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Abstract

Rationale: Pediatric COVID-19 studies have been mostly restricted to case reports and small
case series, which have prevented the identification of specific pediatric lung disease patterns in
COVID-19. The aoverarching goal of this systematic review and meta-analysis is to provide the
first comprehensive summary of the findings of published studies thus far describing COVID-19
lung imaging data in the pediatric population.

Methods: A systematic literature search of PubMed was performed to identify studies assessing
lung-imaging features of COVID-19 pediatric patients (0-18 years). A single-arm meta-analysis
was conducted to obtain the pooled prevalence and 95% confidence interval (95% ClI).

Results: A total of 29 articles (n7= 1026 children) based on chest computerized tomography (CT)
images were included. The main results of this comprehensive analysis are as follows: (1) Over a
third of pediatric patients with COVID-19 (35.7%, 95% CI: 27.5%—-44%) had normal chest CT
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scans and only 27.7% (95% CI: 19.9%-35.6%) had bilateral lesions. (2) The most typical pediatric
chest CT findings of COVID-19 were ground-glass opacities (GGO) (37.2%, 95% ClI: 29.3%—
45%) and the presence of consolidations or pneumonic infiltrates (22.3%, 95% ClI: 17.8%—26.9%).
(3) The lung imaging findings in children with COVID-19 were overall less frequent and less
severe than in adult patients. (4) Typical lung imaging features of viral respiratory infections in the
pediatric population such as increased perihilar markings and hyperinflation were not reported in
children with COVID-19.

Conclusion: Chest CT manifestations in children with COVID-19 could potentially be used for

early identification and prompt intervention in the pediatric population.
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1| INTRODUCTION

In early December of 2019, cases of a new lower respiratory “pneumonia-like” illness
started to occur in Wuhan, Hubei Province, China. Early tests found that this illness was
caused by a novel coronavirus (SARS-CoV-2). The Coronavirus Disease 2019 (COVID-19)
rapidly spread to almost every single country in the world and in the matter of a few months
was declared a global pandemic by the WHO.1-3 COVID-19 has become the most lethal
pandemic of modern times, mostly due to the development of severe acute respiratory
syndrome (SARS) in susceptible individuals.1~3 While published studies and case reports
indicate that the individuals most affected during the COVID-19 pandemic are adults above
60 years of age,18 there have been a significant number of COVID-19 cases of infants,
children, and young adults.*%:8 Although SARS-CoV-2 respiratory infections are overall
much less severe in children and younger individuals,*%8 SARS-CoV-2 can sometimes lead
to serious and life-threatening illnesses in previously healthy children and adolescents.’

The fact that SARS-CaoV-2 respiratory infections are more severe in adults than in children is
highly atypical. Viral respiratory infections are usually more severe in children and globally
are the top cause of sick visits, hospitalization, and mortality in the pediatric population.®10
Thus the lung disease patterns in COVID-19 seem to be highly variable with age and likely
distinct in infants, children, and adolescents. The lung manifestations of COVID-19 in the
adult populations have been reported in detail in thousands of recent publications. In
contrast, the lung disease patterns of COVID-19 in the pediatric population remain to be
determined. Addressing this gap is of critical importance to (1) allow the early identification
of potential SARS-CoV-2 infections in children; (2) distinguish SARS-CoV-2 infections
from common viral respiratory illnesses in the pediatric population (e.g., viral bronchiolitis);
(3) provide novel insights into the pathogenesis of SARS-CoV-2 in different age groups; and
(4) define initial lung imaging framework for a novel scoring system using computer-
assisted methods.

Lung imaging has become critically important for the early identification and treatment of
individuals affected by COVID-19.11.12 To date, the most common lung imaging modalities
utilized are chest radiographs (CXR) and chest computerized tomography (CT).1112 Many
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studies and recent meta-analyses have already reported that ground-glass opacity (GGO) is
the most common chest CT-based signature of SARS-CoV-2 in adults.13-16 |n contrast,
pediatric COVID-19 studies have been mostly restricted to case reports and small case
series, which have prevented the identification of specific pediatric lung disease patterns in
COVID-19. Accordingly, the overarching goal of this study is to provide the first
comprehensive summary of the findings of published studies thus far describing lung
imaging data in pediatric patients with COVID-19. For this purpose, we conducted a
systematic review of the literature and a single-arm meta-analysis to evaluate the agreement
and heterogeneity across different published studies in regard to (1) the proportion of
children with normal lung CT results, and (2) the pooled prevalence of each of the lung
imaging abnormalities reported in PCR-confirmed pediatric COVID-19 cases.

METHODS

Literature search and keywords

A systematic search of the literature was performed using PubMed from December 1, 2019
to July 11, 2020. The goal of the search was to identify studies in which lung imaging
features of SARS-CoV-2 were described in children. We did not specify age criteria in our
initial screening since some studies could include adults and children without specific title
descriptions. The selection of studies was developed with the systematic review management
platform COVIDENCE. The identified studies were first stored and checked for duplicates.
This review was carried out following the “Preferred Reporting Items for Systematic reviews
and Meta-Analyses, PRISMA.”1" The search was conducted for publications in the English
language. The retrieval was a combination of subject words and free words, and the coded
keywords were as follows: (“Coronavirus” OR “COVID-19” OR “2019 Novel Coronavirus”
OR “2019 nCoV” OR “2019 novel coronavirus” OR “SARS-CoV-2” OR “COVID” OR
“Wuhan Coronavirus”) AND (“imaging” OR “radiology” OR “radiography” OR “chest
radiograph” OR “X-ray” OR “computed tomography” OR “CT” OR “HRCT” OR
“ultrasound”).

Inclusion and exclusion criteria

Two independent investigators (GN and MGL) screened titles and abstracts of each retrieved
article based on pre-determined inclusion and exclusion criteria. Any disagreements were
resolved by discussion, and if necessary, a third reviewer was involved. Studies were
included if (1) publications were peer-reviewed articles with full text; (2) patients had
confirmed COVID-19 diagnosis by reverse transcription polymerase chain reaction (RT-
PCR); (3) chest imaging features of COVID-19 were included; and (4) the age of patients
was 0-18 years of age. For studies reporting adult and pediatric cases, we only included
those in which pediatric cases were reported separately. Studies were excluded if they (1)
were literature reviews, single case reports, editorial/comments, or clinical guidelines; (2)
lacked full text; or (3) lacked clinical data or PCR-confirmation of SARS-CoV-2 infection.
When studies reported findings from the same population, we selected only the most
relevant study based on date, sample size, and reported analysis of data. The quality
assessment was evaluated with the National Institutes of Health (NIH) Quality Assessment
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Tool for Case Series Studies, 18 and the general quality rating was classified as poor, fair, or
good with this tool.

Data extraction

From the included studies, we extracted descriptive data (author, year, imaging technique,
and subject characteristics) and the key lung imaging features based on the Fleischner
Society recommendations including (1) patterns of the lesion such as ground-glass
opacifications (GGO), consolidation, pneumonic infiltrates, broncho-vascular bundle
thickening, interstitial abnormalities including interlobular septal thickening, crazy paving
pattern, bronchiectasis, hyperinflation, adjacent pleura thickening, pleural effusion,
pericardial effusion, and lymphadenopathy; (2) lesion distribution (bilateral lung); and (3)
lobe distribution (focal or multiple lobes involved).

Statistical analysis

We pooled data from the articles selected using a single-arm analysis design. Statistical
heterogeneity between studies was evaluated with Cochran’s Qtest and p < .01 was
considered significant. The 2 value was used to evaluate the percentage of inter-study
variation in the total variation and a value greater than 50% was considered significant for
heterogeneity. The meta-analysis was conducted using the OpenMeta-Analyst software.12

RESULTS

Characteristics of studies and subjects included

The study selection process is presented in Figure 1. The electronic literature search yielded
3278 records in total. After removing 275 duplicates, we moved 2983 studies to the
screening stage. A total of 2899 studies were excluded based on the title or abstract. Out of
the 84 records selected for full-text analysis, we excluded 55 studies because they did not
meet the inclusion criteria. There were 12 studies with the wrong patient population (e.g.,
adults or non-PCR-confirmed COVID-19 diagnosis), 11 did not provide lung imaging data,
10 articles were not available in English, 8 publications were case reports, and 7 records
were either review studies or meta-analyses. A total of 29 studies were included for the final
data extraction. The overall characteristics and primary lung imaging features of the 29
studies selected are presented in Table 1.

Our data extraction only included chest CT scan features since chest X-ray descriptions were
not consistently reported (only four studies mentioned chest radiographs). There were no
studies with ultrasound or other radiologic data available. The 29 studies included in the
meta-analysis had a pooled sample size of 1026 children. The mean/median age reported
was 6.57 years (age range 1.5-14.5 years) and the pooled proportion of males was 54.2%.
The general quality rating of the studies included was classified as fair (all 29 studies) with
variable performance using the NIH Quality Assessment Tool for Case Series Studies (Table
2). The main quality issues identified were (1) small sample sizes in which subjects may not
be comparable; (2) variability in the outcome measures reported (heterogeneity in lung
imaging feature description); and (3) uncertainty about the length of follow-up.
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Lung imaging features in children with COVID-19

In this meta-analysis, we found that 35.7% (95% CI: 27.5%-44%) of children with
COVID-19 had no lung CT imaging abnormalities. Although lobe distribution was not
consistently reported, we found that 27.7% (95% CI: 19.9%-35.6%) of children with
COVID-19 had bilateral lung compromise. Figure 2 presents the forest plots of the pediatric
COVID-19 studies reporting normal lung imaging and bilateral compromise. The most
common lung CT imaging finding for COVID-19 in pediatric patients was GGO. The
prevalence of GGO was 37.2% (95% Cl: 29.3%-45%). The second most common lung
imaging finding was the presence of consolidations or pneumonic infiltrates, which occurred
in 22.3% of cases (95% CI: 17.8%—26.9%). Figure 3 presents the forest plots of the studies
reporting GGO abnormalities and consolidations or pneumonic infiltrates.

All the other lung imaging findings reported were very uncommon and included halo sign
0.9% (95% CI: 0.1%-1.8%), interstitial abnormalities and interlobular septal thickening,
0.7% (95% CI: 0.2%-1.2%), bronchovascular bundle thickening 0.6% (95% CI: 0.1%-—
1.1%), crazy paving pattern 0.5% (95% CI: 0.1%-0.9%), lymphadenopathy 0.5% (95% CI:
0.1%-0.9%), and pleural effusion or adjacent pleura thickening 0.5% (95% CI: 0.1%-0.9%).
Atypical CT imaging findings previously reported in adults with COVID-19, such as
bronchiectasis, air bronchogram, and pericardial effusion, were not identified in the pediatric
COVID-19 cases included (Table 1). The typical findings of pediatric viral respiratory
infections (e.g., hyperinflation#8-50) were not reported in children with COVID-19. An
example of the typical radiological appearance of the most common abnormalities identified
in pediatric COVID-19 cases is shown in Figure 4.

Comparison of lung imaging features of pediatric and adult patients with COVID-19

Lung imaging features of pediatric with COVID-19 were compared with findings presented
in two recently published systematic reviews and meta-analyses of the COVID-19 lung
imaging of adult patients.1314 This comparison showed that pediatric patients were about
three times more likely to have a normal CT scan compared to adults with COVID-19
(35.7% of children vs. 8.4%-10.24% of adults, Table 3). Bilateral compromise during
COVID-19 was much more common in adults than in children (73.8%—78.8% of adults vs.
27.7% of children, Table 3). Although GGO was the most frequent lung disease signature in
both children and adults, it was more commonly reported in adults than in children with
COVID-19 (68.1%-83.3% of adults vs. 37.2% of children, Table 3). Several common lung
imaging findings reported in adults were extremely rare or not found in the pediatric studies
(e.g., crazy-paving pattern, air bronchogram, and pleural thickening). Overall, all types of
lung abnormalities were less frequent in children with COVID-19 relative to adult patients
(Table 3).

DISCUSSION

Our study is the first comprehensive summary of the published studies thus far describing
COVID-19 lung imaging data in the pediatric population. This systematic review and meta-
analysis comprised data from 1026 children, from newborns to 18 years of age, with PCR-
confirmed SARS-CoV-2 infection and lung CT imaging at the time of diagnosis. The main
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results of this comprehensive analysis are as follows: (1) over a third of pediatric patients
with COVID-19 had normal chest CT scans and only 27.7% had bilateral lesions; (2) the
most typical pediatric chest CT findings of COVID-19 were GGO (37.2%) and the presence
of consolidations or pneumonic infiltrates (22.3%); (3) the lung imaging findings in children
with COVID-19 were overall less frequent and less severe than in adult patients; and (4)
typical lung imaging features of viral respiratory infections in the pediatric population
(hyperinflation 49-51) were not reported in children with COVID-19.

COVID-19 is a heterogeneous condition in children with a wide phenotype and variable
presentations in chest imaging. No more than 37.2% of the cases shared any of the disease
manifestations, such as the presence of GGO, which was the most common finding linked to
COVID-19 in children. This is a major difference from what has been consistently observed
in adults with COVID-19 who often share the same lung findings, including GGO, in more
than 80% of the cases.13-16 Moreover, although viral respiratory infections are usually more
severe in children,210 there is strong epidemiological evidence showing that children
infected with SARS-CoV-2 not only have less severe clinical manifestations, but are also
frequently asymptomatic.#-6:8 In agreement with this clinical evidence, we found that 35.7%
of children with PCR-confirmed SARS-CoV-2 infections did not have any lung imaging
abnormality in chest CT, which is similar to the results reported in a recent literature review
conducted by Duan et al.> Notably, we also found that most of the studies reporting
pediatric COVID-19 cases did not include subjects with negative PCR, so a true sensitivity
and specificity analysis of CT scanning could not be systematically assessed in our pediatric
systematic review and meta-analysis. In the adult population, a large study of 1014 patients
(mean age 51 years) found that lung CT scanshad a sensitivity of 97% but a low specificity
value of 25% for detecting COVID-19.52 However, other COVID-19 lung CT studies have
reported much lower sensitivity values. Based on a literature review mostly focused on the
adult population, Merkus and Klein53 recently estimated the sensitivity of a chest CT to
detect abnormalities in proven COVID-19 cases as 44%-97% (median 69%). This value
may be even lower in children as they often have normal lung CT scans during PCR-
confirmed SARS-CoV-2 infections, as reported in our study (Figure 2).

An important conclusion of our study is that the abnormalities reported on the chest CT
scans of children infected with SARS-CoV-2 are distinct from the typical lung images seen
during other viral respiratory infections in the pediatric population. GGO is an uncommon
radiological feature of viral infections in children, except for cytomegalovirus, usually an
opportunistic pathogen in this population.>* Common viral respiratory pathogens in
children, such as respiratory syncytial virus (RSV),10 are known to cause airway mucosal
edema, mucous plugging, bronchoconstriction, and bronchial luminal obstruction.1® These
pathological features manifest in lung imaging as increased perihilar markings with distal
air-trapping and hyperinflation.#8-50 In contrast, we found that children with COVID-19
present with alveolar compromise leading to a GGO pattern characterized by increased lung
attenuation in CT without increased perihilar markings or air trapping (Figure 4). Given that
the findings described in children with COVID-19 are different from the lung imaging
features of acute viral respiratory infections in the pediatric population, we believe that the
detection of nontypical lung imaging patterns (e.g., GGO) and complementary clinical
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features such as hypoxemia due to impaired alveolar gas exchange,®® could potentially be
used for early identification and prompt intervention in pediatric cases of COVID-19.

We also compared the results of our pediatric study with two comprehensive meta-analyses
recently published in the adult literature.13:14 The most typical findings in the pediatric
population were GGO and the presence of consolidation or pneumonic infiltrates. Overall,
these findings are similar to the lung abnormalities reported in adult patients, but they were
less frequent and less severe in children. Other findings present in the adult COVID-19
populations, such as halo sign, interstitial abnormalities, bronchovascular bundle thickening,
crazy paving pattern, lymphadenopathy, and pleural compromise, were reported in less than
1% of the children. Less typical findings reported in adults, such as bronchiectasis, air
bronchogram, and pericardial effusion were not identified in children. There are several
potential explanations for these age-related differences. First, some of the lung features of
adult COVID-19 may represent more severe and/or advanced pathology. Second, differences
in the pathobiology of COVID-19 between adults and children may result in a distinct
pattern of disease. For instance, SARS-CoV-2 infection in children was much less likely to
affect the pleural space. Third, elderly adults with COVID-19 may have underlying chronic
lung changes not present in previously healthy children with SARS-CoV-2 infections (e.g.,
bronchiectasis). Future studies are still needed to compare pediatric and adult SARS-CoV-2
infections by integrating lung imaging features with individual clinical and molecular factors
to better define the mechanisms mediating the reported age-related differences in COVID-19
and the potential clinical implications for pediatric and adult patients.

While there have been many reports of COVID-19 lung imaging and literature reviews in
adults, our meta-analysis is the first to our knowledge to focus only on pediatric COVID-19
lung imaging. Furthermore, our study included case series from different hospitals in
different countries, allowing for generalization of the results. However, the majority of these
studies were based on data collected in China, particularly nearby Wuhan, Hubei Province,
the initial epicenter of the global COVID-19 pandemic.! It is also noteworthy that we were
able to pool a relatively large number of pediatric cases with chest CT imaging available
during PCR-confirmed SARS-CoV-2 infection. Although lung CT findings are known to
play an important role in the detection and determination of the severity of COVID-19,13-16
in the pediatric population, CT scans are typically performed much less frequently than in
adults, predominantly to decrease the risk of sedation and radiation exposure.>® Lung CT
scans may also not be widely available in low- and middle-income settings. These concerns
limit the value of CT of the chest in the diagnosis and management of children with SARS-
CoV-2 infection. Nonetheless, we believe lung CT scans may be useful to quantify disease
extension and to consider other respiratory pathologies in severe COVID-19 cases.

Given the potential concerns and limitations of lung CT scans in children, the use of CXRs
may be better suited for screening and serial analysis (within few hours) of lung compromise
in confirmed or suspected pediatric COVID-19 cases. We found that CXR abnormalities are
detectable in some pediatric patients with COVID-19 and, to some extent, resemble those
described in CT scans. The most common CXRs findings reported included opacities,
pneumonic infiltrates, and lung haziness or “white lung,”29-2442 which may be radiographic
manifestations of GGO caused by SARS-CoV-2 infection. However, these CXR findings are
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often subtle and nonspecific in children. Thus novel software technology and artificial
intelligence tools may be useful in detecting and quantifying lung signatures in pediatric
cases of SARS-CoV-2 infection.>® Computer-assisted analyses and scoring of pediatric
CXRs have been developed for other respiratory viruses;*849 thus this approach could
potentially be used to aid in the diagnosis of pediatric COVID-19. This would be an
important development since COVID-19 identification in the pediatric population can be
challenging due to the presence of mild symptomatology and atypical lung features (e.g.,
GGO). The results of our systematic review and meta-analyses indicate that there is an
emerging need to improve pulmonary imaging technology for children to enable
identification and severity quantification of pediatric SARS-CoV-2 infections in chest CT
scans and CXRs.

Our systematic review also has several limitations. First, we could not correlate our findings
to clinical manifestations and symptom severity. Although some papers did report their
imaging findings related to the patient’s symptoms, this was not done ubiquitously and thus
was not included in the analysis. On the same spectrum, many studies did not distinguish
between clinically silent disease or mild, moderate, and severe symptoms in these patients.
Second, radiologists from different parts of the world have varying vernacular and different
terminology for certain CT findings, which could be a cause of diverging or overlapping CT-
based reporting. For example, the term “shadow” was often used to describe lung opacities,
which could be related to GGO and/or pneumonic infiltrates. Third, our analyses only
included chest CT findings since there have been very few studies on CXRs, despite being
often the mainstay for pediatric imaging. The role of CXR in the diagnosis and management
of pediatric COVID-19 continues to be defined. Lastly, our systematic review and meta-
analysis did not include lung imaging findings of the Multisystem Inflammatory Syndrome
in Children (MIS-C), which have only recently been published.” The lung features of this
condition were not found in the articles included at the moment of this publication. MIS-C
syndrome is a potentially serious illness, which is still being fully elucidated and reported in
developing literature.

CONCLUSION

The literature on COVID-19 imaging is rapidly expanding, albeit at a much lower rate in
pediatrics than adults. Based on heterogeneous data, pediatric chest CT findings are to some
extent, similar to adults, although less frequent and less severe. The top abnormalities
identified in pediatric COVID-19 cases (17 = 1026) were GGO, and the presence of
consolidations or pneumonic infiltrates. However, over a third of children with COVID-19
demonstrate normal chest CTs. Future directions include developing robust severity scoring
systems for COVID-19 lung imaging in children, including CT scans and CXRs, as well as
further analysis of the pulmonary manifestations of MIS-C.
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of subjects with normal findings or bilateral compromise in each study. COVID-19,
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Top lung imaging abnormalities in pediatric COVID-19 cases. Forest plots for single-arm
meta-analysis of the pediatric COVID-19 studies reporting (A) ground-glass opacifications

(GGO); or (B) consolidations or pneumonic infiltrates. Data presented as the 95%

confidence interval (CI) of the proportion of subjects with these lung abnormalities in each

study. COVID-19, coronavirus disease 2019 [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 4.
Typical radiological appearance of the most common abnormalities identified in pediatric

COVID-19 cases. Chest CT of a 5-year-old male with PCR-confirmed SARS-CoV-2
infection. Images show multifocal scattered GGO and patchy consolidations with a
peripheral distribution. There is no hyperinflation, increased perihilar markings, pleural
thickening, pleural effusion, or bronchiectasis present. COVID-19, coronavirus disease
2019; CT, computerized tomography; GGO, ground-glass opacity; PCR, polymerase chain
reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2
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