: Pediatric Radiology

Check for
updates

Insights Into MRI Neuroimaging
Patterns of COVID-19 in Children:
A Retrospective Comprehensive
Analysis

Mohamad Gamal Nada, Yassir Edrees Almalki, Mohammad Abd Alkhalik Basha', Maha Ibrahim Metwally,
Riham Dessouky, Mohamed Hesham Saleh Saleh Radwan, Mohamed M.A. Zaitoun,

Ahmed A. El-Hamid M. Abdalla, Ahmed A.A. Bessar, Engy Fathy Tantwy, Mostafa Mohamad Assy,
Bassant Mahmoud Dawoud, Diana Hanna, Mahmoud M. Gohary, Sharifa Khalid Alduraibi, Alaa K. Iduraibi,
Diaa Bakry Eldib, Hamada M. Khater, Noha T. Sarhan, Dina Esmat Hamed, Sara F. Saadawy,
Mohammed A. Huneif, Ahmed M. Abdelkhalik Basha, Yasmin lbrahim Libda

Rationale and Objectives: Neurological complications associated with coronavirus disease (COVID-19) have been reported in children;
however, data on neuroimaging findings remain limited. This study aimed to comprehensively examine neuroimaging patterns of COVID-
19 in children and their relationship with clinical outcomes.

Materials and Methods: This retrospective cross-sectional study involved reviewing the medical records and MRI scans of 95 children
who developed new neurological symptoms within 2—4 weeks of clinical and laboratory confirmation of COVID-19. Patients were ca-
tegorized into four groups based on guidelines approved by the Centers for Disease Control and Prevention (CDC). Initial brain/spinal
MRI was performed. Images were reviewed by three blinded radiologists, and the findings were analyzed and categorized based on the
observed patterns in the brain and spinal cord. Follow-up MRI was performed and analyzed to track lesion progression.

Results: Encephalopathy was the most common neurological symptom (50.5%). The most common initial MRI involvement patterns
were non-confluent multifocal hyperintense white matter (WM) lesions (36.8%) and ischemia (18.9%). Most patients who underwent
follow-up MRI (n = 56) showed complete resolution (69.9%); however, some patients developed encephalomalacia and myelomalacia
(23.2% and 7.1%, respectively). Non-confluent hyperintense WM lesions were associated with good outcomes (45.9%, P = 0.014),
whereas ischemia and hemorrhage were associated with poor outcomes (44.1%, P < 0.001).

Conclusion: This study revealed diverse neuroimaging patterns in pediatric COVID-19 patients. Non-confluent WM lesions were as-
sociated with good outcomes, whereas ischemia and hemorrhage were associated with poorer prognoses. Understanding these pat-
terns is crucial for their early detection, accurate diagnosis, and appropriate management.
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NEUROIMAGING PATTERNS OF PEDIATRIC COVID-19

INTRODUCTION

he coronavirus disease 2019 (COVID-19) pandemic
has affected millions of individuals worldwide.

Although adults appear to be more susceptible to severe
infections, children are not spared from this disease (1). There is
increasing evidence that COVID-19 can lead to neurological
complications in both adults and children (2). In children and
even neonates, cases of neurological involvement associated
with both the acute and delayed phases of COVID-19 have
developed. Incidence rates vary between 3.8% and 43%, sug-
gesting a potentially higher neurological impact in the pediatric
population (3-8). In children, the temporal progression of
COVID-19 can evolve into an inflammatory process during
the latent phase, known as the multisystem inflammatory syn-
drome in children (MIS-C). MIS-C is characterized by fever,
involvement of multiple organ systems, laboratory abnormal-
ities, and exposure to COVID-19 within 2—4 weeks prior to
symptom onset (9,10).

Neuroimaging techniques, such as magnetic resonance
imaging (MRI) and computed tomography (CT), have been
utilized to assess the neurological impact of COVID-19 in
different populations, including children (11). Several studies
have reported neuroimaging findings in children with
COVID-19, providing insight into how this disease affects the
developing brain. These studies revealed a range of findings,
including diffuse cerebral edema, white matter (WM) hyper-
intensities, ischemic strokes, hemorrhagic lesions, leukoence-
phalopathy, and encephalitis. Although these findings are based
on a limited number of patients, they highlight the importance
of continued research to better understand the long-term effects
of COVID-19 on children's developing brains (6,7,12-16).

Understanding the neuroimaging findings of COVID-19
in children is crucial for the early detection, accurate diag-
nosis, and appropriate management of neurological compli-
cations. This knowledge can aid in providing targeted
interventions and improving the overall outcomes in affected
pediatric patients (13,17,18). This study aimed to compre-
hensively examine neuroimaging patterns of COVID-19 in
children and their relationship with clinical outcomes.

MATERIALS AND METHODS
Study Population

Between October 2020 and October 2023, we conducted a
three-year retrospective review of the medical records and
MRI scans archived at our hospital. The goal was to study
children aged 18 years or younger who developed new
neurological symptoms within 2—4 weeks of a documented
laboratory-confirmed COVID-19 infection. Patients with
preexisting comorbidities documented in their records such
as neurological or neurodevelopmental disorders (e.g.,
epilepsy, cerebral palsy, leukodystrophies), major chronic
systemic diseases that could impact neurological function

(e.g., malignancies, collagen vascular diseases), and positive
tests confirming co-infection with other organisms, were
excluded from the analysis. Additional exclusion criteria are
shown in Figure 1. After applying the eligibility criteria, 95
pediatric patients were included in the final study.

Clinical Categorization

We used a categorization scheme that incorporated temporal,
clinical, and laboratory factors to classify the clinical course of’
COVID-19, following the guidelines described by Lindan
et al. (6). Two pediatricians (BLINDED) and one neurolo-
gist (BLINDED), with over 10 years of experience in pe-
diatric neurology, reviewed the patients' admission sheets,
medical records, laboratory results, discharge sheets, and
follow-up visits. The patients were then classified into four
categories according to the Centers for Disease Control and
Prevention (CDC)-approved guidelines: category 1 (symp-
tomatic acute COVID-19 infection), category 2 (asympto-
matic acute or subacute COVID-19 infection), category 3
(MIS-C), and category 4 (indeterminate) (Fig 1). Patients
categorized as acute, subacute, or indeterminate did not meet
CDC criteria for MIS-C. Age, sex, and primary symptoms
(general, respiratory, neurological, gastrointestinal, and other
concomitant symptoms) were recorded for each category.
The duration of hospitalization, treatment received, need for
intubation, and outcomes were also reported.

MRI Protocol

All MR scans were conducted in our department usinga 1.5 T
(Achieva, Philips Medical System, Best, The
Netherlands) and an eight-channel head coil. Our standard
protocol for pediatric brain imaging included pre-contrast axial
T1-weighted turbo spin echo (T1W TSE) (TE = 10-12 ms,
TR = 400-600ms), axial and coronal T2W TSE
(TE = 70-90ms, TR = 2800-3500ms), axial and sagittal
fluid-attenuated  inversion recovery (FLAIR) imaging
(TE = 80-140ms, TR = > 6000ms, TI = 200 ms),
T2 * W fast field echo (TR = 600-755ms, TE = 18-23 ms,
flip angle 10-18), diffusion-weighted imaging (DWI)
(TE = 86ms, TR = 5000 ms) with b values of 0 and 1000 s/
mm?, and apparent diffusion coefficient (ADC) mapping.

scanner

Additional post-contrast T1W sequences were obtained after
administration of intravenous gadolinium DTPA (0.2 mL/kg)
in the axial, sagittal, and coronal planes. For spinal imaging,
axial and  sagittal TIW  TSE (TE = 1020 ms,
TR = 400-600ms), axial and coronal T2W TSE
(TE = 70-90ms, TR = 2500—4000 ms), axial and sagittal
FLAIR (TE = 80-140ms, TR > 6000ms, TI = 200 m:s),
DWI (TE = 12000 ms, TR = 95 ms, TT = 2200 ms) with b
values of 800 and 1000 s/mm?, and post-contrast axial and sa-
gittal T1W sequences were obtained. All sequences were per-
formed with a slice thickness =2-3mm, gap =1 mm,
FOV =16-30cm, and matrix =512 X512. For pediatric
sedation or anesthesia during MRI

patients requiring
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Clinical and laboratory-confirmed
COVID-19 pediatric patients with
neurological manifestations

{n=139)

Excluded patients (n=44)
1. Normal MRI despite neurological symptoms (n=33)
2. Pre-existing abnormal neuroimaging findings (n=4)
3. Suboptimal MRI examinations (n=5)

COVID-19 infection exceeding 12 weeks (n=2)

4. The time interval between neurological manifestation and

Eligible patients
{n=95)

Category 1 (n=32)

Category 2 (n=22)

Category 3 (n=24) Category 4 (n=17)

Symptomatic
Acute COVID-19

Asymptomatic
acute or subacute
COVID-19

MIS-C Indeterminate

Met the clinical

COVID-19

Did not fulfill the
— criteria for acute —clinical criteria for m — serological tests
acute COVID-19

Met the criteria Positive

IOR NS for COVID-19

] Positive RT-PCR or
antigen test

Positive RT-PCR or
antigen test

Negative or not
|_|performed RT-PCR
or antigen test

Positive serology
tests irrespective of
the RT-PCR results

Figure 1. Flowchart of the study.

examinations, appropriate measures were taken to ensure their
safety and comfort. Sedation or anesthesia protocols were fol-
lowed according to institutional guidelines and in consultation
with the pediatric anesthesia team to minimize any potential
risks or discomfort to the children during the procedure.

MR Image Analysis

A panel of three radiologists (BLINDED) with over 10 years of
experience in neuroimaging, blinded to clinical information and

2538

categorization, independently interpreted each MRI examina-
tion. Any discrepancies in imaging assessment were resolved
through re-review and consensus adjudication. T1W, T2W, and
FLAIR images were reviewed for WM lesions in terms of la-
terality (unilateral or bilateral) and pattern of involvement (ex-
tensive and confluent multifocal WM hyperintense lesions, non-
confluent multifocal WM hyperintense lesions, or isolated tem-
poral lobe involvement). The nuclei of the deep gray matter,
cerebellum/cerebellar peduncles, brainstem, splenium of the
corpus callosum, and cranial nerves were also examined for
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laterality and pattern of involvement. T1W and T2* W were
assessed to detect any intra-axial (microhemorrhage or in-
tracerebral hematoma) or extra-axial hemorrhage. DWI and
ADC maps were analyzed for signs of acute ischemic lesions and
areas of restricted diffusion. Post-contrast images were used to
identify abnormal cerebral or cranial nerve enhancements. Acute
necrotizing encephalopathy was defined by the presence of
characteristic symmetric thalamic T2/FLAIR hyperintensity as-
sociated with internal hemorrhage. Posterior reversible en-
cephalopathy syndrome (PRES) was recorded based on the
presence of preferential posterior cerebral parieto-occipital WM
edema, considering the possibility of more extensive edema.
Spinal MR scans were assessed for the presence of myelitis with
or without hemorrhage as well as to identify any abnormal cauda
equina enhancement. Patients with follow-up MRI scans avail-
able in the archive were analyzed to interpret the temporal re-
of wvarious lesions, such as

solution and progression

encephalomalacia, myelomalacia, cortical laminar necrosis, and

gliosis.
Statistical Analysis of the Data

Data were entered into the computer and analyzed using the
IBM SPSS software package (version 26.0; Armonk, NY, IBM
Corp.). Categorical data were presented as numbers and per-
centages. The chi-square test was applied to compare the groups.
Alternatively, Fisher’s exact test was applied if more than 20% of
the cells had an expected count of less than five. Continuous data
were tested for normality using the Kolmogorov—Smirnov test.
Quantitative data were expressed as range (minimum and max-
imum), mean, standard deviation, and median. For non-normally
distributed quantitative variables, the Mann—Whitney test was
used to compare the groups. Fleiss kappa (k) statistics for multiple
raters were applied to evaluate the inter-rater agreement (IRA) of
the various MR imaging patterns. The k values were interpreted
as follows: 0.01-0.20 = poor agreement; 0.21-0.40 = fair agree-
0.41-0.60 = moderate 0.61-0.80 = good
agreement; and 0.81-1.0 = perfect agreement. The significance
of the results was determined at a P-value < 0.05.

ment; agreement;

RESULTS

Demographic and Clinical Features of the Patient
Population

95 patients were enrolled in our study (mean age, 8.2 £ 4.2;
age range, 4 months to 16.2 years; 53.7% female and 46.3%
male). The predominant neurological symptom was en-
cephalopathy (50.5%), followed by weakness and movement
disorders (34.7%), headache (33.7%), and seizures (23.2%).
Table 1 displays the basic demographic and clinical features
of the patients in the different categories.

Initial MRI Involvement Pattern

Initial MRI scans were conducted within 1-11 days after the
onset of neurological symptoms (mean, 3.02 £ 2.29 days).

Table 2 shows the initial MRI involvement patterns of the brain
and spinal cord in the different categories. The most common
pattern observed was non-confluent multifocal hyperintense le-
sions in the WM on FLAIR sequences (36.8%). This pattern was
consistently observed in all clinical categories. The second most
common pattern was ischemia (18.9%). Other identified patterns
included extensive and confluent hyperintense WM lesions on
FLAIR (11.6%), cranial nerve enhancement (10.5%), isolated
temporal lobe involvement (6.3%), PRES (2.1%), and acute
necrotizing encephalopathy (3.2%). Hemorrhages were observed
in 21.1% of patients, with microhemorrhages being the most
common form (14.7%). Isolated hemorrhages were found as a
separate pattern in one patient, whereas in other patients, they
occurred alongside other patterns. Diftusion restriction was found
in 45.3% of patients, being present in all patients with ischemia
and occurring in 26.3% of patients as foci of diffusion restriction,
together with other patterns. Myelitis was present in 15.8% of
patients, while cauda equina and nerve root enhancement
(Guillain—Barre syndrome) were seen in 12.6% of patients. Of
the patients with myelitis, 33.3% showed isolated spinal cord
lesions, whereas the remaining 66.7% showed non-confluent
multifocal FLAIR lesions with high signals in the WM. Three
patients with cauda equina and nerve root enhancement had
cytotoxic lesions in the splenium of the corpus callosum. Two of’
these patients were categorized as having MIS-C, and the third
belonged to the indeterminate group.

Follow-up MRI Findings

Follow-up MRI scans were performed within 21-141 days
following the onset of neurological symptoms, with a mean
interval of 72.9 £ 31.4 days. Of the 95 patients enrolled in
the study, only 56 underwent a follow-up MRI. Among
these, 39 patients exhibited complete regression of previously
observed imaging findings, 13 developed encephalomalacia,
and four developed myelomalacia (Table 3).

IRA for Various MRI Involvement Patterns

The data presented in Table 4 highlights the IR A for various
MRI involvement patterns. Overall, the k values indicated a
high level of agreement, ranging from good to perfect.
Opverall brain MRI involvement patterns showed perfect
agreement (k= 0.902). Specific patterns such as acute ne-
crotizing encephalopathy, PRES, isolated hemorrhage, and
splenium of the corpus callosum involvement exhibit perfect
agreement (k =1.000). In contrast, patterns such as cranial
nerve enhancement and subarachnoid hemorrhage showed
relatively lower k values (0.781 and 0.796, respectively), yet
still indicated good agreement. Spinal MRI and follow-up
MRI patterns also showed perfect agreement (k = 0.918 and
0.906, respectively).

Relation Between the Initial MR Involvement Patterns
and Outcomes

Ischemia and hemorrhage had significantly higher rates of poor
outcomes (44.1% for both; P < 0.001). Acute necrotizing
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TABLE 1. Basic Demographic and Clinical Features of Patients in Different Categories

Variable Total Category 1 Category 2 Category 3 Category 4
(n=95) (n=32) (n=22) (n=24) (n=17)

Sex

Male 44 (46.3) 14 (43.8) 8 (36.4) 12 (50) 10 (58.8)

Female 51 (53.7) 18 (56.3) 14 (14) 12 (50) 7 (41.2)

Age (years)

Mean = SD. 8.2+42 71 £ 4.8 9.4 x 4.4 9.1 + 34 71 £33

Median (Range) 8.0 (0.4-16.2) 5.8 (0.4-16) 10.0 (1.5-16.0) 10.0 (2-15) 7.0 (2.1-14.0)

Symptoms

Neurological symptoms

Headache 32 (33.7) 12 (37.5) 3 (13.6) 14 (58.3) 3 (17.6)

Seizures 22 (23.2) 8 (25) 4 (18.2) 7 (29.2) 3 (17.6)

Encephalopathy 48 (50.5) 16 (50) 7 (31.8) 9 (52.9) 8 (47.1)

Limb weakness and movement 33 (34.7) 12 (37.5) 8 (36.4) 7 (29.2) 6 (35.3)
disorders

Cranial nerve affection 10 (10.5) 5 (15.6) 2 (9.1) 14.2 2 (11.8)

General symptoms

Fever 63 (66.3) 30 (93.8) 9 (40.9) 24 (100) -

Hypertension 1(1.1) 1(3.1) 0 (0.0) 0 (0) -

Hypotension 7 (7.4) 0 (0) 0 (0.0) 7 (29.2) -

Respiratory symptoms 46 (48.4) 31(96.7) 0 (0.0) 15 (62.5) -

Gastrointestinal symptoms 20 (21.1) 5 (15.6) 5 (22.7) 10 (41.7) 0(0)

Cutaneous rash 10 (10.5 0(0) 0 (0.0 10 (41.7) -

Management

Duration of hospitalization (days)

Mean = SD 15.7 = 8.1 17.9 £ 10.6 13.5 £ 5.1 165 £ 741 145 £ 6.6

Median (Range) 14.0 (6-49) 14.0 (6-49) 14.0 (7-28) 13.5 (8-41) 11.0 (8-28)

Mechanical ventilation 30 (31.6) 11 (34.4) 4 (18.2) 14 (58.3) 1 (5.9

Immune modulation

IVIG 45 (47.4) 11 (34.4) 7 (31.8) 17 (70.8) 10 (58.8)

Steroids 70 (73.7) 21 (65.6) 15 (68.2) 23 (25.8) 11 (64.7)

Anti-coagulation 24 (25.3) 5 (15.6) 5 (22.7) 10 (41.7) 4 (23.5)

Outcome

Good outcome 61 (64.2) 17 (53.1) 17 (77.3) 13 (54.2) 14 (82.4)

Poor outcome 23 (24.2) 10 (31.3) 4 (18.2) 6 (25) 3(17.6)

Death 11 (11.6) 5 (15.6) 1 (4.5) 5 (20.8%) 0 (0)

Unless otherwise indicated, data represent the number of patients with percentages in parenthesis. IVIG, intravenous immunoglobulin; SD,

Standard deviation.

encephalopathy was also significantly associated with poor out-
comes (8.8%, P < 0.043). Diffusion restriction was associated
with poor outcomes (67.7%; P < 0.001). However, when
ischemia was excluded, foci with diffusion restrictions associated
with other MRI patterns showed no significant difference be-
tween good and poor outcomes (P < 0.893). In contrast, non-
confluent multifocal hyperintense WM lesions on FLAIR se-
quences were associated with good outcomes (45.9%, P = 0.014)
(Table 5).
Figures 2-5 show representative cases from our study.

DISCUSSION

The findings of this study provide valuable insights into the
neuroimaging patterns of pediatric patients who develop
neurological symptoms following COVID-19 infection. To

2540

the best of our knowledge, this is one of the few studies to
comprehensively examine neuroimaging features in pediatric
patients following COVID-19 infection. Our findings con-
tribute to the growing body of literature on the neurological
complications associated with COVID-19 in children.
Understanding the neurological impact of COVID-19 in
children is crucial for the early detection, accurate diagnosis,
and effective management of complications.

The most common neurological symptom observed in our
study was encephalopathy, which is consistent with previous
reports (13,19). Encephalopathy is a broad term encom-
passing various neurological dysfunctions that can manifest as
altered mental status, cognitive impairment, or behavioral
changes. The underlying mechanisms leading to en-
cephalopathy in COVID-19 are not yet fully understood but
may involve direct viral invasion, immune-mediated pro-
cesses, or vascular complications (20).
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TABLE 3. Follow-up MRI Findings of the Different Categories

Findings Total Category 1 Category 2 Category 3 Category 4
(n=56) (n=17) (n=14) (n=16) (n=9)
Time to follow-up MRI, days, 729 = 314 67.9 = 32.9 72.6 = 31.7 75.4 = 33.0 78.4 + 28.8
Mean = SD (Range) (21-141) (21-136) (26-141) (29-127) (81-121)
Resolution 39 (69.9) 9 (52.9) 10 (71.4) 12 (75) 8 (88.9)
Encephalomalacia/atrophy 13 (23.2) 6 (35.3) 3(21.4) 4 (25) 0 (0)
Myelomalacia 4 (7.1) 2 (11.8) 1(7.1) 0 (0) 1(11.1)

Unless otherwise indicated, data represent the number of patients with percentages in parenthesis. MRI, magnetic resonance imaging; SD,

standard deviation.

TABLE 4. Inter-rater Agreement for Various MRI Involvement Patterns

MRI Findings

Kappa (95% CI)

Brain MRI involvement patterns
Overall
WM involvement patterns
Extensive and Confluent WM hyperintense lesions on FLAIR
Nonconfluent multifocal WM hyperintense lesions on FLAIR
Isolated temporal lobe involvement
Specific cerebral involvement patterns
Acute necrotizing encephalopathy
PRES
Other involvement patterns
Ischemia
Cranial nerve enhancement
Isolated hemorrhage
Concomitant MRI Findings
Basal ganglia involvement
Brain stem involvement
Cerebellum involvement
Splenium of corpus callosum involvement
Diffusion restriction
Hemorrhage
Microhemorrhages
Intracerebral hematoma
Subarachnoid hemorrhage
Spinal MRI involvement patterns
Overall
Myelitis
Cauda equina and nerve roots enhancement
Follow-up MRI involvement patterns
Overall
Resolution
Encephalomalacia/atrophy
Myelomalacia

0.902 (0.900-0.903)

0.863 (0.859-0.867
0.910 (0.907-0.914)
0.937 (0.934-0.941)

1.000 (0.996-1.004)
1.000 (0.996-1.004)

0.977 (0.973-0.981)
0.781 (0.777-0.784)
1.000 (0.996-1.004)

0.962 (0.958-0.966)
0.982 (0.978-0.986)
0.980 (0.986-0.984)
1.000 (0.996-1.004)
0.972 (0.968-0.975)
0.915 (0.912-0.918)
0.916 (0.913-0.920)
1.000 (0.996-1.004)
0.796 (0.796-0.800

0.918 (0.915-0.920)
0.945 (0.942-0.949)
0.897 (0.893-0.901)

0.906 (0.902-0.910)
0.899 (0.894-0.904)
0.914 (0.909-0.919)
0.903 (0.899-0.908)

Data are Kappa values. Data in parentheses are 95% confidence intervals. The k values were interpreted as follows: 0.00-0.20 = poor
agreement; 0.21-0.40 = fair agreement; 0.41-0.60 = moderate agreement; 0.61-0.80 = good agreement; and 0.81-1.00 = perfect agreement.

Our study revealed a diverse range of neuroimaging
findings, including non-confluent multifocal hyperintense
WM lesions on FLAIR sequences as the most common
pattern, followed by ischemia and hemorrhage. These find-
ings are consistent with those of previous studies (20-26) that
reported various neurological manifestations in pediatric
COVID-19 patients. These findings suggest that COVID-19
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may lead to demyelination or inflammatory processes af-
fecting WM tracts in children. The diversity of findings
underscores the complex nature of COVID-19's impact on
the developing brain.

Ischemia was the second most frequent finding in our
cohort, seen in 18.9% of patients. This corroborates the in-
cidence of ischemic stroke reported in previous studies about
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TABLE 5. Relation Between Initial MRI Involvement Patterns and Outcomes

MRI involvement patterns Good outcome (n =61) Poor outcome (n = 34) P-value
Initial brain MRI involvement patterns
WM involvement patterns
Confluent multifocal hyperintense WM lesions on FLAIR 10 (16.4) 1(2.9 0.090
Nonconfluent multifocal hyperintense WM lesions on 28 (45.9) 7 (20.6) 0.014*
FLAIR
Isolated temporal lobe involvement 5 (8.2 1(2.9) 0.415
Specific cerebral involvement patterns
Acute necrotizing encephalopathy 0 (0) 3 (8.9) 0.043*
PRES 2 (3.3) 0 (0) 0.535
Other involvement patterns
Ischemia 3 (4.9) 15 (44.1) < 0.001*
Cranial nerve enhancement 7 (11.5) 3 (8.8) 1.000
Isolated cerebral microhemorrhage 0 (0) 1(2.9) 0.358
Concomitant brain MRI involvement patterns
Basal ganglia involvement 12 (19.7) 12 (35.3) 0.093
Brain stem involvement 16 (26.2) 10 (29.4) 0.739
Cerebellum involvement 11 (18) 10 (29.4) 0.200
Splenium of corpus callosum involvement 15 (24.6) 10 (29.4) 0.609
Diffusion restriction
Total Diffusion restriction 20 (32.8) 23 (67.7) 0.002*
Foci of Diffusion restriction with other patterns than 17 (27.9) 8 (23.5) 0.800
infarction
Hemorrhage 5(8.2) 15 (44.1) < 0.001*
Initial Spinal MRI involvement patterns
Myelitis 11 (18.0) 4 (11.8) 0.422
Cauda equina enhancement 6 (9.8) 6 (17.6) 0.338

The data represent the number of patients with percentages in parenthesis. FLAIR, fluid-attenuated inversion recovery; MRI, magnetic
resonance imaging; PRES, Posterior reversible encephalopathy syndrome; SD, Standard deviation; WM, white matter; *, Statistically sig-

nificant.

COVID-19 neurological complications in children (27-29).
The exact causes of ischemic stroke and thrombotic events in
COVID-19 are not fully understood, but they likely involve
immune-related mechanisms, inflammation-induced hy-
percoagulability, viral mimicry, direct viral-induced en-
dotheliitis, and elevated antiphospholipid antibodies (30).
Hemorrhage was observed in 21.1% of the patients in our
study. This finding is consistent with that of a previous report
by Poyiadji et al. (31), which described intracranial hemor-
rhage as a rare but severe complication of COVID-19 in
adults. The underlying mechanisms of hemorrhage in
COVID-19 remain unclear; however, it has been hypothe-
sized that endothelial dysfunction, coagulopathy, or direct
viral invasion may contribute to vascular damage (32).
Kremer et al. (23) found extensive WM lesions in patients
with severe COVID-19. However, data regarding the prognostic
significance of WM changes remain limited, particularly in the
pediatric population. Interestingly, non-confluent multifocal
WM lesions were associated with better outcomes in our study.
This is consistent with the findings of Huang et al. (33), who
revealed that WM abnormalities were not related to poorer
outcomes, and that the changes in WM tended to be reversible
and showed constant recovery over a long period. In contrast,
some previous reports (34-36) suggest that WM abnormalities

might be associated with poorer outcomes. Ghaderi et al (34)
suggest that WM abnormalities observed in neuroimaging studies
of COVID-19 patients may be associated with poorer outcomes.
Boito et al. (35) showed that WM lesions are common in the
acute/subacute phase of the disease but also persist at follow-up
after COVID-19, suggesting that they may be associated with
poorer outcomes. Bungerberg et al. (36) found no association
between the severity of the WM lesions and the clinical out-
comes. The reasons for the discrepancy between our findings and
those of previous studies are likely to be multifactorial. Differ-
ences in the study population, MRI timing, imaging protocols,
and the classification of WM patterns may have contributed to
this discrepancy. Moreover, the underlying etiology and tem-
poral evolution of WM lesions in COVID-19 are complex and
may involve inflammatory, ischemic, metabolic, and toxic pro-
cesses (37). The reasons for this discrepancy require further in-
vestigation, but it emphasizes the need for a nuanced approach
to interpreting neuroimaging findings in pediatric COVID-19
patients.

Ischemia and hemorrhage were significantly associated with
poor outcomes in our study. This is consistent with the findings
of Kihira et al. (38), who linked ischemic stroke to severe neu-
rological outcomes in COVID-19 patients. Acute necrotizing
encephalopathy was also associated with poor outcomes in our
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Figure 2. An 11-year-old boy with acute COVID-19 presented with fever, cough, and encephalopathy. (a) Axial T2W and (b) Axial FLAIR
images reveal extensive and confluent areas of high signal intensity in the WM (arrows). (c) Coronal T2W image displays the same findings
(arrows). (d) DWI and (e) ADC map show no evidence of restricted diffusion (arrows). (f) Axial T2 * W image shows no associated hemorrhage.

study, which is consistent with the findings of Lin et al. (39), who
highlighted the severity of this rare complication.

The presence of diffusion restriction in nearly half of our
patients (45.3%) is consistent with the well-documented asso-
ciation between COVID-19 and ischemic brain injury (40).
Diftusion restriction was associated with poor patient outcome.
However, when ischemia was excluded, foci with diffusion re-
strictions associated with other MRI patterns showed no sig-
nificant difference between good and poor outcomes.

Our study observed cases of myelitis and cauda equina in-
volvement in pediatric COVID-19 patients, which have also
been reported to be associated with the disease (41,42). These
findings highlight the significance of immune-mediated me-
chanisms in neurological complications in pediatric COVID-19
patients.

In our study, contrast-enhanced imaging was valuable for
detecting cranial neuritis in 10 patients (10.3%) and cauda
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equina nerve root enhancement in 12 patients (12.6%). It
also helped to exclude the underlying pathology contributing
to WM signal changes. Furthermore, DWI was highly in-
formative in identifying and characterizing ischemia in 18
patients (18.9%). Additionally, restricted diffusion foci, in
association with other patterns, were observed in 26.3% of
patients. These findings corroborate with those reported in
previous studies (0,14).

The inclusion of follow-up MRI results in our study
provided important insights into the potential outcomes and
progression of neuroimaging findings in pediatric COVID-
19 patients. The findings from our cohort demonstrated both
the reversibility of certain imaging patterns and the potential
for the development of encephalomalacia and myelomalacia.
Our results align with those of Lopez-P é rez et al. (43), who
showed that certain imaging abnormalities associated with
pediatric COVID-19 neurological injuries can be reversible.
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d.

Figure 3. A 12-year-old boy with acute COVID-19 presented with fever and encephalopathy. (a) Axial FLAIR and (b) Coronal T2W images
display bilateral symmetrical thalamic swelling and high signal intensity (arrows). (¢) Post-contrast T1W image reveals no enhancement
(arrows). (d) DWI and (e) ADC map demonstrate restricted diffusion within the central aspect of the lesion (arrows). (f) Axial T2 *W image
reveals foci of blooming signals denoting hemorrhage (arrows). The MRI findings were consistent with those of acute necrotizing hemor-

rhagic encephalopathy.

However, the development of encephalomalacia in 23.2% of
patients and myelomalacia in 7.1% of patients highlights the
potential long-term consequences and tissue damage in some
individuals. Studies in adults have shown that MRI abnormalities
in severe COVID-19 can resolve, stabilize, or progress (23).
Similarly, a study by Lin et al. (39) on acute necrotizing en-
cephalopathy in children with COVID-19 supported the im-
portance of understanding the neurological implications and
potential long-term effects of this disease. Furthermore, a study
by Boito et al. (35) provided evidence of the persistence and
evolution of WM lesions to encephalomalacia, indicating the
long-term neurological impact of COVID-19. These findings
emphasize the need for follow-up imaging to monitor disease
evolution and to guide neurorehabilitation. Overall, our findings

provide initial evidence that while pediatric patients have sig-
nificant potential for repair and reversibility, COVID-19 neu-
rological insults can also result in permanent sequelae. Follow-up
imaging is important to monitor disease evolution and guide
neurorehabilitation.

The high inter-rater reliability observed in our study for
most MRI patterns confirms the reproducibility of the
radiological assessments and supports the validity of neuroi-
maging findings in COVID-19. Comparatively, these results
are largely in concordance with prior studies that highlighted
the high IRA among radiologists in interpreting MR neu-
roimaging findings across various pathologies (44,45).

This study had several limitations that should be acknowl-
edged. First, its retrospective design introduced the possibility of
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Figure 4. An 8-year-old girl with MIS-C presented with a fever, encephalopathy, and seizures. (a) Axial FLAIR, (b) T2W, and (c) Sagittal
FLAIR images illustrate multiple non-confluent ovoid lesions bilaterally located within the frontal, high parietal, and occipital lobes (arrows).
(d) Axial post-contrast TIW image shows no significant enhancement of the lesions. (e) Axial DWI and (f) ADC map reveal no restricted
diffusion within the lesions. The largest lesion exhibits a relatively high signal intensity on the DWI and ADC map (arrows), whereas the other

lesions appear isointense on both sequences.

a.

Figure 5. A 6-year-old boy with MIS-C presented with fever, diarrhea, and flaccid paralysis. (a) Sagittal and (b) Axial post-contrast T1W

images reveal enhancement of the cauda equina nerve roots (arrows).

selection bias and limited the ability to establish causal relation-
ships. Second, the relatively small sample size may have restricted
the statistical power and generalizability of the findings to the
broader pediatric population with COVID-19. Third, this study
was conducted at a single center, which may limit the general-
izability of the results to other settings. Fourth, incomplete
longitudinal analysis due to the lack of follow-up MRI for all
patients may have affected the assessment of lesion progression.
Fifth, the absence of a long-term follow-up hindered the eva-
luation of potential delayed or persistent effects. Sixth, the het-
erogeneity within the clinical groups, particularly the
"indeterminate" category, may have confounded the observed
associations. Finally, as an observational study, it was not possible
to infer causality between the neuroimaging findings and
COVID-19 infection.

CONCLUSION

This study yielded several clinically relevant findings regarding
MRI patterns in pediatric patients with COVID-19. First, it
sheds light on the potential of certain MRI neuroimaging pat-
terns to serve as prognostic indicators of patient outcome.
Second, some of these patterns are associated with favorable
outcomes, whereas others are linked to poor outcomes. Third,

follow-up MRI scans showed that certain imaging patterns were
reversible; however, there was also a risk of developing en-
cephalomalacia and myelomalacia. Finally, these patterns have the
potential to influence clinical practice by guiding patient man-
agement and treatment decisions. Nevertheless, further research is
needed to confirm and build upon these findings, ultimately
leading to improved clinical practice and outcomes in pediatric
patients with COVID-19.
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