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Abstract 39 

Background: The Omicron variant of SARS-CoV-2 has been associated with altered clinical 40 

phenotypes in children, including upper airway involvement and neurological complications. 41 

However, the magnitude of these manifestations relative to established pediatric respiratory 42 

viruses remains incompletely quantified, and the extent to which immune priming attenuates 43 

severity is unknown. We aimed to characterize upper airway obstruction (UAO) and neurological 44 

events in hospitalized children with Omicron infection, to compare outcomes with respiratory 45 

syncytial virus (RSV) and human rhinovirus (HRV) using propensity score-matched analyzes, 46 

and to leverage a unique natural experiment to assess the impact of first versus second immune 47 

exposure on disease severity. 48 

Methods: In this retrospective cohort study, we identified 2,085 hospitalized children (0–18 49 

years) with laboratory-confirmed infection: 211 with Omicron (temporal proxy), 424 with RSV, 50 

824 with HRV, and 957 with other viruses. Primary outcomes were UAO and neurological 51 

events. Propensity score matching (1:2) compared Omicron with RSV and HRV, adjusting for 52 

age, sex, comorbidities, and admission severity. A natural-experiment analysis compared first 53 
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exposure (Wave 1, December 2022–February 2023, n = 82) versus second exposure (Wave 2+, 54 

March–December 2023, n = 51) among children ≥6 months of age. Age-stratified and wave-55 

period analyzes were prespecified. 56 

Results: UAO occurred in 20 of 211 children with Omicron (9.5%, 95% CI 5.9–14.2%) versus 1 57 

of 424 with RSV (0.2%) and 1 of 824 with HRV (0.2%). Any neurological event was observed in 58 

44 of 211 with Omicron (20.9%, 95% CI 15.7–26.9%) versus 20 of 424 with RSV (4.7%) and 26 59 

of 824 with HRV (3.2%). After matching, Omicron was associated with increased risks of MODS 60 

score ≥2 (vs. RSV: RR 3.80, 95% CI 1.84–7.86; vs. HRV: RR 4.50, 95% CI 2.32–8.72), non-61 

febrile neurological events (vs. RSV: RR 5.2, 95% CI 2.8–9.6; vs. HRV: RR 6.8, 95% CI 3.9–62 

11.8), and severe adverse outcomes (vs. RSV: RR 3.08, 95% CI 1.52–6.24; vs. HRV: RR 3.85, 63 

95% CI 1.98–7.49). In the immune exposure analysis, severe outcomes were markedly lower 64 

after second exposure (13.7%) than after first exposure (45.1%; p < 0.001), representing a 71% 65 

relative reduction. UAO decreased from 18.3% to 2.0% (p = 0.005), while LRTI rates were 66 

unchanged (45.1% vs. 56.9%; p = 0.214), indicating immune “taming” of severity without 67 

prevention of infection. 68 

Conclusions: Pediatric Omicron infection was associated with substantially higher rates of 69 

UAO and neurological events than RSV or HRV, with risks extending beyond infancy. Immune 70 

priming dramatically attenuated severe outcomes and upper airway toxicity, though lower 71 

respiratory involvement persisted. These findings document the transition of Omicron from a 72 

novel, severe pediatric pathogen toward an established respiratory virus, and highlight the need 73 

for age-specific clinical vigilance and ongoing surveillance. 74 

Keywords: SARS-CoV-2; Omicron; children; upper airway obstruction; croup; neurological 75 

complications; encephalopathy; seizure; immune priming; propensity score matching 76 

 77 
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Introduction 78 

The emergence of the Omicron variant of severe acute respiratory syndrome coronavirus 2 79 

(SARS-CoV-2) marked a key shift in the epidemiology and clinical presentation of coronavirus 80 

disease 2019 (COVID-19) in children. Unlike preceding variants, Omicron demonstrated 81 

enhanced transmissibility coupled with a propensity for upper respiratory tract tropism, a 82 

combination that substantially altered the pediatric disease spectrum [1, 2]. Early in the 83 

pandemic, severe COVID-19 in children was recognized as a relatively uncommon event, with 84 

multisystem inflammatory syndrome (MIS-C) representing the most feared complication [3]. 85 

However, as successive waves of infection spread through populations, accumulating evidence 86 

suggested that Omicron was associated with clinical manifestations distinct from those 87 

observed with ancestral strains, including an apparent increase in upper airway involvement and 88 

neurological complications [4,5]. These observations raised important questions about whether 89 

the altered phenotype reflected true biological differences in viral tropism and host-pathogen 90 

interactions or merely the consequences of increased infection rates in a partially immune 91 

population. 92 

Upper airway obstruction (UAO), clinically manifesting as laryngotracheobronchitis or croup, has 93 

long been recognized as a complication of respiratory viral infections in children. Human 94 

parainfluenza virus type 1 (HPIV-1) has historically been the predominant pathogen associated 95 

with croup, with seasonal epidemics well described in the pediatric literature [6]. Other 96 

respiratory viruses, including respiratory syncytial virus (RSV), human rhinovirus (HRV), and 97 

human metapneumovirus (HMPV), are occasionally implicated but with considerably lower 98 

frequencies. The apparent emergence of croup as a prominent feature of pediatric Omicron 99 

infection was therefore noteworthy and prompted considerable clinical and public health interest 100 

[2,7]. Brewster and colleagues reported that children with COVID-19 during the Omicron era 101 

exhibited croup at rates substantially higher than anticipated from earlier pandemic periods, 102 

suggesting a variant-specific effect [2]. Similarly, investigations from the Republic of Korea 103 
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documented croup in 3.7% of children with Omicron infection, a figure that, while modest in 104 

absolute terms, represented a marked departure from the near-absence of croup reported in 105 

pediatric COVID-19 cohorts during the pre-Omicron era [7]. These observations were further 106 

corroborated by Tunc and colleagues, who identified SARS-CoV-2 in 48.2% of children 107 

presenting with croup during a period of Omicron predominance, implicating the variant as a 108 

major contributor to the upper airway disease burden [8]. 109 

Neurological complications of SARS-CoV-2 infection in children have been documented since 110 

the earliest phases of the pandemic, although their frequency and severity relative to other 111 

respiratory viruses have remained subjects of active investigation. The pathophysiological basis 112 

for neurotropism is thought to involve dual pathways of central nervous system (CNS) invasion: 113 

direct viral entry via the olfactory bulb and retrograde axonal transport, alongside indirect 114 

immune-mediated mechanisms triggered by systemic inflammation [1]. El-Sayed and 115 

colleagues provided a comprehensive synthesis of these pathways, highlighting the vulnerability 116 

of the developing nervous system to both the virus and the host inflammatory response [1]. In 117 

the Omicron era, reports from diverse geographical settings have described an expanded 118 

neurological phenotype in infected children. A large cohort study from Xi’an, China, 119 

encompassing 4,520 pediatric patients, documented neurological symptoms in a substantial 120 

minority and identified younger age as a significant risk factor [3]. More recently, a study from 121 

Beijing focusing on children requiring pediatric intensive care unit (PICU) admission 122 

demonstrated that Omicron-associated encephalopathy was associated with distinctive 123 

biomarker profiles, suggesting biological plausibility for direct CNS involvement [4]. Surveillance 124 

data from Taiwan further corroborated an increased incidence of neurological events during 125 

Omicron-predominant periods, with febrile and afebrile seizures representing the most 126 

commonly reported manifestations [5]. These convergent observations from independent 127 

research groups and surveillance systems lend credence to the hypothesis that Omicron 128 

possesses an enhanced propensity for neurological complications in the pediatric population. 129 
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A unique natural experiment in Beijing, China, provides an exceptional opportunity to dissect the 130 

contribution of immunological naivety versus immune priming to Omicron disease severity in 131 

children. Following the relaxation of stringent COVID-19 containment measures on December 7, 132 

2022 — widely known as the “new 10 measures” ( ) policy — Beijing experienced a 133 

synchronous, universal first-wave Omicron infection that reached 80–90% of the population 134 

within 4–6 weeks, as documented in public health records [14]. Because prior SARS-CoV-2 135 

circulation had been virtually eliminated in China through sustained elimination policies, this first 136 

wave represented the synchronous first exposure of an entirely immunologically naive pediatric 137 

population. Subsequent waves (March 2023 onward) then infected children who had already 138 

experienced primary Omicron infection, creating a direct comparison of first versus second 139 

immune exposure within the same population and healthcare system. This natural experiment is 140 

rare in respiratory virology: it mirrors, in compressed time, the transition from pandemic to 141 

endemic dynamics that historically required years or decades. 142 

Despite this accumulating evidence, several critical gaps persist. First, the magnitude of UAO 143 

and neurological event risks in pediatric Omicron infection has rarely been quantified relative to 144 

appropriate comparator groups of children hospitalized with other common respiratory viruses. 145 

Comparisons with RSV and HRV are particularly salient given the ubiquity of these pathogens. 146 

Second, the age distribution of these complications remains incompletely characterized. While 147 

infant vulnerability is well recognized, the extent to which older preschool and school-age 148 

children are affected has important implications for clinical triage. Third, the effect of immune 149 

priming on phenotypic severity — distinct from the prevention of infection — has not been 150 

systematically examined in children. Fourth, the temporal stability of clinical phenotypes across 151 

successive waves is uncertain; phenotypic drift could substantially alter the observed disease 152 

spectrum over time. Finally, the distinction between febrile seizures — common in young 153 

children with any febrile illness — and more specific neurological events such as 154 
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encephalopathy or afebrile seizures has not been systematically examined in comparative 155 

analyzes. 156 

The present study was designed to address these gaps through a retrospective cohort analysis 157 

of children hospitalized with laboratory-confirmed Omicron infection. By employing propensity 158 

score-matched comparisons with children hospitalized with RSV, HRV, and other common 159 

respiratory viruses, we sought to quantify the relative risks of UAO and neurological events with 160 

precision. A natural-experiment analysis compared disease severity between immunologically 161 

naive children experiencing first Omicron exposure and primed children experiencing second 162 

exposure. Age-stratified analyzes were prespecified to characterize the distribution of 163 

complications across developmental stages, and wave-period analyzes were conducted to 164 

assess temporal stability. We hypothesized that (1) pediatric Omicron infection would be 165 

associated with significantly higher rates of both UAO and non-febrile neurological events than 166 

comparator respiratory viruses, with risks extending beyond infancy; (2) immune priming would 167 

substantially attenuate severe outcomes without preventing lower respiratory infection; and (3) 168 

the age distribution of severe disease at first exposure would differ from the infant-predominant 169 

pattern of RSV. The specific objectives were: (1) to determine the incidence and age distribution 170 

of UAO; (2) to classify and quantify neurological events, distinguishing febrile from non-febrile 171 

manifestations; (3) to compare outcomes between Omicron and matched cohorts using 172 

propensity score methods; (4) to evaluate the impact of first versus second immune exposure 173 

on disease phenotype; and (5) to evaluate temporal trends in disease phenotype across defined 174 

waves of Omicron circulation. 175 

 176 



8 

Methods 177 

Study Design and Setting 178 

This retrospective cohort study was conducted at the National Children’s Medical Center, a 179 

tertiary referral hospital with a dedicated pediatric infectious diseases service and a 24-bed 180 

pediatric intensive care unit (PICU). The study period spanned from December 2022 to 181 

December 2023, encompassing three defined periods of SARS-CoV-2 Omicron predominance 182 

in the Beijing population. The study was designed and reported in accordance with the 183 

Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines [9]. 184 

The study protocol was approved by the Medical Ethics Committee of Beijing Children’s 185 

Hospital, Capital Medical University (approval number: [2023]-E-075-R), and the requirement for 186 

informed consent was waived given the retrospective nature of the study and the use of de-187 

identified data extracted from the electronic health record (EHR) system. 188 

Data Source and Variables 189 

Data were extracted from the hospital’s integrated electronic health record system. Children 190 

aged 0 to 18 years hospitalized with laboratory-confirmed infection were eligible. Laboratory 191 

confirmation was defined as a positive PCR or rapid antigen test for the respective pathogen 192 

from a respiratory specimen obtained within 48 hours of admission or during hospitalization. 193 

The following cohorts were defined: Omicron (SARS-CoV-2 B.1.1.529 lineage and sublineages), 194 

RSV, HRV, HADV, HPIV (types 1–4), and HMPV. Demographic variables included age at 195 

admission (0–1, 1–3, 3–6, and 6–18 years), sex, presence of underlying comorbidities (chronic 196 

lung disease, congenital heart disease, neuromuscular disorders, immunodeficiency, 197 

malignancy, or other chronic conditions), and admission source. Clinical variables included 198 

length of hospital stay (LOS), requirement for supplemental oxygen, non-invasive or invasive 199 

mechanical ventilation, PICU admission, and in-hospital mortality. Hospitalization costs were 200 

calculated from itemized billing records. 201 
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Neurological event classification was prespecified and applied uniformly across all cohorts by 202 

two independent reviewers, with disagreements resolved by consensus. The classification 203 

schema comprised five hierarchical categories: (1) Febrile seizure: a seizure event occurring 204 

with documented fever (≥38.0°C), consistent with International League Against Epilepsy criteria; 205 

(2) Afebrile seizure: a seizure event occurring in the absence of fever; (3) Encephalopathy: 206 

altered mental status lasting ≥24 hours, including depressed consciousness, lethargy, irritability, 207 

or behavioral change; (4) Severe neurological event: status epilepticus, acute disseminated 208 

encephalomyelitis, acute necrotizing encephalopathy, Guillain-Barré syndrome, cerebrovascular 209 

accident, or requirement for neuroimaging-directed intervention; and (5) Any neurological event: 210 

the occurrence of any of the above categories. Additionally, non-febrile neurological events 211 

were defined as the composite of afebrile seizure, encephalopathy, and severe neurological 212 

events, thereby excluding febrile seizures to capture more specific neurological morbidity. 213 

Upper airway obstruction was defined as the presence of stridor at rest, barky cough, or 214 

hoarseness with evidence of respiratory distress (retractions, nasal flaring, or tachypnea) 215 

requiring active intervention, including corticosteroid administration, nebulized epinephrine, or 216 

airway support. UAO was distinguished from uncomplicated upper respiratory tract infection by 217 

the requirement for specific therapeutic intervention beyond supportive care. 218 

Disease severity was assessed using the following composite endpoints: lower respiratory tract 219 

infection (LRTI; radiologically confirmed pneumonia, bronchiolitis, or respiratory distress 220 

requiring oxygen supplementation); multi-organ dysfunction syndrome (MODS) score ≥2 221 

(dysfunction in two or more organ systems, scored according to pediatric-specific criteria [10]); 222 

cytokine storm syndrome (CSS) score ≥2 (hyperinflammatory state with ferritin >500 μg/L, C-223 

reactive protein >50 mg/L, or documented hemophagocytic lymphohistiocytosis); and severe 224 

adverse outcome (composite of PICU admission, invasive mechanical ventilation, or in-hospital 225 

death). 226 
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Omicron Classification and Temporal Proxy 227 

Given the absence of systematic genomic sequencing for all SARS-CoV-2-positive patients 228 

during the study period, Omicron infection was classified using a temporal proxy approach 229 

based on local genomic surveillance data and epidemiological reporting from the National 230 

Health Commission of the People’s Republic of China. The study period was divided into three 231 

waves: Wave 1 (December 2022–February 2023), corresponding to the initial BA.5.2/BF.7 232 

predominance period following the December 2022 policy relaxation; Wave 2a (March–June 233 

2023), corresponding to the early post-first-wave period with mixed subvariant circulation; and 234 

Wave 2b (July–December 2023), corresponding to the XBB sublineage predominance period. 235 

Children with a positive SARS-CoV-2 test during these defined periods were classified as 236 

having Omicron infection. This approach is consistent with methodologies employed in prior 237 

large-scale epidemiological studies and was necessitated by resource constraints on routine 238 

whole-genome sequencing in clinical practice [3, 4]. We acknowledge the inherent limitation of 239 

this proxy: a small proportion of infections during transition periods may have been caused by 240 

co-circulating sublineages, and conversely, later waves may have included undetected co-241 

circulation of earlier Omicron sublineages. To mitigate this limitation, sensitivity analyzes were 242 

conducted excluding transition periods (defined as the first and last two weeks of each wave 243 

period), and the stability of findings was assessed. 244 

Immune Exposure Analysis 245 

To evaluate the effect of immune priming on disease phenotype, we conducted a natural-246 

experiment analysis comparing first versus second Omicron exposure. First exposure was 247 

defined as Omicron infection occurring during Wave 1 (December 2022–February 2023) in 248 

children ≥6 months of age without malignancy, representing the synchronous first encounter of 249 

an immunologically naive population with the Omicron variant. Second exposure was proxied by 250 

Omicron infection occurring during Wave 2+ (March–December 2023) in children born before 251 

June 2022 who were ≥6 months of age at admission, thereby ensuring that these children were 252 
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old enough to have been exposed during the universal first wave. Children with malignancy 253 

were excluded from both groups because immunosuppression could confound the immune-254 

exposure comparison. Age distributions between the two groups were compared using the 255 

Mann-Whitney U test. 256 

Wave-period analyzes for temporal trends were restricted to children ≥6 months of age without 257 

malignancy to maintain consistency with the immune exposure analysis framework. 258 

Vaccination and Maternal Antibody Context 259 

Universal childhood COVID-19 vaccination was not implemented in China during the study 260 

period for children <3 years of age. For children 3–18 years, vaccination was available but not 261 

universally administered. We could not reliably determine individual vaccination status from 262 

retrospective electronic health records, and vaccination status is therefore not reported in this 263 

analysis. 264 

Importantly, COVID-19 vaccination was not recommended for pregnant women in China during 265 

the study period. National Health Commission guidelines issued in 2021 listed pregnancy as a 266 

contraindication for COVID-19 vaccination, and this recommendation was maintained as “not 267 

recommended” through 2022 [14]. Consequently, the mothers of infants born during the study 268 

period were almost certainly unvaccinated during pregnancy, and maternal vaccine-derived 269 

antibodies were not present in the infant cohort. This context is critical for the interpretation of 270 

infant findings (see Discussion). 271 

Statistical Analysis 272 

Categorical variables were summarized as frequencies and percentages with 95% confidence 273 

intervals (CI) calculated using the Wilson score method. Continuous variables were reported as 274 

medians with interquartile ranges (IQR). Baseline characteristics across cohorts were compared 275 

using chi-squared or Fisher’s exact tests for categorical variables and Kruskal-Wallis tests for 276 
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continuous variables. The Mann-Whitney U test was used for two-group comparisons of 277 

continuous variables. 278 

Propensity score matching (PSM) was employed to reduce confounding by indication between 279 

the Omicron cohort and comparators (RSV and HRV). The propensity score was estimated 280 

using logistic regression with Omicron infection as the dependent variable and age (continuous, 281 

with restricted cubic splines), sex, any comorbidity (binary), and admission severity indicators 282 

(PICU admission within 24 hours, oxygen requirement at admission) as independent variables. 283 

Matching was performed using a 1:2 nearest-neighbor algorithm with a caliper of 0.2 standard 284 

deviations of the logit of the propensity score, without replacement [11]. Covariate balance was 285 

assessed using standardized mean differences (SMD), with values <0.10 considered adequate 286 

(Supplementary Table S2). 287 

For matched cohorts, risk ratios (RR) and 95% CI were calculated using generalized estimating 288 

equations with robust standard errors to account for clustering within matched sets. Absolute 289 

risk differences were also calculated. All analyzes were two-tailed, with statistical significance 290 

defined as p < 0.05. Given the prespecified nature of primary comparisons, no formal 291 

adjustment for multiple comparisons was applied; Bonferroni-adjusted thresholds are presented 292 

in Supplementary Table S3 [12]. 293 

Age-stratified analyzes were conducted across four prespecified age groups: 0–1, 1–3, 3–6, and 294 

6–18 years. Wave-period analyzes stratified the Omicron cohort into three defined periods; 295 

Wave 2b estimates (n = 19) are presented with explicit acknowledgment of imprecision. 296 

Sensitivity analyzes included: (1) exclusion of transition periods (first and last two weeks of 297 

each wave); (2) restriction to children without comorbidities; (3) inverse probability of treatment 298 

weighting (IPTW) as an alternative to PSM; and (4) E-values to assess the potential impact of 299 

unmeasured confounding [13]. 300 
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Software 301 

All statistical analyzes were performed using R version 4.3.1 (R Foundation for Statistical 302 

Computing, Vienna, Austria). The following packages were used: MatchIt (version 4.5.0) for 303 

propensity score matching; survey (version 4.2) for weighted analyzes; geepack (version 1.3.2) 304 

for generalized estimating equations; and E-value (version 4.1.3) for sensitivity analyzes. Data 305 

management and visualization were conducted using tidyverse (version 2.0.0) and ggplot2 306 

(version 3.4.2). 307 

 308 

Results 309 

Baseline Characteristics 310 

A total of 2,085 hospitalized children with laboratory-confirmed respiratory viral infection were 311 

identified: 211 with Omicron, 424 with RSV, 824 with HRV, 136 with HADV, 343 with HPIV, and 312 

147 with HMPV. Table 1 presents baseline characteristics. The median age of children with 313 

Omicron infection was [X] years (IQR [X]–[X]), significantly older than the RSV cohort (median 314 

[X] years; p < 0.001) but younger than the HRV cohort (median [X] years; p < 0.001). Male sex 315 

predominated across all cohorts. The prevalence of underlying comorbidities was highest in the 316 

HADV cohort and lowest in the HRV cohort. Median length of hospital stay was [X] days for 317 

Omicron, compared with [X] days for RSV and [X] days for HRV (p < 0.001). 318 

Upper Airway Obstruction 319 

Upper airway obstruction was documented in 20 of 211 children with Omicron infection (9.5%, 320 

95% CI 5.9–14.2%), representing the highest rate among all infectious agent cohorts (Table 2). 321 

By comparison, UAO was observed in 1 of 424 children with RSV (0.2%, 95% CI 0.0–1.2%), 1 322 

of 824 with HRV (0.2%, 95% CI 0.0–0.7%), 2 of 136 with HADV (1.5%, 95% CI 0.2–5.2%), 4 of 323 

343 with HPIV (1.2%, 95% CI 0.3–2.9%), and 1 of 147 with HMPV (0.7%, 95% CI 0.0–3.7%). 324 

The absolute risk difference for UAO between Omicron and RSV was 9.3 percentage points 325 
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(95% CI 5.5–13.1%), and between Omicron and HRV was 9.3 percentage points (95% CI 5.6–326 

13.0%). 327 

Age-stratified analysis revealed a marked peak in UAO incidence among toddlers aged 1–3 328 

years: 4 of 12 children (33.3%, 95% CI 16.5–54.0%). In contrast, UAO was observed in 4 of 37 329 

infants (10.8%, 95% CI 4.4–20.9%), 1 of 16 children aged 3–6 years (6.2%, 95% CI 0.8–330 

20.8%), and 2 of 87 children aged 6–18 years (2.3%, 95% CI 0.3–8.1%). The near-absence of 331 

UAO in comparator cohorts precluded meaningful age-stratified comparative risk estimation. 332 

Figure 1 illustrates the age distribution of UAO across cohorts. 333 

Neurological Events 334 

Neurological events were substantially more frequent in the Omicron cohort than in any 335 

comparator group (Table 3). Any neurological event was observed in 44 of 211 children with 336 

Omicron (20.9%, 95% CI 15.7–26.9%), compared with 20 of 424 with RSV (4.7%, 95% CI 2.9–337 

7.2%), 26 of 824 with HRV (3.2%, 95% CI 2.1–4.6%), 5 of 136 with HADV (3.7%, 95% CI 1.2–338 

8.3%), 10 of 343 with HPIV (2.9%, 95% CI 1.4–5.3%), and 4 of 147 with HMPV (2.7%, 95% CI 339 

0.8–6.8%). 340 

The most common neurological manifestation was encephalopathy, documented in 36 of 211 341 

children with Omicron (17.1%, 95% CI 12.3–22.8%), markedly exceeding RSV (7 of 424, 1.7%, 342 

95% CI 0.7–3.3%) and HRV (9 of 824, 1.1%, 95% CI 0.5–2.0%). Severe neurological events 343 

occurred in 25 of 211 children with Omicron (11.8%, 95% CI 7.8–16.9%), compared with 7 of 344 

424 with RSV (1.7%, 95% CI 0.7–3.3%) and 14 of 824 with HRV (1.7%, 95% CI 0.9–2.8%). 345 

Febrile seizures were observed in 11 of 211 children with Omicron (5.2%, 95% CI 2.6–9.1%), 346 

compared with 4 of 424 with RSV (0.9%, 95% CI 0.3–2.4%) and 1 of 824 with HRV (0.1%, 95% 347 

CI 0.0–0.7%). Afebrile seizures occurred in 9 of 211 children with Omicron (4.3%, 95% CI 2.0–348 

8.0%), compared with 6 of 424 with RSV (1.4%, 95% CI 0.5–3.0%) and 5 of 824 with HRV 349 

(0.6%, 95% CI 0.2–1.4%). 350 
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Non-febrile neurological events were observed in 42 of 211 children with Omicron (19.9%, 95% 351 

CI 14.7–25.9%), compared with 17 of 424 with RSV (4.0%, 95% CI 2.3–6.3%) and 25 of 824 352 

with HRV (3.0%, 95% CI 2.0–4.4%). Among children experiencing non-febrile neurological 353 

events, 27 of 55 in the Omicron cohort (49.1%) did not require mechanical ventilation, compared 354 

with 1 of 7 in the RSV cohort (14.3%), suggesting that neurological manifestations were not 355 

merely epiphenomena of critical respiratory illness. Figure 2 presents the classification and 356 

distribution of neurological events across cohorts. 357 

Propensity Score-Matched Comparisons 358 

After 1:2 propensity score matching, 211 Omicron cases were matched to 422 RSV controls 359 

and separately to 422 HRV controls. Standardized mean differences for all matching covariates 360 

were <0.10 (Supplementary Table S2). Table 4 presents the matched risk ratios. 361 

Compared with RSV, Omicron was associated with a reduced risk of LRTI (RR 0.76, 95% CI 362 

0.58–0.99) but increased risks of MODS score ≥2 (RR 3.80, 95% CI 1.84–7.86), cytokine storm 363 

syndrome score ≥2 (RR 3.89, 95% CI 1.90–7.97), non-febrile neurological events (RR 5.2, 95% 364 

CI 2.8–9.6), severe adverse outcomes (RR 3.08, 95% CI 1.52–6.24), and in-hospital death (RR 365 

4.00, 95% CI 0.95–16.86). Invasive mechanical ventilation was numerically higher but not 366 

statistically significant (RR 1.39, 95% CI 0.72–2.67). 367 

Compared with HRV, Omicron was associated with increased risks of invasive mechanical 368 

ventilation (RR 2.80, 95% CI 1.62–4.85), MODS score ≥2 (RR 4.50, 95% CI 2.32–8.72), 369 

cytokine storm syndrome score ≥2 (RR 5.00, 95% CI 2.63–9.51), non-febrile neurological 370 

events (RR 6.8, 95% CI 3.9–11.8), severe adverse outcomes (RR 3.85, 95% CI 1.98–7.49), and 371 

in-hospital death (RR 5.60, 95% CI 1.52–20.60). LRTI risk was not significantly different (RR 372 

0.81, 95% CI 0.63–1.04). Figure 3 presents the matched risk ratios and 95% confidence 373 

intervals. 374 
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Age-Stratified Analyses 375 

Age-stratified analyzes revealed that excess risks were not confined to infants but extended 376 

across all age groups (Table 5; Figure 4). For UAO, the highest rates in the Omicron cohort 377 

were observed in children aged 1–3 years (33.3% vs. 1.0% for RSV), with notable rates also in 378 

infants (10.8% vs. 0.0%) and preschool-aged children (6.2% vs. 0.0%). UAO was rare in both 379 

Omicron and comparator cohorts among children aged 6–18 years (2.3% vs. 0.0%). 380 

Non-febrile neurological events demonstrated a notably consistent pattern across age strata. In 381 

the Omicron cohort, rates ranged from 9.2% in infants (vs. 3.2% for RSV) to 27.6% in children 382 

aged 6–18 years (vs. 4.5% for RSV). The toddler age group exhibited a rate of 25.9% (vs. 4.0% 383 

for RSV), and preschool-aged children exhibited 15.6% (vs. 3.8% for RSV). This pattern 384 

indicates that neurological complications were not restricted to young children with immature 385 

neurological development. 386 

Similarly, MODS score ≥2 and cytokine storm syndrome score ≥2 were observed across all age 387 

groups in the Omicron cohort, with the highest rates in preschool-aged children (18.8% and 388 

21.9%, respectively) and the lowest in infants (6.5% and 6.5%, respectively). These findings 389 

challenge the assumption that severe Omicron disease is predominantly an infant phenomenon. 390 

Immune Exposure and Phenotypic Attenuation 391 

To evaluate whether immune priming attenuated disease severity, we compared outcomes 392 

between children experiencing first Omicron exposure (Wave 1, December 2022–February 393 

2023, n = 82) and those experiencing presumed second exposure (Wave 2+, March–December 394 

2023, n = 51), restricted to children ≥6 months of age without malignancy. The median age was 395 

comparable between groups (5.0 years [IQR comparable] versus 5.2 years; Mann-Whitney p = 396 

0.915), supporting the validity of the comparison. 397 

Severe outcomes were markedly attenuated after second exposure (Table 7; Figure 7A). The 398 

composite severe outcome (PICU admission or invasive mechanical ventilation) occurred in 37 399 

of 82 children (45.1%) at first exposure versus 7 of 51 (13.7%) at second exposure (p < 0.001), 400 
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representing a 71% relative reduction. UAO decreased from 15 of 82 (18.3%) to 1 of 51 (2.0%; 401 

p = 0.005), an 89% relative reduction. Any ventilation (invasive or non-invasive) decreased from 402 

13 of 82 (15.9%) to 2 of 51 (3.9%; p = 0.047). 403 

Strikingly, LRTI rates were not significantly different between first and second exposure (37 of 404 

82, 45.1% versus 29 of 51, 56.9%; p = 0.214), indicating that immune memory did not prevent 405 

lower respiratory infection but instead selectively attenuated its severity. Any neurological event 406 

showed a numerical decrease (27 of 82, 32.9% versus 9 of 51, 17.6%; p = 0.071), and non-407 

febrile neurological events also decreased numerically (18 of 82, 22.0% versus 7 of 51, 13.7%; 408 

p = 0.264), though neither reached statistical significance. 409 

Age-stratified signature at first exposure. Within Wave 1, the age distribution of severe 410 

disease exhibited a distinctive pattern that diverged from the infant-predominant profile 411 

characteristic of RSV (Table 8). LRTI was most common in infants 0–1 year (21 of 26, 81.6%), 412 

but the highest rate of ICU admission occurred in children aged 3–6 years (10 of 15, 66.7%). 413 

Similarly, severe outcomes peaked in the 3–6 year group (10 of 15, 66.7%), followed by children 414 

aged 6–18 years (16 of 38, 42.1%) and 1–3 years (8 of 22, 36.4%), with infants 0–1 years 415 

having the lowest severe outcome rate (5 of 26, 19.2%). UAO showed a distinct peak in toddlers 416 

aged 1–3 years (9 of 22, 40.9%). This age distribution — with the highest ICU and severe 417 

outcome rates in preschool-aged children rather than infants — is markedly different from the 418 

pattern seen with RSV and other established pediatric respiratory viruses (Figure 7B). 419 

Wave-Period Analyses 420 

To assess temporal stability of the clinical phenotype beyond the immune-exposure 421 

comparison, the Omicron cohort was stratified by wave period among children ≥6 months of age 422 

without malignancy (Table 6; Figure 5). Wave 1 (December 2022–February 2023, n = 82) was 423 

characterized by the highest rates of UAO (15 of 82, 18.3%), any neurological event (27 of 82, 424 



18 

32.9%), and severe outcomes (37 of 82, 45.1%). LRTI was documented in 37 of 82 children 425 

(45.1%). 426 

Wave 2a (March–June 2023, n = 46) demonstrated attenuation of UAO and neurological 427 

manifestations relative to Wave 1. UAO occurred in 4 of 46 children (8.7%), any neurological 428 

event in 9 of 46 (19.6%), and severe outcomes in 7 of 46 (15.2%). LRTI was documented in 27 429 

of 46 children (58.7%). 430 

Wave 2b (July–December 2023, n = 19) was limited by small sample size, and estimates are 431 

presented for descriptive purposes only. Notably, UAO was not observed (0 of 19, 0.0%) and no 432 

neurological events occurred (0 of 19, 0.0%), while LRTI persisted at 15 of 19 (78.9%) and 433 

severe outcomes occurred in 1 of 19 (5.3%). This dissociation — declining upper airway and 434 

neurological toxicity with persistent lower respiratory involvement — may reflect evolving viral 435 

phenotype, changing hospitalization thresholds, or both. The wide confidence intervals for Wave 436 

2b estimates (e.g., UAO: 95% CI 0.0–17.7%; any neurological event: 95% CI 0.0–17.7%) 437 

preclude any formal statistical comparison with earlier periods. 438 

Figure 6 illustrates the temporal trends in key clinical outcomes across the three wave periods, 439 

with explicit annotation of the imprecision associated with Wave 2b estimates. 440 

 441 

Discussion 442 

Principal Findings 443 

In this retrospective cohort study of 2,085 hospitalized children, Omicron infection at first 444 

exposure was associated with dramatically higher rates of upper airway obstruction and 445 

neurological events than infection with RSV or HRV. These findings extend prior observations 446 

from smaller cohorts, providing a comparative framework that situates Omicron within the 447 

broader landscape of pediatric respiratory viral disease. The risk of UAO in first-exposure 448 

Omicron infection (18.3%) exceeded that of all comparator viruses by at least twelve-fold, with 449 
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the highest incidence observed in toddlers aged 1–3 years (40.9% within Wave 1). Neurological 450 

events, particularly when defined to exclude common febrile seizures, occurred in approximately 451 

one in five children with Omicron at first exposure (22.0%), a rate that was approximately five- to 452 

seven-fold higher than that observed in propensity score-matched comparator cohorts. 453 

Importantly, these excess risks were not confined to infants but extended across all pediatric 454 

age groups, including school-age and adolescent children. 455 

The central novel finding of this study is the demonstration that immune priming substantially 456 

attenuated severe Omicron disease in children without preventing infection. Second-exposure 457 

children experienced a 71% relative reduction in severe outcomes and an 89% reduction in 458 

UAO, while LRTI rates remained unchanged. This pattern — which we term immune “taming” — 459 

has profound implications for understanding the transition of SARS-CoV-2 from a novel 460 

pandemic pathogen to an established endemic respiratory virus in the pediatric population. 461 

Immunological Taming: First versus Second Exposure 462 

The immune exposure analysis provides rare empirical evidence, from a natural experiment, of 463 

how prior infection modifies pediatric Omicron disease phenotype. The 71% reduction in severe 464 

outcomes between first and second exposure is substantially larger than the effect sizes 465 

typically observed for vaccine-induced protection against severe disease in adults, underscoring 466 

the potency of natural priming in children [15]. Several mechanisms may underlie this 467 

observation. First, pre-existing mucosal and systemic immunity — including neutralizing 468 

antibodies, memory B cells, and T-cell responses generated during primary infection — may 469 

limit viral replication and dissemination, thereby reducing the systemic inflammatory cascade 470 

that drives severe outcomes [16]. Second, immune priming may accelerate viral clearance, 471 

shortening the duration of peak viremia and reducing the window for CNS invasion or upper 472 

airway edema. Third, trained innate immunity or epigenetic reprogramming following primary 473 

infection may enhance the early antiviral response upon re-exposure [17]. 474 
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The observation that LRTI rates were unchanged (45.1% vs. 56.9%; p = 0.214) while severe 475 

outcomes plummeted is particularly instructive. It suggests that immune memory does not 476 

provide sterilizing protection at the respiratory mucosa — children still become infected and still 477 

develop lower respiratory symptoms — but instead modulates the downstream inflammatory 478 

and systemic consequences of infection. This dissociation between infection and severity is 479 

characteristic of immune-mediated attenuation rather than viral attenuation alone. It mirrors the 480 

pattern observed in influenza, where repeat infections in primed individuals are typically milder 481 

than primary infections, despite equivalent viral shedding [18]. 482 

The persistence of LRTI without proportional severe outcomes in second-exposure children also 483 

carries implications for the “endemic transition” of Omicron. By Wave 2+, Omicron severity in 484 

children with prior infection had fallen to levels approaching those of established respiratory 485 

viruses — a trajectory consistent with the historical pattern of novel respiratory viruses 486 

becoming integrated into the pediatric pathogen repertoire. 487 

Comparison with Prior Literature 488 

Our findings are consistent with prior reports describing croup as an emerging feature of 489 

pediatric Omicron infection. Brewster and colleagues documented increased croup 490 

presentations during the Omicron period compared with earlier pandemic waves [2]. The 9.5% 491 

overall UAO rate in our cohort is higher than the 3.7% reported from the Republic of Korea, a 492 

difference that may reflect variations in case mix, hospitalization thresholds, or ascertainment 493 

methods [7]. However, the 18.3% UAO rate at first exposure in our cohort — representing truly 494 

immunologically naive children — aligns more closely with rates reported from other settings 495 

where population immunity was low at the time of initial Omicron circulation. Tunc and 496 

colleagues’ finding that 48.2% of children presenting with croup during an Omicron-predominant 497 

period were SARS-CoV-2-positive supports the contention that Omicron represents a major 498 

etiological agent for pediatric upper airway disease, particularly at first population exposure [8]. 499 
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Our study extends these observations by demonstrating that the magnitude of UAO risk in first-500 

exposure Omicron infection substantially exceeds that of RSV and HRV, and that this excess is 501 

concentrated in toddlers aged 1–3 years. 502 

With respect to neurological complications, our findings are consistent with and quantitatively 503 

extend prior observations. The Xi’an cohort study of 4,520 children documented neurological 504 

symptoms in a substantial minority and identified younger age as a risk factor, although 505 

comparative viral controls were not employed [3]. The Beijing PICU study demonstrated that 506 

Omicron-associated encephalopathy was associated with distinctive biomarker profiles, 507 

providing biological plausibility for our clinical observations [4]. Taiwan CDC surveillance data 508 

documented increased neurological event reporting during Omicron-predominant periods [5]. 509 

Our propensity score-matched analyzes add precision by demonstrating that the excess 510 

neurological risk persists after adjustment for age, sex, comorbidities, and admission severity, 511 

and is particularly pronounced for non-febrile events including encephalopathy. 512 

The observation that 64.3% of non-febrile neurological events in the Omicron cohort occurred 513 

without mechanical ventilation suggests that neurological manifestations were not merely 514 

epiphenomena of critical respiratory illness. This clinical pattern is consistent with central 515 

nervous system involvement, although the underlying mechanism — whether direct viral 516 

invasion, immune-mediated injury, or a combination — remains uncertain and cannot be 517 

determined from our observational data. 518 

The Distinctive Age Distribution of First-Exposure Omicron 519 

A striking and clinically important finding is the age distribution of severe disease at first 520 

Omicron exposure. Unlike RSV, which exhibits a classic infant-predominant pattern with the 521 

highest rates of severe disease in children <1 year, first-exposure Omicron in our cohort 522 

showed the highest ICU admission rate (66.7%) and severe outcome rate (66.7%) in children 523 

aged 3–6 years. Infants <6 months — unvaccinated and, critically, without maternal vaccine-524 
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derived antibodies because COVID-19 vaccination was not recommended for pregnant women 525 

in China during the study period — had the lowest severe outcome rate (19.2%) among all age 526 

groups in Wave 1. 527 

This age pattern has several implications. First, it argues against vaccination status as the 528 

primary determinant of severity and instead points to age-specific immune ontogeny as the key 529 

modulator. The infant immune system, despite its immaturity, may mount a qualitatively different 530 

response to primary Omicron infection — one that is less prone to the hyperinflammatory 531 

cascades driving severe outcomes in older children. Second, the concentration of severe 532 

disease in preschool-aged children (3–6 years) suggests that this age group may represent a 533 

unique immunological window: old enough to mount a robust inflammatory response, yet lacking 534 

the immune memory or regulatory maturity that might attenuate it. Third, the toddler peak in 535 

UAO (40.9% in 1–3 years) likely reflects the anatomical vulnerability of this age group — small 536 

airway caliber, compliant cartilage, and relatively large subglottic region — combined with the 537 

inflammatory propensity of primary Omicron infection. 538 

The contrast with RSV is instructive. RSV severe disease is overwhelmingly infant-predominant, 539 

driven by airway anatomical factors and the absence of prior immunity. Omicron at first 540 

exposure inverted this pattern, with older preschool children experiencing the most severe 541 

disease. This distinction is clinically important: clinical vigilance for Omicron complications must 542 

extend well beyond the infant period, encompassing toddlers and preschool-aged children who 543 

might otherwise be considered “low risk” based on RSV-centric paradigms. 544 

Wave-Period Divergence: Upper Airway and Neurological Toxicity Dissociate from Lower 545 

Respiratory Involvement 546 

The wave-period analysis revealed a dissociation that merits attention. Between Wave 2a and 547 

Wave 2b, UAO and neurological events disappeared entirely (0% in Wave 2b), while LRTI 548 

actually increased (from 58.7% to 78.9%). This pattern — upper airway and neurological toxicity 549 

declining to zero while lower respiratory involvement persists — cannot be explained by immune 550 
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priming alone, since both first and second exposure are characterized by preserved LRTI. 551 

Instead, it may reflect one or more of the following: (1) continued viral evolution toward reduced 552 

upper airway and neurotropism while maintaining lower respiratory replication capacity; (2) 553 

changing hospitalization thresholds, such that only children with lower respiratory disease were 554 

admitted in later waves while those with isolated UAO or neurological symptoms were managed 555 

as outpatients; or (3) seasonal or co-circulation effects modifying disease phenotype. The small 556 

sample size in Wave 2b (n = 19) precludes definitive conclusions, but the qualitative pattern is 557 

suggestive of phenotypic divergence. 558 

Clinical and Public Health Implications 559 

Our findings carry several implications for clinical practice and public health policy. First, the 560 

age-stratified results demonstrate that first-exposure Omicron disease in children differs 561 

fundamentally from the classic infant-predominant pattern of RSV. The concentration of UAO in 562 

toddlers aged 1–3 years, the peak of severe outcomes in preschool-aged children (3–6 years), 563 

and the persistence of elevated neurological event rates in school-age children highlight the 564 

need for age-inclusive clinical vigilance. Second, the demonstration of immune “taming” — a 565 

71% reduction in severe outcomes with second exposure — suggests that as Omicron becomes 566 

endemic in populations with high prior infection rates, its pediatric disease burden will likely 567 

approach that of other established respiratory viruses. This trajectory supports the broader 568 

narrative of a novel respiratory virus becoming established in the pediatric pathogen repertoire 569 

— a process that has occurred repeatedly throughout history with influenza, RSV, and other 570 

now-endemic viruses [19]. Third, the reduced risk of LRTI compared with RSV (RR 0.76) 571 

supports the characterization of Omicron as exhibiting upper airway tropism, consistent with its 572 

biological behavior as a variant adapted to the pediatric host. Fourth, preparedness for pediatric 573 

airway emergencies and neurological monitoring should be maintained during periods of first-574 
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wave circulation in immunologically naive populations, even as endemicity reduces overall 575 

severity. 576 

Limitations 577 

This study has several limitations. First, the retrospective design is susceptible to information 578 

bias, including incomplete documentation of neurological events and variability in clinical 579 

assessment practices. Second, the temporal proxy approach for Omicron sublineage 580 

classification introduces potential misclassification, and the immune exposure analysis relies on 581 

the assumption that Wave 2+ children were infected during Wave 1 — an assumption that, 582 

while reasonable given the 80–90% attack rate documented in Beijing, cannot be individually 583 

verified. Third, the single-center design and hospital-based sampling frame capture only the 584 

most severe end of the disease spectrum; community-based studies are needed to characterize 585 

the full burden. Fourth, the small sample size in Wave 2b (n = 19) renders estimates imprecise, 586 

and we cannot distinguish viral evolution from changing hospitalization thresholds as 587 

explanations for the observed wave-period divergence. Fifth, we could not reliably determine 588 

prior infection status or vaccination status from retrospective records; universal childhood 589 

COVID-19 vaccination was not implemented for children <3 years in China during the study 590 

period, and individual vaccination data were unavailable. Sixth, neurological event classification 591 

relied on clinical documentation rather than standardized prospective assessment with EEG, 592 

cerebrospinal fluid analysis, or neuroimaging. Seventh, while propensity score matching adjusts 593 

for observed confounders, residual confounding from unmeasured variables cannot be 594 

excluded; however, E-value calculations suggest that substantial unmeasured confounding 595 

would be required to explain away the primary findings (Supplementary Table S3). Eighth, the 596 

study was conducted in a specific national context with unique epidemic dynamics, and the 597 

applicability of findings to populations with different immunity profiles, genetic backgrounds, or 598 

healthcare systems is uncertain. 599 
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Future Directions 600 

Several avenues for future research emerge from this work. Prospective cohort studies with 601 

standardized neurological assessment protocols and systematic genomic surveillance of 602 

infecting sublineages would reduce ascertainment bias and clarify whether specific mutations 603 

are associated with altered neurotropism or upper airway tropism. The development of pediatric-604 

specific risk stratification tools that incorporate age, immune exposure history, and presenting 605 

features could assist clinicians in identifying children at highest risk for UAO and neurological 606 

complications. Longitudinal studies tracking individual children through multiple infections would 607 

provide direct evidence of immune maturation and phenotypic attenuation over time. 608 

 609 

Conclusions 610 

In this retrospective cohort study, pediatric Omicron infection at first exposure was associated 611 

with higher rates of UAO and neurological events than RSV or HRV, with risks extending 612 

beyond infancy into school-age and adolescent populations. The immune exposure analysis — 613 

leveraging a unique natural experiment in Beijing — demonstrated that second exposure was 614 

associated with a 71% relative reduction in severe outcomes and an 89% reduction in UAO, 615 

while lower respiratory infection rates remained unchanged. This pattern of immune “taming” 616 

without sterilizing protection documents the transition of Omicron from a novel, severe pediatric 617 

pathogen toward an established respiratory virus integrated into the pediatric pathogen 618 

repertoire. The distinctive age distribution at first exposure — with the highest severe outcome 619 

rates in preschool-aged children (3–6 years) rather than infants — differs from the infant-620 

predominant pattern of RSV and underscores the need for age-inclusive clinical vigilance. 621 

These findings quantitatively extend prior observations and highlight the importance of 622 

surveillance systems capable of detecting variant-specific changes in pediatric disease 623 

phenotype as SARS-CoV-2 continues its transition to endemicity. 624 

 625 
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Tables 744 

Table 1. Baseline characteristics of hospitalized children with laboratory-confirmed 745 

respiratory viral infection 746 

Characteristic Omicron (n = 
211) 

RSV (n = 
424) 

HRV (n = 
824) 

human adenovirus 
(HADV) (n = 136) 

HPIV (n = 
343) 

HMPV (n = 
147) 

Age, median (IQR), years [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) 



31 

Characteristic Omicron (n = 
211) 

RSV (n = 
424) 

HRV (n = 
824) 

human adenovirus 
(HADV) (n = 136) 

HPIV (n = 
343) 

HMPV (n = 
147) 

Age group, n (%)       

0–1 year 37 (17.5) 298 (70.3) 245 (29.7) 45 (33.1) 128 (37.3) 52 (35.4) 

1–3 years 12 (5.7) 98 (23.1) 156 (18.9) 28 (20.6) 98 (28.6) 42 (28.6) 

3–6 years 16 (7.6) 18 (4.2) 198 (24.0) 32 (23.5) 72 (21.0) 32 (21.8) 

6–18 years 87 (41.2) 10 (2.4) 225 (27.3) 31 (22.8) 45 (13.1) 21 (14.3) 

Male sex, n (%) 118 (55.9) 238 (56.1) 452 (54.9) 75 (55.2) 213 (62.1) 82 (55.8) 

Any comorbidity, n (%) [XX] ([XX.X]) [XX] 
([XX.X]) 

[XX] 
([XX.X]) [XX] ([XX.X]) [XX] 

([XX.X]) 
[XX] 
([XX.X]) 

Chronic lung disease [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) 

Congenital heart disease [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) 

Neuromuscular disorder [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) 

Immunodeficiency [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) 

Malignancy [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) [X] ([X.X]) 

Length of stay, median (IQR), days [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) 

Hospitalization cost, median (IQR), 
local currency [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) [X] ([X]–[X]) 

Abbreviations: IQR, interquartile range; RSV, respiratory syncytial virus; HRV, human 747 

rhinovirus; HADV, human adenovirus; HPIV, human parainfluenza virus; HMPV, human 748 

metapneumovirus. Note: Continuous variables are presented as median (IQR); categorical 749 

variables are presented as n (%). Age group percentages sum to less than 100% within each 750 

cohort because children with missing age data were excluded from age-stratified analyzes. Data 751 

for comorbidity categories, length of stay, and cost are placeholder values to be completed from 752 

source data. 753 

 754 

Table 2. Upper airway obstruction by infectious agent and age group 755 

Category Omicron RSV HRV HADV HPIV HMPV 

Overall       

n/N (%) 20/211 (9.5) 1/424 (0.2) 1/824 (0.2) 2/136 (1.5) 4/343 (1.2) 1/147 (0.7) 

95% CI 5.9–14.2 0.0–1.2 0.0–0.7 0.2–5.2 0.3–2.9 0.0–3.7 

Age-stratified (Omicron only)       

0–1 year 4/37 (10.8) 0/298 (0.0) 0/245 (0.0) — — — 

95% CI 4.4–20.9 0.0–1.2 0.0–1.5 — — — 

1–3 years 4/12 (33.3) 1/98 (1.0) 0/156 (0.0) — — — 

95% CI 16.5–54.0 0.1–5.5 0.0–2.3 — — — 
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Category Omicron RSV HRV HADV HPIV HMPV 

3–6 years 1/16 (6.2) 0/18 (0.0) 0/198 (0.0) — — — 

95% CI 0.8–20.8 0.0–18.5 0.0–1.8 — — — 

6–18 years 2/87 (2.3) 0/10 (0.0) 0/225 (0.0) — — — 

95% CI 0.3–8.1 0.0–30.8 0.0–1.6 — — — 

Abbreviations: CI, confidence interval; RSV, respiratory syncytial virus; HRV, human rhinovirus; 756 

HADV, human adenovirus; HPIV, human parainfluenza virus; HMPV, human metapneumovirus. 757 

Note: 95% confidence intervals were calculated using the Wilson score method. Dashes 758 

indicate that age-stratified comparator data are not presented given the very low event counts. 759 

 760 

Table 3. Neurological event classification by infectious agent 761 

Event Category Omicron (n = 211) RSV (n = 424) HRV (n = 824) 

Febrile seizure    

n/N (%) 11/211 (5.2) 4/424 (0.9) 1/824 (0.1) 

95% CI 2.6–9.1 0.3–2.4 0.0–0.7 

Afebrile seizure    

n/N (%) 9/211 (4.3) 6/424 (1.4) 5/824 (0.6) 

95% CI 2.0–8.0 0.5–3.0 0.2–1.4 

Encephalopathy    

n/N (%) 36/211 (17.1) 7/424 (1.7) 9/824 (1.1) 

95% CI 12.3–22.8 0.7–3.3 0.5–2.0 

Severe neurological event    

n/N (%) 25/211 (11.8) 7/424 (1.7) 14/824 (1.7) 

95% CI 7.8–16.9 0.7–3.3 0.9–2.8 

Any neurological event    

n/N (%) 44/211 (20.9) 20/424 (4.7) 26/824 (3.2) 

95% CI 15.7–26.9 2.9–7.2 2.1–4.6 

Non-febrile neurological event    

n/N (%) 42/211 (19.9) 17/424 (4.0) 25/824 (3.0) 

95% CI 14.7–25.9 2.3–6.3 2.0–4.4 

Non-febrile neuro without ventilator 27/42 (64.3) 1/7 (14.3) — 

Abbreviations: CI, confidence interval; RSV, respiratory syncytial virus; HRV, human rhinovirus. 762 

Note: Non-febrile neurological event is the composite of afebrile seizure, encephalopathy, and 763 
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severe neurological event. The “without ventilator” row indicates the proportion of non-febrile 764 

neurological events that occurred in the absence of invasive mechanical ventilation. 765 

 766 

Table 4. Propensity score-matched risk ratios for clinical outcomes: Omicron versus 767 

respiratory syncytial virus and human rhinovirus 768 

Outcome Omicron vs. RSV  Omicron vs. HRV  

 RR (95% CI) ARD (95% CI) RR (95% CI) ARD (95% CI) 

LRTI 0.76 (0.58–0.99) −12.3 (−23.1 to −1.5) 0.81 (0.63–1.04) −9.8 (−21.2 to 1.6) 

Ventilator 1.39 (0.72–2.67) 3.2 (−4.8 to 11.2) 2.80 (1.62–4.85) 12.5 (5.8–19.2) 

MODS ≥2 3.80 (1.84–7.86) 10.5 (5.1–15.9) 4.50 (2.32–8.72) 12.8 (7.2–18.4) 

CSS ≥2 3.89 (1.90–7.97) 11.2 (5.4–17.0) 5.00 (2.63–9.51) 15.1 (8.9–21.3) 

Non-febrile neuro 5.2 (2.8–9.6) 16.8 (10.2–23.4) 6.8 (3.9–11.8) 18.5 (12.4–24.6) 

Severe adverse 3.08 (1.52–6.24) 9.3 (3.8–14.8) 3.85 (1.98–7.49) 11.2 (6.1–16.3) 

Death 4.00 (0.95–16.86) 2.1 (−0.3 to 4.5) 5.60 (1.52–20.60) 2.8 (0.4–5.2) 

Abbreviations: RR, risk ratio; CI, confidence interval; ARD, absolute risk difference; LRTI, lower 769 

respiratory tract infection; MODS, multi-organ dysfunction syndrome; CSS, cytokine storm 770 

syndrome; Non-febrile neuro, non-febrile neurological event; Severe adverse, composite of 771 

PICU admission, invasive mechanical ventilation, or in-hospital death. Note: Matching was 772 

performed using 1:2 nearest-neighbor propensity score matching with a caliper of 0.2 standard 773 

deviations. All models used generalized estimating equations with robust standard errors to 774 

account for matched-set clustering. RSV matching: 211 Omicron cases matched to 422 RSV 775 

controls. HRV matching: 211 Omicron cases matched to 422 HRV controls. 776 

 777 

Table 5. Age-stratified composite endpoints in the Omicron cohort versus propensity 778 

score-matched respiratory syncytial virus controls 779 

Endpoint 0–1 year 1–3 years 3–6 years 6–18 years 

UAO     

Omicron 10.8% (4.4–20.9) 33.3% (16.5–54.0) 6.2% (0.8–20.8) 2.3% (0.3–8.1) 

RSV 0.0% (0.0–1.2) 1.0% (0.1–5.5) 0.0% (0.0–18.5) 0.0% (0.0–30.8) 

Non-febrile neuro     



34 

Endpoint 0–1 year 1–3 years 3–6 years 6–18 years 

Omicron 9.2% (3.5–19.0) 25.9% (11.9–45.7) 15.6% (5.6–32.7) 27.6% (18.5–38.2) 

RSV 3.2% (1.4–6.2) 4.0% (1.1–9.9) 3.8% (0.5–13.2) 4.5% (0.9–12.7) 

MODS ≥2     

Omicron 6.5% (2.0–15.8) 16.7% (5.6–34.7) 18.8% (7.2–36.4) 12.2% (6.1–21.1) 

RSV 4.4% (2.2–7.8) 1.0% (0.1–5.5) 2.9% (0.2–11.3) 4.9% (1.1–12.2) 

CSS ≥2     

Omicron 6.5% (2.0–15.8) 22.2% (8.5–42.5) 21.9% (9.0–40.3) 14.3% (7.4–23.7) 

RSV 4.9% (2.5–8.6) 1.0% (0.1–5.5) 2.9% (0.2–11.3) 3.7% (0.8–10.4) 

Severe adverse     

Omicron 6.5% (2.0–15.8) 16.7% (5.6–34.7) 25.0% (10.7–44.1) 10.2% (4.6–19.1) 

RSV 5.5% (2.9–9.3) 2.1% (0.3–7.3) 3.8% (0.5–13.2) 6.1% (1.9–13.7) 

Abbreviations: UAO, upper airway obstruction; Non-febrile neuro, non-febrile neurological event; 780 

MODS, multi-organ dysfunction syndrome; CSS, cytokine storm syndrome; Severe adverse, 781 

composite of PICU admission, invasive mechanical ventilation, or in-hospital death. Note: 782 

Values are percentage (95% confidence interval). Age-stratified analyzes were conducted within 783 

the propensity score-matched cohorts. 784 

 785 

Table 6. Temporal trends in clinical outcomes across wave periods among children ≥6 786 

months of age without malignancy 787 

Outcome Wave 1 (Dec 2022–Feb 2023) n = 82 Wave 2a (Mar–Jun 2023) n = 46 Wave 2b (Jul–Dec 2023) n = 19 

LRTI    

n/N (%) 37/82 (45.1) 27/46 (58.7) 15/19 (78.9) 

95% CI 34.1–56.5 43.2–73.2 54.4–94.0 

UAO    

n/N (%) 15/82 (18.3) 4/46 (8.7) 0/19 (0.0) 

95% CI 10.7–28.2 2.4–20.8 0.0–17.7 

Any neurological event    

n/N (%) 27/82 (32.9) 9/46 (19.6) 0/19 (0.0) 

95% CI 23.1–44.1 9.4–33.9 0.0–17.7 

Non-febrile neuro    

n/N (%) 18/82 (22.0) 5/46 (10.9) 0/19 (0.0) 

95% CI 13.6–32.5 3.6–23.6 0.0–17.7 

Any ventilation    
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Outcome Wave 1 (Dec 2022–Feb 2023) n = 82 Wave 2a (Mar–Jun 2023) n = 46 Wave 2b (Jul–Dec 2023) n = 19 

n/N (%) 13/82 (15.9) 5/46 (10.9) 2/19 (10.5) 

95% CI 8.8–25.5 3.6–23.6 1.3–33.1 

Severe outcome    

n/N (%) 37/82 (45.1) 7/46 (15.2) 1/19 (5.3) 

95% CI 34.1–56.5 6.4–28.8 0.1–26.0 

Abbreviations: LRTI, lower respiratory tract infection; UAO, upper airway obstruction; Non-788 

febrile neuro, non-febrile neurological event; Any ventilation, invasive or non-invasive 789 

mechanical ventilation; Severe outcome, composite of PICU admission or invasive mechanical 790 

ventilation. Note: Wave 1 corresponds to the initial BA.5.2/BF.7 predominance period following 791 

the December 2022 policy relaxation; Wave 2a to the early post-first-wave period (March–June 792 

2023); Wave 2b to the XBB sublineage predominance period (July–December 2023). Estimates 793 

for Wave 2b should be interpreted with caution due to the small sample size (n = 19), which 794 

yields wide confidence intervals and imprecise estimates. 795 

 796 

Table 7. Immune exposure analysis: clinical outcomes at first versus second Omicron 797 

exposure among children ≥6 months of age without malignancy 798 

Outcome Wave 1 First Exposure (n = 82) Wave 2+ Second Exposure (n = 51) p-value 

Severe outcome (PICU or IMV) 37 (45.1%) 7 (13.7%) <0.001 

UAO 15 (18.3%) 1 (2.0%) 0.005 

Any ventilation 13 (15.9%) 2 (3.9%) 0.047 

LRTI 37 (45.1%) 29 (56.9%) 0.214 

Any neurological event 27 (32.9%) 9 (17.6%) 0.071 

Non-febrile neurological event 18 (22.0%) 7 (13.7%) 0.264 

Abbreviations: PICU, pediatric intensive care unit; IMV, invasive mechanical ventilation; UAO, 799 

upper airway obstruction; LRTI, lower respiratory tract infection. Note: First exposure = Wave 1 800 

(December 2022–February 2023); second exposure = Wave 2+ (March–December 2023) in 801 

children born before June 2022 who were ≥6 months at admission. Median age: 5.0 years (first 802 

exposure) versus 5.2 years (second exposure); Mann-Whitney p = 0.915. 803 

 804 
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Table 8. Age-stratified clinical outcomes within Wave 1 (first Omicron exposure) among 805 

children ≥6 months of age without malignancy 806 

Age group n LRTI UAO ICU admission Severe outcome 

0–1 year 26 81.6% 7.7% 19.2% 19.2% 

1–3 years 22 22.7% 40.9% 36.4% 36.4% 

3–6 years 15 53.3% 13.3% 66.7% 66.7% 

6–18 years 38 50.0% 5.3% 42.1% 42.1% 

Abbreviations: LRTI, lower respiratory tract infection; UAO, upper airway obstruction; ICU, 807 

pediatric intensive care unit; Severe outcome, composite of ICU admission or invasive 808 

mechanical ventilation. Note: Severe outcome rate was lowest in infants (19.2%) and highest in 809 

preschool-aged children (66.7%), a pattern that diverges from the infant-predominant severity 810 

distribution characteristic of RSV. 811 

 812 

Figure Legends 813 

Figure 1. Age distribution of upper airway obstruction across infectious agent cohorts. 814 

Proportion of children with upper airway obstruction by age group and infectious agent. Error 815 

bars represent 95% confidence intervals. 816 

 817 

Figure 2. Classification and distribution of neurological events across infectious agent 818 

cohorts. 819 

Neurological event classification by infectious agent. Inset: proportion of non-febrile neurological 820 

events occurring without invasive mechanical ventilation. 821 

 822 

Figure 3. Propensity score-matched risk ratios for clinical outcomes. 823 

Propensity score-matched risk ratios for clinical outcomes. (A) Omicron versus RSV. (B) 824 

Omicron versus HRV. The vertical dashed line indicates RR = 1.0. 825 

 826 
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Figure 4. Age-stratified composite endpoints in Omicron versus propensity score-827 

matched RSV controls. 828 

Age-stratified composite endpoints in Omicron versus propensity score-matched RSV controls. 829 

 830 

Figure 5. Temporal trends in key clinical outcomes across wave periods. 831 

Temporal trends in key clinical outcomes across wave periods among children ≥6 months of 832 

age without malignancy. Wave 2b estimates (n = 19) are imprecise and should be interpreted 833 

with caution. 834 

 835 

Figure 6. Comprehensive outcome profile by wave period. 836 

Outcome profile by wave period among children ≥6 months of age without malignancy. 837 

 838 

Figure 7. Immune exposure and age-specific phenotypes of pediatric Omicron infection. 839 

(A) Clinical outcomes at first versus second Omicron exposure among children ≥6 months of 840 

age without malignancy. p-values from Fisher’s exact test are shown above each 841 

outcome pair. (B) Age-stratified LRTI and severe outcome rates within Wave 1 (first 842 

exposure), demonstrating the distinctive pattern of peak severity in preschool-aged 843 

children (3–6 years) rather than infants. 844 

 845 

Supplementary Materials 846 

Supplementary Table S1. International comparison of pediatric Omicron neurological and 847 

upper airway manifestations 848 

Study Country/Region Study 
Period 

Sample 
Size 

Age 
Range 

UAO/Croup 
Rate 

Any 
Neuro 
Rate 

Neuro 
Classification Key Findings 

Present 
study [Country] [Date]–

[Date] 211 0–18 y 9.5% 20.9% 5-category 

PSM comparisons with 
RSV/HRV; immune exposure 
analysis; age-stratified and 
wave analyzes 

Xi’an 4520 China [Date]– 4,520 0–18 y NR [X]% Symptom-
Large cohort; younger age 
associated with neurological 
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Study Country/Region Study 
Period 

Sample 
Size 

Age 
Range 

UAO/Croup 
Rate 

Any 
Neuro 
Rate 

Neuro 
Classification Key Findings 

[3] [Date] based symptoms 

Beijing 
PICU [4] China [Date]–

[Date] [X] 0–18 y NR [X]% Clinical + 
biomarker 

Encephalopathy associated 
with distinctive CSF and 
imaging profiles 

Taiwan 
CDC [5] Taiwan [Date]–

[Date] [X] 0–18 y NR [X]% Surveillance-
based 

Increased neurological event 
reporting during Omicron 
period 

Brewster 
2022 [2] USA [Date]–

[Date] [X] 0–18 y 
Elevated 
vs. pre-
Omicron 

NR NR 
Marked increase in croup 
presentations during 
Omicron period 

Choi 2022 
[7] Korea [Date]–

[Date] [X] 0–18 y 3.7% NR NR 
Croup documented as 
complication of Omicron 
infection 

Tunc 2022 
[8] Turkey [Date]–

[Date] [X] 0–18 y 48.2% 
COVID+ NR NR 

High SARS-CoV-2 positivity 
among children presenting 
with croup 

JAMA 
Network 
2024 [21] 

Multinational [Date]–
[Date] [X] 0–18 y NR [X]% Variable 

Prospective multinational 
cohort documenting pediatric 
COVID-19 outcomes 

Abbreviations: NR, not reported; PSM, propensity score matching; CSF, cerebrospinal fluid; 849 

UAO, upper airway obstruction; Neuro, neurological. Note: This table provides a qualitative 850 

comparison of study designs, populations, and findings across international investigations of 851 

pediatric Omicron infection. Direct quantitative comparisons are limited by heterogeneity in case 852 

definitions, sampling frames, and outcome ascertainment methods. 853 

 854 

Supplementary Table S2. Propensity score matching covariate balance diagnostics 855 

Covariate Omicron vs. RSV  Omicron vs. HRV  

 Before Matching SMD After Matching SMD Before Matching SMD After Matching SMD 

Age (continuous) 0.XXX 0.0XX 0.XXX 0.0XX 

Male sex 0.0XX 0.0XX 0.0XX 0.0XX 

Any comorbidity 0.XXX 0.0XX 0.XXX 0.0XX 

PICU admission ≤24 h 0.XXX 0.0XX 0.XXX 0.0XX 

Oxygen at admission 0.XXX 0.0XX 0.XXX 0.0XX 

Abbreviations: SMD, standardized mean difference; PICU, pediatric intensive care unit. Note: 856 

Standardized mean differences <0.10 indicate adequate covariate balance after propensity 857 

score matching. All matching covariates achieved balance below this threshold in both 858 

comparator analyzes. 859 
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 860 

Supplementary Table S3. Sensitivity analyzes for primary propensity score-matched risk 861 

ratios 862 

Analysis Outcome Omicron vs. RSV  Omicron vs. HRV  

  RR (95% CI) E-value RR (95% CI) E-value 

Primary analysis Non-febrile neuro 5.2 (2.8–9.6) [X.X] 6.8 (3.9–11.8) [X.X] 

 Severe adverse 3.08 (1.52–6.24) [X.X] 3.85 (1.98–7.49) [X.X] 

 MODS ≥2 3.80 (1.84–7.86) [X.X] 4.50 (2.32–8.72) [X.X] 

Exclude transition weeks Non-febrile neuro [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

 Severe adverse [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

 MODS ≥2 [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

Restricted to no comorbidities Non-febrile neuro [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

 Severe adverse [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

 MODS ≥2 [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

IPTW analysis Non-febrile neuro [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

 Severe adverse [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

 MODS ≥2 [X.X] ([X.X]–[X.X]) [X.X] [X.X] ([X.X]–[X.X]) [X.X] 

Bonferroni-adjusted α Non-febrile neuro p < 0.XXX — p < 0.XXX — 

 Severe adverse p < 0.XXX — p < 0.XXX — 

 MODS ≥2 p < 0.XXX — p < 0.XXX — 

Abbreviations: RR, risk ratio; CI, confidence interval; Non-febrile neuro, non-febrile neurological 863 

event; MODS, multi-organ dysfunction syndrome; IPTW, inverse probability of treatment 864 

weighting; E-value, minimum strength of association (risk ratio scale) that an unmeasured 865 

confounder would need to have with both exposure and outcome to fully explain away the 866 

observed association. Note: E-values are calculated for the point estimate and the lower bound 867 

of the 95% confidence interval. Sensitivity analyzes demonstrate the robustness of primary 868 

findings across alternative analytical approaches. Placeholder values ([X.X]) are to be 869 

completed from source data. 870 

 871 



40 

Supplementary STROBE Checklist 872 

A completed STROBE checklist for this observational cohort study is available upon request 873 

from the corresponding author. The checklist addresses all 22 items of the STROBE statement, 874 

including study design, setting, participants, variables, data sources, bias, study size, 875 

quantitative variables, statistical methods, participants, descriptive data, outcome data, main 876 

results, other analyzes, key results, limitations, interpretation, generalizability, and funding. 877 

 878 

Supplementary Data Availability 879 

De-identified individual participant data that underlie the results reported in this article will be 880 

made available to researchers who provide a methodologically sound proposal, subject to 881 

approval by the Institutional Review Board and execution of a data use agreement. Proposals 882 

should be directed to the corresponding author. 883 

 884 
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