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a b s t r a c t 

Objectives: The risk of severe COVID-19 in children with a solid organ transplant (SOT) is not well es- 

tablished. We compare the relative risk of severe COVID-19 infection between pediatric SOT and non-SOT 

children. 

Methods: The newly constructed K-COV-N cohort (Korea Disease Control and Prevention Agency-COVID- 

19-National Health Insurance Service) was used. Children with COVID-19 ( < 18 years old) who under- 

went SOT between January 2008 to January 2022 were included. Non-SOT children with COVID-19 were 

selected in a ratio of 1:4 using propensity score matching. Three definitions of severe COVID-19 were 

established based on their requirement for respiratory support: severe I (requiring respiratory support 

above a high-flow nasal cannula or prolonged hospitalization ≥6 days), severe II (requiring any oxygen 

supplement), and severe III (requiring any oxygen supplement or prolonged hospitalization ≥6 days). 

Results: Among 2,957,323 children with COVID-19, 206 pediatric SOT recipients (SOTRs) were identified 

and included in the analysis along with 803 matched non-SOT children. Most infections (96.6%) occurred 

during the Omicron period; no cases of mortality were reported. Pediatric SOTR had a 3.6-fold (95% con- 

fidence interval = 1.1-11.7, P = 0.03) higher risk of severe I, and a 4.9-fold (95% confidence interval = 1.6- 

15.0, P = 0.006) higher risk of severe III than non-SOT children. No cases of severe II occurred in the 

non-SOT children. Although not statistically significant, no severe COVID-19 cases were reported in the 

vaccinated SOT group (0.0% vs 5.7%, P = 0.09 in severe III). 

Conclusion: Pediatric SOTRs have a significantly higher risk of severe COVID-19 than non-SOT children. 

Our findings support the need for tailored strategies for these high-risk children. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Since the report of the first cases in December 2019, the 

OVID-19 pandemic has become endemic, and many countries 
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re shifting public health strategies from universal prevention 

nd control to policies targeting people at an increased risk of 

eveloping severe COVID-19 [1 , 2] . 

Meanwhile, most children with COVID-19 have mild clinical 

ymptoms [3–5] . A study analyzing pediatric COVID-19 deaths 

ntil February 2021 in seven high-income countries reported 

hat COVID-19 mortality in 0-19-year-olds was 0.17 per 10 0,0 0 0, 

ccounting for 0.5% of all pediatric deaths [6] . This is less than 1% 

f the reported COVID-19 mortality rate in the adult population 

f Western Europe and the United States [7 , 8] . This mild severity,
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oupled with the relatively low vaccine effectiveness against the 

elta and Omicron variants upon introduction of immunization 

n children, and parents’ hesitation regarding the “new platform”

accines, has resulted in a lower coverage of COVID-19 vaccination 

n children [9–11] . This poor vaccine uptake is also applicable to 

ediatric solid organ transplant (SOT) recipients (SOTRs), another 

igh-risk group for severe COVID-19 owing to being immunocom- 

romised [12] . Paradoxically, these pediatric SOTRs may be less 

rotected than adult SOTRs as many antiviral therapies or targeted 

onoclonal antibodies are often unavailable due to age and/or 

eight restrictions [13 , 14] . 

In Korea, approximately 4500 SOTs have been performed an- 

ually for the past 7 years, of which approximately 120 (3%) are 

n children [15] . These SOTRs are registered as patients with rare 

nd incurable diseases and are supported and managed through 

he National Health Insurance Service (NHIS). Additionally, COVID- 

9 was classified as a category I infectious disease until May 2022, 

nd all COVID-19 confirmed records were managed using the Ko- 

ea Disease Control and Prevention Agency (KDCA) registry [15] . 

his scenario provides a niche for evaluating the risk of COVID-19 

n these high-risk pediatric populations at the national level. We 

stablished a convergence big data cohort and investigated the ad- 

itional risk of severe COVID-19 in pediatric SOTRs compared with 

on-SOT children. Risk factors for severe COVID-19 were also ex- 

lored. 

aterials and methods 

ata source 

The K-COV-N cohort (Korea Disease Control and Prevention 

gency-COVID-19-National Health Insurance Service: KDCA-COVID- 

9-NHIS) was constructed by merging the COVID-19 registry data 

f the KDCA with the claims data of the NHIS. The COVID-19 

egistry data comprised confirmed case and vaccination data in 

orea. As of March 30, 2022, this registry contained data on 

2,965,556 individuals with confirmed COVID-19, and 119,433,355 

oses of COVID-19 vaccination in 44,534,225 individuals. By con- 

erging with the claims data of the NHIS, this cohort provides de- 

ailed information on treatment behaviors and underlying diseases 

n individuals with confirmed COVID-19. 

tudy design 

This retrospective, matched-control study used propensity score 

atching. We first extracted pediatric SOTRs ( < 18 years old) with 

onfirmed COVID-19. Next, non-SOT individuals ( < 18 years old) 

ith COVID-19, corresponding to 100 × the number of pediatric 

OTRs, were extracted through random sampling. Among them, 

hose who matched for age, sex, Pediatric Comorbidity Index (PCI), 

nd time of COVID-19 confirmation (pre-Omicron vs Omicron pe- 

iod) were selected using the 1:4 greedy nearest neighbor match- 

ng and selected as a control group. The primary outcome was the 

ccurrence of severe COVID-19 within 30 days of COVID-19 confir- 

ation. The total primary outcome was considered up to April 30, 

022, 1 month after the last date of the study (March 30, 2022). 

his study was conducted ethically in accordance with the World 

edical Association Declaration of Helsinki, and the study protocol 

as approved by the Institutional Review Board of Severance Chil- 

ren’s Hospital, Yonsei University College of Medicine, Seoul, South 

orea (No. 4-2020-0240). 

efinitions 

The confirmed date of COVID-19 was defined as the collec- 

ion date of the SARS-CoV-2 specimen. Given the low likelihood 
221 
f severe COVID-19 in children, severe COVID-19 was defined in 

hree categories based on conditions requiring respiratory support 

eyond supplemental O 2 , death, or prolonged hospitalization for 

6 days. Severe I: requiring respiratory support above a high-flow 

asal cannula or hospitalization for ≥6 days; severe II: requiring 

espiratory support with any oxygen supplement including a nasal 

rong (Same as World Health Organization [WHO]’s severe crite- 

ia); and severe III: requiring respiratory support with any oxygen 

upplement or hospitalization for ≥6 days. SOTRs were defined as 

hose who had SOT procedure codes between January 01, 2008, 

nd January 31, 2020 (Supplementary Table S1). SOTs were clas- 

ified into kidney, liver, heart, lung, pancreas, and intestinal trans- 

lantation. Heart-lung transplantation was considered a lung trans- 

lant. Patients who had undergone sclera or corneal transplan- 

ations were excluded. We excluded (1) individuals confirmed to 

ave COVID-19 after death (due to the possibility of SARS-CoV-2 

eing incidentally detected in deceased children with other causes 

f death), (2) those with no claims data within the last 5 years, 

nd (3) SOTRs who also underwent hematopoietic cell transplanta- 

ion. Comorbidity was defined as a disease claimed to be a primary 

r secondary disease at least once within 5 years before COVID-19. 

e used the previously developed and validated PCI categories and 

cores as comorbidity indices [16] . The use of immunosuppressive 

rugs was defined as having a prescription within 3 months before 

OVID-19 onset. The generic name codes for immunosuppressive 

rugs are presented in Supplementary Table S2. The Omicron pe- 

iod was defined as the period from January 15, 2022, to March 30, 

022 (the last date of the study), considering the time point when 

he Omicron variant was announced as the dominant species in 

orea [17] . 

tatistical analyses 

Categorical variables are presented as frequencies and percent- 

ges, whereas continuous variables are presented as means with 

Ds and/or medians with interquartile ranges. The number of 

OVID-19 cases was divided by the annual mid-year population 

btained from the Korean Statistical Information Service ( http:// 

osis.kr ) to calculate the monthly incidence per 1,0 0 0,0 0 0 indi- 

iduals. The 1:4 propensity score matching with a greedy nearest 

eighbor matching method was used to assess the severity risk in 

he SOT group but not the non-SOT group. We adjusted for factors 

ncluding age, sex, PCI score, Omicron period, and COVID-19 vacci- 

ation status. Logistic regression analysis was performed to explore 

he risk factors for severe infection in SOTRs with COVID-19. Mul- 

ivariate analysis included factors such as age, sex, time between 

ransplantation and COVID-19 onset, PCI score, Omicron period, 

ype of SOT, and COVID-19 vaccination status. All tests were 2- 

ailed, and P -values < 0.05 were considered statistically significant. 

tatistical analyses were performed using SAS Enterprise Guide 8.2 

SAS Institute Inc., North Carolina, USA). 

esults 

Overall, 2,998,782 children with COVID-19 were registered in 

he K-COV-N cohort, of which 41,459 met the exclusion criteria 

nd the remaining 2,957,323 were included in the study. Among 

hese, 206 pediatric SOTRs with COVID-19 were identified. More- 

ver, among the remaining study participants, 20,600 participants 

ere extracted through a 100 × random sampling process. The 

03 participants that matched with 205 SOTRs were selected as 

on-SOT controls, excluding one SOTR with difficulty in propensity 

atching ( Figure 1 ). 

The mean age of the 205 SOTRs was 10.7 years (SD ± 3.7). In 

ddition, 47.8% ( n = 98) were males, and 92.2% ( n = 189) under-

ent liver and kidney transplantations. The mean time from SOT 

http://kosis.kr
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Figure 1. Selection flow of study participants. K-COV-N, Korea Disease Control and Prevention Agency-COVID-19-National Health Insurance Service; SOT, solid organ trans- 

plantation. 

Table 1 

Baseline characteristics of pediatric solid organ transplant and non- solid organ transplant groups before and after propensity score matching. 

Variable 

Before matching After matching 

Pediatric SOT group Non-SOT group SMD Pediatric SOT group Non-SOT group SMD 

N = 206 N = 20,600 N = 205 N = 803 

Sex -0.121 −0.005 

Male 98 (47.6) 11039 (53.6) 98 (47.8) 386 (48.1) 

Female 108 (52.4) 9561 (46.4) 107 (52.2) 417 (51.9) 

Age (years), mean (SD) 10.65 (3.7) 9.54 (4.4) 0.273 10.66 (3.7) 10.69 (3.7) −0.008 

Age (years), median (IQR) 11 (8-14) 10 (6-13) 11 (8-14) 11 (8-14) 

0-4 year 12 (5.8) 3124 (15.2) 12 (5.9) 48 (6.0) 

5-11 year 105 (51.0) 10236 (49.7) 104 (50.7) 402 (50.1) 

12-17 year 89 (43.2) 7240 (35.2) 89 (43.4) 353 (44.0) 

Type of SOT 0.716 0.707 

Liver transplantation 149 (72.3) 148 (72.2) 

Kidney transplantation 41 (19.9) 41 (20.0) 

Heart transplantation 15 (7.3) 15 (7.3) 

Lung transplantation 1 (0.5) 1 (0.5) 

COVID-19 vaccination (dose) 0.46 (0.9) 0.45 (0.8) 0.011 0.46 (0.9) 0.56 (0.9) −0.110 

0 158 (76.7) 15906 (77.2) 0.025 157 (76.6) 576 (71.7) 0.119 

1 3 (1.5) 250 (1.2) 3 (1.5) 11 (1.4) 

2 43 (20.9) 4269 (20.7) 43 (21.0) 209 (26.0) 

3 2 (1.0) 175 (0.9) 2 (1.0) 7 (0.9) 

Comorbidities 

PCI, mean score (SD) 4.45 (3.3) 1.40 (1.52) 1.188 4.39 (3.2) 3.92 (2.7) 0.157 

PCI, median score (IQR) 4 (2-6) 1 (0-2) 4 (2-6) 4 (2-5) 

PCI ≥ 5 91 (44.2) 765 (3.7) 1.077 90 (43.9) 320 (39.9) 0.082 

Timing of SARS-CoV-2 infection −0.008 −0.010 

Before Omicron-predominant 7 (3.4) 669 (3.3) 7 (3.4) 26 (3.2) 

Omicron-predominant 199 (96.6) 19931 (96.8) 198 (96.6) 777 (96.8) 

Numbers indicate the number of cases and parentheses indicate (%). The notation for continuous variables is described for each variable item. 

IQR, interquartile range; PCI, pediatric comorbidity index; SMD, standardized mean difference; SOT, solid organ transplantation. 
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o COVID-19 confirmation was 84 months (SD ± 42.3). Approxi- 

ately 23.4% of SOTRs ( n = 48) received at least one COVID-19 

accine dose, whereas most received two doses (21.0%, n = 43); 

nly 1.0% ( n = 2) received three doses. Other details and charac- 

eristics of the SOT and non-SOT groups before and after matching 

re described in Table 1 . The detailed distribution of comorbidities 

s presented in Supplementary Table S3. 
222 
OVID-19 outbreak and risk of severe COVID-19 

The first COVID-19 case in pediatric SOTRs occurred in July 2021 

uring the Delta period. Thereafter, the trend in monthly incidence 

ate of COVID-19 in pediatric SOTRs was similar to that in the 

eneral pediatric population in Korea ( Figures 2 a and 2 b). Most 

OVID-19 cases, reaching 96.6%, occurred during the Omicron pe- 
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Figure 2. Monthly incidence of COVID-19 in Korea by age group. (a) Monthly number of COVID-19 cases in Korea. The left y-axis represents the number of COVID-19 cases 

in SOT recipients, while the right y-axis represents the number of COVID-19 cases in the general population. The right y-axis is plotted on a logarithmic scale as the number 

of patients rapidly increases in the Omicron period. (b) Monthly incidence of COVID-19 in Korea as cases per 10 0,0 0 0 people in the age group. 

SOT, solid organ transplantation; y, year. 
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iod, whereas the remaining 3.4% occurred during the Delta period 

 Figure 2 a and Table 1 ). 

Among the 205 pediatric SOTRs included in propensity score 

atching, seven (3.4%), six (2.9%), and nine (4.4%) cases were iden- 

ified and classified as severe I, severe II, and severe III, respec- 

ively. No cases of mortality were observed. Of the six severe II 

ases requiring support beyond oxygen supplementation, two re- 

uired mechanical ventilator support or intensive care unit hospi- 

alization, two required high-flow nasal cannulas, and two required 

xygen supplementation using a nasal prong. Based on the severe I 

efinition, severe COVID-19 risk was significantly higher (3.6-fold) 

n the pediatric SOT group than in the non-SOT group (95% confi- 

ence interval, 1.1-11.7, P = 0.03). (Supplementary Figure S1) In the 

ase of severe III, the risk of severe COVID-19 was 4.9-fold higher 

n the pediatric SOT group than in the non-SOT group (95% con- 

dence interval, 1.6-15.0, P = 0.006). ( Figure 3 ) Notably, regard- 
223
ng severe II, there were no severe cases occurred in the non-SOT 

roup; therefore, risk analysis could not be performed. (Supple- 

entary Figure S1) 

isk factors for severe COVID-19 

A total of 206 children with COVID-19 who had undergone 

OT were included in the risk factor analysis for severe COVID- 

9 ( Figure 1 ). In the multivariate analysis, COVID-19 during the 

micron period significantly lowered the risk of severe COVID-19 

y 0.03-0.05 times, regardless of the definition of severe COVID- 

9 ( Table 2 ). Moreover, among SOT patients, there were no severe 

ases of COVID-19 in the group that received at least one dose of 

OVID-19 vaccine (all severe I to III), and all severe cases occurred 

xclusively in non-vaccinated patients; however, the difference did 

ot reach statistical significance. 
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Figure 3. Adjusted relative risk of severe COVID-19 in pediatric solid organ transplant recipients (severe III). CI, confidence interval. 
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In the case of lung or heart transplantation, the risk of se- 

ere infection was significantly higher by 6.6-7.1 times (severe II, 

 = 0.04; severe III, P = 0.01) compared to that with liver or kid-

ey transplantation in the univariable analysis; however, there was 

o significant difference in the multivariable analysis. In addition, 

ge < 5 years and a PCI score of ≥5 were identified as risk factors

or severe COVID-19; however, significance was not achieved in the 

ultivariate analysis ( Table 2 ). 

iscussion 

Our findings show that pediatric SOTRs have a higher burden of 

evere COVID-19 than non-SOT children. To our knowledge, this is 

he largest comparative study evaluating the risk of severe COVID- 

9 in pediatric SOTRs. 

We have shown that pediatric SOTRs are at a high risk of se- 

ere COVID-19. Except for a few case reports, most previous stud- 

es of pediatric SOTRs with COVID-19 reported no or minimal risk 

f severe COVID-19 despite their immunocompromised status [18–

1] . Matthew et al . conducted a retrospective observational study 

n five centers in 2021 and reported no cases requiring oxygen 

upplementation among 26 pediatric SOTRs with COVID-19 [22] . 

anpolat et al . also reported only three cases of oxygen supple- 

entation in 29 pediatric SOTRs with COVID-19 in Turkey [23] . 

his may be due to the absolute risk of severe COVID-19 in chil- 

ren being much lower than in adults, and an insufficient number 

f pediatric SOTRs in previous studies. Additionally, to assess the 

ulnerability of pediatric SOTRs to severe COVID-19, they must be 

ompared with children with similar underlying comorbidities and 

ot with adults. Our study is meaningful as it is the first to re-

ort that the burden of severe COVID-19 is 3.6-4.9 times higher in 

ediatric SOTRs than in non-SOT children, using the national co- 

ort registry. This result also supports the current health authori- 

ies’ guidelines recommending prioritized vaccination and targeted 

ntivirals against COVID-19 in pediatric SOTRs as a high-risk pop- 

lation. 
224 
Despite our inability to demonstrate a statistically significant 

rotective effect of the COVID-19 vaccine against severe infections 

n pediatric SOTR, it is notable that no severe cases were observed 

mong SOT children who received at least one dose of vaccination 

gainst COVID-19. The limited number of vaccinated children with 

OT and insufficient immunization doses for these immunocom- 

romised children may have reduced the statistical power of our 

tudy. In Korea, the introduction of the COVID-19 vaccine for 5- 

1-year-olds was implemented from March 31, 2022; therefore, the 

accinated children included in our study were limited to 12-17- 

ear-olds. Most had received two vaccine doses, which was a sub- 

ptimal primary series for these immunocompromised children. 

owever, no severe COVID-19 cases (0.0%, 0/48) occurred in pe- 

iatric SOTRs who received the COVID-19 vaccine, whereas all se- 

ere cases occurred in the unvaccinated SOTRs. In addition, al- 

hough there was no statistical significance when both the SOT 

nd non-SOT groups were included, the rate of severe COVID-19 

mong vaccinated SOT children was lower than in non-vaccinated 

hildren by 21-22% ( Figure 3 ). This result is similar to that of a

revious study that reported that hospitalization was reduced by 

2.7% when two or more doses of BNT162b2 were administered to 

hildren aged 5-11 years in Singapore during the Omicron period 

24] . This protective effect against severe COVID-19, despite the in- 

ufficient primary series of vaccinations for SOT children, is likely 

ue to the maintenance of memory T cell and B cell functions, al- 

hough the neutralizing antibody titers against the Omicron strain 

re reduced [25 , 26] . Our data do not support the sufficiency of 

wo doses of COVID-19 vaccine to avoid severe infection in children 

ith SOT [27] . Furthermore, in pediatric SOTRs, these humoral and 

ell-mediated responses are enhanced and maintained after the 

hird dose of SARS-CoV-2 messenger RNA vaccination [28] . There- 

ore, it is necessary to investigate the protective effect of vaccina- 

ion against severe COVID-19 in pediatric SOTRs who have been 

accinated with the third or additional dose of COVID-19 vaccine 

hrough follow-up studies. 

A similar or lower COVID-19 vaccine coverage rate compared 

o that in non-SOT children is a worrisome finding in our study. 
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Table 2 

Risk factors for severe COVID-19 infection in pediatric solid organ transplant recipients ( n = 206). 

Variable 

Number of cases Univariable analysis Multivariable analysis a 

Non-severe Severe P OR 95% CIs P OR 95% CIs P 

Severe I 199 7 

Sex, male 96 (48.2) 2 (28.6) 0.31 0.43 0.08-2.26 0.32 0.46 0.08-2.88 0.41 

Transplantation to COVID-19, 

months, mean (SD) 

84.7 (42.1) 72.9 (49.1) 0.47 0.99 0.97-1.01 0.47 1.01 0.98-1.03 0.65 

Age. years, mean (SD) 10.7 (3.7) 8.3 (4.3) 0.08 

0-4 year 10 (5.0) 2 (28.6) 0.03 Ref Ref 

5-11 year 102 (51.3) 3 (42.9) 0.15 0.2-0.99 0.048 0.14 0.01-1.51 0.10 

12-17 year 87 (43.7) 2 (28.6) 0.12 0.02-0.91 0.04 0.12 0.01-2.72 0.18 

PCI score ( ≥5) 86 (43.2) 5 (71.4) 0.14 3.29 0.62-17.34 0.16 4.34 0.61-31.07 0.14 

COVID vaccine ( ≥1 dose) 48 (24.1) 0 (0.0) 0.14 

SOT 0.04 

LT + KT 185 (93.0) 5 (71.4) Ref Ref 

LuT + HT 14 (7.0) 2 (28.6) 5.29 0.94-29.74 0.06 4.93 0.61-39.57 0.13 

Omicron period 193 (97.0) 6 (85.7) 0.11 0.19 0.02-1.80 0.15 0.05 0.003-0.74 0.03 

Severe II 200 6 

Sex, male 97 (48.5) 1 (16.7) 0.12 0.21 0.02-1.85 0.16 0.13 0.01-1.80 0.13 

Transplantation to COVID-19, 

months, mean (SD) 

85.3 (42.2) 51 (31.2) 0.05 0.97 0.94-1.003 0.08 0.97 0.94-1.01 0.20 

Age. years, mean (SD) 10.7 (3.7) 7.7 (3.5) 0.04 

0-4 year 10 (5.0) 2 (33.3) 0.02 Ref Ref 

5-11 year 102 (51.0) 3 (50.0) 0.15 0.02-0.99 0.048 0.35 0.03-4.06 0.40 

12-17 year 88 (44.0) 1 (16.7) 0.06 0.005-0.68 0.02 0.30 0.02-5.90 0.43 

PCI score ( ≥5) 87 (43.5) 4 (66.7) 0.26 2.6 0.47-14.5 0.28 2.53 0.33-19.60 0.37 

COVID vaccine ( ≥1 dose) 48 (24.0) 0 (0.0) 0.17 

SOT 0.02 

LT + KT 186 (93.0) 4 (66.7) Ref Ref 

LuT + HT 14 (7.0) 2 (33.3) 6.64 1.12-39-48 0.04 4.67 0.56-39.10 0.15 

Omicron period 194 (97.0) 5 (83.3) 0.07 0.16 0.02-1.54 0.11 0.03 0.002-0.56 0.02 

Severe III 197 9 

Sex, male 96(48.7) 2 (22.2) 0.12 0.3 0.06-1.48 0.14 0.29 0.05-1.72 0.17 

Transplantation to COVID-19, 

months, mean (SD) 

85.3 (42.0) 63.8 (46.2) 0.14 0.99 0.97-1.01 0.15 1.00 0.98-1.03 ≥ 0.99 

Age. years, mean (SD) 10.8 (3.6) 7.9 (4.0) 0.02 

0-4 year 9 (4.6) 3 (33.3) 0.01 Ref Ref 

5-11 year 101 (51.3) 4 (44.4) 0.12 0.02-0.62 0.01 0.13 0.01-1.13 0.06 

12-17 year 87 (44.2) 2 (22.2) 0.07 0.01-0.47 0.006 0.10 0.006-1.69 0.11 

PCI score ( ≥5) 84 (42.6) 7 (77.8) 0.04 4.71 0.95-23.2 0.06 6.14 0.93-40.74 0.06 

COVID vaccine ( ≥ 1 dose) 48 (24.3) 0 (0.0) 0.09 

SOT 0.003 

LT + KT 184 (93.4) 6 (66.7) Ref Ref 

LuT + HT 13 (6.6) 3 (33.3) 7.08 1.59-31.6 0.01 6.37 0.96-42.06 0.05 

Omicron period 191 (97.0) 8 (88.9) 0.19 0.25 0.03-2.34 0.23 0.05 0.003-0.68 0.03 

CI, confidence interval; HT, heart transplantation; KT, kidney transplantation; LT, liver transplantation; LuT, lung transplantation; OR, odds ratio; PCI, pediatric comorbidity 

index; Ref, reference, SOT, solid organ transplantation. 
a In the multivariable analysis, the COVID-19 vaccination status was not included as a variable since none of the patients in the severe group received any COVID-19 

vaccine doses. 
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ow adherence to COVID-19 vaccinations among children, includ- 

ng SOTRs, has been reported in several countries [10 , 12] . Mild 

OVID-19 symptoms in children compared to adults may be one 

eason for low vaccine uptake; however, caregivers’ concerns re- 

arding COVID-19 vaccine safety and lack of confidence in the vac- 

ine’s effectiveness could also contribute to vaccine hesitancy for 

hildren [3 , 10] . Zheng et al . reported that the proportion of pe-

iatric SOTRs in China who had received at least one dose of a 

OVID-19 vaccine was as low as 9.4%, whereas that of their care- 

ivers was as high as 94.8%. The major reason for vaccine avoid- 

nce in their children included concerns about vaccine safety [12] . 

herefore, a proper COVID-19 vaccination campaign accompanied 

y credible information and education targeting these high-risk 

hildren and their caregivers is required [11 , 29 , 30] . 

This study has some limitations. Despite being a national-level 

ohort, it was difficult to perform subgroup analysis or logistic 

nalysis for certain variables due to the few cumulative pediatric 

OT cases, as well as cases of severe COVID-19 in children. Sec- 

nd, our study did not include SOTRs with COVID-19 in the early 

eriod after transplantation; therefore, the risk of severe COVID- 

9 may be underestimated. This study was conducted on children 
225 
ho underwent SOT until January 2020; however, most COVID-19 

ases occurred after January 2022 in the Omicron-predominant pe- 

iod in Korea. Therefore, pediatric SOTRs who were stable for more 

han 2 years after transplantation were included. Nevertheless, our 

tudy is meaningful in that it shows that the risk of severe COVID- 

9 remains high in children with SOT who were stable over time 

fter transplantation. Third, even if COVID-19 is a mandatory no- 

ifiable disease, there may be asymptomatic and mild, unreported 

ases. We presume that these trends were the same in both groups 

r occurred more often in the non-SOT control group, which could 

ave affected the underestimation of the risk of severe infection 

n children with SOT. Fourth, patients re-infected with COVID-19 

ere not included in this study. Fifth, the low risk of severity in 

he pediatric population limited the evaluation of the relative risk 

etween SOT and non-SOT children by defining severe disease as 

he use of supplemental oxygen or higher respiratory support ac- 

ording to the WHO criteria. In fact, there were no cases of se- 

ere COVID-19 in non-SOT children based on this definition [31] . To 

vercome this limitation, we established multiple criteria for defin- 

ng severe cases, including prolonged hospitalization. During the 

micron-predominant period in Korea, mild confirmed COVID-19 
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[  
ases were managed through self-quarantine, and hospitalized pa- 

ients were discharged within 5 days when no further hospital stay 

as necessary. Any need for extended hospitalization was evalu- 

ted by the health authorities. Therefore, we determined that pro- 

onged hospitalization could serve as an indicator of greater dis- 

ase severity as it necessitates additional medical attention [32] . 

Nonetheless, this is the first national big data convergence 

tudy to evaluate the risk of severe COVID-19 in pediatric SOTRs. 

esults show that children with SOT are at a greater risk of de- 

eloping severe COVID-19 than non-SOT children. Thus, strategies 

hould be established to increase COVID-19 vaccine uptake in these 

igh-risk children. Additionally, follow-up studies are required in 

hese high-risk children on the effects of additional protective 

easures, such as vaccination against COVID-19 and the use of tar- 

eted anti-COVID-19 treatments. 
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