Moreover, the use of self-completed online surveys by participants poses a risk of bias in the absence of any
objective clinical assessments. This further undermines the reliability of these studies. For example, a child can have
headache or fatigue for countless reasons which an online survey cannot fully elucidate. Furthermore, the increased
circulation of respiratory viruses amongst young children and their exposure to several infectious agents presents an
added complexity to specify their persistent symptoms as long covid. Together with the existence of asymptomatic
pediatric COVID-19 cases, the limited access to or uptake of diagnostic testing, means that the true denominator
of pediatric COVID-19 cases remains unknown.

Even when including control groups, many of published studies have an intrinsic, common limitation: being
surveys. Although this methodology allows reaching out to a large group of individuals in a relatively short time
frame, it does not collect detailed data and cannot reflect very niche and specific aspects of health status for each
individual child.

So far, there are few clinical case series and reports available. Morand et al., identified seven children with long
covid, presenting with a similar brain hypometabolic pattern involving bilateral medial temporal lobes, brainstem
and cerebellum, and the right olfactory gyrus, using PET. Similar findings have been reported in adults with
long covid [81]. In our clinic, we identified perfusion defects and persistence of pro-inflammatory cytokines in an
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adolescent with persistent symptoms more than 6 months post-infection [82], without an alternative explanation,
similar to findings in adults [83]. Bartley et al., described three children with subacute neuropsychiatric impairment
2–8 weeks post-SARS-CoV2 infection. Two of them had intrathecal anti-SARS-CoV-2 antibodies, as well as
intrathecal antineural antibodies, and one anti-TCF4 autoantibodies [48,84]. This patient was not tested during the
acute phase, but diagnosed as an epidemiologically linked case (father with COVID-19). During the first 6 weeks
following infection, this child experienced difficulties finding words, impaired concentration, difficulty completing
homework, insomnia and mood lability, internal preoccupation, aggression, and suicidal thoughts. If followed
up using a survey, this complex characterization may have been missed, and the child not referred for further
investigations and care.

This existing literature illustrates the uncertainty in current estimates of pediatric long covid prevalence, as these
studies are predominantly survey based. Therefore, this highlights the need for reliable control groups, real-time
clinical investigations and further research using in-clinic diagnostics and examinations to elucidate pediatric long
covid etiology and to inform better care for the sufferers.

Evidence from personal real-world clinical practice

We started a post-covid pediatric unit at the (blinded for review) Universitario of Rome, Italy in January 2021. For
over an year, we have seen an increasing number of families seeking care for their children affected by persistent
symptoms following a SARS-CoV-2 infection. The most common sequelae we have observed in our clinic is
persistence of severe fatigue and malaise after even mild physical or mental activities. In many cases, manifestations
are so severe that they prevent children from returning to normal pre-COVID-19 activities, including school. We
have seen children that used to take part in one or more sport activities including competition at a professional
level that have been struggling to return to usual activity levels after COVID-19. Similarly, we evaluated children
attending clinics who were suffering from headaches and fatigue while attending school. For these children, we
developed a hybrid school program where they can join via online learning during days of fatigue relapse. While the
majority of children recover within 6 months, some are still affected by persistent symptoms. After more than a year
of experience in our center, from a clinical perspective we have defined long covid as ‘a child that, after SARS-CoV-
2 infection, presents severe fatigue or post-exertional malaise that impairs the child’s ability to return to routine
activities, such as sport, music or education (Figure 1). Usually, a cluster of mixed symptoms are present, including
cardiorespiratory (e.g. tachycardia and chest pain), gastrointestinal (e.g. nausea and frequent abdominal pain),
musculoskeletal (e.g. joint and muscle pains), dermatological (e.g. rashes) and neuropsychiatric (e.g. headache,
brain fog, difficulties finding words or concentrating, sleeping problems etc.) Symptoms may fluctuate and can be
triggered by stress or other infections. The period of fatigue/malaise should last at least 12 weeks’. This definition is,
however, complex, and difficult to translate into a research project. Our definition overlaps with the current WHO
developed for adults, but provides a more specific focus on the impact of symptoms on key childhood activities,
such as the ability to attend school and resume pre-COVID-19 extra-curricular activities.

While this definition and clusters of sequelae are present in most children assessed in our clinic, it may be difficult
to characterize and define using self-completion surveys not supported by further diagnostics. For children presenting
with a range of symptoms, clustering is yet to be defined (Figure 2). Importantly, in light of the varied presentation
seen in our clinic and in other studies, children may need a personalized diagnostic and care pathway (Figure 3).
From our experience in the clinic, we have seen that children with predominantly gastrointestinal issues are those
improving faster (usually within 6 months), while some of the children experiencing cardiorespiratory symptoms,
general and post-exertional fatigue/malaise and severe headache have still not recovered after 12 months [82].
Some children have persistent disorders in smell and taste. These symptoms may impact the ability to perform
daily activities and can lead, as a consequence, to psychological consequences. It is important to review each case
individually to inform care including psychological support if needed. In our experience, it is not only important to
inform the child and the families that while symptoms like fatigue and malaise are a concern and require rest, but
also to ensure the child does not become socially isolated. We also advise children to attend daily activities unless
severely asthenic or in pain.

Hypotheses on mechanisms underlying long covid in adults & children

Although unclear, current hypotheses and recent evidence suggest that long covid may be divided in two main
groups: a) related to organ damage during the acute illness, b) other, less well-characterized mechanisms (Figure 4).
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Try to return to normal life but

Previously well and active child

COVID-19 (usually mild)

Fully recovered Acute post-infectious complications

Headache

Extreme fatigue, at rest but
particularly after mild activities

With or without other
signs/symptoms

Struggle to
Return to previous sport activities

Return to previous school standards
Post-covid condition
or
Long COVID

MIS-C

Acute onset neurological diseases

Other post-viral acute/subacute
illnessess

Figure 1. Possible outcomes of SARS-CoV-2 infection. While most children recover from acute infection (which is
usually mild or asymptomatic), it is well established that some can rarely develop the multisystem inflammatory
syndrome (MIS-C), or subacute sequelae (e.g., the neuropsychiatric symptoms). However, there is a subgroup of
patients that apparently recover from initial infection but present a subtle clinical presentation. These children which
have symptoms that impact on their return to usual activities, and usually having other signs and symptoms, are those
that might better fit the diagnosis of long covid (or post-covid condition).

New onset subacute
neuropsychiatric

disease

Neuropsychiatric
symptoms

Chronic headache
difficult concentrating

brain fog

Gastrointestinal symptoms

(recurrent abdominal pain,
nausea irregular alvus)

Fatigue
PEM

Tachycardia
Chest pain

Myopericarditis

Arthalgias and
muscle pain

Figure 2. Main cluster of clinical presentation of children with long covid (personal experience).
PEM: Post-exertional malaise.

There is clear evidence that acute SARS-CoV-2 infection, particularly in severe cases, is associated with extensive
inflammatory and endothelial damage to the lungs [85], kidneys, heart, brain [86] and possibly other organs [87]. This
damage can result in a loss of at least partial organ function, which has been associated with persistent symptoms.
This type of long covid, related to organ damage, is likely more frequent in adults, who are at higher risk of severe
COVID-19, and may be similar to sequelae seen for other acute infectious diseases (e.g., tuberculosis) [88].
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Follow-up at 1 month after discharge
Clinical assessment + ISARIC pediatric long COVID survey

Acute SARS-CoV-2 infection/disease

No symptoms

Stop follow-up Research studies

No symptoms
Step 1: ISARIC
pediatric survey

and clinical
assessment

Step 2: if
persisting and

fluctuating
symptoms

Step 3: if step 2
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symptoms persist

Persisting
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Follow-up at 3 months
clinical assessment + ISARIC
pediatric long COVID survey

Muscle
skeletal

Neurological
symptoms

Cardiorespiratory
symptoms

Skin
Gastrointestinal

symptoms

Blood, immunology, coagulation

Rheumatologist Neurologist
ECG (rest and

stress)
Dermatologist

Fecal inflammatory
markers

Bowel US

Personalized care
according to

symptoms and
rheumatologist

consultation

Brain MRI
(consider brain

SPECT)

Heart MRI

Lung SPECT/CT

Consider
skin

biopsy

EEG Heart and lung US

Spirometry (rest
and stress) and 

6-min walking test

Polysomnography

Cardiopulmonary
exercise testing

Consider endoscopy
with biopsy

Abdominal MRI

Figure 3. The Gemelli Hospital pediatric post-covid follow-up.
EEG: Electroencephalogram.
Adapted from Buonsenso et al. [82].

In younger patients where more subtle persistent symptoms are present, the etiology may be caused by other
reasons, such as autoimmunity, inflammation, viral persistence, microthrombosis and chronic endotheliopathy.

Autoimmunity/inflammation

The relationship between viral infections and autoimmune conditions have been historically linked. Many viruses
trigger autoimmune responses including the recent description of the link between Epstein–Barr virus and multi-
ple sclerosis [89]. The traditionally accepted mechanisms behind post-viral post-acute inflammation are molecular
mimicry, bystander activation (with or without epitope spreading) and viral persistence [90]. Studies have demon-
strated that SARS-CoV-2 infection can induce the development of rare and uncommon autoantibodies, including
autoantibodies directed against receptors (angiotensin II AT1 receptor, angiotensin [1–7] MAS) that regulate the
renin–aldosterone–angiotensin (RAS) system, also found in chronic fatigue syndrome/myalgic encephalomyelitis
(CFS/ME) [91].

Moreover, several in vitro and animal studies have shown that structural proteins derived from SARS-CoV-2
might function independently as pathogen-associated molecular pattern (PAMPs) inducing neuroinflammatory
processes via pattern recognition receptor engagement in the central nervous system [92]. The SARS-CoV-2 protein
has also been found to induce structurally abnormal blood clots with increased pro-inflammatory activity. This
could possibly explain the mechanisms involved in coagulation disorders associated with both acute and long covid
patients [93].
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Kidneys

Damage and loss of function
in critical organs
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Figure 4. Possible mechanisms behind long covid. Organ damage due to severe acute disease can result in loss of
function, which can explain chronic symptoms. Other patients, however, may have symptoms due to other
less-recognized events, such as chronic inflammation, viral persistence, auto-immunity. These two main groups,
however, can overlap in each patient. In general, it is possible to speculate that younger patients most probably
belong to group 2, as they usually have less severe disease.

In the lung, acute infection recruits monocyte-derived macrophages that express genes associated with profibrotic
functions. These macrophages express a profibrotic transcriptome and proteome profile that induce fibroproliferative
changes in the lung [94]. Microthrombosis has also been documented [95]. How long these inflammatory profibrotic
changes persist is still unknown.

The evidence of brain inflammatory changes during COVID-19 is also well established [96,97]. This is mainly
related to indirect immune response effects of the immune responses, rather than direct cytopathic viral dam-
age, including inflammation in brain endothelial cells mediated by the SARS-CoV-2 main protease Mpro [98].
The reversibility of this damage is unknown and, at least theoretically, can persist and explain some of the
neurological/neuropsychiatric symptoms seen in long covid patients. Evidence of long-term brain inflammation
was reported in a study by Nedham and team [99]. In a study including 250 autopsy samples they evaluated the
dynamics of, and relationship between, serum markers of brain injury and markers of dysregulated host response
including measures of autoinflammation and autoimmunity [99]. They found evidence of brain inflammation, doc-
umented by elevations of neurofilament light (NfL) and glial fibrillary acidic protein (GFAP) in a severity dependent
manner, not only during acute disease but still persistent at follow-up 4 months later [99]. A recent radiological study
using imaging studies from a UK biobank collected before and during the pandemic also identified inflammatory
changes in multiple brain areas [100]. Another study also reported significant brain alterations including cortical
hypometabolism in patients with isolated persistent hyposmia post SARS-CoV-2 infection [101].

Together with autoimmunity, allergies and hypersensitivity via mast cells and eosinophils are also associated with
long covid. It is hypothesized that the T-helper lymphocyte type-2 (Th-2) arm of immune response which mediates
allergy and helminth infection, plays a protective role in severe COVID-19 infection. However, it is also linked with
immune mechanisms increasing the risk of long covid. This epitomizes the complex role of the immune system in
autoimmunity and long covid [102].

Viral persistence

Substantial evidence from independent research teams suggest that viral particles may persist in humans following
many infections. In a study using a humanized mouse model, mice with chronic COVID-19 were able to elicit
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innate and adaptive human immune responses to SARS-CoV-2 infection up to 28 days after infection [103]. These
chronically infected mice were subsequently observed with the presence of viral RNA in several tissues, chronic
respiratory problems, cyclical lymphopenia and other persistent immunopathological findings possibly mediated
by early recruited macrophages. Although this model mainly focuses on chronicity of infection, similar mechanisms
may play a role in long covid. These findings provide preclinical data supporting hypotheses of virus persistence
accounting for some symptoms experienced by patients with long covid.

These findings were confirmed in human studies, documenting viral persistence in the gastrointestinal tract
>3 months follow-up [104]. Stein et al. analyzed autopsies of 44 patients with COVID-19 to map and quantify
SARS-CoV-2 distribution, replication, and cell-type specificity across the human body, including in extrapulmonary
sites. Autopsies were performed in patients who died during the acute phase or up to 7 months after infection [105].
SARS CoV-2 was found to be widely disseminated in the body despite of the severity of the acute infection.
Similarly, viral persistence was also documented in red blood cells, particularly the persistence of the SARS CoV-2
S1 protein in CD16+ monocytes up to 15 months after the infection [106]. Recently, a gastrointestinal biopsy
also indicated viral persistence in the gut in an adolescent infected with SARS-CoV-2 [107]. Cumulatively, viral
persistence in SARS-CoV-2 patients may at least in part explain the mechanisms of long covid which result in
chronic pain, fatigue, malaise, and several neurologic symptoms including brain fog and persistent ageusia/anosmia.

COVID-19, coagulation & chronic endotheliitis

Arterial and venous thromboembolism are major causes of morbidity and mortality in patients with COVID-
19 [108]. The incidence of alveolar capillary microthrombosis was nine-times higher in COVID-19-related compared
to other infectious diseases [108]. These manifestations were also observed in other organs, including the heart,
liver, and kidneys of COVID-19 patients [109]. Postmortem studies have confirmed an extensive microvascular
thrombosis and occlusion in the lung of severe COVID-19 patients [110]. This condition has been defined as
‘thromboinflammation’ [111]. The pathological features in thromboinflammation are thrombus formation through
activation of platelets, endothelial damage, coagulation cascade and activation of the immune system [108,112].

Dysregulation of these highly controlled immune responses during COVID-19 could lead to thromboembolism
in patients experiencing long covid [113,114].

Cytokines such as interleukin (IL)-1, IL-2, IL-6, tumor necrosis factor (TNF) and the activation of macrophages
and neutrophils play pivotal roles in the activation of the coagulation system and in the inhibition of anticoagulant
mechanisms [115]. IL-1 and TNF-α induce expression the von Willebrand factor (VWF), and fibrinogen promote
platelet binding in the endothelium. These cytokines suppress the anticoagulant pathways as well [116]. Moreover,
activated neutrophils and macrophages express the tissue factor (TF), that initiates the so-called intrinsic blood
coagulation cascade by coagulative factor VII. Also a variety of substances, including reactive oxygen species (ROS),
contribute to enhancing the coagulation pathway. Platelets are another main actor in thromboinflammation.
These processes occur under normal physiological condition to mediate blood clotting when required. However,
inappropriate activation of this pathway during COVID-19 results in pathology in patients. Functional analysis
of platelets in COVID-19 patients have demonstrated that they release a significantly higher levels of cytokines,
chemokines, and growth factors during infection compared to in healthy subjects which contributes to increased
thrombin, fibrinogen, VWF and factor XII [117,118]. This may explain the pathological thromboinflammation
observed in COVID-19 patients.

In parallel, genetic analyzes have revealed a missense variant of ADAMTS-13 was associated with ICU hospital-
ization of COVID-19 patients. ADAMTS 13 is a metalloproteinase and a disintegrin that cleaves VWF inhibiting
inappropriate VWF-platelet interaction [118]. Another study also demonstrated lower levels of in COVID-19 pa-
tients than the median normal reference range [118]. The higher VWF to ADAMTS-13 ratio was associated with
severe COVID-19 disease [118]. Collectively, the inappropriate activation of coagulation could render possible
explanations for the pathological immunothrombosis seen in COVID-19.

Under normal conditions, the endothelium is imperative for maintaining vascular integrity and barrier func-
tion. It also regulates immune response and thrombus formation through production of anti-inflammatory and
antithrombotic factors, including activated protein C, tissue factor pathway inhibitor, antithrombin, nitric oxide,
prostacyclin and thrombomodulin [119]. Endothelium also produces tissue plasminogen activator and urokinase
PA and expresses its receptor (PAR), providing a potent fibrinolytic system. The quiescent endothelium prevents
platelet adhesion by elaborating PGI2 and nitric oxide (NO), which suppresses platelet activation.
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In COVID-19, endotheliopathy and endothelial blood vessel damage are commonly observed in patients [120].
SARS-CoV-2 may cause endothelial dysfunction causing immune cell infiltration, and proinflammatory cytokine
production, as well as thrombosis. Moreover, by well-known ACE-2 mechanism, SARS-CoV2 infection in the
endothelium might result in angiotensin II hyperactivity promoting local proinflammatory and prothrombotic
signaling, which activates the kallikrein–kinin system and increases vascular permeability. The disruption of the
endothelial glycocalyx which inhibits coagulation and adhesion of immune cells and platelets by shielding the
endothelial wall and mediating stress-induced NO release, may lead to inflammation and thrombosis in COVID-
19 [121]. Damage mediated by the infection of the endothelial membrane may encourage inflammation and
thrombosis during COVID-19 due to the loss of the endothelial anticoagulant activity by its potent antithrom-
botic surface which expresses thrombomodulin and endothelial protein C receptor, which convert thrombin, a
procoagulant into a producer of an anticoagulant; activated protein C.

Moreover, emerging evidence has identified persisting microclots in patients with long covid [122]. This may
suggest that the initial thromboinflammation during COVID-19 infection persists in some patients. A working
hypothesis suggests microclots in the lungs and blood circulation may lead to reduced oxygenation, which may
contribute to key symptoms of fatigue and breathlessness in long covid patients. This provides a promising
therapeutic rationale for supporting trials evaluating anticoagulant treatment strategies for patients diagnosed with
long covid.

Caring for children with long covid

Caring for a child with persistent symptoms after SARS-CoV-2 infection is a complex task. Firstly, because there is
no available guidance to support decision-making processes and official clinical definition of pediatric long covid.
Despite the lack of guidance, as health care professionals it is our duty to do our best to care for the patients, and
the family as a whole.

Given the limited evidence available, this section is based on the clinical experiences of Dr B (blinded for
review) (Table 3 summarizes the main characteristics of the study population followed in the outpatient setting),
a pediatrician caring for children and young people in a post-covid unit, and informed by the evidence presented
above, and knowledge exchange with pediatricians from other sites and countries via networking, conferences and
global working groups (Figure 3).

The first, most important step is the initial meeting with the patient and family. It is extremely important to
recognize that the family is seeking medical advice and care because the child or adolescent has health problems
that affect their daily life. This is a critical step, since a general assumption is that most of these children’s issues
are psychological. It is not unusual in our post-covid unit to meet families that have been dismissed by several
healthcare professionals as having psychosomatic problems, without being heard nor properly assessed. This in
itself may exacerbate the problems. Without a proper diagnostic assessment, we risk missing treatable conditions.
In addition, as we have seen with other chronic diseases, dismissal of a person’s symptoms and illness, commonly
referred to as ‘gaslighting’, may cause great psychological damage. The increasing evidence on long covid in children
as well as adults including pathophysiological mechanisms, shows the importance of an accurate assessment of each
patient. It is likewise important to assess all patients, not to miss other conditions which may present with similar
symptoms, e.g., common cancers, with potential serious implications. We noticed that it is important to show
families our support and that we will try to understand why the child is having symptoms and how to help him.
This approach also helps in building reciprocal trust. This will facilitate the assessment and recovery process.
Addressing long covid issues is challenging since the evidence base is yet limited, by building reciprocal trust can
help both the family and the clinician e.g. in understanding reciprocal difficulties. For the same reason, it is critical
to clearly explain to the whole family the limitations of current knowledge and that it may take time and require
multiple assessments to assess, diagnose and trial different support and interventions. This approach usually does
not reduce, but instead tends to strengthen the family’s trust. Similarly, it is important to highlight that research
is advancing fast within the field, and as new knowledge is gained, further treatments and support may become
available.

As previously mentioned, a standard and optimal diagnostic approach is still to be defined. In general, we support
a holistic and personalized approach which, at least initially, should be aimed at excluding other conditions that
can overlap with clusters of long covid symptoms. As previously shown, the clinical presentation of long covid
can vary significantly from patient to patient and, inevitably, each one may require a different diagnostic pathway.
If we have excluded other causes based on a clinical examination (with or without laboratory investigations), our
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Table 3. Main characteristics of children followed-up in our pediatric post-covid unit.
N (%) 169 (100%)

Age at first SARS-COV2 infection (years) 10.08

Median age (years)

0–9 92 (54.4%)

10–18 77 (45.6%)

Gender N (%)

Male 77 (45.6%)

Female 92 (54.4%)

Nationality N (%)

Italy 165 (97.6%)

Other countries 4 (2.4%)

Comorbidities N (%)

Allergic asthma 4 (2.4%)

Allergies 2 (1.2%)

Recurrent respiratory infections 2 (1.2%)

Prematurity 2 (1.2%)

D. Duchenne 1 (0.6%)

Henoch–Schonlein purpura 1 (0.6%)

Asthmatic bronchitis 1 (0.6%)

Obesity 1 (0.6%)

S. Down 1 (0.6%)

Splenomegaly 1 (0.6%)

No comorbidities 153 (90.6%)

Acute disease severity N (%)

Asymptomatic 22 (13%)

Mild 133 (78.7%)

Moderate 12 (7.1%)

Severe 2 (1.2%)

Hospital admission

Yes 12 (7.1%)

PICU admission

Yes 4 (2.4%)

Mean FUP (days) 184

Post-acute infection symptoms

Headache 29 (17.2%)

Dyspnea on exertion 25 (14.8%)

Muscle pain 20 (11.8%)

Chest pain 15 (8.9%)

Joint pain 14 (8.3%)

Cough 13 (7.7%)

Gastrointestinal symptoms 11 (6.5%)

Palpitations 10 (5.9%)

Altered smell 8 (4.8%)

Altered taste 7 (4.1%)

Nasal congestion/rhinorrhoea 7 (4.1%)

Rash 6 (3.5%)

Fever 5 (3.1%)

Dyspnea at rest 3 (1.8%)

Asthma 2 (1.2%)

Other: yes 55 (32.5%)

No persistent symptoms 78 (46.2%)
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Table 4. Treatments to consider for clinical trials.
Cluster/complication Options

Gastrointestinal symptoms Lactoferrin (?) +/- probiotics?

Headache Paracetamol + lactoferrin and/or microelements?

Malaise–fatigue Lactoferrin and/or microelements?

Evidence of immune dysfunction Lactoferrin and/or microelements? Anti-inflammatory agents?

Evidence of endothelial dysfunction Anticoagulation? Antiaggregation? Statins?

Evidence of microembolism Anticoagulation/antiaggregation

Evidence of pericarditis Rheumatic agents?

Sleep problems Sleep hygiene/no alcohol/no coffee/drugs (Melatonin? Antihistamines? Others?)

Multiple symptoms Antihistamines (overlap with mast cell activation syndrome)

‘?’ indicate that the medication represents an hypothesis to be confirmed by clinical studies.

approach is to wait and see if symptoms resolve within 12 weeks from the initial infection. Unless the patient is
severely ill, since most studies have found an overall improvement as time passes.

We screen for symptom persistence and cluster them using the ISARIC global pediatric follow up case report
form/survey [123]. We use this to assess the child and document information for clinical studies, a pivotal step for
improving our understanding of long covid. The local guidelines that we have developed, based on our clinical
experiences from our adult post-covid unit and on available evidence on possible pathophysiological mechanisms [82],
have been adapted for our pediatric patients (Figure 3). Children with persisting multiple symptoms that impact
on their routine activities for more than three months with other known causes excluded, are followed up with
to second and third line investigations, triaged based on their main symptoms or cluster of symptoms. For those
with chronic fatigue, at rest or after mild activities, we suggest cardiopulmonary exercise testing, to muscular from
cardiorespiratory issues. If pathological findings are identified, then we advise on imaging, including functional
studies, in consultation with the nuclear medicine specialist, since vascularization or metabolic defects may be
missed using traditional imaging techniques [124]. To date, abnormal lung perfusion and brain metabolism defects
have been documented in children in Italy [82] and France [81]. Since there is growing evidence that immunological
events may explain some of the symptoms, extensive autoimmunity screening and assessment of immune status is
pivotal. Finally, in light of emerging data on chronic endothelitis and platelet hyperactivation, it is strongly advised
to assess coagulation profiles, as a minimum D-dimers, factor VIII, ristocetin co-factor, and vonWillebrand.

All physicians caring for children with post-covid sequelae are advised to stay up to date on the latest advances.
We recommend engaging with local and international collaborations, both to exchange knowledge and coordinate,
collaborate or align research activities. Further clinical research is pivotal to improve our knowledge, patient care
and outcomes. Currently, several international networks have been implemented aiming at: i) understanding the
real burden of long covid; ii) understanding the clinical presentation of long covid; iii) understanding how different
centers are managing children with long covid, from a diagnostic and therapeutic perspective, with the purpose
to inform, improve and standardize best available evidence based care; iiii) achieving a definition of pediatric long
covid and a set of core outcomes. For example, a parent’s association has developed an online resource for both
family members and physicians where information and experts update current knowledge on pediatric long covid
(https://www.longcovidkids.org/).

The last stage of any medical process should include a treatment strategy. For children that meet the clinical
definition for long covid with no alternative diagnosis, to date, (as of 31 January 2022) there is no recognized
treatment, or universally recognized standardized clinical management guidelines and a lack of interventional trials.
Therefore, the management of children with long covid is particularly challenging. To identify effective treatments,
novel treatment strategies should be done as part of a randomized controlled trials. However, in light of limited
funding for trials and until more evidence is available, a personalized approach is necessary. Clinicians may consider
common medications for specific symptoms (e.g. drugs for sleeping disorders). A number of medications might
be considered for use in clinical trials based on their known biological effects, but not without a proper medical
consultation (Table 4). In light of the possible biological role of oxidative stress and immune dysregulation in
long covid, compounds containing multiple micronutrients which have been proved to be well tolerated and with
biological effects might also warrant inclusion in trials [125–137] (Table 5). Finally, anticoagulants and SARS-CoV-
2 vaccination are other considerations for clinical trials, particularly for children with more severe, long-lasting
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Table 5. Biological effects of micronutrients and lactoferrin.
Parameter Antiviral

activity
Immune
modulation

Anti in-
flamatory Autoimmunity

prevention

Anti-
oxidant
effect

Anti-
thrombotic
effect

Endothelial
protective

Cyto
protective
& organ
damage
prevention

Anti-
arrhythmic
effect

Anti-
depression

Microbiome

Vitamin B – � � – � – � � – � �
Vitamin C – � � ? � – – – – – –

Vitamin D � � � � � � � � � � �
Vitamin E – � � ? � � � � – – �
Magnesium – � � ? � � � � � ? –

Selenium � � � � � � � � ? ? ?

Zinc � � � � � – � – – � ?

Phyto
chemicals

� � � � � � � � � � �

Lactoferrin � � � – � – – – – – �

Funds

Better assessment of
benefits/risks of vaccines

Contribute to reduced severity
of acute disease and risk of

long-term sequelae

Contribute to
reduced transmission

Hosp (0.1–1.9%)
Deaths (0–0.3%)
MlS-C (0.0005%)

Long covid (1%???)

Masks
(at least school age)

Ventilation

Hygiene

Classrooms with fewer students
(better education)

Theoretical role in
reducing morbidity/mortality
from other infections

Consider children’s need and
wider impact of policy decisions,

at all levels of society

Harms >>>> benefits
(on all society levels)

Recognise and count
long covid as an

outcome of pediatric COVlD-19 A child-focused
strategy

Stop indiscriminate
closure of childhood activities

(eg, schools)

lmmunise eligible
children/adolescents

Other preventive
measures in indoor

environments
including schools

Equitable access to
assessments, care,
immunisation, prevention etc.

Figure 5. Implications of counting long covid as a possible outcome of SARS-CoV-2 infection on the risk/benefits
assessment of preventive strategies.

symptoms and/or with evidence of perfusion defects or microclots [122]. Anticoagulants have been used by adults
with long covid, with some very preliminary positive effects found in a preprint [138], although larger confirmatory
studies are needed. It has been hypothesized that vaccines may re-equilibrate immune responses and/or help with
viral clearance, or divert autoimmune lymphocytes through innate cytokines [139]. Several researchers are aiming
to assess clinical and laboratory changes in patients with long covid after vaccination. An early study indicated
that a number of patients reported improvement of symptoms, while others relapsed. In one patient who had
comorbidities and protracted SARS-CoV-2 infection for 218 days, mRNA vaccination induced a humoral and
cellular immune response to SARS-CoV-2, followed by viral clearance [140].

Conclusion
There is increasing, emerging evidence that children can be affected by long-term SARS-CoV-2 sequelae and post-
covid condition, although at a lower rate compared to adults. Studies show that most children recover spontaneously
within the first six months, but not all. Studies indicate that the risk is higher in older children. Even for those that
recover, long covid may have implications in terms of socializing and education and they may need additional support
to catch up with their peers. Moreover, with our increased understanding of potential pathological mechanisms
behind long covid, it is important that long term sequelae in children are not dismissed as psychological problems. It
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is important to offer these children comprehensive diagnostic assessments, care and support. Also, recognizing long
covid as a possible outcome of SARS-CoV-2 infection (in the general population, and in children), will enhance our
ability to assess benefits and risks of preventive measures, such as vaccination (Figure 5). Funding for research into
etiology of long covid and interventional treatment trials including children and adults is urgently needed to inform
treatment strategies and improve long term covid patient outcomes. Understanding long covid, its pathogenesis,
diagnostic pathways and best management, offers a unique opportunity to also improve our understanding of other
post-viral syndromes. Ultimately, this will have a positive impact on the health of a very large number of people
with chronic, undiagnosed diseases, struggling to access appropriate care.

Future perspective
Despite recent advances in the understanding of long term complications after acute infectious diseases, the
pathogenesis of these late effects are still unknown. Also, while non-specific conditions like CFS/ME have been
historically linked with viral infections, causative mechanisms have never been demonstrated. We hypothesize
that the current interest in long covid will help the scientific community in better understanding, recognition
and management of long-term sequelae of infections. More specifically, we speculate that infections, in genetically
predisposed patients, can lead to immune dysregulation, chronic inflammatory processes, neuro-inflammation. Viral
persistence, in terms of particles, can also play a role in triggering such mechanisms. Hopefully, new biomarkers
can help in recognize these children and guide the development of new generation immune treatments.

Executive summary

Lessons from historical infectious diseases
• Long-term complications after acute infections are well established. Measles, bronchiolitis, poliomielities, or

infections caused by HIV, EVB, HSV Influenza and other viruses, are all linked with well characterized late
complications.

Current knowledge of long covid
• Long covid in adults is well characterized.
• Pediatric long covid has been increasingly described by several authors worldwide, although its incidence is

unclear.
• Immunological and inflammatory mechanisms, as well viral persistence and coagulation issues can play a role in

its pathogenesis.
• There are still uncertainties on the best diagnostic and therapeutic approach.
• We discuss the experience of our post-covid pediatric unit in Rome, summarize our diagnostic pathways and the

rational behind it, and also mention currently evaluated therapeutic options.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/

suppl/10.2217/fmb-2022-0031

Author contributions

Danilo Buonsenso and Piero Valentini conceptualized the study. All the other authors contributed to the development of the

pediatric long covid approach, managed patients, contributed to the literature review and writing of the manuscript. All authors

read and approved the final version of the manuscript.

Financial & competing interests disclosure

The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or finan-

cial conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies, honoraria,

stock ownership or options, expert testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

Open access

This work is licensed under the Creative Commons Attribution 4.0 License. To view a copy of this license, visit http://creativecomm

ons.org/licenses/by/4.0/

future science group 10.2217/fmb-2022-0031

https://www.futuremedicine.com/doi/suppl/10.2217/fmb-2022-0031
http://creativecommons.org/licenses/by/4.0/


Review Buonsenso, Di Gennaro, De Rose et al.

References
Papers of special note have been highlighted as: • of interest; •• of considerable interest

1. Kumar A, Narayan RK, Prasoon P et al. COVID-19 mechanisms in the human body-what we know so far. Front. Immunol. 12, 693938
(2021).

2. Bellan M, Baricich A, Patrucco F et al. Long-term sequelae are highly prevalent one year after hospitalization for severe COVID-19. Sci.
Rep. 11(1), 22666 (2021).

3. Word Health Organization. A clinical case definition of post COVID-19 condition by a Delphi consensus, 6 October 2021.
www.who.int/publications/i/item/WHO-2019-nCoV-Post COVID-19 condition-Clinical case def inition-2021.1

4. Bem RA, Bont LJ, van Woensel JBM. Life-threatening bronchiolitis in children: eight decades of critical care. Lancet. Respir. Med. 8(2),
142–144 (2020).

5. Chen S, Gu W, Wu M et al. Risk factors for recurrent wheezing after bronchiolitis in infants: 2-year follow up in China. BMC Infect.
Dis. 21(1), 250 (2021).

6. Zhou Y, Tong L, Li M et al. Recurrent wheezing and asthma after respiratory syncytial virus bronchiolitis. Front. Pediatr. 9, 649003
(2021).

7. Zhang X, Zhang X, Zhang N et al. Airway microbiome, host immune response and recurrent wheezing in infants with severe respiratory
syncytial virus bronchiolitis. Pediatr. Allergy. Immunol. 31(3), 281–289 (2020).

8. Kitcharoensakkul M, Bacharier LB, Yin-Declue H et al. Impaired tumor necrosis factor-α secretion by CD4 T cells during respiratory
syncytial virus bronchiolitis associated with recurrent wheeze. Immun. Inflamm. Dis. 8(1), 30–39 (2020).

9. Makrinioti H, Bush A, Gern J et al. The role of interferons in driving susceptibility to asthma following bronchiolitis: controversies and
research gaps. Front. Immunol. 12, 761660 (2021).

10. Junker Anne K. Epstein-Barr virus. Pediatrics in Review. 26(3), 79–85 (2005).

11. Fugl A, Andersen CL. Epstein-Barr virus and its association with disease – a review of relevance to general practice. BMC Fam. Pract.
20(1), 62 (2019).

12. Shannon-Lowe C, Rickinson A. The global landscape of EBV-associated tumors. Front. Oncol. 9, 713 (2019).

13. Swerdlow SH, Campo E, Pileri SA et al. The 2016 revision of the World Health Organization classification of lymphoid neoplasms.
Blood 127(20), 2375–2390 (2016).

14. Marques-Piubelli ML, Salas YI, Pachas C, Becker-Hecker R, Vega F, Miranda RN. Epstein-Barr virus-associated B-cell
lymphoproliferative disorders and lymphomas: a review. Pathology 52(1), 40–52 (2020).

15. Montes-Mojarro IA, Kim WY, Fend F, Quintanilla-Martinez L. Epstein–Barr virus positive T and NK-cell lymphoproliferations:
morphological features and differential diagnosis. Semin. Diagn. Pathol. 37(1), 32–46 (2020).

16. Campion NJ, Ally M, Jank BJ, Ahmed J, Alusi G. The molecular march of primary and recurrent nasopharyngeal carcinoma. Oncogene
40(10), 1757–1774 (2021).

17. Tsao SW, Tsang CM, Lo KW. Epstein-Barr virus infection and nasopharyngeal carcinoma. Philos. Trans. R. Soc. Lond. B. Biol Sci.
372(1732), 20160270 (2017).

18. Tsang CM, Lui VWY, Bruce JP, Pugh TJ, Lo KW. Translational genomics of nasopharyngeal cancer. Semin. Cancer. Biol. 61, 84–100
(2020).

19. Shikova E, Reshkova V, Kumanova A et al. Cytomegalovirus, Epstein-Barr virus, and human herpesvirus-6 infections in patients with
myalgic encephalomyelitis/chronic fatigue syndrome. J. Med. Virol. 92(12), 3682–3688 (2020).

20. Kerr JR. Epstein-Barr virus-induced gene-2 upregulation identifies a particular subtype of chronic fatigue syndrome/myalgic
encephalomyelitis. Front. Pediatr. 7, 59 (2019).

21. Kerr J. Early growth response gene upregulation in Epstein-Barr virus (EBV)-associated myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS). Biomolecules 10(11), 1484 (2020).

22. Ruiz-Pablos M, Paiva B, Montero-Mateo R, Garcia N, Zabaleta A. Epstein-Barr Virus and the origin of myalgic encephalomyelitis or
chronic fatigue syndrome. Front. Immunol. 12, 656797 (2021).

23. Williams MV PhD, Cox B, Lafuse WP PhD, Ariza ME. Epstein-Barr virus dUTPase induces neuroinflammatory mediators:
implications for myalgic encephalomyelitis/chronic fatigue syndrome. Clin. Ther. 41(5), 848–863 (2019).

24. Bjornevik K, Cortese M, Healy BC et al. Longitudinal analysis reveals high prevalence of Epstein-Barr virus associated with multiple
sclerosis. Science 375(6578), 296–301 (2022).

25. Bolis V, Karadedos C, Chiotis I, Chaliasos N, Tsabouri S. Atypical manifestations of Epstein-Barr virus in children: a diagnostic
challenge. J. Pediatr. (Rio J). 92(2), 113–121 (2016).

26. Lossius A, Johansen JN, Torkildsen Ø, Vartdal F, Holmøy T. Epstein-Barr virus in systemic lupus erythematosus, rheumatoid arthritis
and multiple sclerosis – association and causation. Viruses 4(12), 3701–3730 (2012).

10.2217/fmb-2022-0031 Future Microbiol. (Epub ahead of print) future science group

http://www.who.int/publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1


Pediatric long covid Review

27. Taylor GS, Long HM, Brooks JM, Rickinson AB, Hislop AD. The immunology of Epstein-Barr virus-induced disease. Annu. Rev.
Immunol. 33, 787–821 (2015).

28. Draborg AH, Duus K, Houen G. Epstein-Barr virus in systemic autoimmune diseases. Clin. Dev. Immunol. 2013, 535738 (2013).

29. Dickerson F, Jones-Brando L, Ford G et al. Schizophrenia is associated with an aberrant immune response to Epstein-Barr virus.
Schizophr. Bull. 45(5), 1112–1119 (2019).

30. Behr J, Schaefer M, Littmann E, Klingebiel R, Heinz A. Psychiatric symptoms and cognitive dysfunction caused by Epstein-Barr
virus-induced encephalitis. Eur. Psychiatry 21(8), 521–522 (2006).

31. Khandaker GM, Stochl J, Zammit S, Lewis G, Jones PB. Childhood Epstein-Barr virus infection and subsequent risk of psychotic
experiences in adolescence: A population-based prospective serological study. Schizophrenia Research 158(1–3), 19–24 (2014).

32. Dop D, Marcu IR, Padureanu R, Niculescu CE, Padureanu V. Pediatric autoimmune neuropsychiatric disorders associated with
streptococcal infections (review). Exp. Ther. Med. 21(1), 94 (2021).

33. Carapetis JR, Beaton A, Cunningham MW et al. Acute rheumatic fever and rheumatic heart disease. Nat. Rev. Dis. Primers 2(1), 1–24
(2016).

34. Sigera PC, Rajapakse S, Weeratunga P et al. Dengue and post-infection fatigue: findings from a prospective cohort-the Colombo Dengue
Study. Trans. R. Soc. Trop. Med. Hyg. 115(6), 669–676 (2021).

35. Robinson MC. An epidemic of virus disease in Southern Province, Tanganyika Territory, in 1952–53. I. Clinical features. Trans. R. Soc.
Trop. Med. Hyg. 49(1), 28–32 (1955).

36. Moro ML, Grilli E, Corvetta A et al. Long-term chikungunya infection clinical manifestations after an outbreak in Italy: a prognostic
cohort study. J. Infect. 65(2), 165–172 (2012).

37. Gérardin P, Fianu A, Malvy D et al. Perceived morbidity and community burden after a Chikungunya outbreak: the TELECHIK survey,
a population-based cohort study. BMC Med. 9, 5 (2011).

38. Word Health Organization. Poliomyelitis (2019). www.who.int/news-room/fact-sheets/detail/poliomyelitis

39. Li Hi Shing S, Chipika RH, Finegan E, Murray D, Hardiman O, Bede P. Post-polio Syndrome: more than just a lower motor neuron
disease. Front. Neurol. 10, 773 (2019).

40. Center for Disease Control and Prevention. Measles (Rubeola). Complication of Measles.
www.cdc.gov/measles/symptoms/complications.html

41. Gadroen K, Dodd CN, Masclee GMC et al. Impact and longevity of measles-associated immune suppression: a matched cohort study
using data from the THIN general practice database in the UK. BMJ Open 8(11), e021465 (2018).

42. Paules CI, Marston HD, Fauci AS. Measles in 2019 - going backward. N. Engl. J. Med. 380(23), 2185–2187 (2019).

43. Mina MJ, Metcalf CJ, de Swart RL, Osterhaus AD, Grenfell BT. Long-term measles-induced immunomodulation increases overall
childhood infectious disease mortality. Science 348(6235), 694–699 (2015).

44. Petrova VN, Sawatsky B, Han AX et al. Incomplete genetic reconstitution of B cell pools contributes to prolonged immunosuppression
after measles. Sci. Immunol. 4(41), eaay6125 (2019).

45. Mina MJ, Kula T, Leng Y et al. Measles virus infection diminishes preexisting antibodies that offer protection from other pathogens.
Science 366(6465), 599–606 (2019).

46. Buchanan R, Bonthius DJ. Measles virus and associated central nervous system sequelae. Semin. Pediatr. Neurol. 19(3), 107–114 (2012).

47. Science Direct. Subacute sclerosing panencephalitis.
www.sciencedirect.com/topics/medicine-and-dentistry/subacute-sclerosing-panencephalitis

48. Bartley CM, Johns C, Ngo TT et al. Anti-SARS-CoV-2 and autoantibody profiles in the cerebrospinal fluid of 3 teenaged patients with
COVID-19 and subacute neuropsychiatric symptoms. JAMA. Neurol. 78(12), 1503–1509 (2021).

49. LaRovere KL, Riggs BJ, Poussaint TY et al. Overcoming COVID-19 Investigators. Neurologic involvement in children and adolescents
hospitalized in the United States for COVID-19 or multisystem inflammatory syndrome. JAMA Neurol. 78(5), 536–547 (2021).

50. Taquet M, Dercon Q, Luciano S, Geddes JR, Husain M, Harrison PJ. Incidence, co-occurrence, and evolution of long-COVID features:
a6-month retrospective cohort study of 273,618 survivors of COVID-19. PLoS Med. 18(9), e1003773 (2021).

51. Chen J, Wu J, Hao S et al. Long term outcomes in survivors of epidemic Influenza A (H7N9) virus infection. Sci. Rep. 7(1), 17275
(2017).

52. Wang Q, Jiang H, Xie Y et al. Long-term clinical prognosis of human infections with avian influenza A(H7N9) viruses in China after
hospitalization. EClinicalMedicine. 20, 100282 (2020).

53. Kwong JC, Schwartz KL, Campitelli MA et al. Acute myocardial Infarction after laboratory-confirmed influenza infection. N. Engl. J.
Med. 378(4), 345–353 (2018).

54. Clayton TC, Thompson M, Meade TW. Recent respiratory infection and risk of cardiovascular disease: case-control study through a
general practice database. Eur. Heart J. 29(1), 96–103 (2008).

future science group 10.2217/fmb-2022-0031

http://www.who.int/news-room/fact-sheets/detail/poliomyelitis
http://www.cdc.gov/measles/symptoms/complications.html
http://www.sciencedirect.com/topics/medicine-and-dentistry/subacute-sclerosing-panencephalitis


Review Buonsenso, Di Gennaro, De Rose et al.

55. Time. What long flu sufferers of the 1918–1919 pandemic can tell Us about long covid today.
https://time.com/5915616/long-flu-1918-pandemic/

56. Hosseini S, Michaelsen-Preusse K, Schughart K, Korte M. Long-term consequence of non-neurotropic H3N2 influenza A virus infection
for the progression of Alzheimer’s disease symptoms. Front. Cell. Neurosci. 15, 643650 (2021).

57. Hosseini S, Wilk E, Michaelsen-Preusse K et al. Long-term neuroinflammation induced by Influenza A virus infection and the impact on
Hippocampal neuron morphology and function. J. Neurosci. 38(12), 3060–3080 (2018).

58. Carf̀ı A, Bernabei R, Landi F. Gemelli against COVID-19 post-acute care study group. Persistent symptoms in patients after acute
COVID-19. JAMA. 324(6), 603–605 (2020).

59. Davis HE, Assaf GS, McCorkell L et al. Characterizing long covid in an international cohort: 7 months of symptoms and their impact.
EClinicalMedicine 38, 101019 (2021).

60. Deer RR, Rock MA, Vasilevsky N et al. Characterizing long covid: deep phenotype of a complex condition. EBioMedicine 74, 103722
(2021).

61. Callard F, Perego E. How and why patients made long covid. Soc. Sci. Med. 268, 113426 (2021).

62. Buonsenso D, Munblit D, De Rose C, Sinatti D, Ricchiuto A, Carfi A, Valentini P et al. Preliminary evidence on long covid in children.
Acta. pediatr. 110(7), 2208–2211 (2021).

•• This is the first description of long covid in children.

63. Ludvigsson JF. Case report and systematic review suggest that children may experience similar long-term effects to adults after clinical
COVID-19. Acta pediatr. 110(3), 914–921 (2021).

64. Brackel CLH, Lap CR, Buddingh EP et al. Pediatric long-COVID: an overlooked phenomenon? Pediatr. Pulmonol. 56(8), 2495–2502
(2021).
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