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Early-life infections and childhood cancer D
risk: a nationwide cohort study of 2 million
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Abstract

Background The relationship between early-life infections and childhood cancer risk remains unclear despite its
importance for risk stratification and clinical surveillance.

Methods We conducted a nationwide population-based cohort study using the South Korean National Health
Information Database. Children born between January 1, 2002, and December 31, 2006, were followed through
December 31, 2019. Two analytic cohorts were defined: Cohort 1 (n=1,996,174) evaluated the number of infection
episodes during ages 0-4 years, with a restricted analysis of infections occurring between ages 2-4 years; Cohort 2
(n=1,999,065) evaluated infections during ages 0-1 year. Infection episodes were defined using healthcare visits with
relevant ICD-10 diagnostic codes. Incident childhood cancer was ascertained from claims records. Multivariable Cox
models estimated hazard ratios (HRs) adjusting for sex, residence, income quintile, and birth year.

Results Hazard ratios (HRs) were estimated relative to the lowest infection frequency category for each infectious
disease. Upper respiratory tract infections, pneumonia, and influenza were not associated with increased cancer

risk. At ages 01 year, risk increased with 2—-4 lower respiratory infections (HR 1.06, 95% Cl 1.00-1.12), > 2 enteric
infections (HR 1.11,95% Cl 1.01-1.22), > 1 urinary infection (HR 1.21,95% Cl 1.09-1.33), and > 2 mycoses (HR 1.19, 95%
Cl 1.03-1.38). At ages 2—4 years, risk remained elevated for > 1 urinary infection (HR 1.13, 95% Cl 1.02-1.25) and for
skin infections (HR 1.09, 95% Cl 1.02-1.17 for one episode; HR 1.13, 95% Cl 1.03-1.24 for > 2 episodes). Hospitalization
showed a dose-response pattern: for ages 0-4 years, HRs were 1.07 (95% Cl 1.00-1.14) for one admission, 1.17 (95% Cl
1.04-1.32) for two, and 1.30 (95% Cl 1.14-1.47) for > 3; for ages 0-1 year, 1.07 (95% ClI 1.00-1.15) for one and 1.22 (95%
Cl 1.05-1.41) for > 2; for ages 2—4 years, 1.12 (95% Cl 1.04-1.21) for one and 1.18 (95% Cl 1.03-1.36) for > 2. Limitations
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include potential outcome and exposure misclassification inherent to claims data, unmeasured confounding (e.g.,
genetic susceptibility, environmental factors), and use of hospitalization as a proxy for infection severity.

Conclusions Infections managed in outpatient settings were not associated with increased cancer risk, whereas
infections requiring hospitalization—used as a proxy for more severe infections—were associated with higher cancer
incidence and showed a dose-response pattern. Infection severity and frequency may be relevant to childhood

cancer development and risk stratification.
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Background

Childhood cancer, a leading cause of child mortality
globally, is a substantial public health burden [1, 2]. Epi-
demiological data have indicated a steady rise in pediat-
ric cancer incidence over recent decades, at an estimated
annual increase of approximately 0.7% in the United
States [1, 3]. Although this upward trend may be partly
explained by enhanced diagnosis and improved cancer
registration, environmental factors may also play a role
[4—6]. Unlike adult cancers, the etiology of most pediat-
ric malignancies is poorly understood because they lack
well-defined environmental or lifestyle exposure [7].
Recent studies have also highlighted the potential con-
tribution of inherited genetic susceptibility and germline
mutations to the development of certain childhood can-
cers [8].

Among potential environmental factors, early-life
infections have attracted considerable attention because
of their critical influence on immune system maturation
during infancy and early childhood [8-12]. A prevailing
hypothesis is that early-life microbial exposures may con-
dition the immune system to guard against premalignant
development [13-16]. Therefore, insufficient exposure to
infections during early childhood may leave the immune
system inadequately primed, increasing susceptibility to
aberrant inflammatory responses upon later infection
and elevating cancer risk [14—16]. In addition, early-life
antibiotic exposure may alter the developing gut micro-
biome, which plays a critical role in immune system
maturation and may further influence susceptibility to
immune-related diseases, including cancer [17].

Alternative evidence suggests that infection-triggered
chronic inflammation and immune dysregulation might
predispose to pediatric cancers [17-19]. Repeated infec-
tion episodes might promote genomic instability, oxida-
tive stress, and immune dysregulation, which contribute
to oncogenesis [20, 21]. Several studies have demon-
strated a positive association between medically attended
infections in early childhood and increased hemato-
logical and solid tumor incidence in children, suggesting
that rather than inhibit carcinogenesis, infection-driven
immune perturbation may facilitate it in some contexts
[17-19].

These conflicting findings highlight the complexity of
determining the precise relationship between early-life
infections and pediatric cancer risk [22, 23]. Inconsistent
infection exposure definition and quantification across
studies is a major barrier to the clarification of this issue.
Specifically, robust infection characterization, including
clearly defined type, severity, timing, and infectious epi-
sode frequency, is essential but currently lacking. More-
over, many previous investigations utilized retrospective
case—control designs, which are vulnerable to recall and
selection bias [8, 9, 17-19, 24]. Additionally, infection
exposure is frequently inferred from proxies like daycare
attendance, birth month, season, and birth order, which
may not accurately reflect infection history [9, 24].

Here, we undertook a nationwide population-based
cohort study using data from South Korea’s National
Health Insurance Service (NHIS), which covers approxi-
mately 98% of the national population, to obtain com-
prehensive insight into this relationship. This study
leveraged high-resolution clinical records to systemati-
cally investigate associations between medically docu-
mented infections occurring in the first five years of life
and the subsequent childhood cancer risk with the aim of
clarifying the complex role of early-life infections in pedi-
atric cancer etiology and ultimately guiding preventive
and early intervention strategies.

Methods

Data source

This study was conducted using data from the National
Health Insurance Database of South Korea’s NHIS, cov-
ering approximately 98% of the South Korean population
[25]. The National Health Insurance Database includes
detailed demographic, healthcare utilization, diagno-
sis, medication, health screening, and mortality data
[26]. This study utilized demographic, death records,
and medical claims data from 2002 to 2019 for children
born between 1 January 2002 and 31 December 2006,
representing birth cohorts that were followed from birth
through early childhood. These children were subse-
quently observed during their early childhood period
(ages 0—4 years).
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Study design

Two cohort designs were used to evaluate the association
between early childhood infections and childhood cancer
risk across different age periods. The use of two cohort
designs allowed us to assess infectious disease exposure
during distinct stages of early childhood and to examine
whether the timing of infection exposure influences sub-
sequent cancer risk. The exposure windows were defined
based on differences in immune system development
during early childhood, as immune responses during
the first two years of life are still influenced by neonatal
immune characteristics, including reliance on maternally
derived antibodies and an immature adaptive immune
system, whereas immune function becomes more mature
after infancy and early toddlerhood. Figure 1 is a study
design overview. To evaluate the impact of infection
exposure during the first five years of life on subsequent
cancer risk, cohort 1 was comprised of all children born
between 1 January, 2002, and 31 December, 2006, and
survived to age five years (the 0—4-year-old group). The
first five years of life were the exposure window. Follow-
up began at each child’s fifth birthday and continued until
the earliest of cancer diagnosis, death, or 31 December
2019 (Fig. 1a). Cohort 2, which included those who sur-
vived to two years old (the 0—1-year-old group) in the
same birth cohorts (2002—-2006), was used to assess the
effect of infection exposure in the first two years of life
on later cancer development. Follow-up commenced at
each child’s second birthday and extended until cancer
diagnosis, death, or 31 December, 2019 (Fig. 1b). Cohort
1 (exposure window: ages 2-5 years, the 2—4-year-old
group) was used to evaluate the effect of infection expo-
sure in the three years after the first two years of life.
Follow-up began once each child reached the age of five
years and continued until the earliest of cancer diagno-
sis, death, or 31 December 2019 (Fig. 1c). This design
ensured that infection exposures during early childhood
(ages 0—4 years) were assessed before the start of the can-
cer risk observation period, thereby minimizing potential
reverse causation due to infections occurring during the
preclinical phase of cancer.

Exposures: infectious diseases

This study defined exposure as the frequency of outpa-
tient visits or hospitalizations because of infectious dis-
eases. The following infectious disease categories were
selected: upper respiratory tract infections (URTIs),
influenza, pneumonia, lower respiratory tract infec-
tions (LRTIs), unknown fever, enteric infections, ear
infections, eye infections, urinary tract infections, skin
infections, mycoses, herpes, chickenpox, other viral
infections, other bacterial infections, and gastrointestinal
tract infections. Infectious diseases were identified using
International Classification of Diseases, 10th Revision,
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codes (Supplementary Table S1). Although pneumo-
nia may overlap conceptually with LRTIs, we classified
pneumonia separately from other LRTIs in this study
according to the underlying diagnostic coding framework
(pneumonia: J12-J18, LRTIL J20-J22) (Supplementary
table S1). This approach was chosen to preserve the pre-
defined code structure and improve the interpretability
of the exposure categories. The frequency of each infec-
tious disease was determined using diagnostic records
in the medical claims table. Multiple diagnostic records
of the same infectious disease within a 14-day window
were considered one episode, whereas records separated
by more than 14 days were treated as distinct episodes.
A similar approach was applied regardless of the specific
disease category to define the total frequency of outpa-
tient visits or hospitalizations for all 16 infectious disease
categories combined.

The frequency of outpatient visits or hospitalization
because of each infectious disease was categorized into
discrete groups based on the distribution of visit counts
for each disease. For URTIs and LRTIs, frequency groups
were defined based on the annual average number of vis-
its during the exposure period. For all other infectious
diseases, frequency groups were determined based on the
total number of visits throughout the exposure period.

Because the frequency distribution of infection epi-
sodes differed substantially across infectious disease cat-
egories and across exposure windows, frequency groups
were defined separately for each infection and exposure
period based on the observed distribution of episode
counts within the respective exposure window. For highly
prevalent infections (e.g., upper and lower respiratory
tract infections), where having no episodes during cer-
tain exposure windows was relatively uncommon, the
lowest observed frequency category rather than strictly
zero episodes was used as the reference group to ensure
adequate sample size and stable risk estimation.

Outcomes: cancers

This study’s primary outcome was cancer incidence,
which was identified based on diagnostic records. Cancer
outcomes were evaluated using both broader diagnostic
groups and more specific subtypes, including lymphoid
and hematopoietic cancer, leukemia, lymphoid leuke-
mia, myeloid leukemia, lymphoma, Hodgkin lymphoma,
non-Hodgkin lymphoma, central nervous system cancer,
brain cancer, bone cancer, soft tissue sarcoma, renal can-
cer, liver cancer, or other cancers. To present both overall
and subtype-specific associations, each cancer category
was analyzed separately in a distinct outcome-specific
model. The International Classification of Diseases, 10th
Revision, codes used to define each cancer category are
provided in Supplementary Table S2.
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Fig. 1 Overview of the two cohort designs from 2002 to 2019. a Cohort 1: infection exposure during ages 0-4 years. b Cohort 2: infection exposure dur-
ing ages 01 year. ¢ Secondary analysis within cohort 1 with the exposure window restricted to ages 2—4 years
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Covariates

Sex, residence, income, and year of birth were included
as covariates to account for potential confounding by
demographic and socioeconomic factors. Residence
classification was based on the area of residence at birth
and was grouped as metropolitan, non-metropolitan,
or “unknown” (missing data). Income level was deter-
mined based on insurance premium percentiles in the
year of birth and was categorized into 17th - 20th, 14th
—16th, 11th —13th, 8th —10th, and 0-7th percentiles, or
as unknown. Higher insurance premium percentiles are
generally associated with higher income levels. The year
of birth was treated as a categorical variable classified by
individual years from 2002 to 2006. In addition to adjust-
ing for these variables as potential confounders, we also
examined their distributions and their associations with
childhood cancer risk.

Statistical analyses

Descriptive statistics for Cohorts 1 and 2 were sum-
marized separately, and frequencies and percentages
were reported for categorical variables, including sex,
residence, income level, and birth year. Chi-square tests
were used to assess baseline characteristics differences
between children who developed cancer during follow-
up and those who did not.

The models were adjusted for covariates, including
sex, area of residence, household income, and year of
birth. Because children could experience multiple infec-
tious diseases during the exposure window, other infec-
tious disease variables were simultaneously included in
the multivariable Cox proportional hazards models to
account for potential confounding by correlated or co-
occurring infections. Before fitting the multivariable Cox
proportional hazards (PH) models, the generalized vari-
ance inflation factor was used to assess multicollinear-
ity among covariates. All covariates included in the final
analyzes had generalized variance inflation factor values
of <2, indicating negligible multicollinearity. Multivari-
able Cox PH regression models were then fitted to esti-
mate hazard ratios (HRs) and 95% confidence intervals
(CIs) for cancer incidence based on infectious disease
frequency categories. Cox PH model regression analyzes
were performed separately based on hospital utiliza-
tion type (combined hospitalizations and outpatient vis-
its, hospitalizations only, and outpatient visits only) and
defined age windows of infectious disease exposure (ages
0-4, 0-1, and 2—4 years). Cox PH models were used to
analyze overall cancer risk based on the combined visit
frequency for any infectious disease across different hos-
pital utilization types and age windows. Subgroup ana-
lyzes by cancer type were also conducted to evaluate the
cancer risk associated with the visit frequency for any
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infectious disease, stratified by hospital utilization type
and age windows.

All statistical analyzes were conducted using R version
4.0.3 (R Foundation for Statistical Computing, Vienna,
Austria) and SAS version 7.1 (SAS Institute Inc., Cary,
NC, USA). This cohort study followed the STROBE
guidelines.

Results

This study used two distinct cohorts defined by the age
at which follow-up began. In Cohort 1, follow-up started
at the age of five years and continued through 2019 and
two exposure windows were defined, (1) from birth to
just before the age of five years (0—4 years), and (2) from
the age of two years to just before the age of five years
(2—4 years). In Cohort 2, follow-up began at the age of
two years and continued through 2019, and exposure was
restricted to the first two years of life (0-1 years, Fig. 2).
Children with congenital malformations, deformations,
or chromosomal abnormalities (e.g., trisomy 21), which
are known to be associated with an increased risk of cer-
tain childhood cancers, were excluded from the study
population [27].

Cohort 1 had 2,299,299 children born between 2002
and 2006. After excluding those diagnosed with cancer
(4,970), those who died before the age of five (5,292), and
those diagnosed with congenital malformations, defor-
mations, or chromosomal abnormalities between 2002
and 2019 (292,863), 1,996,174 children remained, and of
these, 4,276 were diagnosed with cancer after the age of
five.

For Cohort 2, the same birth cohort (2002-2006)
yielded an initial population from which those diagnosed
with cancer (2,533), those who died before the age of two
(3,850), and those with congenital malformations, defor-
mations, or chromosomal abnormalities in 2002-2019
(293,851) were excluded, leaving 1,999,065 children, and
of these, 6,109 were diagnosed with cancer after the age
of two.

Baseline characteristics, including covariates and hos-
pital utilization frequency, were compared between the
cancer and non-cancer groups in Cohorts 1 and 2 using
Chi-squared tests. Significant differences with respect to
residence, income level, and year of birth were observed
between the two groups in Cohort 1, while significant
differences were found in residence and year of birth in
Cohort 2 (Table S3).

We examined the association between the frequency
of outpatient visits and hospitalizations for infectious
diseases during early childhood (age: 0—4 years) and sub-
sequent cancer risk from the age of five years onwards
(Fig. 3a, Table 1). Hazard ratios were estimated using the
lowest frequency category for each infectious disease as
the reference group. No significant association was found
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<Cohort 2>

Children
born from 2002 to 2006
2,299,299
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12,633 diagnosed cancer before 2 years-old
13,850 died before 2 years-old
*1293,851: diagnosed congenital malformations, deformations, and
ichromosal abnormalities

v
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criteria
1,999,065

v v
Diagnosed cancer after No diagnosis of cancer through

the 2 years-old the follow-up period
6,109 1,992,956

Fig. 2 Flowchart of cohort 1 study subjects and cohort 2 study subjects. Because exclusion criteria were applied sequentially, the number of exclusions

at each step may differ between cohort designs

between upper respiratory tract infections, pneumonia,
or influenza and subsequent cancer risk. However, indi-
viduals with at least one episode of urinary tract infection
(HR: 1.16, 95% CI: 1.06—1.26), skin infection for one epi-
sode (HR: 1.08, 95% CI: 1.01-1.16), skin infection for >2
episodes (HR: 1.10, 95% CI: 1.01-1.19), or other bacterial
infections (HR: 1.15, 95% CI: 1.00-1.31) exhibited a sig-
nificantly elevated cancer risk. Although a single mycoses
episode was not associated with a statistically significant
increase in cancer risk, individuals with >2 episodes
showed a significantly increased risk (approximately 24%;
HR: 1.24, 95% CI: 1.08-1.43).

To examine how infection timing during childhood
modifies cancer risk, we stratified early childhood by
birth through ages 0-1 years and 2—-4 years, and re-
analyzed infectious disease frequency in each subgroup.
During ages 0-1, only children who experienced 2-4
LRTI episodes per year (HR: 1.06, 95% CIL: 1.00-1.12),
those with >2 enteric infection episodes (HR: 1.11, 95%
CI: 1.01-1.22), those with >1 urinary tract infection epi-
sode (HR: 1.21, 95% CI: 1.09-1.33), and those with >2
mycoses episodes (HR: 1.19, 95% CI: 1.03—1.38) showed
a statistically significant increase in subsequent can-
cer risk. No evidence of infection having a protective
effect against cancer was observed in this 0-1 year win-
dow. Between the ages of 2 and 4, urinary tract infec-
tions and skin infections remained significantly linked to
increased cancer risk. Specifically, a single urinary tract
infection episode during this period was associated with
a 13% higher cancer risk (HR: 1.13, 95% CI: 1.02-1.25).
One skin infection episode conferred a 9% risk increase
(HR: 1.09, 95% CI: 1.02-1.17), which rose to 13% among
those with >2 episodes (HR: 1.13, 95% CI: 1.03-1.24).
Female sex and residence outside metropolitan areas

were associated with an increased risk of childhood can-
cer, whereas household income and birth year were not
associated with cancer incidence. In summary, URTI,
influenza, and pneumonia were not associated with can-
cer risk in the 0—1 or 2—4 years of age windows, whereas
severe or recurrent infections, presumably indicating
impaired immunity, were associated with increased can-
cer incidence.

The association between hospitalization frequency for
infectious diseases and subsequent cancer risk is pre-
sented in Fig. 3b and Table 2. Because infection-related
hospitalizations were much less frequent than total infec-
tion episodes including outpatient visits, the exposure
frequency categories in Table 2 were defined separately
based on the distribution of hospitalization episodes.
Over the 0-4-year period, only hospitalizations for
mycoses were linked to a significant cancer risk increase
(HR: 1.88, 95% CI: 1.06-3.32). In the 0—1-year age group,
children hospitalized at least once for skin infections
showed a markedly higher cancer risk (HR: 3.20, 95%
CI: 2.61-3.92), as did those hospitalized for gastrointes-
tinal infections (HR: 2.71, 95% CI: 2.06-3.57). Among
children aged 2—4 years, hospitalizations for ear infec-
tions were significantly associated with increased cancer
risk (24% higher risk in those hospitalized at least once
(HR: 1.24, 95% CI: 1.03—1.49). Female sex and residence
outside metropolitan areas remained associated with an
increased risk of childhood cancer, whereas household
income and birth year were not associated with cancer
incidence.
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Fig. 3 Forest plots of adjusted hazard ratios for childhood cancer incidence associated with early-life infectious disease exposures, corresponding to
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Cancer risk for various infectious diseases based on
outpatient visit frequency

Cancer risk analysis by outpatient-visit frequency largely
mirrored the combined outpatient and hospitalization
models (Supplementary Table S4). Over the ages of 0—4
years, higher outpatient visits were significantly associ-
ated with increased cancer risk for urinary tract infec-
tions (HR: 1.17, 95% CI: 1.07-1.27), one skin infection
episode (HR: 1.07, 95% CI: 1.00-1.15), >2 skin infection
episodes (HR: 1.10, 95% CI: 1.02-1.20), =2 mycoses epi-
sodes (HR: 1.23, 95% CI: 1.07-1.42), and >1 episode of
other bacterial infections (HR: 1.16, 95% CI: 1.01-1.33).
During age 0-1 year, only>1 urinary tract infection
episode (HR: 1.22, 95% CI: 1.09-1.35) and >2 mycoses

episodes (HR: 1.17, 95% CI: 1.01-1.36) remained sig-
nificant when outpatient visits were considered alone.
Similarly, in the ages of 2—4 years, outpatient visits for
>1 urinary tract infection episode (HR: 1.13, 95% CI:
1.02-1.26), one skin infection episode (HR: 1.09, 95% CIL:
1.02-1.16), and >2 skin infection episodes (HR: 1.14, 95%
CI: 1.04-1.24), were the only infections linked to a higher
cancer risk. These findings are consistent with those from
the combined-frequency analysis.

Cancer risk based on overall infectious disease frequency

Across the ages of 0—4 years, higher combined frequen-
cies of outpatient visits and hospitalizations (<6, <8,
and <9 visits/year) were associated with elevated cancer
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Table 1 Hazard ratios for cancer incidence based on hospital visit frequency (hospitalizations or outpatient visits) for each infectious
disease type during three exposure windows (age: 0-4, 0-1, and 2-4 years).This analyses were conducted using two cohort designs
with different exposure windows: cohort 1 evaluated infection exposure during ages 0-4 years, while cohort 2 evaluated exposure
during ages 0-1 years. In addition, cohort 1 was further analyzed by separating the exposure window into 0-1 years and 2—4 years
to examine potential differences in infection timing. P values indicate the statistical significance of hazard ratios estimated from Cox
proportional hazards models

0-4 years old 0-1 years old 2-4 years old
Infectious dis- Number (%) Hazard ratio Infectious dis- Number (%) Hazard Infectious Number (%) Hazard
eases, episodes (95% Cl) eases, episodes ratio diseases, ratio
(95% CI) episodes (95% CI)
URTIs URTIs URTIs
<2/year 221,250 (11.08)  Reference <2/year 675815 (33.81) Reference  <2/year 238,233 (11.93)  Reference
>2 & <3/year 298,583 (14.96) 1.09 >2 & <4/year 777,880 (3891) 1.00 >2 & <4/year 526,420 (26.37) 1.08
(0.96-1.24) (0.95-1.07) (097-1.21)
>3 & <4/year 415,682 (20.82) 1.01 >4 & <6/year 421,127 (21.07) 098 >4 & <6/year 655,541 (32.84) 1.07
(0.90-1.14) (0.92-1.05) (0.96-1.20)
>4 & <5/year 437,877 (21.94) 1.06 >6/year 124,243 (6.22) 0.96 >6 & <8/year 452,434 (22.67) .11
(0.94-1.20) (0.86-1.07) (0.98-1.24)
>5&<6/year 344,634 (17.26) 107 >8/year 123,546 (6.19) 112
(0.94-1.21) (096-1.31)
>6/year 278,148 (13.93) 1.10
(0.97-1.26)
Influenza Influenza Influenza
0 1,762,451 (88.29) Reference 0 1,973,135 Reference 0 1,781,433 (89.24) Reference
(98.70)
>1 233,723 (11.71) 1.03 > 25,930 (1.30) 1.04 >1 214,741 (10.76) 1.01
(0.92-1.14) (0.84-1.28) 091-1.13)
Pneumonia Pneumonia Pneumonia
0 777,210 (3893)  Reference 0 1,391,200 Reference 0 1,007,637 (50.48) Reference
(69.59)
1 520,486 (26.07) 1.00 1 383,277 (19.17) 0.95 1 467,247 (23.41) 1.05
(0.93-1.08) (0.89-1.02) (0.98-1.13)
2-4 511,021 (25.60)  0.99 2-3 177,658 (8.89) 1.05 2-3 339,829(17.02) 1.04
(0.91-1.07) (0.95-1.15) (095-1.13)
>5 187,457 (9.39) 1.01 >4 46,930 (2.35) 1.06 >4 181,461 (9.09) 1.00
(0.90-1.13) (0.90-1.26) (089-1.12)
LRTls LRTls LRTls
<1/year 258,931 (12.97)  Reference <2/year 1,114,406 Reference  <2/year 598,745 (29.99)  Reference
(55.75)
>1&<2/year 438,364 (21.96) 1.07 22 & <4/year 630,390 1.06 >2 & <4/year 696,685 (34.90) 0.94
(0.96-1.19) (31.53) (1.00-1.12) (0.87-1.02)
>2 & <3/year 483,923 (24.24) 1.06 >4/year 254,269 (12.72) 0.93 >4 & <6/year 481,853 (24.14) 1.01
(0.95-1.18) (0.85-1.02) (093-1.11)
>3 &<4/year  392,510(19.66) 1.09 >6/year 218,891 (10.97)  0.95
(0.97-1.22) (0.85-1.06)
>4 & <5/year 249,275 (12.49) 1.09
(0.96-1.24)
>5/year 173,171 (8.68) 0.95
(0.96-1.24)
Unknown fever Unknown fever Unknown fever
0 1,124,792 (56.35) Reference 0 1,558,629 Reference 0 1,364,948 (68.38) Reference
(77.97)
1 558915(2800) 1.04 1 351,452 (17.58) 1.02 1 434,606 (21.77)  1.05
(0.97-1.12) (0.96-1.09) (097-1.13)
>2 312,467 (1565) 104 >2 88,084 (4.45) 1.09 >2 196,620 (9.85) 0.98
(0.95-1.13) (0.97-1.24) (0.88-1.09)
Enteric infections Enteric infections Enteric infections
0 1,028,770 (51.54) Reference 0 1,444,574 Reference 0 1,313,356 (65.79) Reference

(72.26)
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Table 1 (continued)
0-4 years old 0-1 years old 2-4 years old
Infectious dis- Number (%) Hazard ratio Infectious dis- Number (%) Hazard Infectious Number (%) Hazard
eases, episodes (95% Cl) eases, episodes ratio diseases, ratio
(95% Cl) episodes (95% Cl)
1 547772 (2744) 102 1 390,752 (19.55) 1.01 1 440253 (2205 0.99
(0.95-1.09) (0.95-1.08) (0.92-1.06)
>2 419,632 (21.02) 102 22 163,739 (8.19) 1.11 >2 242,565 (12.15)  1.02
(0.94-1.10) (1.01-1.22) (093-1.13)
Ear infections Ear infections Ear infections
0 359,343 (18.00)  Reference 0 1,019,922 Reference 0 550,893 (27.60)  Reference
(51.02)
1-2 674,638 (33.80) 092 1-2 653,650 (32.70) 0.98 1-2 727,504 (36.44)  0.96
(0.85-1.01) (0.93-1.04) (0.89-1.03)
3-4 362,840 (18.18)  0.98 3-4 193,796 (9.69) 0.97 3-4 323,186 (16.19) 1.02
(0.89-1.09) (0.88-1.06) 093-1.13)
>5 599,353 (30.03) 095 >5 131,697 (6.59) 1.02 >5 394,591 (19.77) 1.00
(0.87-1.04) (0.91-1.13) (091-1.05)
Eye infections Eye infections Eye infections
0 832,105 (41.68)  Reference 0 1,484,162 Reference 0 1,067,165 (53.46) Reference
(74.24)
1 692,898 (34.71) 096 1 405,008 (20.26) 1.00 1 616,661 (30.89) 098
(0.89-1.03) (0.94-1.06) (091-1.05)
>2 471,171 (23.60)  1.01 >2 109,895 (5.50)  0.95 >2 312,348 (15.65) 1.08
(0.93-1.09) (0.85-1.07) (099-1.18)
Urinary tract infections Urinary tract infections Urinary tract infections
0 1,715,870 (85.96) Reference 0 1,875,953 Reference 0 1,816,213 (90.98) Reference
(93.84)
=1 280,304 (14.04) 1.16 =1 123,112 (6.16) 1.21 =1 179,961 (9.02) 1.13
(1.06-1.26) (1.09-1.33) (1.02-
1.25)
Skin infections Skin infections Skin infections
0 1,250,719 (47.63) Reference 0 1,586,177 Reference 0 1,155,172 (57.87) Reference
(79.35)
1 650918 (32.61) 1.08 1 335,295 (16.77) 0.99 1 561,043 (28.11) 1.09
(1.01-1.16) (0.93-1.06) (1.02-
1.17)
>2 94,537 (19.76) 1.10 >2 77,593 (3.88) 1.01 >2 279,959 (14.02) 1.13
(1.01-1.19) (0.88-1.16) (1.03-
1.24)
Mycoses Mycoses Mycoses
0 1,576,147 (78.96) Reference 0 1,710,352 Reference 0 1,833,381 (91.87) Reference
(85.56)
1 332,899 (16.68)  1.02 1 234,704 (11.74) 1.04 1 138,614 (6.94) 1.05
(0.94-1.11) (0.96-1.12) (093-1.18)
=2 87,128 (4.36) 1.24 =2 54,009 (2.70) 1.19 >2 23,729 (1.19) 1.09
(1.08-1.43) (1.03-1.38) (0.82-143)
Herpes Herpes Herpes
0 1,668,182 (83.57) Reference 0 1,885,758 Reference 0 1,753,714 (87.85) Reference
(94.33)
>1 327,992 (16.43) 1.02 >1 113,307 (5.67) 1.00 >1 242,460 (12.15) 1.00
(0.94-1.10) (0.90-1.12) (0.90-1.10)
Chickenpox Chickenpox Chickenpox
0 1,680,612 (84.19) Reference 0 1,937,601 Reference 0 1,737,531 (87.04) Reference
(96.93)
>1 315,562 (15.81) 1.05 >1 61,464 (3.07) 1.13 >1 258,643 (12.96) 1.03
(0.97-1.14) (0.99-1.30) (093-1.13)

Other viral infections

Other viral infections

Other viral infections
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0-4 years old 0-1 years old 2-4 years old
Infectious dis- Number (%) Hazard ratio Infectious dis- Number (%) Hazard Infectious Number (%) Hazard
eases, episodes (95% Cl) eases, episodes ratio diseases, ratio
(95% Cl) episodes (95% Cl)
0 955,334 (47.86)  Reference 0 1,497,360 Reference 0 957,117 (47.95)  Reference
(74.90)
1 647,084 (3242)  1.00 1 402,112(20.12) 1.04 1 647,828 (3245)  1.02
(0.93-1.07) (0.97-1.10) (0.94-1.09)
>2 393,756 (19.73)  0.99 >2 99,593 (4.98) 0.95 >2 391,229 (19.60) 1.02
(0.91-1.08) (0.83-1.07) (093-1.12)
Other bacterial infections Other bacterial infections Other bacterial infections
0 1,904,558 (95.41) Reference 0 1,969,697 Reference 0 1,926,978 (96.53) Reference
(98.53)
>1 91,616 (4.59) 1.15 > 29,368 (1.47) 1.18 >1 69,196 (3.47) 1.08
(1.00-1.31) (0.98-1.44) (0.92-1.26)
GTls GTls GTls
0 1,941,340 (97.25) Reference 0 1,977,548 Reference 0 1,960,675 (98.22) Reference
(98.92)
>1 54,834 (2.75) 1.10 >1 21517(1.08) 096 >1 35,499 (1.78) 1.04
(0.92-1.31) (0.75-1.22) (0.83-1.30)
Sex Sex Sex
Male 1,020,895 (51.14) Reference Male 1,022,558 Reference  Male 1,020,895 (51.14) Reference
(51.15)
Female 975,279 (48.86) 1.06 Female 976,507 (48.85) 0.97 Female 975,279 (48.86) 1.06
(1.00-1.13) (0.93-1.02) (1.00-
1.13)
Residence Residence Residence
Metropolitan 1,092,913 (54.75) Reference Metropolitan 1,094,387 Reference  Metropolitan 1,092,913 (54.75) Reference
(54.74)
Others 870,302 (43.60) 1.12 Others 871,658 1.13 Others 870,302 (43.60) 1.12
(1.05-1.19) (43.60) (1.07-1.19) (1.05-
1.19)
Unknown 32,959 (1.65) 1.20 Unknown 33,020(1.65) 1.21 Unknown 32,959 (1.65) 1.19
(0.96-1.50) (1.01-1.46) (0.95-149)
Income (percentile) Income (percentile) Income (percentile)
17th —20th 295,168 (14.79)  Reference 17th —20th 295,550 (14.78) Reference  17th —20th 295,168 (14.79)  Reference
14th —16th 420,121 (21.05) 0.94 14th —16th 420,725 (21.05) 1.00 14th —16th 420,121 (21.05) 0.94
(0.84-1.04) (0.91-1.09) (0.85-1.04)
11th —13th 452,242 (22.66) 1.03 11th —13th 452,889 (22.66) 1.04 11th —13th 452,242 (22.66) 1.03
(0.93-1.14) (0.95-1.13) (0.94-1.14)
8th —10th 367,586 (18.41) 093 8th — 10th 368,124 (1841) 0.98 8th — 10th 367,586 (1841) 0.93
(0.83-1.03) (0.89-1.07) (083-103)
0-7th 417,207 2090) 103 0-7th 417,878 (20.90) 1.06 0-7th 417,207 (2090) 103
(0.93-1.14) (0.97-1.16) (093-1.14)
Unknown 43,850 (2.20) 104 Unknown 43899 (220) 097 Unknown 43,850 (2.20) 104
(0.84-1.28) (0.80-1.16) (0.84-1.29)
Birth year Birth year Birth year
2002 431,264 (21.60)  Reference 2002 431,989 (21.61) Reference 2002 431,264 (21.60)  Reference
2003 426,789 (21.38)  0.97 2003 427,419 (21.38) 095 2003 426,789 (2138) 097
(0.89-1.06) (0.88-1.02) (0.89-1.06)
2004 407,730 (2043)  1.06 2004 408,321 (2043) 0.99 2004 407,730 (2043)  1.06
(0.96-1.16) (0.91-1.06) (0.96-1.16)
2005 372,142 (18.64) 0.96 2005 372,650 (18.64) 0.90 2005 372,142 (18.64) 0.96
(0.87-1.07) (0.83-0.98) (0.87-1.07)
2006 358,249 (17.95) 0.95 2006 358,686 (17.94) 0.87 2006 358,249 (17.95) 0.95
(0.84-1.06) (0.79-0.95) (0.85-1.07)

Statistically significant (p <0.05) hazard ratios are indicated in bold

Cl confidence interval, URTI upper respiratory tract infection, LRTI lower respiratory tract infection, GT/ gastrointestinal tract infection
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Table 2 Cancer incidence hazard ratios based on hospital visit frequency (hospitalization only) by infectious disease type during three
exposure windows (age: 0-4, 0-1, and 2—4 years). For the 2—4 years old exposure window analysis, the same cohort was retained as the
0-4 years old exposure window analysis, but only infectious disease exposures occurring between ages 2 and 4 years were considered

0-4 years old 0-1 years old 2-4 years old
Infectious dis- Number (%) Hazard ratio  Infectious dis- Number (%) Hazard ratio Infectious Number (%) Hazard
eases, episodes (95% ClI) eases, episodes (95% Cl) diseases, ratio
episodes (95% Cl)
URTIs URTls URTls
0 1,773,988 Reference 0 1,911,789 Reference 0 1,842,916 Reference
(88.87) (95.63) (92.32)
1 193,036 (9.67) 1.09 >1 87,276 (4.37) 0.99 >1 153,258 (7.68) 1.12
(0.98-1.21) (0.87-1.12) (0.99-1.26)
>2 29,150 (1.46) 0.94
(0.71-1.25)
Influenza Influenza Influenza
0 1,982,876 Reference 0 1,998,047 Reference 0 1,983,842 Reference
(99.33) (99.95) (99.38)
>1 13,298 (0.67) 1.21 >1 1,018 (0.05) 1.82 >1 12,332 (0.62) 1.12
(0.84-1.74) (0.82-4.05) (0.76-1.66)
Pneumonia Pneumonia Pneumonia
0 1,771,021 Reference 0 1,837,585 Reference 0 1,749,427 Reference
(81.81) (91.92) (87.64)
1 193,476 (14.53) 1.05 1 142,836 1.06 1 204,626 (10.25) 1.10
(0.96-1.15) (7.15) (0.96-1.17) (0.99-1.22)
>2 31,677 (3.67) 1.05 >2 18,644 (0.93) 1.02 >2 42,121 (2.11) 1.02
(0.88-1.25) (0.78-1.34) (0.82-1.28)
LRTls LRTls LRTls
0 1,771,021 Reference 0 1,878,782 Reference 0 1,871,410 Reference
(88.72) (93.98) (93.75)
1 193,476 (9.69) 098 >1 120,283 1.06 >1 124,764 (6.25) 0.90
(0.88-1.10) (6.02) (0.94-1.18) (0.78-1.03)
>2 31,677 (1.59) 0.87
(0.66-1.15)
Unknown fever Unknown fever Unknown fever
0 1,936,434 Reference 0 1,972,916 Reference 0 1,961,069 Reference
(97.01) (98.69) (98.24)
> 59,740 (2.99) 0.97 >1 26,149 (131) 1.04 > 35,105 (1.76) 0.98
(0.81-1.16) (0.83-1.29) (0.78-1.24)
Enteric infections Enteric infections Enteric infections
0 1,894,418 Reference 0 1,950,202 Reference 0 1,939,929 Reference
(94.90) (97.56) (97.18)
>1 101,756 (5.10)  1.01 >1 48,863 (244) 1.09 >1 56,245 (2.82) 0.98
(0.88-1.16) (0.93-1.27) (0.81-1.18)
Ear infections Ear infections Ear infections
0 1,926,967 Reference 0 1,972,285 Reference 0 1,951,074 Reference
(96.53) (98.66) (97.74)
>1 69,207 (3.47) 1.15 >1 26,780 (1.34) 0.96 =1 45100 (2.26) 1.24
(0.98-1.35) (0.77-1.20) (1.03-1.49)
Eye infections Eye infections Eye infections
0 1,990,842 Reference 0 1,997,067 Reference 0 1,992,819 Reference
(99.73) (99.90) (99.83)
>1 5,332(0.27) 0.85 >1 1,998 (0.10) 1.57 >1 3,355(0.17) 040
(0.46-1.58) (0.85-2.93) (0.13-1.24)
Urinary tract infections Urinary tract infections Urinary tract infections
0 1,944,092 Reference 0 1,961,020 Reference 0 1,981,106 Reference
(97.39) (98.10) (99.25)
>1 52,082 (2.61) 1.12 >1 38,045(1.90) 1.16 >1 15,068 (0.75) 097
(0.93-1.34) (0.98-1.38) (0.68-1.36)

Skin infections

Skin infections

Skin infections
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0-4 years old 0-1 years old 2-4 years old
Infectious dis- Number (%) Hazard ratio  Infectious dis- Number (%) Hazard ratio Infectious Number (%) Hazard
eases, episodes (95% CI) eases, episodes (95% CI) diseases, ratio
episodes (95% ClI)
0 1,981,528 Reference 0 1,989,452 Reference 0 1,986,639 Reference
(99.27) (99.52) (99.52)
>1 14,646 (0.73) 1.28 >1 9613 (0.48) 3.20 >1 9,535 (0.48) 123
(0.94-1.74) (2.61-3.92) (0.83-1.81)
Mycoses Mycoses Mycoses
0 1,993,284 Reference 0 1,997,059 Reference 0 1,995,274 Reference
(99.86) (99.90) (99.95)
>1 2,890 (0.14) 1.88 >1 2,006 (0.10)  1.70 >1 900 (0.05) 193
(1.06-3.32) (0.94-3.07) (0.73-5.16)
Herpes Herpes Herpes
0 1,986,955 Reference 0 1,995,571 Reference 0 1,990,329 Reference
(99.54) (99.83) (99.71)
>1 9,219 (0.46) 1.36 >1 3,494 (0.17) 1.05 > 5,845 (0.29) 1.50
(0.93-1.98) (0.60-1.86) (0.96-2.33)
Chickenpox Chickenpox Chickenpox
0 1,993,706 Reference 0 1,997,965 Reference 0 1,994,790 Reference
(99.88) (99.94) (99.93)
>1 2,468 (0.12) 124 >1 1,700 (0.06)  1.70 >1 1,384 (0.07) 1.21
(0.59-2.60) (0.76-3.80) (0.45-3.23)
Other viral infections Other viral infections Other viral infections
0 1,954,401 Reference 0 1,977,333 Reference 0 1,974,941 Reference
(97.91) (98.91) (98.94)
>1 41,773 (2.09) 1.02 >1 21,732 (1.09) 098 >1 21,233 (1.06) 1.19
(0.83-1.27) (0.76-1.25) (0.91-1.56)
Other bacterial infections Other bacterial infections Other bacterial infections
0 1,987,205 Reference 0 1,995,424 Reference 0 1,990,763 Reference
(99.55) (99.82) (99.73)
>1 8,969 (0.45) 1.10 >1 3,641(0.18) 138 >1 5411(0.27) 0.80
(0.72-1.67) (0.84-2.25) (043-1.49)
GTls GTls GTls
0 1,990,070 Reference 0 1,992,920 Reference 0 1,990,070 Reference
(99.69) (99.69) (99.69)
>1 6,104 (0.31) 121 =1 6,145 (0.31) 2.71 >1 6,104 (0.31) 1.21
(0.74-1.98) (2.06-3.57) (0.74-1.98)
Sex Sex Sex
Male 1,020,895 Reference Male 1,022,558 Reference Male 1,020,895 Reference
(51.14) (51.15) (51.14)
Female 975,279 1.06 Female 976,507 0.98 Female 975,279 1.06
(48.86) (1.00-1.13) (48.85) (0.93-1.03) (48.86) (1.00-1.12)
Residence Residence Residence
Metropolitans 1,092,913 Reference Metropolitans 1,094,387 Reference Metropolitans 1,092,913 Reference
(54.75) (54.74) (54.75)
Others 870,302 1.12 Others 871,658 1.13 Others 870,302 1.12
(43.60) (1.05-1.19) (43.60) (1.07-1.19) (43.60) (1.05-1.19)
Unknown 32,959 (1.65) 1.18 Unknown 33,020 1.20 Unknown 32,959 (1.65) 117
(0.94-147) (1.65) (1.00-1.45) (0.94-147)
Income (percentile) Income (percentile) Income (percentile)
17th —20th 295,168 (14.79) Reference 17th —20th 295,550 Reference 17th —20th 295,168 (14.79) Reference
(14.78)
14th —16th 420,121 (21.05) 0.94 14th —16th 420,725 1.00 14th —16th 420,121 (21.05) 0.94
(0.85-1.04) (21.05) (0.91-1.09) (0.85-1.04)
11th —13th 452,242 (22.66) 1.04 11th —13th 452,889 1.04 11th —13th 452,242 (22.66) 1.04
(0.94-1.14) (22.66) (0.95-1.13) (0.94-1.14)
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0-4 years old 0-1 years old 2-4 years old
Infectious dis- Number (%) Hazard ratio  Infectious dis- Number (%) Hazard ratio Infectious Number (%) Hazard
eases, episodes (95% CI) eases, episodes (95% CI) diseases, ratio
episodes (95% ClI)
8th —10th 367,586 (1841) 093 8th — 10th 368,124 0.98 8th —10th 367,586 (1841) 093
(0.83-1.03) (1841) (0.89-1.07) (0.83-1.03)
0-7th 417,207 (20.90) 1.03 0-7th 417,878 1.06 0-7th 417,207 (20.90) 1.03
(0.93-1.14) (20.90) (0.97-1.15) (0.93-1.14)
Unknown 43,850 (2.20) 1.05 Unknown 43,899 (2.20) 097 Unknown 43,850 (2.20) 1.05
(0.85-1.30) (0.80-1.16) (0.85-1.30)
Birth year Birth year Birth year
2002 431,264 (21.60) Reference 2002 431,989 Reference 2002 431,264 (21.60) Reference
(21.61)
2003 426,789 (21.38) 0.98 2003 427419 0.95 2003 426,789 (21.38) 0.98
(0.90-1.07) (21.38) (0.88-1.02) (0.90-1.07)
2004 407,730 (2043) 1.07 2004 408,321 0.99 2004 407,730 (2043) 1.07
(0.97-1.17) (20.43) (0.92-1.07) (0.98-1.17)
2005 372,142 (1864) 099 2005 372,650 0.91 2005 372,142 (18.64) 0.99
(0.89-1.09) (18.64) (0.84-0.99) (0.89-1.09)
2006 358,249 (17.95) 0.98 2006 358,686 0.88 2006 358,249 (17.95) 0.98
(0.88-1.09) (17.94) (0.81-0.97) (0.88-1.10)

Statistically significant (p <0.05) hazard ratios are indicated in bold

Cl confidence interval, URTI upper respiratory tract infection, LRT/ lower respiratory tract infection, GT/ gastrointestinal tract infection

risk (HRs: 1.16-1.21). An examination of hospitalization
alone revealed that risk rose in a dose-response man-
ner: one admission (HR: 1.07, 95% CI: 1.00-1.14), two
admissions (HR: 1.17, 95% CI: 1.04—1.32), and >3 admis-
sions (HR: 1.30, 95% CI: 1.14-1.47; Fig. 4). In children
aged 0-1 year, only those with >4—<6 combined visits/
year showed a modest risk increase (HR: 1.06, 95% CI:
1.00-1.12), whereas hospitalization alone was signifi-
cant for one episode (HR: 1.07, 95% CIL: 1.00-1.15) and
>2 episodes (HR: 1.22, 95% CI: 1.05-1.41). For ages 2—4
years, combined frequencies of <8, <9, and > 9 visits/year
conferred a higher risk (HRs: 1.14-1.17), and hospital-
ization for one (HR: 1.12, 95% CI: 1.04—1.21) or >2 epi-
sodes (HR: 1.18, 95% CI: 1.03—-1.36) remained significant.
Alone, outpatient visits were only intermittently signifi-
cant (supplementary table S5). Overall, compared with
combined or outpatient visit frequencies, hospitalization
frequency demonstrated a stronger and more consistent
dose-response relationship with childhood cancer risk
(Fig. 4).

Analysis of each type of cancer risk based on overall
infectious disease frequency

We analyzed the association between the frequency of
infectious disease-related hospital utilization and cancer
risk within each cancer type’s subgroups (Supplementary
Tables S6-S7). For combined outpatient visits and hospi-
talizations in the 0—4-year exposure window, soft tissue
sarcoma showed the greatest risk among children with
>9 visits/year (HR: 3.01, 95% CI: 1.41-6.43). All other
cancers rose progressively: HR: 1.25, 95% CI: 1.01-1.55 at

5-6 visits; HR: 1.29, 95% CI: 1.06—1.57 at 6-8 visits; and
HR: 1.41, 95% CI: 1.12-1.79 at 8-9 visits. In the 0—1-year
window, soft tissue sarcoma remained elevated at > 8 vis-
its (HR: 1.51, 95% CI: 1.02-2.25), Hodgkin lymphoma risk
was reduced at 4—6 visits (HR: 0.53, 95% CI: 0.30-0.95),
and all other cancers had a HR of 1.14, 95% CI: 1.03-1.27
at 4—6 visits. Between the ages of 2—4 years, lymphoid/
hematopoietic cancers increased at 4—6 visits (HR: 1.23,
95% CI: 1.00-1.53), Hodgkin lymphoma decreased at 4—6
and >9 visits (HR: 0.28, 95% CI: 0.11-0.77 and HR: 0.28,
95% CI: 0.10-0.80, respectively), and soft tissue sarcoma
peaked at 8-9 visits (HR: 2.39, 95% CI: 1.25-4.58).

Considering hospitalization alone, lymphoid/hemato-
poietic cancers rose in the 0—4-year window among chil-
dren with >3 admissions (HR: 1.47, 95% CI: 1.21-1.78),
with lymphoid leukemia increasing at two admissions
(HR: 1.35, 95% CI: 1.00-1.81), non-Hodgkin lymphoma
at one admission (HR: 1.24, 95% CI: 1.01-1.53), central
nervous system cancers at one (HR: 1.20, 95% CI: 1.03—
1.41) and >3 admissions (HR: 1.41, 95% CI: 1.05-1.88),
and brain tumors at one (HR: 1.21, 95% CI: 1.03-1.42)
and >3 admissions (HR: 1.36, 95% CI: 1.01-1.83). The
0—1-year hospitalization analysis revealed that combined,
all lymphomas rose at >2 admissions (HR: 1.62, 95% CI:
1.09-2.40), with non-Hodgkin lymphoma rising at >2
admissions (HR: 1.54, 95% CI: 1.02-2.34), while other
cancers rose at >2 admissions (HR: 1.28, 95% CI: 1.00—
1.65). In the 2—4-year hospitalization window, lymphoid/
hematopoietic cancers increased at one admission (HR:
1.15, 95% CI: 1.01-1.31), and other cancers at >2 admis-
sions (HR: 1.32, 95% CI: 1.04-1.67).
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Fig. 4 Hazard ratios for cancer incidence according to the frequency of hospital visits (a; combined outpatient visits and hospitalizations, b; hospitaliza-
tions only) for any infectious disease, during three exposure windows (ages 0-4, 0-1, and 2-4 years). Analyzes were adjusted for sex, residence, income,

and birth year. Abbreviation: Cl, confidence interval

Combined visits showed inverse trends for lymphoid
leukemia and renal cancer in the 0—1-year window, and
for Hodgkin lymphoma across all windows, each trend-
ing toward a lower incidence with increasing infections,

although not statistically significantly. However, in the
0-1-year window, when hospitalizations were considered
alone, this protective pattern disappeared for all can-
cers, except renal cancer, with most cancers exhibiting
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significant or upward risk trends with increasing hospi-
talization frequency.

Discussion

This nationwide cohort study provides compelling evi-
dence that early-life infections of unusual severity or
frequency are linked to increased childhood cancer risk.
Urinary tract infections, severe skin infections, systemic
fungal infections, and infections requiring hospitaliza-
tion were associated with significantly higher cancer
incidence. Moreover, the need for hospitalization and a
greater number of infection episodes demonstrated a
clear dose-response relationship with cancer risk. Nota-
bly, cancer rates were highest in children with multiple
hospitalizations for infections, suggesting that cumula-
tive severe infections are particularly impactful.

Compared with previous small-scale case—control
studies, this large, nationwide, population-based study
involves nearly two million children and medically veri-
fied registry data [8, 9, 17-19], which enabled infection
classification by type, timing, care setting (hospitaliza-
tion or outpatient), and frequency. We also segmented
exposure into biologically and socially-relevant intervals
(0-24 months and 24-60 months), considering contem-
porary childcare patterns, such as increased daycare
attendance after the age of two years [27] and ongoing
immune “training” beyond the first year after birth [28-
31]. This approach allowed a more precise assessment
of how childhood cancer risk is influenced by infection
exposure during key postnatal immune development
windows. This study’s strengths include minimized recall
bias because of the use of recorded diagnoses rather
than parent-reported infections and the ability to evalu-
ate dose-response relationships across the full infection
severity spectrum. However, it is limited by not cap-
turing mild infections that are managed at home, pos-
sibly leading to an underestimation of any protective
effect of these common infections against cancer [14,
15]. Additionally, despite adjustment for key confound-
ers, residual confounding from unmeasured factors like
subclinical immune defects or environmental exposures
cannot be ruled out. Moreover, data on other potential
confounders, such as maternal infections or breastfeed-
ing conditions, were lacking, which might influence the
infection-cancer relationship.

Before 2020, most research supported the Greaves’
delayed-infection hypothesis that limited microbial expo-
sure in infancy impairs immune maturation and raises
leukemia risk [8—10, 14, 15]. However, these studies have
several key limitations: 1) most were small-scale case—
control studies [8, 9], 2) infection histories were solely
based on maternal questionnaires, introducing recall
bias [8], 3) the immunologically critical exposure window
was not clearly defined [9], 4) infections were inferred
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via proxies like birth month, season, and birth order and
were not directly measured [9], 5) infection exposures
were not confined to the early-life period [10], and 6) only
select pathogens and cancer types were evaluated [8-12,
19, 24]. These limitations complicate the interpretation of
previous findings, leaving the question of whether early-
life infections have protective or harmful effects on child-
hood cancer risk unresolved.

The idea that early infections are protective has been
challenged by emerging studies [17-19, 22]. A 2023 Dan-
ish analysis linked higher postnatal infection frequency
and viral, gastrointestinal, and urinary tract infections
to increased childhood cancer risk [17], and a Canadian
meta-analysis found a 2.4-fold rise in acute lymphoblastic
leukemia (ALL) risk among laboratory-confirmed infec-
tions [22]. Another Canadian study reported higher ALL
odds with >2 infections per year, notably between 12 and
18 months [19]. Similarly, a Mexico City study associated
first-year upper respiratory infections after birth with
greater acute leukemia risk [18]. However, these predom-
inantly small case—control studies [17, 19] did not pro-
vide dose-response data between infection frequency and
cancer risk [17, 19], and involved few cancer subtypes
[18, 19, 22], making it difficult to definitively establish a
causal link between infection and cancer incidence. In
contrast, our large cohort study comprehensively evalu-
ated all infection types, cancer types, and the full infec-
tion severity and frequency spectrum and demonstrated
a clear dose-response effect based on infection severity.
Importantly, we found no evidence that mild infections
reduce cancer risk. The trend was towards a higher risk
with increasing infections severe enough to require med-
ical attention.

We observed heterogeneous infection—cancer asso-
ciations across cancer subtypes. Although most can-
cers showed positive associations, Hodgkin lymphoma
exhibited an inverse relationship, with higher infection
frequencies in early childhood corresponding to lower
incidence, albeit based on small numbers. This is con-
sistent with hypotheses suggesting that early microbial
exposure protects against cancer, although the trend
disappeared when restricted to severe infections. In con-
trast, soft-tissue sarcomas showed strong positive asso-
ciations with infection burden, but these findings should
be interpreted with caution because of the limited num-
ber of cases. Nevertheless, these subtype-specific varia-
tions highlight intriguing questions about whether some
malignancies are particularly sensitive to infection-driven
immune perturbations or if distinct oncogenic events are
preferentially influenced by specific infections.

Clinically, our findings confirm that long-term cancer
risk is not increased by routine childhood infections.
However, unusually severe or recurrent infant infec-
tions warrant vigilance. Severe pediatric infections may
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contribute to oncogenesis through chronic inflamma-
tion-induced DNA damage, excessive proinflammatory
cytokine release, compensatory cellular proliferation
(expanding premalignant clones), and tumor surveil-
lance-impairing immune exhaustion [20, 21, 32, 33]. In
addition, severe infections are often treated with anti-
biotics, which may disrupt the developing gut microbi-
ome. Because early-life microbiome composition plays
an important role in immune system maturation, antibi-
otic-associated microbiome alterations could potentially
influence susceptibility to immune-mediated diseases,
including cancer [17]. Moreover, such infections may
unmask underlying immune vulnerabilities, e.g., primary
immunodeficiencies or congenital dysregulation [34],
as exemplified by invasive fungal infections [35, 36] and
serious bacterial infections (e.g., neonatal UTIs, deep
skin infections) being rare [37, 38] in otherwise immu-
nocompetent children. Looking ahead, key questions
include the molecular and cellular pathways by which
severe infections promote oncogenesis and whether
stratified strategies (enhanced monitoring or prophy-
laxis) can reduce cancer risk in high-risk children.

Our study has several limitations. Using claims data
may fail to capture mild infections, misclassify exposures
or outcomes, and we used hospitalization to approxi-
mate severity. Residual confounding from household,
environmental, and genetic factors likely persist despite
adjustment. Although the design is longitudinal, reverse
causation cannot be fully excluded if preclinical malig-
nancy increased susceptibility to infections or healthcare
contact before diagnosis.

Because this study simultaneously evaluated multiple
infectious disease categories across different exposure
windows, defining a single exposed versus unexposed
group for baseline comparisons was not appropriate.
Therefore, baseline characteristics were summarized
descriptively, and the associations between infection
exposures and childhood cancer risk were assessed using
multivariable regression models.

One important consideration in our study design is
that follow-up began at age five, after the exposure win-
dow covering the first five years of life. This approach
allowed us to clearly separate the exposure assessment
period from the outcome observation period and to
reduce potential reverse causation, as infections occur-
ring shortly before cancer diagnosis may represent early
manifestations of undiagnosed malignancy. However,
this design also means that cancer cases diagnosed before
age five were not included in the analysis. As a result, our
findings primarily reflect associations between early-life
infections and cancer risk occurring after early child-
hood. Future studies incorporating earlier follow-up peri-
ods may help further clarify potential associations with
cancers diagnosed at younger ages.
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Another limitation of this study is the lack of informa-
tion on vaccination status in the claims database. Because
vaccination can influence infection susceptibility and
immune system development in early life, the absence
of vaccination data may represent a source of residual
confounding.

In conclusion, this nationwide cohort study pro-
vides clear evidence that routine early-life infections do
not increase childhood cancer risk, and that severe or
recurrent infections, especially hospitalization-requir-
ing ones, are associated with cancer risk elevation in a
dose-response manner. By moving beyond the simplistic
protective hygiene hypothesis, these findings clarify the
complex role of infections in pediatric cancer etiology
and highlight the clinical importance of monitoring chil-
dren with unusually severe or frequent infections.
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