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WORD COUNT: 3293 words115

Key Points (100 words)116

Question Were the dominant circulating SARS-CoV-2 variants of concern (VOCs)117

associated with differences in COVID-19 severity among hospitalized children?118

Findings This multi-center retrospective cohort study including 31,785 hospitalized119

children with SARS-CoV-2 infection, suggesting that whilst ICU admission decreased120

over the course of the pandemic in all age groups, ventilatory and oxygen support did121

not decrease over time in children aged <5 years.122

Meaning These data will inform mechanistic and intervention research, as well as123

public health policy, which must be aware of the importance of considering different124

pediatric age groups when assessing the severity of disease in future SARS-CoV-2125

waves.126

127

Abstract (350 words)128

Importance SARS-CoV-2 variants have emerged over the COVID-19 pandemic.129

The implications for COVID-19 severity in children world-wide are unclear.130

ObjectiveWhether the dominant circulating SARS-CoV-2 variants of concern (VOCs)131

were associated with differences in COVID-19 severity among hospitalized children.132

Design, Setting, and Participants Clinical data from hospitalized children and133

adolescents (<18 years) who were SARS-CoV-2 positive were obtained from 9134
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countries during three different time frames. Time frames one (T1), two (T2),135

three (T3) were defined to represent periods of dominance by the ancestral virus,136

pre-Omicron VOCs and Omicron respectively. Age groups for analysis were under 6137

months, 6 months to <5 years and 5 to <18 years. Children with an incidental positive138

test for SARS-CoV-2 were excluded.139

Exposures SARS-CoV-2 hospitalization during the stipulated time frame.140

Main Outcomes and Measures The severity of disease was assessed by141

admission to intensive care unit (ICU), the need for ventilatory support or oxygen142

therapy.143

Results Among 31,785 hospitalized children and adolescents, the median age was144

4 [IQR 1-12] years, and 16,639 (52.3%) were male. In children <5 years of age,145

across successive SARS-CoV-2 waves, there was a reduction in ICU admission (T3146

vs T1: Risk Ratio [RR], 0.56; 95% CI, 0.42-0.75 [< 6 months]; RR 0.61, 95% CI;147

0.47–0.79 [6 months to < 5 years]), but not ventilatory support or oxygen therapy. In148

contrast, ICU admission (T3 vs T1: RR, 0.39, 95% CI, 0.32–0.48), ventilatory support149

(T3 vs T1: RR, 0.37; 95% CI, 0.27–0.51) and oxygen therapy (T3 vs T1: RR, 0.47;150

95% CI, 0.32-0.70) decreased across SARS-CoV-2 waves in children 5 to <18 years151

old. The results were consistent when data was restricted to unvaccinated children.152

Conclusions and Relevance This study provides valuable insights into the impact153

of SARS-CoV-2 VOCs on the severity of COVID-19 in hospitalized children across154

different age groups and countries, suggesting that while ICU admissions decreased155

across the pandemic in all age groups, ventilatory and oxygen support generally did156

not decrease over time in children aged <5 years. These findings highlight the157

importance of considering different pediatric age groups when assessing disease158

severity in COVID-19.159

160
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Introduction161

Since the emergence of SARS-CoV-2 in late 2019, there have been numerous162

studies characterizing disease severity in both adults and children1-3. Several distinct163

SARS-CoV-2 variants have since emerged, with the most clinically significant known164

as variants of concern (VOCs). Whilst differences have and still do exist regarding165

the dominant viral variant amongst countries, the COVID-19 pandemic globally can166

be broadly classified as being dominated by the ancestral strain, Alpha/Beta/Delta167

variant and the Omicron variant4.168

In adults, the emergence of VOCs, in particular the Omicron variant, has been169

associated with altered disease severity relative to the ancestral virus5. Indeed,170

infections with the Omicron variant remained associated with reduced morbidity and171

mortality in adults compared to those with the Delta variant6-8. Importantly, whilst172

these data may reflect changes in the virus over time, they could also reflect the173

increased protection from vaccination that was increasingly available over the course174

of the pandemic as well as increasing protection from prior SARS-CoV-2 infection.175

The role of VOCs, particularly Omicron, in severe COVID-19 amongst children176

remains less well defined. For example, whilst some studies suggest that pediatric177

ICU admission rates during the Omicron wave peaked at approximately 3.5 times the178

peak rate during the Delta wave9, 10, others found no difference or a reduction in ICU179

admission of children across COVID-19 waves11-13. Severe croup associated with180

SARS-CoV-2 infection was a new phenotype first observed in young children (<5181

years old) during the Omicron wave10 whilst the use of mechanical ventilation and the182

use of non-invasive ventilation were reduced12, 14-16. It is difficult to discern if any of183

these differences are the result of functional changes in the virus or reflect changes184

in the host through increased immunity or changes in health care. This is complicated185

by the fact that in children vaccination was initially prioritized for children >12 years186
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old, with younger children either not being vaccinated or vaccinated at a later point in187

the pandemic.188

Understanding disease severity following VOC infection in children is further limited189

by the single-center design of most available studies. Moreover, pediatric studies190

have largely focused on only a subset of children or group all children under the age191

of 18 years as a single cohort, precluding the analysis of age-specific differences in192

disease and vaccination status. Studies across the age spectrum in children are193

urgently needed to inform public health policies. Here, we review morbidity among194

pediatric hospitalized patients (separated by different age groups) among periods of195

dominance by different VOCs.196

Methods197

Study design198

This is a multi-centre observational study using retrospective clinical data of199

hospitalized children and adolescents (<18 years) who were SARS-CoV-2 positive.200

De-identified data from hospitalized pediatric COVID-19 patients were requested201

from UK, Portugal, Italy, Switzerland, South Africa, Brazil, USA, Thailand and202

Australia between January 1, 2020, and March 31, 2022. Results were stratified by203

age to investigate potential age differences during the course of the COVID-19204

pandemic. The age categories were defined as: < 6 months, 6 months to < 5 years,205

and 5 years to <18 years. The primary outcome was disease severity as defined by206

the need for (1) ICU admission (2) ventilatory support (3) oxygen therapy. The study207

was approved by the University of Queensland and local human research ethics208

committee. No further informed consent by participants was required. This study209

followed the Strengthening the Reporting of Observational studies in Epidemiology210

(STROBE) Reporting Guidelines17.211

Data source212



7

Ten databases (from nine countries) provided data (eTable1). To provide site-specific213

estimates for each research population, each site adhered to a standardized data214

collection and analysis process. All transfer of data to the University of Queensland215

was subject to a data transfer agreement.216

Data collection217

We collected data on hospitalized pediatric patients under 18 years of age with PCR-218

confirmed SARS-CoV-2 infection from 10 sites across 9 countries (eTable 1). Data219

were requested from three timeframes: timeframe one (T1) which was defined as the220

period in which ancestral SARS-CoV-2 was dominant, T2 defined as the period in221

which pre-Omicron VOCs were dominant and T3 defined as the period in which222

Omicron-derived VOCs were dominant. The dates used to define T1, T2 and T3 in223

each participating site were derived from the corresponding national SARS-CoV-2224

genome surveillance, where a VOC was considered to be dominant in the community225

if it constituted >70% of the collected SARS-CoV-2 sequences18. The specific time226

periods and date of pediatric COVID-19 vaccine roll out for each country are shown227

in eTable 2 and 3. The data collection materials are described in eMethods.228

Statistical analysis229

Descriptive statistics (n [%] or median [interquartile range, IQR]) were used for the230

characteristics of patients across the entirety of the study period and within each time231

frame and age category. To examine statistically differences of comparisons between232

different time frames, we used the χ2 test for categorical variables, Fisher's exact test233

for variables with small sample sizes (n<5), and the student’s t-test or the Mann–234

Whitney U test for continuous variables as appropriate. A P value of less than ·05235

was used as the criterion for statistical significance. Adjusted estimates of three236

outcomes were calculated for each site and time frame (eMethods). Each237

independent covariable included in the adjusted models were combined in a meta-238
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analysis. Risk ratios were summarized using fixed and random effects models, with239

the random effects estimates presented in the text. All analyses were performed with240

R software (version 4.1.1).241

Results242

Characteristics of Patients Included in the Study243

A total of 31,785 children and adolescents were included (eTable 4). The median age244

was 4 [IQR 1-12] years and 16,639 (52.3%) patients were male. When data were245

stratified by time period, we identified 5,438 (17.1%) children hospitalized during T1246

(ancestral cohort), 15,205 (47.8%) in T2 (pre-Omicron cohort), and 11,142 (35.1%) in247

T3 (Omicron cohort). More boys than girls were admitted for COVID-19 in each time248

period. The median age was lower in T3 (3 years [IQR 1-11]) compared to T1 and T2249

(5 years [IQR 1-13]).250

Most hospitalizations (>75%) were among children and adolescents not known to be251

vaccinated, regardless of time frames (T1, T2, or T3). Only 64 of 14,841 (0.4%) of252

hospitalized adolescents were vaccinated in T2 — although this number rose to just253

over 72 of 8,582 (0.8%) when Omicron infections first accelerated in T3. Across the254

three time periods, 2,737 (8.6%) of hospitalized children were admitted to ICU, 5,209255

(16.4%) required oxygen support and 1,125 (3.5%) required ventilatory support. ICU256

admission was more frequent in patients during T1 (13.5%) and T2 (9.3%) compared257

to patients in T3 (5.5%). Ventilatory support, and oxygen therapy were all more258

frequent during both T1 and T2, relative to T3. Supplementary eTable 5 - eTable 13259

show the distribution of pediatric cases for each site in three time periods by age, sex,260

symptoms on hospital admission, comorbidities, outcomes, and COVID-19261

vaccination status. The most frequently reported symptoms in all sites were fever and262

cough during all time frames. When looking at the proportion of ICU admission,263

oxygen support or ventilatory support across different ages, most outcome events264
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across multiple sites were noted in children under 6 months of age (eFigure 1). In265

contrast, events appeared to be evenly distributed across other ages. We therefore266

elected to stratify the data according to three age groups: children younger than 6267

months, children 6 months to <5 years, 5 years to <18 years. Site-specific estimates268

of odds ratios for ICU admission, ventilation and oxygen therapy using unadjusted269

and adjusted models are shown in eTable 14.270

COVID-19 severity amongst hospitalized children under 6 months old271

The association between study periods and COVID-19 severity amongst hospitalized272

children under 6 months of age is shown in Figure 1. The relative risk of ICU273

admission was significantly lower in T3 vs T1 (random effects adjusted risk ratio, 0.56,274

95% CI, 0.42-0.75). No difference was noted in the proportion of oxygen therapy275

during the pandemic in this age group (Figure 1). Children under 6 months of age276

were less likely to be ventilated during T3 compared to during T1 (RR, 0.57; 95% CI,277

0.36-0.90). The I2 statistic ranged from 0-68% across all the analyses, which278

suggested limited-modest heterogeneity across study sites.279

Figure 1 shows that South African site 1 (SA_1) contributed the largest cases to the280

analysis of ICU admission, ventilatory support and oxygen amongst children under 6281

months who were hospitalized with COVID-19. To assess if this one site was282

influencing the observed results, a sensitivity analysis was performed excluding the283

South African site 1. In the absence of South African site 1 the same patterns in ICU284

admission, ventilatory support and oxygen therapy were observed. Namely, the285

proportion of ICU admission was significantly lower in T3 vs T1 (RR, 0.58, 95% CI,286

0.34–0.99) (eFigure 2). However, the relative risk of ventilatory support and oxygen287

therapy did not change over the course of the pandemic in this age group.288

COVID-19 severity amongst hospitalized children aged 6 months to < 5289

years old290
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The association between time frame and COVID-19 severity amongst hospitalized291

children aged 6 months to < 5 years old is shown in Figure 2. In this age group, the292

relative risk of ICU admission was significantly lower in T2 vs T1 (RR, 0.78; 95% CI,293

0.62–0.98). Similarly, children aged 6 months to < 5 years in T3 were approximately294

24% less likely to be admitted to the ICU as were children aged 6 months to < 5295

years in T2 (RR, 0.76; 95% CI, 0.62–0.93). The relative risk of ICU admission was296

also reduced in this age group in T3 vs T1 (RR, 0.61; 95% CI, 0.47–0.79). The297

reduced relative risk of ICU admission in T3 vs T1 was maintained if a sensitivity298

analysis was performed excluding South African site 1 (eFigure 3). No significant299

difference was noted in the relative risk of ventilatory support or oxygen therapy over300

the course of the pandemic in this age group (Figure 2). Findings did not change301

when the major contributing site, South African site 1, was excluded from the302

analysis (eFigure 3). In the aforementioned analyses, the I2 statistic ranged from 0%-303

67% indicating limited-modest heterogeneity across study sites.304

COVID-19 severity amongst hospitalized children aged 5 to <18 years305

old306

The association between time period and COVID-19 severity amongst hospitalized307

children older than five years is shown in Figure 3. In this age group, ICU admission308

rate decreased significantly over study time period, namely T2 vs T1 (RR, 0.75; 95%309

CI, 0.64–0.88), T3 vs T2 (RR, 0.53; 95% CI, 0.40–0.71), and T3 vs T1 (RR, 0.39;310

95% CI, 0.32–0.48)(Figure 3); an observation which held true even if South African311

site 1 was excluded from the analysis (eFigure 4)312

Although the RRs for oxygen therapy did not differ between T2 vs T1 in individuals313

aged 5 to <18 years (RR, 1.08; 95% CI, 0.78–1.49) with a considerable314

heterogeneity between sites (I2 value, 72%), significant reductions in the risk of315

oxygen therapy were seen in T3 compared to T1 (RR, 0.47; 95% CI, 0.32–0.70), and316
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T3 compared to T2 (RR, 0.45; 95% CI, 0.40–0.50) . This difference was maintained if317

South African site 1 was excluded from the analysis (eFigure 4).318

In contrast to the analysis of children < 5 years of age (Figure 2 & 3), the risk ratio of319

ventilatory support decreased over the course of the pandemic in children among 5320

to <18 years old (Figure 3, T3 vs T1 RR; 0.37; 95% CI, 0.27–0.51). When South321

African site 1 was excluded from the analysis this remained true for the comparison322

of T3 vs T2 (RR, 0.51; 95% CI, 0.35–0.74) and the comparison of T3 vs T1 (RR, 0.41;323

95% CI, 0.27–0.62) (eFigure 4).324

Together, these data suggest that risk of ICU admission decreased over the course325

of the pandemic for all ages groups, but while risks for ventilatory support and326

oxygen therapy remained generally unchanged for children <5 years of age, those327

risks also decreased over the course of the pandemic for ages 5 to <18 years. To328

determine if these results were influenced by COVID-19 vaccination in children aged329

5-18, a sensitivity analysis was performed where only unvaccinated children 5 to <18330

years were included. ICU admission, oxygen therapy and ventilatory support still331

consistently decreased over the course of the pandemic in unvaccinated hospitalized332

children aged 5 to <18 years (Figure 4).333

Direct comparison of COVID-19 severity between different pediatric age334

groups335

Finally, to understand age dependent differences in the severity of COVID-19 in the336

three different time frames the risk of ICU admission, oxygen support and ventilatory337

support were compared directly between children <6 months, children 6 months to <5338

years and children 5 to <18 years (eFigure 5). No notable differences were recorded339

in any of the three outcomes (in any time frame) between children <6 months and340

children 6 months to <5 years (eFigure 5). In contrast, compared to children 6341

months to <5 years, children aged 5 to < 18 years had a significantly higher risk of342
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ICU admission (RR, 1.72; 95% CI, 1.38–2.14), ventilatory support (RR, 1.81; 95% CI,343

1.30–2.51) and oxygen support during T1 (RR, 1.35; 95% CI, 1.12–1.63) (eFigure 5)344

compared to those aged 6 months to <5 years. Together, these data suggest that345

within each of the selected time frames of the study disease severity was equivalent346

between hospitalized children <6 months and hospitalized children aged 6 months to347

<5 years. In contrast, children 5 years and older had more severe disease compared348

to younger children in T1.349

Discussion350

This study found that hospitalized children aged <5 years had a reduced proportion351

of COVID-19 ICU admissions with successive variants whilst proportions of352

ventilatory support only decreased in T3 vs T1 among children under 6 months, and353

oxygen therapy did not change. In contrast, hospitalized children aged 5 to <18 years354

had a lower proportion of ICU admission, ventilatory support and oxygen support355

over the course of the entire COVID-19 pandemic. These same trends were356

observed amongst hospitalized children aged 5 to <18 years who had not been357

vaccinated. Together, these data indicate that there were age-dependent differences358

in disease severity across the course of the COVID-19 pandemic amongst359

hospitalized children.360

Recent studies of COVID-19 vaccination during pregnancy suggest the361

transplacental transfer of SARS-CoV-2–specific antibodies19. Accordingly, maternal362

vaccination during pregnancy for COVID-19 has been associated with reduced363

hospitalization of children <6 months20. It may be that the reduced rate of ICU364

admission over the course of the COVID-19 pandemic in children <6 months is365

reflective of maternal vaccination and/or infection (more likely to occur in T2 and T3).366

It is possible that this same effect was not seen in terms of ventilatory support and367

oxygen support because maternal vaccination may be most efficacious in protecting368
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from more severe outcomes of SARS-CoV-2 infection (i.e., ICU admission) and not369

more moderate outcomes (i.e., ventilatory and oxygen support).370

Children aged 6 months to <5 years represent an important subgroup to understand371

disease severity in the absence of COVID-19 vaccination. It is widely accepted that372

at >6 months transplacental antibodies have waned, although antibodies can be373

transferred via breastfeeding following maternal infection or vaccination21. In the time374

period studied herein, vaccination was not licensed for children under 5 years. We375

found that children in this age group experienced a reduced ICU admission over the376

pandemic. This may reflect the protective effect of prior infection on the severe377

outcomes of disease, changes in clinical practice, case reporting or changes in the378

virulence of the virus over time. Indeed, these data are consistent with a US study379

documenting reduced ICU admissions in children < 5 years in the Omicron wave380

relative to the prior Delta wave12. It is interesting to note the same trend was not381

observed over time in terms of the ventilatory support and oxygen support in children382

aged 6 months to <5 years. This could be affected by clinical threshold and/or383

availability of ventilation support etc. Although, our study did not directly investigate384

the impact of multisystem inflammatory syndrome in children (MIS-C) on ICU385

admissions, it is possible that differential incidences of MIS-C resulted in ICU386

admission in the absence of ventilation22. Therefore, it is important to acknowledge387

that broad statements about disease severity over the course of the pandemic need388

to be carefully nuanced.389

Children > 5 years experienced a reduction in ICU admission, ventilatory support and390

oxygen therapy over the course of the pandemic. Noting that only a low number of391

hospitalized children in this study were vaccinated, these same trends were observed392

amongst unvaccinated children > 5 years. These data suggest that other factors such393

as prior infection, changes in viral virulence or changes in clinical practice may have394

played a more significant role in the observed trends. Indeed, it is tempting to395
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speculate that older children may have an immune response more akin to that of396

adults such that observed patterns of decreased virulence during the Omicron wave397

in adults6-8 could be extrapolated to this age group.398

In a direct comparison of disease severity between the different age groups, disease399

severity (in terms of ICU admission and ventilatory support) was elevated in older400

children in T1. These data are consistent with previous studies from the US, Canada,401

Iran and Costa Rica showing that older children and adolescents had more severe402

illness when hospitalized with COVID-19 compared to younger children during the403

early stages of the pandemic23 24.404

This study has a number of strengths. Internationally, there has been considerable405

variation in the rate of SARS-CoV-2 infection, clinical practice and medical capacity.406

It is therefore important, albeit difficult, to consider global patterns in disease severity407

in both adult and pediatric populations. This speaks to the benefit of conducting a408

multi-center meta-analysis of disease severity. In the present study whilst we did409

observe site-to-site variations in disease severity the majority of the analyses showed410

low-moderate inter-study heterogeneity (mean/median I2 value recorded 25/14%),411

confirming the robustness of our findings.412

There are also important limitations of the present study. Firstly, it is important to413

emphasize that the population studied herein were hospitalized children, therefore414

the rates of ICU admission, ventilatory support and oxygen support cannot be415

generalized to children in the community. It is also important to acknowledge that416

these data were collected up until March 2022 and may therefore not represent more417

recent evolution in SARS-CoV-2 variants. We acknowledge that the inability to collect418

reinfection status for all individuals limited a meaningful analysis of the impact of419

previous SARS-CoV-2 infection on COVID-19 severity25 . In the present study we420

utilized Multiple Imputation using Chained Equations 26 to address missing data from421

the South African and Australian sites where approximately 40% of individuals had422
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random missing values in the comorbidities variable. Whilst this may have induced423

bias, removing SA_1 yielded similar results, providing reassurance about the424

findings' robustness. Finally, data was also limited to certain sites on different425

continents (e.g., Brazil, South Africa and Thailand), and might not be representative426

across the continent (e.g., North America and Australia). Despite this limitation, this427

study represents the first multi-center analysis of COVID-19 severity in children over428

the course of the pandemic.429

Conclusions430

In conclusion, this study provides valuable insights into the impact of SARS-CoV-2431

VOCs on the severity of COVID-19 in hospitalized children across different age432

groups and countries. The results suggest that while ICU admissions decreased over433

the course of the pandemic in all age groups, ventilatory and oxygen support did not434

decrease over time in children aged <5 years. Moreover, the risk ratios of disease435

severity, including ICU admission, ventilatory support, and oxygen therapy,436

decreased across SARS-CoV-2 waves in those aged 5 to <18 years old. These437

findings highlight the importance of considering different pediatric age groups when438

assessing disease severity in SARS-CoV-2.439
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629
Figure 1. Meta-analysis risk ratios for ICU admission, noninvasive/invasive mechanical ventilatory support, oxygen therapy among pediatric630
patients under 6 months old. Models were adjusted for sex (male/female), preexisting cardiovascular disease (yes/no), asthma (yes/no),631
neurological disorder(yes/no), childhood cancer(yes/no), immunological disease or immunosuppression(yes/no), diabetes (yes/no), HIV632
positive(yes/no), tuberculosis(yes/no), and prematurity (<37 weeks) (yes/no) as appropriate. SA_1 data were obtained from South Africa633
DATCOV, SA_2 data were obtained from South Africa NICD. Data from USA (T3); Thailand (T1); Australia (T1) was not included in this model634
because data were not available.635
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636
Figure 2. Meta-analysis risk ratios for ICU admission, noninvasive/invasive mechanical ventilatory support, oxygen therapy among pediatric637
patients aged 6 months to < 5 years. Models were adjusted for sex (male/female), preexisting cardiovascular disease (yes/no), asthma638
(yes/no), neurological disorder(yes/no), childhood cancer(yes/no), immunological disease or immunosuppression(yes/no), diabetes (yes/no),639
HIV positive(yes/no), tuberculosis(yes/no), and prematurity (<37 weeks) (yes/no) as appropriate. SA_1 data were obtained from South Africa640
DATCOV, SA_2 data were obtained from South Africa NICD. Data from USA (T3); Thailand (T1); Australia (T1) was not included in this model641
because data were not available.642
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643
Figure 3. Meta-analysis risk ratios for ICU admission, noninvasive/invasive mechanical ventilatory support, oxygen therapy among pediatric644
patients aged 5 to <18 years. Models were adjusted for sex (male/female), preexisting cardiovascular disease (yes/no), asthma (yes/no),645
neurological disorder(yes/no), childhood cancer(yes/no), immunological disease or immunosuppression(yes/no), diabetes (yes/no), HIV646
positive(yes/no), tuberculosis(yes/no), and prematurity (<37 weeks) (yes/no) as appropriate. SA_1 data were from South Africa DATCOV, SA_2647
data were from South Africa NICD. Data from USA (T3); Thailand (T1); Australia (T1) was not included in this model because data were not648
available.649
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650
Figure 4. Meta-analysis risk ratios for ICU admission, noninvasive/invasive mechanical ventilatory support, oxygen therapy among pediatric651
patients aged 5 to <18 years without COVID-19 vaccination. Models were adjusted for sex (male/female), preexisting cardiovascular disease652
(yes/no), asthma (yes/no), neurological disorder(yes/no), childhood cancer(yes/no), immunological disease or immunosuppression(yes/no),653
diabetes (yes/no), HIV positive(yes/no), tuberculosis(yes/no), and prematurity (<37 weeks) (yes/no) as appropriate. SA_1 data were obtained654
from South Africa DATCOV, SA_2 data were obtained from South Africa NICD. Data from USA (T3); Thailand (T1); Australia (T1) was not655
included in this model because data were not available.656
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