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Abstract: Purpose: This review summarizes the current scope of understanding associated with two
common post-infectious complications associated with COVID-19 infection: Multi-System Inflam-
matory Syndrome in Children (MIS-C) and Post-Acute Sequelae of SARS-CoV-2 infection (PASC).
It identifies current gaps in the knowledge and issues that may limit the ability to fill these gaps.
This review provides a framework to drive continued research. Methods: A comprehensive review
of the current literature was performed, identifying seminal articles describing the emergence of
MIS-C and PASC, and works from the literature focused on the clinical implications and pathophys-
iologic understanding of these disorders. Findings: Although pediatric patients experienced few
severe cases of acute COVID-19 infection, the burden of disease from post-infectious sequelae is
substantial. Mortality is low, but morbidity is significant. There are still numerous unknowns about
the pathophysiology of both MIS-C and PASC; however, with widespread immunity developing
after increased vaccination and prior infection, it may be difficult to perform adequate prospective
studies to answer pathophysiologic questions. Long-term sequalae of MIS-C seem to be minimal
whereas, by definition, PASC is an ongoing problem and may be severe. Implications: The rapid
sharing of information regarding novel conditions such as MIS-C and PASC are key to interventions
related to future post-infectious sequelae outside of those stemming from COVID-19. Although
MIS-C seems unlikely to return as a clinical condition in substantial numbers, there is still significant
learning that can be gleaned from existing patients about general aspects of epidemiology, equity,
and pathophysiology. There is significant morbidity associated with PASC and additional resources
need to be dedicated to determining appropriate and effective therapies moving forward.
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1. Introduction

Critical illness due to Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-
CoV-2) infection is rare in children, especially in those who were previously healthy [1].
However, two post-infectious sequelae emerged during the pandemic that had significant
impact on the morbidity associated with pediatric SARS-CoV-2 infections: Multi-System
Inflammatory Syndrome in Children (MIS-C) and Post-Acute Sequelae of SARS-CoV-2
Infection (PASC or Long COVID). These two clinical entities are both temporally related
to acute SARS-CoV-2 infection, yet they have drastically different natural histories and
management strategies. In this review, we highlight their identification and what is known
about their pathophysiology, their presentation, and management. With this information,
we hope that future research on PASC, MIS-C, and other post-infectious sequelae will
be better focused on disease identification and therapies. Although these diagnoses are
associated with COVID-19, other new syndromes associated with future pandemics are
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likely to emerge, and the utilization of pathophysiologic knowledge and clinical outcomes
from MISC and PASC will be central to our ability to address them.

2. Multi-System Inflammatory Syndrome in Children (MIS-C)
2.1. Pathophysiology and Identification

MIS-C is a uniquely severe presentation following SARS-CoV-2 infection, seen mainly
in pediatric patients. It emerged as a clinical entity in early 2020, and although it has
been described for over three years, the case definitions remain broad and diagnosis can
be difficult. Initial reports described a syndrome of systemic inflammation resembling
Kawasaki disease, with fever, variable rash, generalized extremity pain, and gastrointestinal
symptoms including diarrhea, emesis, and abdominal pain about 4 weeks following acute
COVID-19 infection [2]. In severe cases, patients had shock, multiple organ dysfunction,
and sometimes pleural, pericardial, and ascitic effusions [2].

There are many hypotheses about the pathophysiology of systemic inflammation
driving the clinical presentation of MIS-C. It is difficult to distinguish patients with severe
COVID-19 infection and those with MIS-C. Shared characteristics include profound cy-
tokine responses, decreased absolute T-cell numbers with increased activation, elevated
markers of angiopathy, and increased plasmablast production [3]. When applying multi-
omics to a cohort of children with severe COVID-19, MIS-C, and healthy controls, there are
common HLA alleles seen in patients with MIS-C and severe COVID-19 that suggest an
underlying genetic predilection to both serious conditions [4]. Beyond these findings, a
recent study by Lee and colleagues performed whole-exome or whole-genome sequencing
on 558 pediatric patients with MIS-C to identify potential monogenic variants that pre-
dicted the development of MIS-C over severe COVID-19 pneumonia. In their cohort, 1% of
patients (significantly higher than in the general population) shared a common deficiency
in genes related to OAS1, OAS2, or RNAse L. Because these genes are all involved in the
innate immune response against viruses, their deficiency might explain the development of
MIS-C in a few patients [5]. We posit that if other such genes can be found to be lacking in
patients who develop MIS-C, that this could explain, from a host perspective, why certain
pediatric patients developed MIS-C after mild COVID-19 infection while others, even those
within the same household exposed to the same viral variant, were spared.

2.2. Diagnosis

MIS-C has many mimickers and thus posed a diagnostic challenge. While initially
confused with Kawasaki disease (KD) due to overlapping signs and symptoms, it is now
easier to distinguish these two diseases [6]. The median age of patients with KD and shock
is <3 years, while for those with MIS-C the median age is >9 years. Significant abdominal
pain, lymphopenia, myocardial dysfunction, and extremely elevated levels of N-terminal
pro B-type natriuretic peptide (>10,000 pg/mL) are rare in KD but common in MIS-C [7].
Additionally, viral upper respiratory tract symptoms 2–6 weeks prior to presentation are
common in MIS-C, but not in KD.

A similar distinction can be made between MIS-C and severe COVID-19, because, in
contrast to acute COVID-19, children with MIS-C have few respiratory symptoms [8]. Al-
though some children with MIS-C require mechanical ventilation, this is for cardiovascular
stabilization as opposed to respiratory decompensation, as seen in acute COVID-19 [2,8].

Both the World Health Organization (WHO) and the Centers for Disease Control
(CDC) created case definitions to assist with diagnosis, management, and surveillance
efforts of MIS-C.

CDC Case Definition [9]:

• Patients less than 21 years of age with fever, laboratory evidence of inflammation, and
clinically severe illness requiring hospitalization with multisystem organ involvement.
No alternative plausible diagnosis. Current or recent SARS-CoV-2 infection within
4 weeks prior to onset of symptoms.
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WHO Case Definition [10]:

• Patients less than 19 years of age with fever for three or more days, clinical signs of
multisystem involvement with elevated markers of inflammation, no microbial cause
of inflammation, and evidence of SARS-CoV-2 infection or exposure to COVID-19.

With the utilization of these case definitions, large case series were published high-
lighting the variable presenting symptoms and severity of the disease. In 2023, new case
definitions of MIS-C were released which included additional clinical (cardiac, mucocuta-
neous, GI, etc.) and laboratory (C-Reactive Protein > 3.0 mg/dL, Platelet < 150,000 cells/µL)
features, but MIS-C remains a diagnosis of exclusion. In addition to fever, gastrointestinal
symptoms emerged as the most common clinical finding, followed by rash, conjunctival
injection, and oropharyngeal findings [11]. Neurologic symptoms are common and range in
severity from headache to life-threatening manifestations including stroke, cerebral edema,
and demyelination syndromes [12].

Establishing the temporal relationship with prior SARS-CoV-2 infection was vari-
able among case series; some patients tested positive by polymerase chain reaction for
SARS-CoV-2 on presentation, others had positive serologies, and some only had exposure
histories [11]. Although patients have been reported to have MIS-C without laboratory
evidence of prior SARS-CoV-2 infection, these patients may very well have a different
diagnosis (i.e., Kawasaki disease, systemic juvenile idiopathic arthritis, systemic lupus
erythematosus, etc.). Establishing the association of preceding SARS-CoV-2 infection has
been complicated by vaccination and rising infection rates in the population because of
the consequent need to now distinguish vaccine immunity (manifested by SARS-CoV-2
anti-spike protein antibody) and natural immunity (manifested by nucleocapsid antibody).
Acknowledging limitations due to inconsistencies with diagnosis, outcomes are reassuring,
with a mortality of less than 1.5% in children [8,11], and most patients have resolution of
disease without significant long-term morbidity [13].

2.3. Treatment, Epidemiology, and Outcomes

Treatment for MISC is focused on the treatment of systemic inflammation with medica-
tions like intravenous immunoglobulin (IVIG) and steroids. When first described, therapy
was modeled on that used for KD, and IVIG was typically administered, with apparent
benefit. Many clinicians noted improved clinical outcomes when corticosteroids were
added to IVIG, and retrospective studies demonstrated improvements in myocardial func-
tion when dual therapy was administered compared with IVIG alone [14,15]. However,
these findings are not universal [16,17]. Son et al. (2021) found that IVIG with glucocor-
ticoids was associated with a decreased risk of starting vasopressors, an increased need
for immunomodulatory therapy, and cardiovascular dysfunction when compared to IVIG
alone [15]. McArdle et al. (2021) found a similar decreased risk of progression to the
need for increased immunomodulatory therapy, but they found no significant difference in
clinical progression (needing inotropic support or mechanical ventilation) or death when
comparing IVIG and glucocorticoids to either therapy alone; however, they included pa-
tients that did not meet any of the strict case definitions of MIS-C [17]. A meta-analysis by
Ouldali et al. (2023) found improved cardiovascular outcomes associated with IVIG plus
glucocorticoids when compared to either medication alone. Combination therapy was also
associated with the faster resolution of fever and decreased need for secondary therapies
when compared to glucocorticoids alone [18]. Potential reasons for the reported differences
in response to therapy in different series, besides different case definitions, include the
different SARS-CoV-2 variants and the vaccination status of the children affected [19,20].

Individual centers have developed unique diagnostic and treatment protocols, al-
though most involve IVIG and steroids. These variations illustrate the continued need
for rigorous studies on the diagnosis and treatment of MIS-C [21], although this will be
challenging due to continued waning case volumes [22].

Through various national reporting databases, epidemiologic studies showed that
MIS-C occurred disproportionately in Black and Hispanic patients [23]. This was initially



J. Clin. Med. 2024, 13, 1147 4 of 11

postulated to be secondary to the increased incidence of SARS-CoV-2 infections among
these groups. However, as surveillance data and modeling improved it was found that
when controlling for rates of SARS-CoV-2 infection, Black and Hispanic patients were still
more likely to develop MIS-C [24]; whether this is due to genetic or environmental factors
(or both) is still unknown.

Interestingly, there appeared to be shifting epidemiology of the disease itself over the
course of the COVID-19 pandemic. Initial surveillance data linked spikes in incidence of
MIS-C to spikes in SARS-CoV-2 infection, with MIS-C increases occurring approximately
4 weeks after the largest initial SARS-CoV-2 outbreaks [2]. However, as the pandemic
continued, this relationship became less pronounced. In the summer and winter of 2021,
increases in SARS-CoV-2 caseloads did not lead to proportioned peaks of MIS-C in the
weeks following [22]. Likely, this was due to differences in the viral variant causing the
acute infection; markedly fewer and less severe MIS-C cases were reported when the delta
and omicron variants were the predominant circulating strain than when the alpha variant
predominated [25,26]. Viral variants could differ in cellular tropism, the ability to persist,
severity, or other factors that may influence the likelihood of developing MIS-C. Vaccination
rates also increased during 2021, and the risk of MIS-C was lower following vaccination
in children [27], although immunizations for school-aged children were not authorized in
the United States until after the delta variant peaked. Hopefully, with the high levels of
population immunity and vaccination, along with decreasing pathogenicity, as SARS-CoV-2
continues to evolve, severe COVID-19 epidemics will be mainly a thing of the past and
MIS-C will seldom be seen.

3. Post-Acute Sequelae of SARS-CoV-2 Infection (PASC or Long COVID)
3.1. Pathophysiology and Identification

Although the acute presentation of PASC is not as severe as MISC (Table 1), its long-
term impact is still evolving and research about its underpinnings and potential therapy are
paramount. As early as July 2020, reports started appearing regarding long-term sequelae
of acute COVID-19 infection. By September 2020, “Post-COVID-19 Condition (PCC)”
became an official ICD-10 classification and has subsequently been referred to as post-
acute sequelae of COVID-19 (PASC) or Long COVID. The WHO published the first case
definition of PCC/PASC in December 2021 [28] and a similar definition was subsequently
published for pediatric patients [29]. Both definitions include fatigue, shortness of breath,
and cognitive dysfunction that must have an impact on everyday functioning. Symptoms
can be new-onset following initial recovery from COVID-19 or persistent after the initial
illness and may fluctuate or relapse.

WHO Case Definition:

• Patients with a history of probable or confirmed SARS-CoV-2 infection, usually
3 months from the onset of COVID-19, with symptoms that last for at least 2 months
and cannot be explained by an alternative diagnosis.

Pediatric Case Definition:

• Patients with a history of confirmed SARS-CoV-2 infection who have one or more
persisting physical symptoms for a minimum of 12 weeks after initial COVID-19
testing that cannot be explained by an alternative diagnosis.

Similar post-infectious syndromes have been seen following other systemic illnesses, the
most common of which is myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)
following infectious mononucleosis (IM). Over 10% of patients with IM meet the criteria
for ME/CFS 6 months after their bout of IM [30–32]. Many experts believe that PCC/PASC
is the latest example of a post-infectious fatigue syndrome like ME/CFS [33].
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Table 1. Comparison of MIS-C and PASC.

Patient Population Onset Signs/Symptoms Hypothesized
Pathophysiology Treatment

MIS-C
Predominantly patients
aged 7–18 years old (can

rarely occur in adults)
Acute

Abdominal pain, fever,
cardiac dysfunction, rash,

conjunctivitis, elevated
inflammatory markers

Hyperinflammatory
response, autoimmune

phenomenon
IVIG, Steroids

PASC

Predominantly adult
patients, and within

pediatrics more likely to
occur in pre-teen and

teenage patients

Subacute to
chronic

Fatigue, shortness of
breath, and cognitive
dysfunction that must

have an impact on
everyday functioning

Persistent viral infection,
autoimmune
phenomenon,

post-infectious
inflammatory disease

Cognitive Behavioral
Therapy, Graded
Exercise Therapy

The pathophysiology of PASC is unknown but may be due to persistent viral infection
or autoimmune/post-infectious inflammatory changes [34]. Recent research has focused
on alterations to metabolic pathways in patients with PASC [35], with a specific focus on
the central nervous system (CNS) [36,37]. There are also numerous hypotheses based on
prior experience with post-infectious sequalae from other disease processes. For example,
molecular mimicry may be a driving mechanism for the long-term symptoms seen in
PASC, as early in the pandemic, Wang and colleagues found that auto-antibody activity
was significantly increased after infection with SARS-CoV-2 [38]. This finding, when
paired with evidence of cross-reactivity between neutralizing SARS-CoV-2 antibodies and
mammalian self-antigens [39], suggests that both the antibodies and the environment play
a role in molecular-mimicry-driven autoimmune activity in patients following COVID-19
infection [40]. Another potential pathophysiologic mechanism focuses on perturbations
of the microbiome and virome after SARS-CoV-2 infection, as has been postulated to be
the case for inflammatory bowel disease, diabetes, and ME/CFS [40,41]. Immunological
perturbations may also play a role [42,43]. Finally, very recent data have been published
linking a reduction in serotonin levels to one or more of the above mechanisms [44].

3.2. Diagnosis

When the first reports of PASC appeared, the number of patients reported to have lin-
gering symptoms following COVID-19 was as high as 60% or more [45]. However, fatigue,
cognitive dysfunction and sleep disturbance are very common in the general population
and could have been attributed to the psychological consequences of the pandemic itself
(e.g., school closures, lockdowns, and social isolation). It was only after controlled trials
were published that more realistic numbers became available.

There is significant heterogeneity amongst the published studies regarding the inci-
dence of PASC in pediatric patients. This has made it difficult to assess the true risk of PASC
development after COVID-19 infection in children. One contributor to this uncertainty is
that some studies chose not to distinguish between symptoms more likely to be related to
the episode of acute COVID-19 itself (e.g., myocarditis [46] and respiratory symptoms [47])
and those that are often seen with other post-viral fatigue syndromes (e.g., fatigue and cog-
nitive dysfunction). One study clearly differentiated the onset of respiratory symptoms that
dominated the first 4 weeks following initial COVID-19 infection from sleep disturbances
and behavioral symptoms that dominated in the 12-to-24-week period following acute
infection [48]. A second contributor to this uncertainty is that due to broad definitions and
characterizations of symptoms, some studies showed alarmingly high rates of symptoms
of up to 40–50%, even in uninfected controls [46,49].

One group of studies found no difference between COVID-19 cases and controls in
the relative risk of developing symptoms consistent with PASC. These studies included
the CLoCk study from England [48,49], data from the CDC [50,51], and data from Eu-
rope [52,53]. A second group of studies showed ≤10% difference between cases and
controls and represents the largest number of reports. This group includes data from
the RECOVER (REsearching COVid to Enhance Recovery) study [46], and studies from
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Switzerland [54], Germany [55], Denmark [20,56], England [48,57], Japan [58], and else-
where [59]. The last group of studies yielded the highest estimates of PASC in children, of
>15% [29,47,60,61]. Among the included studies, the most common symptoms of PASC
were fatigue, headache, concentration difficulties, sleep disturbances, behavioral changes,
and abdominal pain. Risk factors for the development of PASC included older age, sever-
ity of acute illness, comorbidities (including mental health issues at baseline) and being
female [20,29,53,55,56,60]. The most comprehensive case review to date [62], including
31 studies and over 15,000 patients, found that 16% of pediatric patients had ≥1 symptom
3 months following their initial infection. This figure is on the high end based on the
studies just reviewed; however, the included studies had significant heterogeneity and
often included persistent respiratory symptoms, which may be a better reflection of the
severity of the initial infection than PASC.

In longer-term studies of PASC, symptoms diminish with time [60,63], and in one study
there were no differences in symptoms between cases and controls after 6–9 months [63].
This diminution of symptoms over time is similar to what is seen in adolescents who meet
criteria for CFS following infectious mononucleosis, again supporting the notion that PASC
and CFS following IM are related disease processes [32]. In one preliminary study that
directly compared 19 children with PASC to 19 age- and gender-matched children with a
self-reported diagnosis of ME/CFS, the children with ME/CFS had worse severity and
longevity of symptoms, although symptoms in both groups declined over time [64].

3.3. Treatment and Outcomes

As has been summarized above, whether due to the infection itself or the conditions
brought about by the pandemic (e.g., school closures and social isolation), about 15%
of children and adolescents will have 3 months or more of symptoms such as fatigue,
brain fog, headache, sleep disturbances, behavioral changes and abdominal pain following
COVID-19. These symptoms interfere with a child’s daily activities, including school, and
these children require help. At present, there is no cure for PASC. However, as symptoms
tend to diminish with time there are therapies that have been shown to speed recovery for
both CFS following IM and PASC, the most promising of which is cognitive behavioral
therapy (CBT). The CBT modalities that have been studied for PASC include a graded
exercise component, which whether alone or in combination with CBT appears to offer the
best chance of speeding recovery, although studies have found that even graded exercise
alone without CBT may be helpful [65–67]. A Cochrane review of eight randomized
controlled trials in adults with ME/CFS [68] showed benefit to graded exercise, while three
randomized controlled trials in adolescents with ME/CFS [69–71] also showed the benefit
of CBT.

Long-term follow-up for PASC is not yet available since the pandemic first began at the
end of 2019. However, again it may be reasonable to extrapolate findings from studies of
ME/CFS. One such study on pediatric patients with ME/CFS found that ~65% of patients
showed sustained recovery, after a mean follow-up 2.7 years, with online CBT alone [72].
In adults with ME/CFS, 37–70% have sustained recoveries up to 10 years later [73]. These
findings are encouraging for patients with PASC. Future long-term follow-up studies
focused on this important patient population are certainly warranted.

4. Conclusions

The COVID-19 pandemic generally spared children from severe disease. However, two
post-infectious sequelae emerged. The first, MIS-C, although generally not life-threatening,
was seen almost exclusively in children and had the potential to garner significant morbidity.
The other, PASC, is less commonly seen in children than in adults, but has potential
for significant long-term morbidity. Whether resulting from the infection itself or the
challenging conditions associated with the COVID-19 pandemic, the pathophysiology of
PASC is less well understood than that of MIS-C, and unfortunately its treatment remains
much less satisfactory.
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5. Future Directions

As mentioned, one of the most important future directions will be to characterize
the long-term complications associated with MIS-C and PASC. There are ongoing studies
looking at cardiac and neurologic recovery. Initial studies looking at follow-up echocardiog-
raphy in the months following discharge have shown that most patients have full recovery
without evidence of cardiac dysfunction [74]. In-depth studies utilizing cardiac MRI have
had mixed results, with some showing non-specific continued signs of subclinical cardiac
dysfunction, but most found significant recovery in the months after discharge [75,76].
Studies such as the National Heart Lung and Blood Institute Study on Long-term Out-
comes after the Multisystem Inflammatory Syndrome In Children (MUSIC) hope to further
characterize resolution over 5 years [77].

Given the similar clinical profile of patients with ME/CFS following infectious mononu-
cleosis and PASC, an emphasis on long-term follow up was highlighted as an important
facet of clinical care early on. Identifying risk factors for non-recovery and appropriate
clinical management is a central goal in the care of these patients. Prospective studies are
ongoing. Partnerships with appropriate medical and psychology providers should help
to unravel the disease’s pathophysiology and lead to the development of new treatments
and preventatives going forward. Additionally, there should be increased emphasis on
improving available resources and research for pediatric patients. Studies such as the Long
Haul COVID-19 Rehabilitation and Recovery Research Program (LHC Rehab), which is
enrolling patients >18 years old, should have a companion study in pediatrics.

Continued research focused on understanding the biochemical and physiological un-
derpinnings of MIS-C and PASC will undoubtedly inform us about other complex, common
disease processes. For example, there are similarities between the inflammatory signature
seen in MIS-C and systemic lupus erythematosus (SLE) [78]. Finally, just as we have learned
much about PASC following COVID-19 from ME/CFS following mononucleosis, we hope
that future studies focused on PASC will then be able to inform the field of ME/CFS as well.

Author Contributions: Conceptualization, methodology, writing—original draft preparation, writing—
review and editing were performed by S.P.-J. Conceptualization, methodology, writing—original
draft preparation, writing—review and editing were all performed by B.Z.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Parzen-Johnson has indicated he has no conflicts of interest relevant to this
article to disclose. Katz is the recipient of a supplemental award from the National Institute of
Neurological Disorders and Stroke (R01 NS111105) to study Long COVID in adolescents and young
adults and compare them to young adults who developed ME/CFS following mono.

Abbreviations

Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2), Multi-System Inflammatory Syn-
drome in Children (MIS-C), Post-Acute Sequelae of SARS-CoV-2 infection (PASC), Kawasaki Disease
(KD), World Health Organization (WHO), Centers for Disease Control (CDC), Intravenous Im-
munoglobulin (IVIG), Post-COVID-19 Condition (PCC), Myalgic Encephalomyelitis/Chronic Fatigue
Syndrome (ME/CFS), Central Nervous System (CNS), Cognitive Behavioral Therapy (CBT), Systemic
Lupus Erythematosus (SLE).

References
1. Martin, B.; DeWitt, P.E.; Russell, S.; Anand, A.; Bradwell, K.R.; Bremer, C.; Gabriel, D.; Girvin, A.T.; Hajagos, J.G.; McMurry,

J.A.; et al. Characteristics, Outcomes, and Severity Risk Factors Associated With SARS-CoV-2 Infection Among Children in the
US National COVID Cohort Collaborative. JAMA Netw. Open 2022, 5, e2143151. [CrossRef] [PubMed]

2. Riphagen, S.; Gomez, X.; Gonzalez-Martinez, C.; Wilkinson, N.; Theocharis, P. Hyperinflammatory shock in children during
COVID-19 pandemic. Lancet 2020, 395, 1607–1608. [CrossRef] [PubMed]

https://doi.org/10.1001/jamanetworkopen.2021.43151
https://www.ncbi.nlm.nih.gov/pubmed/35133437
https://doi.org/10.1016/S0140-6736(20)31094-1
https://www.ncbi.nlm.nih.gov/pubmed/32386565


J. Clin. Med. 2024, 13, 1147 8 of 11

3. Vella, L.A.; Rowley, A.H. Current Insights into the Pathophysiology of Multisystem Inflammatory Syndrome in Children. Curr.
Pediatr. Rep. 2021, 9, 83–92. [CrossRef] [PubMed]

4. Sacco, K.; Castagnoli, R.; Vakkilainen, S.; Liu, C.; Delmonte, O.M.; Oguz, C.; Kaplan, I.M.; Alehashemi, S.; Burbelo, P.D.; Bhuyan,
F.; et al. Immunopathological signatures in multisystem inflammatory syndrome in children and pediatric COVID-19. Nat. Med.
2022, 28, 1050–1062. [CrossRef] [PubMed]

5. Lee, D.; Le Pen, J.; Yatim, A.; Dong, B.; Aquino, Y.; Ogishi, M.; Pescarmona, R.; Talouarn, E.; Rinchai, D.; Zhang, P.; et al. Inborn
errors of OAS-RNase L in SARS-CoV-2-related multisystem inflammatory syndrome in children. Science 2023, 379, eabo3627.
[CrossRef] [PubMed]

6. Consiglio, C.R.; Cotugno, N.; Sardh, F.; Pou, C.; Amodio, D.; Rodriguez, L.; Tan, Z.; Zicari, S.; Ruggiero, A.; Pascucci, G.R.; et al.
The Immunology of Multisystem Inflammatory Syndrome in Children with COVID-19. Cell 2020, 183, 968–981.e7. [CrossRef]

7. Rowley, A.H. Multisystem Inflammatory Syndrome in Children and Kawasaki Disease: Two Different Illnesses with Overlapping
Clinical Features. J. Pediatr. 2020, 224, 129–132. [CrossRef]

8. Feldstein, L.R.; Tenforde, M.W.; Friedman, K.G.; Newhams, M.; Rose, E.B.; Dapul, H.; Soma, V.L.; Maddux, A.B.; Mourani, P.M.;
Bowens, C.; et al. Characteristics and Outcomes of US Children and Adolescents with Multisystem Inflammatory Syndrome in
Children (MIS-C) Compared with Severe Acute COVID-19. JAMA 2021, 325, 1074–1087. [CrossRef]

9. CDC. Information for Healthcare Providers about Multisystem Inflammatory Syndrome in Children (mis-C); CDC: Atlanta, GA, USA,
2023. Available online: https://www.cdc.gov/mis/mis-c/hcp/index.html (accessed on 1 August 2023).

10. WHO. Multisystem Inflammatory Syndrome in Children and Adolescents with COVID-19: Scientific Brief ; WHO: Geneva, Switzerland,
2020. Available online: https://www.who.int/publications-detail/multisystem-inflammatory-syndrome-in-children-and-
adolescents-with-covid-19 (accessed on 1 August 2023).

11. Aronoff, S.C.; Hall, A.; Del Vecchio, M.T. The Natural History of Severe Acute Respiratory Syndrome Coronavirus 2-Related
Multisystem Inflammatory Syndrome in Children: A Systematic Review. J. Pediatr. Infect. Dis. Soc. 2020, 9, 746–751. [CrossRef]

12. LaRovere, K.L.; Riggs, B.J.; Poussaint, T.Y.; Young, C.C.; Newhams, M.M.; Maamari, M.; Walker, T.C.; Singh, A.R.; Dapul, H.;
Hobbs, C.V.; et al. Neurologic Involvement in Children and Adolescents Hospitalized in the United States for COVID-19 or
Multisystem Inflammatory Syndrome. JAMA Neurol. 2021, 78, 536–547. [CrossRef]

13. Zuccotti, G.; Calcaterra, V.; Mannarino, S.; D’auria, E.; Bova, S.M.; Fiori, L.; Verduci, E.; Milanese, A.; Marano, G.; Garbin, M.; et al.
Six-month multidisciplinary follow-up in multisystem inflammatory syndrome in children: An Italian single-center experience.
Front. Pediatr. 2022, 10, 1080654. [CrossRef]

14. Belhadjer, Z.; Auriau, J.; Méot, M.; Oualha, M.; Renolleau, S.; Houyel, L.; Bonnet, D. Addition of Corticosteroids to Im-
munoglobulins Is Associated with Recovery of Cardiac Function in Multi-Inflammatory Syndrome in Children. Circulation 2020,
142, 2282–2284. [CrossRef]

15. Ouldali, N.; Toubiana, J.; Antona, D.; Javouhey, E.; Madhi, F.; Lorrot, M.; Léger, P.-L.; Galeotti, C.; Claude, C.; Wiedemann, A.; et al.
Association of Intravenous Immunoglobulins Plus Methylprednisolone vs Immunoglobulins Alone with Course of Fever in
Multisystem Inflammatory Syndrome in Children. JAMA 2021, 325, 855–864. [CrossRef]

16. Son, M.B.F.; Murray, N.; Friedman, K.; Young, C.C.; Newhams, M.M.; Feldstein, L.R.; Loftis, L.L.; Tarquinio, K.M.; Singh, A.R.;
Heidemann, S.M.; et al. Multisystem Inflammatory Syndrome in Children—Initial Therapy and Outcomes. N. Engl. J. Med. 2021,
385, 23–34. [CrossRef]

17. McArdle, A.J.; Vito, O.; Patel, H.; Seaby, E.G.; Shah, P.; Wilson, C.; Broderick, C.; Nijman, R.; Tremoulet, A.H.; Munblit, D.; et al.
Treatment of Multisystem Inflammatory Syndrome in Children. N. Engl. J. Med. 2021, 385, 11–22. [CrossRef]

18. Ouldali, N.; Son, M.B.F.; McArdle, A.J.; Vito, O.; Vaugon, E.; Belot, A.; Leblanc, C.; Murray, N.L.; Patel, M.M.; Levin, M.; et al.
Immunomodulatory Therapy for MIS-C. Pediatrics 2023, 152, e2022061173. [CrossRef] [PubMed]

19. DeBiasi, R.L. Immunotherapy for MIS-C—IVIG, Glucocorticoids, and Biologics. N. Engl. J. Med. 2021, 385, 74–75. [CrossRef]
[PubMed]

20. Borch, L.; Holm, M.; Knudsen, M.; Ellermann-Eriksen, S.; Hagstroem, S. Long COVID symptoms and duration in SARS-CoV-2
positive children—A nationwide cohort study. Eur. J. Pediatr. 2022, 181, 1597–1607. [CrossRef] [PubMed]

21. Dove, M.L.; Jaggi, P.; Kelleman, M.; Abuali, M.; Ang, J.Y.; Ballan, W.; Basu, S.K.; Campbell, M.J.; Chikkabyrappa, S.M.; Choueiter,
N.F.; et al. Multisystem Inflammatory Syndrome in Children: Survey of Protocols for Early Hospital Evaluation and Management.
J. Pediatr. 2021, 229, 33–40. [CrossRef] [PubMed]

22. CDC. Health Department-Reported Cases of Multisystem Inflammatory Syndrome in Children (MIS-C) in the United States; CDC:
Atlanta, GA, USA, 2021. Available online: https://covid.cdc.gov/covid-data-tracker/#mis-national-surveillance (accessed on 11
August 2023).

23. Abrams, J.Y.; Godfred-Cato, S.E.; Oster, M.E.; Chow, E.J.; Koumans, E.H.; Bryant, B.; Leung, J.W.; Belay, E.D. Multisystem
Inflammatory Syndrome in Children Associated with Severe Acute Respiratory Syndrome Coronavirus 2: A Systematic Review.
J. Pediatr. 2020, 226, 45–54.e1. [CrossRef]

24. Payne, A.B.; Gilani, Z.; Godfred-Cato, S.; Belay, E.D.; Feldstein, L.R.; Patel, M.M.; Randolph, A.G.; Newhams, M.; Thomas, D.;
Magleby, R.; et al. Incidence of Multisystem Inflammatory Syndrome in Children Among US Persons Infected With SARS-CoV-2.
JAMA Netw. Open 2021, 4, e2116420. [CrossRef] [PubMed]

https://doi.org/10.1007/s40124-021-00257-6
https://www.ncbi.nlm.nih.gov/pubmed/34692237
https://doi.org/10.1038/s41591-022-01724-3
https://www.ncbi.nlm.nih.gov/pubmed/35177862
https://doi.org/10.1126/science.abo3627
https://www.ncbi.nlm.nih.gov/pubmed/36538032
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1016/j.jpeds.2020.06.057
https://doi.org/10.1001/jama.2021.2091
https://www.cdc.gov/mis/mis-c/hcp/index.html
https://www.who.int/publications-detail/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://www.who.int/publications-detail/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://doi.org/10.1093/jpids/piaa112
https://doi.org/10.1001/jamaneurol.2021.0504
https://doi.org/10.3389/fped.2022.1080654
https://doi.org/10.1161/CIRCULATIONAHA.120.050147
https://doi.org/10.1001/jama.2021.0694
https://doi.org/10.1056/NEJMoa2102605
https://doi.org/10.1056/NEJMoa2102968
https://doi.org/10.1542/peds.2022-061173
https://www.ncbi.nlm.nih.gov/pubmed/37376963
https://doi.org/10.1056/NEJMe2108276
https://www.ncbi.nlm.nih.gov/pubmed/34133878
https://doi.org/10.1007/s00431-021-04345-z
https://www.ncbi.nlm.nih.gov/pubmed/35000003
https://doi.org/10.1016/j.jpeds.2020.10.026
https://www.ncbi.nlm.nih.gov/pubmed/33075369
https://covid.cdc.gov/covid-data-tracker/#mis-national-surveillance
https://doi.org/10.1016/j.jpeds.2020.08.003
https://doi.org/10.1001/jamanetworkopen.2021.16420
https://www.ncbi.nlm.nih.gov/pubmed/34110391


J. Clin. Med. 2024, 13, 1147 9 of 11

25. Levy, N.; Koppel, J.H.; Kaplan, O.; Yechiam, H.; Shahar-Nissan, K.; Cohen, N.K.; Shavit, I. Severity and Incidence of Multisystem
Inflammatory Syndrome in Children During 3 SARS-CoV-2 Pandemic Waves in Israel. JAMA 2022, 327, 2452–2454. [CrossRef]
[PubMed]

26. Cohen, J.M.; Carter, M.J.; Cheung, C.R.; Ladhani, S. Lower Risk of Multisystem Inflammatory Syndrome in Children with
the Delta and Omicron Variants of Severe Acute Respiratory Syndrome Coronavirus 2. Clin. Infect. Dis. 2023, 76, e518–e521.
[CrossRef] [PubMed]

27. Holm, M.; Espenhain, L.; Glenthøj, J.; Schmidt, L.S.; Nordly, S.B.; Hartling, U.B.; Nygaard, U. Risk and Phenotype of Multisystem
Inflammatory Syndrome in Vaccinated and Unvaccinated Danish Children Before and During the Omicron Wave. JAMA Pediatr.
2022, 176, 821–823. [CrossRef] [PubMed]

28. Soriano, J.B.; Murthy, S.; Marshall, J.C.; Relan, P.; Diaz, J.V. A clinical case definition of post-COVID-19 condition by a Delphi
consensus. Lancet Infect. Dis. 2022, 22, e102–e107. [CrossRef] [PubMed]

29. Stephenson, T.; Allin, B.; Nugawela, M.D.; Rojas, N.; Dalrymple, E.; Pereira, S.P.; Soni, M.; Knight, M.; Cheung, E.Y.; Heyman,
I.; et al. Long COVID (post-COVID-19 condition) in children: A modified Delphi process. Arch. Dis. Child. 2022, 107, 674–680.
[CrossRef] [PubMed]

30. Buchwald, D.S.; Rea, T.D.; Katon, W.J.; Russo, J.E.; Ashley, R.L. Acute infectious mononucleosis: Characteristics of patients who
report failure to recover. Am. J. Med. 2000, 109, 531–537. [CrossRef] [PubMed]

31. Hickie, I.; Davenport, T.; Wakefield, D.; Vollmer-Conna, U.; Cameron, B.; Vernon, S.D.; Reeves, W.C.; Lloyd, A. Post-infective
and chronic fatigue syndromes precipitated by viral and non-viral pathogens: Prospective cohort study. BMJ 2006, 333, 575.
[CrossRef]

32. Katz, B.Z.; Shiraishi, Y.; Mears, C.J.; Binns, H.J.; Taylor, R. Chronic fatigue syndrome after infectious mononucleosis in adolescents.
Pediatrics 2009, 124, 189–193. [CrossRef]

33. Sandler, C.X.; Wyller, V.B.B.; Moss-Morris, R.; Buchwald, D.; Crawley, E.; Hautvast, J.; Katz, B.Z.; Knoop, H.; Little, P.; Taylor, R.;
et al. Long COVID and Post-infective Fatigue Syndrome: A Review. Open Forum Infect. Dis. 2021, 8, ofab440. [CrossRef]

34. Wang, P.Y.; Ma, J.; Kim, Y.-C.; Son, A.Y.; Syed, A.M.; Liu, C.; Mori, M.P.; Huffstutler, R.D.; Stolinski, J.L.; Talagala, S.L.; et al.
WASF3 disrupts mitochondrial respiration and may mediate exercise intolerance in myalgic encephalomyelitis/chronic fatigue
syndrome. Proc. Natl. Acad. Sci. USA 2023, 120, e2302738120. [CrossRef] [PubMed]

35. Cysique, L.A.; Jakabek, D.; Bracken, S.G.; Allen-Davidian, Y.; Heng, B.; Chow, S.; Dehhaghi, M.; Pires, A.S.; Darley, D.R.; Byrne,
A.; et al. The kynurenine pathway relates to post-acute COVID-19 objective cognitive impairment and PASC. Ann. Clin. Transl.
Neurol. 2023, 10, 1338–1352. [CrossRef] [PubMed]

36. Guo, L.; Appelman, B.; Mooij-Kalverda, K.; Houtkooper, R.H.; van Weeghel, M.; Vaz, F.M.; Dijkhuis, A.; Dekker, T.; Smids, B.S.;
Duitman, J.W.; et al. Prolonged indoleamine 2,3-dioxygenase-2 activity and associated cellular stress in post-acute sequelae of
SARS-CoV-2 infection. EBioMedicine 2023, 94, 104729. [CrossRef] [PubMed]

37. Wang, E.Y.; Mao, T.; Klein, J.; Dai, Y.; Huck, J.D.; Jaycox, J.R.; Liu, F.; Zhou, T.; Israelow, B.; Wong, P.; et al. Diverse Functional
Autoantibodies in Patients with COVID-19. medRxiv 2021. [CrossRef] [PubMed]

38. Kreye, J.; Reincke, S.M.; Kornau, H.-C.; Sánchez-Sendin, E.; Corman, V.M.; Liu, H.; Yuan, M.; Wu, N.C.; Zhu, X.; Lee, C.-C.D.; et al.
A Therapeutic Non-self-reactive SARS-CoV-2 Antibody Protects from Lung Pathology in a COVID-19 Hamster Model. Cell 2020,
183, 1058–1069.e19. [CrossRef]

39. Proal, A.D.; VanElzakker, M.B. Long COVID or Post-acute Sequelae of COVID-19 (PASC): An Overview of Biological Factors That
May Contribute to Persistent Symptoms. Front. Microbiol. 2021, 12, 698169. [CrossRef]

40. Belizário, J.E.; Faintuch, J. Microbiome and Gut Dysbiosis. Exp. Suppl. 2018, 109, 459–476. [CrossRef]
41. Schultheiß, C.; Willscher, E.; Paschold, L.; Gottschick, C.; Klee, B.; Henkes, S.-S.; Bosurgi, L.; Dutzmann, J.; Sedding, D.; Frese,

T.; et al. The IL-1β, IL-2022, 6, and TNF cytokine triad is associated with post-acute sequelae of COVID-19. Cell Rep. Med. 2022,
3, 100663. [CrossRef]

42. Phetsouphanh, C.; Darley, D.R.; Wilson, D.B.; Howe, A.; Munier, C.M.L.; Patel, S.K.; Juno, J.A.; Burrell, L.M.; Kent, S.J.; Dore,
G.J.; et al. Immunological dysfunction persists for 8 months following initial mild-to-moderate SARS-CoV-2 infection. Nat.
Immunol. 2022, 23, 210–216. [CrossRef]

43. Wong, A.C.; Devason, A.S.; Umana, I.C.; Cox, T.O.; Dohnalová, L.; Litichevskiy, L.; Perla, J.; Lundgren, P.; Etwebi, Z.; Izzo,
L.T.; et al. Serotonin reduction in post-acute sequelae of viral infection. Cell 2023, 186, 4851–4867.e20. [CrossRef]

44. Longobardi, I.; Goessler, K.; Júnior, G.N.d.O.; Prado, D.M.L.D.; Santos, J.V.P.; Meletti, M.M.; de Andrade, D.C.O.; Gil, S.; Boza,
J.A.S.d.O.; Lima, F.R.; et al. Effects of a 16-week home-based exercise training programme on health-related quality of life,
functional capacity, and persistent symptoms in survivors of severe/critical COVID-19: A randomised controlled trial. Br. J.
Sports Med. 2023, 57, 1295–1303. [CrossRef]

45. Behnood, S.A.; Shafran, R.; Bennett, S.; Zhang, A.; O’Mahoney, L.; Stephenson, T.; Ladhani, S.; De Stavola, B.; Viner, R.; Swann, O.
Persistent symptoms following SARS-CoV-2 infection amongst children and young people: A meta-analysis of controlled and
uncontrolled studies. J. Infect. 2022, 84, 158–170. [CrossRef]

46. Rao, S.; Lee, G.M.; Razzaghi, H.; Lorman, V.; Mejias, A.; Pajor, N.M.; Thacker, D.; Webb, R.; Dickinson, K.; Bailey, L.C.; et al.
Clinical Features and Burden of Postacute Sequelae of SARS-CoV-2 Infection in Children and Adolescents. JAMA Pediatr. 2022,
176, 1000–1009. [CrossRef]

https://doi.org/10.1001/jama.2022.8025
https://www.ncbi.nlm.nih.gov/pubmed/35588048
https://doi.org/10.1093/cid/ciac553
https://www.ncbi.nlm.nih.gov/pubmed/35788276
https://doi.org/10.1001/jamapediatrics.2022.2206
https://www.ncbi.nlm.nih.gov/pubmed/35675054
https://doi.org/10.1016/S1473-3099(21)00703-9
https://www.ncbi.nlm.nih.gov/pubmed/34951953
https://doi.org/10.1136/archdischild-2021-323624
https://www.ncbi.nlm.nih.gov/pubmed/35365499
https://doi.org/10.1016/S0002-9343(00)00560-X
https://www.ncbi.nlm.nih.gov/pubmed/11063953
https://doi.org/10.1136/bmj.38933.585764.AE
https://doi.org/10.1542/peds.2008-1879
https://doi.org/10.1093/ofid/ofab440
https://doi.org/10.1073/pnas.2302738120
https://www.ncbi.nlm.nih.gov/pubmed/37579159
https://doi.org/10.1002/acn3.51825
https://www.ncbi.nlm.nih.gov/pubmed/37318955
https://doi.org/10.1016/j.ebiom.2023.104729
https://www.ncbi.nlm.nih.gov/pubmed/37506544
https://doi.org/10.1038/s41586-021-03631-y
https://www.ncbi.nlm.nih.gov/pubmed/34010947
https://doi.org/10.1016/j.cell.2020.09.049
https://doi.org/10.3389/fmicb.2021.698169
https://doi.org/10.1007/978-3-319-74932-7_13
https://doi.org/10.1016/j.xcrm.2022.100663
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1016/j.cell.2023.09.013
https://doi.org/10.1136/bjsports-2022-106681
https://doi.org/10.1016/j.jinf.2021.11.011
https://doi.org/10.1001/jamapediatrics.2022.2800


J. Clin. Med. 2024, 13, 1147 10 of 11

47. Fink, T.T.; Marques, H.H.; Gualano, B.; Lindoso, L.; Bain, V.; Astley, C.; Martins, F.; Matheus, D.; Matsuo, O.M.; Suguita, P.; et al.
Persistent symptoms and decreased health-related quality of life after symptomatic pediatric COVID-19: A prospective study in a
Latin American tertiary hospital. Clinics 2021, 76, e3511. [CrossRef] [PubMed]

48. Zavala, M.; Ireland, G.; Amin-Chowdhury, Z.; Ramsay, M.E.; Ladhani, S.N. Acute and Persistent Symptoms in Children with
Polymerase Chain Reaction (PCR)-Confirmed Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Infection
Compared With Test-Negative Children in England: Active, Prospective, National Surveillance. Clin. Infect. Dis. 2022, 75, e191–
e200. [CrossRef] [PubMed]

49. Stephenson, T.; Pereira, S.M.P.; Shafran, R.; de Stavola, B.L.; Rojas, N.; McOwat, K.; Simmons, R.; Zavala, M.; O’Mahoney, L.;
Chalder, T.; et al. Physical and mental health 3 months after SARS-CoV-2 infection (long COVID) among adolescents in England
(CLoCk): A national matched cohort study. Lancet Child. Adolesc. Health 2022, 6, 230–239. [CrossRef] [PubMed]

50. Kompaniyets, L.; Bull-Otterson, L.; Boehmer, T.K.; Baca, S.; Alvarez, P.; Hong, K.; Hsu, J.; Harris, A.M.; Gundlapalli, A.V.; Saydah,
S. Post-COVID-19 Symptoms and Conditions Among Children and Adolescents—United States, 1 March 2020–31 January 2022.
MMWR Morb. Mortal. Wkly. Rep. 2022, 71, 993–999. [CrossRef] [PubMed]

51. Chevinsky, J.R.; Tao, G.; Lavery, A.M.; A Kukielka, E.; Click, E.S.; Malec, D.; Kompaniyets, L.; Bruce, B.B.; Yusuf, H.; Goodman,
A.B.; et al. Late Conditions Diagnosed 1–4 Months Following an Initial Coronavirus Disease 2019 (COVID-19) Encounter: A
Matched-Cohort Study Using Inpatient and Outpatient Administrative Data-United States, 1 March–30 June 2020. Clin. Infect.
Dis. 2021, 73, S5–S16. [CrossRef] [PubMed]

52. Blankenburg, J.; Wekenborg, M.K.; Reichert, J.; Kirsten, C.; Kahre, E.; Haag, L.; Schumm, L.; Czyborra, P.; Berner, R.; Armann, J.P.
Comparison of mental health outcomes in seropositive and seronegative adolescents during the COVID19 pandemic. Sci. Rep.
2022, 12, 2246. [CrossRef] [PubMed]

53. Selvakumar, J.; Havdal, L.B.; Drevvatne, M.; Brodwall, E.M.; Berven, L.L.; Stiansen-Sonerud, T.; Einvik, G.; Leegaard, T.M.; Tjade,
T.; Michelsen, A.E.; et al. Prevalence and Characteristics Associated with Post-COVID-19 Condition Among Nonhospitalized
Adolescents and Young Adults. JAMA Netw. Open 2023, 6, e235763. [CrossRef]

54. Radtke, T.; Ulyte, A.; Puhan, M.A.; Kriemler, S. Long-term Symptoms After SARS-CoV-2 Infection in Children and Adolescents.
JAMA 2021, 326, 869–871. [CrossRef]

55. Sorg, A.-L.; Becht, S.; Jank, M.; Armann, J.; von Both, U.; Hufnagel, M.; Lander, F.; Liese, J.G.; Niehues, T.; Verjans, E.; et al.
Association of SARS-CoV-2 Seropositivity with Myalgic Encephalomyelitis and/or Chronic Fatigue Syndrome Among Children
and Adolescents in Germany. JAMA Netw. Open 2022, 5, e2233454. [CrossRef]

56. Kikkenborg Berg, S.; Palm, P.; Nygaard, U.; Bundgaard, H.; Petersen, M.N.S.; Rosenkilde, S.; Thorsted, A.B.; Ersbøll, A.K.;
Thygesen, L.C.; Nielsen, S.D.; et al. Long COVID symptoms in SARS-CoV-2-positive children aged 0–14 years and matched
controls in Denmark (LongCOVIDKidsDK): A national, cross-sectional study. Lancet Child. Adolesc. Health 2022, 6, 614–623.
[CrossRef]

57. Molteni, E.; Sudre, C.H.; Canas, L.S.; Bhopal, S.S.; Hughes, R.C.; Antonelli, M.; Murray, B.; Kläser, K.; Kerfoot, E.; Chen, L.; et al.
Illness duration and symptom profile in symptomatic UK school-aged children tested for SARS-CoV-2. Lancet Child. Adolesc.
Health 2021, 5, 708–718. [CrossRef]

58. Katsuta, T.; Aizawa, Y.; Shoji, K.; Shimizu, N.; Okada, K.; Nakano, T.; Kamiya, H.; Amo, K.; Ishiwada, N.; Iwata, S.; et al. Acute
and Postacute Clinical Characteristics of Coronavirus Disease 2019 in Children in Japan. Pediatr. Infect. Dis. J. 2023, 42, 240–246.
[CrossRef]

59. Funk, A.L.; Kuppermann, N.; Florin, T.A.; Tancredi, D.J.; Xie, J.; Kim, K.; Finkelstein, Y.; Neuman, M.I.; Salvadori, M.I.; Yock-
Corrales, A.; et al. Post-COVID-19 Conditions Among Children 90 Days After SARS-CoV-2 Infection. JAMA Netw. Open 2022,
5, e2223253. [CrossRef]

60. Baptista de Lima, J.; Salazar, L.; Fernandes, A.; Teixeira, C.; Marques, L.; Afonso, C. Long COVID in Children and Adolescents: A
Retrospective Study in a Pediatric Cohort. Pediatr. Infect. Dis. J. 2023, 42, e109–e111. [CrossRef]

61. Ahn, B.; Choi, S.H.; Yun, K.W. Non-neuropsychiatric Long COVID Symptoms in Children Visiting a Pediatric Infectious Disease
Clinic After an Omicron Surge. Pediatr. Infect. Dis. J. 2023, 42, e143–e145. [CrossRef]

62. Jiang, L.; Li, X.; Nie, J.; Tang, K.; Bhutta, Z.A. A Systematic Review of Persistent Clinical Features After SARS-CoV-2 in the
Pediatric Population. Pediatrics 2023, 152, e2022060351. [CrossRef]

63. Buonsenso, D.; Munblit, D.; Pazukhina, E.; Ricchiuto, A.; Sinatti, D.; Zona, M.; De Matteis, A.; D’ilario, F.; Gentili, C.; Lanni,
R.; et al. Post-COVID Condition in Adults and Children Living in the Same Household in Italy: A Prospective Cohort Study
Using the ISARIC Global Follow-Up Protocol. Front. Pediatr. 2022, 10, 834875. [CrossRef]

64. Jason, L.A.; Johnson, M.; Torres, C. Pediatric Post-Acute Sequelae of SARS-CoV-2 infection. Fatigue Biomed. Health Behav. 2023,
11, 55–65. [CrossRef]

65. Braga, J.; Lepra, M.; Kish, S.J.; Rusjan, P.M.; Nasser, Z.; Verhoeff, N.; Vasdev, N.; Bagby, M.; Boileau, I.; Husain, M.I.; et al.
Neuroinflammation After COVID-19 With Persistent Depressive and Cognitive Symptoms. JAMA Psychiatry 2023, 80, 787–795.
[CrossRef]

66. Ahmadi Hekmatikar, A.H.; Ferreira Júnior, J.B.; Shahrbanian, S.; Suzuki, K. Functional and Psychological Changes after Exercise
Training in Post-COVID-19 Patients Discharged from the Hospital: A PRISMA-Compliant Systematic Review. Int. J. Environ. Res.
Public Health 2022, 19, 2290. [CrossRef]

https://doi.org/10.6061/clinics/2021/e3511
https://www.ncbi.nlm.nih.gov/pubmed/34852145
https://doi.org/10.1093/cid/ciab991
https://www.ncbi.nlm.nih.gov/pubmed/34849658
https://doi.org/10.1016/S2352-4642(22)00022-0
https://www.ncbi.nlm.nih.gov/pubmed/35143770
https://doi.org/10.15585/mmwr.mm7131a3
https://www.ncbi.nlm.nih.gov/pubmed/35925799
https://doi.org/10.1093/cid/ciab338
https://www.ncbi.nlm.nih.gov/pubmed/33909072
https://doi.org/10.1038/s41598-022-06166-y
https://www.ncbi.nlm.nih.gov/pubmed/35145161
https://doi.org/10.1001/jamanetworkopen.2023.5763
https://doi.org/10.1001/jama.2021.11880
https://doi.org/10.1001/jamanetworkopen.2022.33454
https://doi.org/10.1016/S2352-4642(22)00154-7
https://doi.org/10.1016/S2352-4642(21)00198-X
https://doi.org/10.1097/INF.0000000000003792
https://doi.org/10.1001/jamanetworkopen.2022.23253
https://doi.org/10.1097/INF.0000000000003829
https://doi.org/10.1097/INF.0000000000003862
https://doi.org/10.1542/peds.2022-060351
https://doi.org/10.3389/fped.2022.834875
https://doi.org/10.1080/21641846.2022.2162764
https://doi.org/10.1001/jamapsychiatry.2023.1321
https://doi.org/10.3390/ijerph19042290


J. Clin. Med. 2024, 13, 1147 11 of 11

67. Kuut, T.A.; Müller, F.; Csorba, I.; Braamse, A.; Aldenkamp, A.; Appelman, B.; Assmann-Schuilwerve, E.; E Geerlings, S.; Gibney,
K.B.; A A Kanaan, R.; et al. Efficacy of Cognitive-Behavioral Therapy Targeting Severe Fatigue Following Coronavirus Disease
2019: Results of a Randomized Controlled Trial. Clin. Infect. Dis. 2023, 77, 687–695. [CrossRef]

68. Larun, L.; Brurberg, K.G.; Odgaard-Jensen, J.; Price, J.R. Exercise therapy for chronic fatigue syndrome. Cochrane Database Syst.
Rev. 2017, 4, Cd003200. [CrossRef]

69. Stulemeijer, M.; de Jong, L.W.A.M.; Fiselier, T.J.W.; Hoogveld, S.W.B.; Bleijenberg, G. Cognitive behaviour therapy for adolescents
with chronic fatigue syndrome: Randomised controlled trial. BMJ 2004, 330, 14. [CrossRef]

70. Chalder, T.; Deary, V.; Husain, K.; Walwyn, R. Family-focused cognitive behaviour therapy versus psycho-education for chronic
fatigue syndrome in 11- to 18-year-olds: A randomized controlled treatment trial. Psychol. Med. 2010, 40, 1269–1279. [CrossRef]

71. Nijhof, S.L.; Bleijenberg, G.; Uiterwaal, C.S.; Kimpen, J.L.; van de Putte, E.M. Effectiveness of internet-based cognitive behavioural
treatment for adolescents with chronic fatigue syndrome (FITNET): A randomised controlled trial. Lancet 2012, 379, 1412–1418.
[CrossRef]

72. Nijhof, S.L.; Priesterbach, L.P.; Uiterwaal, C.S.P.M.; Bleijenberg, G.; Kimpen, J.L.L.; van de Putte, E.M. Internet-based therapy for
adolescents with chronic fatigue syndrome: Long-term follow-up. Pediatrics 2013, 131, e1788–e1795. [CrossRef]

73. Janse, A.; Nikolaus, S.; Wiborg, J.F.; Heins, M.; van der Meer, J.W.; Bleijenberg, G.; Tummers, M.; Twisk, J.; Knoop, H. Long-term
follow-up after cognitive behaviour therapy for chronic fatigue syndrome. J. Psychosom. Res. 2017, 97, 45–51. [CrossRef]

74. Farooqi, K.M.; Chan, A.; Weller, R.J.; Mi, J.; Jiang, P.; Abrahams, E.; Ferris, A.; Krishnan, U.S.; Pasumarti, N.; Suh, S.; et al.
Longitudinal Outcomes for Multisystem Inflammatory Syndrome in Children. Pediatrics 2021, 148, e2021051155. [CrossRef]

75. Benvenuto, S.; Simonini, G.; Della Paolera, S.; Abu Rumeileh, S.; Mastrolia, M.V.; Manerba, A.; Chicco, D.; Belgrano, M.; Caiffa,
T.; Cattalini, M.; et al. CCardiac MRI in midterm follow-up of MISC: A multicenter study. Eur. J. Pediatr. 2023, 182, 845–854.
[CrossRef]

76. Webster, G.; Patel, A.B.; Carr, M.R.; Rigsby, C.K.; Rychlik, K.; Rowley, A.H.; Robinson, J.D. Cardiovascular magnetic resonance
imaging in children after recovery from symptomatic COVID-19 or MIS-C: A prospective study. J. Cardiovasc. Magn. Reson. 2021,
23, 86. [CrossRef]

77. Truong, D.T.; Trachtenberg, F.L.; Pearson, G.D.; Dionne, A.; Elias, M.D.; Friedman, K.; Hayes, K.H.; Mahony, L.; McCrindle,
B.W.; Oster, M.E.; et al. The NHLBI Study on Long-terM OUtcomes after the Multisystem Inflammatory Syndrome In Children
(MUSIC): Design and Objectives. Am. Heart J. 2022, 243, 43–53. [CrossRef]

78. Klocperk, A.; Bloomfield, M.; Parackova, Z.; Aillot, L.; Fremuth, J.; Sasek, L.; David, J.; Fencl, F.; Skotnicova, A.; Rejlova, K.; et al. B
cell phenotype and serum levels of interferons, BAFF, and APRIL in multisystem inflammatory syndrome in children associated
with COVID-19 (MIS-C). Mol. Cell Pediatr. 2023, 10, 15. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/cid/ciad257
https://doi.org/10.1002/14651858.CD003200.pub7
https://doi.org/10.1136/bmj.38301.587106.63
https://doi.org/10.1017/S003329170999153X
https://doi.org/10.1016/S0140-6736(12)60025-7
https://doi.org/10.1542/peds.2012-2007
https://doi.org/10.1016/j.jpsychores.2017.03.016
https://doi.org/10.1542/peds.2021-051155
https://doi.org/10.1007/s00431-022-04748-6
https://doi.org/10.1186/s12968-021-00786-5
https://doi.org/10.1016/j.ahj.2021.08.003
https://doi.org/10.1186/s40348-023-00169-z

	Introduction 
	Multi-System Inflammatory Syndrome in Children (MIS-C) 
	Pathophysiology and Identification 
	Diagnosis 
	Treatment, Epidemiology, and Outcomes 

	Post-Acute Sequelae of SARS-CoV-2 Infection (PASC or Long COVID) 
	Pathophysiology and Identification 
	Diagnosis 
	Treatment and Outcomes 

	Conclusions 
	Future Directions 
	References

