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Abstract

Background Pediatric cancer survivors experience attention or behavioral deficits. This study assessed the risk and
medication use of attention-deficit/hyperactivity disorder (ADHD) in pediatric cancer survivors compared with the
general population.

Methods Using nationwide cohort data from Korea's National Health Insurance Service, we studied a pediatric
cancer population (brain tumors [n=3,517], acute lymphoblastic leukemia [ALL, n=2,093], and other tumors
[n=30,639]) diagnosed between 2004 and 2011 and 125,663 healthy children. We analyzed the incidence of ADHD,
medication patterns, and factors affecting ADHD using the Cox proportional hazards model and logistic regression
analysis.

Results Patients with brain tumors had the highest 10-year ADHD incidence (4.0%, 95% confidence interval [Cl] 3.3—
4.6) compared with healthy children (2.0%, 95% Cl 1.9-2.1), patients with ALL (2.9%, 95% Cl 2.2-3.7), and patients with
other tumors (2.6%, 95% Cl 2.4-2.8). Brain tumor survivors had the highest ADHD risk (hazard ratio [HR] 1.85, 95% Cl
1.57-2.17,p <0.001). Chemotherapy was associated with increased ADHD in children diagnosed at ages 0-3 years (HR
2.89,95% Cl 1.14-7.38, p = 0.03), whereas radiotherapy increased ADHD in patients with ALL (HR 4.10, 95% Cl 1.63-
10.28, p=0.003). The use of ADHD medications was significantly higher in younger age groups (0-3 years, HR 2.62,
95% Cl 1.98-3.45, p<0.001; and 4-12 years, HR 3.44, 95% Cl 2.30-4.86, p <0.001) and among brain tumor survivors (HR
1.79,95% Cl 1.32-2.31, p<0.001). Brain tumor survivors required long-term (> 7 months) ADHD medication (odds ratio
2.06,95% Cl 1.20-3.59, p=0.01).

Conclusions Pediatric cancer survivors, particularly those with brain tumors or diagnosed at a young age, face a
higher risk of ADHD and increased use of ADHD medications. Chemotherapy significantly increases the risk of ADHD
in infants and toddlers, whereas radiotherapy increases this risk in patients with ALL. Ongoing monitoring and tailored
interventions for high-risk groups are needed.
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Background

Among children aged <14 years, central nervous system
neoplasms have continued to be the most prevalent solid
tumors [1-3]. Advancements in diagnostic and therapeu-
tic interventions have significantly enhanced the survival
rates for all childhood cancers [1, 4]. Consequently, there
is a growing need to address the physical and psycho-
logical long-term adverse effects experienced by pedi-
atric cancer survivors, as well as their overall quality of
life. Because of the characteristics of the tumors, the
effects of treatments (e.g., brain radiotherapy or intrathe-
cal chemotherapy), and host-related factors such as age
at tumor diagnosis and sex, survivors of pediatric brain
tumors and acute lymphoblastic leukemia (ALL) com-
monly exhibit neurocognitive decline [5-7]. Anticancer
drugs that do not penetrate the blood—brain barrier may
manipulate the proinflammatory cytokine pathway, indi-
rectly affecting the brain [8].

Cognitive impairments affecting attention and concen-
tration are well documented among brain tumor survi-
vors, often manifesting behavioral symptoms that closely
resemble those observed in attention-deficit/hyperactiv-
ity disorder (ADHD) [9]. As one of the most common
psychiatric conditions in childhood, ADHD is character-
ized by a persistent pattern of inattention, hyperactivity,
and impulsivity [10]. A recent meta-analysis estimated
that the global prevalence of ADHD is approximately 8%
[11]. Similarly, a prevalence study conducted on a com-
munity sample of elementary school students in South
Korea reported a rate of approximately 8.5% [12]. ADHD
is linked to various aspects of an individual’s life, includ-
ing intelligence, academic achievement, adaptability, and
even suicidal behavior [13-16].

According to a single institution retrospective study
that examined 528 patients with pediatric brain tumors
using hospital-based data, approximately 13.1% of these
patients were diagnosed with ADHD [9]. However, few
population-based studies have systematically compared
the risk of ADHD in pediatric cancer survivors with
the general population, limiting broader epidemiologi-
cal insights. Moreover, most studies have focused solely
on patients with pediatric brain tumors or ALL, leaving
uncertainty regarding the risk of ADHD across various
cancer types [17]. A previous study reported that the
risk of major psychiatric disorders, including ADHD, is
higher in pediatric cancer survivors than in the general
population [18]. However, further research using a large
population-based cohort is needed to investigate the
interplay between ADHD risk and key clinical factors,
including age at diagnosis, treatment history, and actual

use of ADHD medications. A detailed analysis of real-
world medication usage and its clinical implications is
essential to better understand the risk and management
of ADHD in pediatric cancer survivors.

Recognizing this need, this study leverages data from
the Korean National Health Insurance Service (NHIS), a
comprehensive nationwide database covering nearly the
entire Korean population [19, 20]. Korea offers readily
available access to psychiatric specialists within primary
care clinics, leading to psychiatrists’ dominant role in
ADHD diagnosis and management [21, 22]. The strict
control over methylphenidate prescriptions, a frequently
used ADHD medication with limited availability outside
strict reimbursement guidelines, suggests that NHIS data
provides a reliable reflection of ADHD diagnostic accu-
racy and real-world medication use. This unique com-
bination makes the NHIS data a valuable resource for
investigating the long-term impact of childhood cancer
on ADHD risk in a population-based setting.

The present study aimed to analyze the risk and corre-
lation of ADHD in pediatric patients with brain tumors,
ALL, and other tumors using comprehensive big data.
Moreover, the study examined the medication history
of patients, assessing the medication needs and patterns
for ADHD among survivors. The correlation between
the type of treatment received for pediatric cancers and
the subsequent development of ADHD was investigated.
Through these analyses, we seek to underscore the criti-
cal importance of diligent monitoring and proactive
treatment of ADHD among pediatric cancer survivors.

Methods

The participant datasets were obtained from the NHIS-
National Health Information Database (NHIS-NHID),
which comprises demographic data, mandatory public
health insurance contributions, healthcare utilization,
and other relevant information for the entire Korean
population [20]. A pediatric cancer cohort (n=50,976,
Fig. 1) was provided by the NHIS, which comprised
patients aged <18 years who were diagnosed with can-
cers (Korean Standard Classification of Diseases C codes)
between 2004 and 2011 and excluded those diagnosed
with trisomy 21 and neurofibromatosis. A healthy control
group (n=135,772) was selected from the entire pedi-
atric population in the baseline year 2011. Three times
the number of subjects from the pediatric cancer cohort
were randomly matched based on sex and age. Individu-
als diagnosed with neurofibromatosis and trisomy 21
were also excluded from this group.
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Pediatric Cancer Cohort
Patients < 18 years diagnosed
with C codes (2004-2011)
N = 50,976

Excluded: Trisomy 21 and
Neurofibromatosis

C codes diagnosed in 2003 (n = 11,883)

ADHD before C code diagnosis (n = 421)
Chemo/Radiotherapy before C code diagnosis (n = 227)
Survived < 2 years after C code (n = 2,196)

Final Cancer Cohort

N = 36,249
Brain tumors (n = 3,517)
ALL (n = 2,093)

Other tumors (n = 30,639)
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NHIS-provided dataset

Healthy Control Group
Pediatric population (2011)
3:1 matched by sex and age
N = 135,772

C codes after 2011 (n = 6,821)

ADHD before 2011 (n = 3,030)

History of Chemo/Radiotherapy (n = 183)
Survived < 2 years after 2011 (n = 75)

Final Control Group
N = 125,663

Fig. 1 Study population selection flowchart. ADHD attention-deficit/hyperactivity disorder, ALL acute lymphoblastic leukemia, NHIS National Health

Insurance Service

Using the provided dataset, we applied additional
inclusion and exclusion criteria. In the pediatric can-
cer cohort, individuals diagnosed with C codes in 2003
(n=11,883) were excluded to allow for a wash-out period.
Patients diagnosed with ADHD before receiving a C code
diagnosis (n=421) or those who received chemotherapy
or radiotherapy before being diagnosed with a C code
(n=227) were excluded. Considering ADHD as a late
sequela, the cohort was limited to patients who survived
for more than 2 years after being diagnosed with a C code
(excluding 2,196 patients). In the control group, children
diagnosed with C codes after 2011 (n=6,821), those diag-
nosed with ADHD before 2011 (n=3,030), or those with
a history of chemotherapy or radiotherapy (n=183) were
excluded. Survivors who had lived for less than 2 years
(n=75) were excluded in the study. Ultimately, the study
included 36,249 patients with pediatric cancer (brain
tumors, n=3,517; ALL, n=2,093; and other tumors,
n=30,639) and 125,663 control subjects. We categorized
“other tumors” into the following subgroups for analysis:
malignant neoplasms of the lip, oral cavity, and pharynx
(n=3,541); malignant neoplasms of the digestive organs
(n=4,917); malignant neoplasms of the respiratory and
intrathoracic organs (n=1,827); malignant neoplasms
of the bone, articular cartilage, skin, breast, mesothelial,
and soft tissues (n=4,845); malignant neoplasms of the
genital organs and urinary tract (n=4,056); malignant
neoplasms of the lymphoid, hematopoietic, and related
tissues except for ALL (n=4,333); and unclassified malig-
nant neoplasms (n=7,120) (Additional file 1). The NHIS-
NHID data regarding these neoplasms were used from
2003 to 2021.

The follow-up for the healthy control group com-
menced from a fixed reference point set in the year

2011, whereas that for patients with pediatric cancer
began from the date of their cancer diagnosis, and con-
tinued until death or the last follow-up date (December
31, 2021), whichever came first. Age was defined based
on this index date—calendar year 2011 for controls and
the date of cancer diagnosis for cancer patients. Can-
cer treatment was defined as surgery, chemotherapy, or
radiotherapy procedure codes received within 3 months
of a C code diagnosis. Because of database limitations for
tracking prescriptions using drug codes, only procedural
codes for injectable chemotherapeutic agents were used
to determine chemotherapy treatment, thereby excluding
oral chemotherapeutic agents. ADHD medication treat-
ment was identified through prescriptions for methyl-
phenidate, atomoxetine, or clonidine, which are the only
medications approved for the treatment of ADHD in
Korea.

The cohorts used in the analysis were extracted from
the NHIS-NHID using SAS Enterprise Guide 7.1 (Cary,
NC), and all statistical analyses were performed using
R version 4.0.3. Descriptive statistics between healthy
controls and patients with brain tumors, ALL, and other
tumors were compared using Chi-squared tests or anal-
ysis of variance, where appropriate. The incidences of
ADHD were calculated using the Kaplan—-Meier method
and compared using the log-rank test. The association
between several variables and ADHD incidence was
examined using the Cox proportional hazards model.
Analyses were conducted using either the entire cohort
or the cancer cohort, depending on the specific analy-
sis. We included interaction terms between age and key
variables, such as cancer type and treatment, to evalu-
ate whether their associations with ADHD diagnosis
varied across age groups. A logistic regression analysis
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Table 1 Baseline characteristics of the study cohort
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Healthy control (N=125,663) Brain tumors (N=3,517) ALL(N=2,093) Othertumors (N=30,639) p-value
Follow-up duration (year)*  11.0(11.0-11.0) 14.7 (12.3-16.4) 149 (12.0-163) 15.1(13.0-16.6) <0.001
Survival duration
<5 years 53(0.04) 121 (34) 103 (4.9 479 (1.6) <0.001
<10 years 177 (0.1) 212 (6.0) 148 (7.1) 721 (24) <0.001
Sex <0.001
Male 70,209 (55.9) 1,957 (55.6) 1,194 (57.0) 16,261 (53.1)
Female 55454 (44.1) 1,560 (44.4) 899 (43.0) 14,378 (46.9)
Age (year) 12 (8-16) 11 (7-15) 7(4-12) 12 (5-16) <0.001
0-3 6,514 (5.2) 363 (10.3) 428 (204) 5,710 (18.6) <0.001
4-12 58,199 (46.3) 1,698 (48.3) 1,146 (54.8) 10,876 (35.5)
13-18 60,950 (48.5) 1,456 (41.4) 519 (24.8) 14,053 (45.9)
Surgery - 744 (21.2) 865 (41.3) 4,053 (13.2) <0.001
ChemotherapyID - 159 (4.5) 1,100 (52.6) 1,722 (5.6) <0.001
Radiotherapy - 73 (2.1) 41 (2.0) 67(0.2) <0.001
ADHD 2,863 (2.3) 167 (4.7) 77 (3.7) 1,016 (3.3) <0.001
Age at ADHD 14 (9-18) 13 (9-17) 9 (7-15) 12 (8-17) <0.001

Data are presented as N (%) or median (interquartile range)

ADHD attention-deficit/hyperactivity disorder, ALL acute lymphoblastic leukemia

?In the case of the healthy control group, the year 2011 was used as a reference. Meanwhile, for patients with pediatric cancer, the date of cancer diagnosis was used

bLimited to injectable chemotherapy agents
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Fig. 2 Incidence of ADHD in the study population. Incidence of ADHD by age in a the entire cohort and b cancer patient cohort. ¢ Incidence of ADHD
by cancer type in the entire cohort. ADHD attention-deficit/hyperactivity disorder, ALL acute lymphoblastic leukemia

was performed on a subsample of patients who received
pharmacological treatment for ADHD (n=1,633; 1,186
boys) to evaluate the relationship between cancer type
and long-term use of ADHD medications. The multivari-
ate analysis included all variables used in the univariate
analysis after confirming the absence of multicollinear-
ity. Statistical significance was considered at a two-sided
p-value of less than 0.05.

Results

Demographic and clinical characteristics

Table 1 shows the demographic and clinical characteris-
tics of the study population. The follow-up duration sig-
nificantly varied between the groups, with the healthy
control group having the shortest duration (median,

11.0 years) and patients with other types of tumors hav-
ing the longest duration (median, 15.1 years, p<0.001).
This difference was attributable to the methodology used
in the study. In terms of cancer treatment, surgery and
injectable chemotherapy were frequently performed in
pediatric patients with ALL, whereas radiotherapy was
least often administered to patients with other types of
tumors (all p<0.001). The healthy control group had the
highest median age of ADHD diagnosis (14 years), indi-
cating earlier presentation in cancer survivors (p <0.001).

Age and risk of ADHD

Figure 2a and b show the incidence of ADHD by age in
the entire cohort and pediatric cancer survivor groups,
respectively. The incidence of ADHD over a 5- to 10-year
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period among children aged 0-3 years surpassed that of
children aged 4—12 years, which is consistent with previ-
ous reports on incidence trends in the general population
[23]. In the entire cohort, the 5-year incidence rates of
ADHD were 1.2% (95% confidence interval [CI] 1.0-1.4)
in the pediatric age group of 0-3 years, 2.0% (1.9-2.1) in
the pediatric age group of 4—12 years, and 0.6% (0.5-0.7)
in the pediatric age group of 13-18 years. Meanwhile,
the 10-year incidence rates of ADHD were 4.0% (95%
CI 3.7-4.3) in the pediatric age group of 0-3 years, 3.0%
(2.9-3.1) in the pediatric age group of 4—12 years, and
1.1% (1.0-1.2) in the pediatric age group of 13—18 years.
When considering only cancer survivors, this age-related
pattern of the incidence rate remained consistent as the
incidence of ADHD among children aged 0-3 years sur-
passed that of children aged 4—12 years within 5-10 years
(5-year incidence rate, 1.6% [95% CI 1.3-1.9], 2.5%
[2.3-2.8], and 0.6% [0.5-0.8] in the pediatric age groups
of 0-3, 4-12, and 13-18 vyears, respectively; 10-year
incidence rate, 5.0% [4.5-5.5], 3.8% [3.5—-4.1], and 1.0%
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[0.8-1.1] in the pediatric age groups of 0-3, 4-12, and
13-18 years, respectively).

Cancer types and risk of ADHD

The 10-year incidence rates of ADHD in the healthy con-
trol, brain tumor, ALL, and other tumor groups were
2.0% (95% CI 1.9-2.1), 4.0% (3.3-4.6), 2.9% (2.2-3.7),
and 2.6% (2.4-2.8), respectively (p<0.001, Fig. 2c).
ADHD was more frequently diagnosed in patients with
brain tumors (4.7%), ALL (3.7%), and other tumors
(3.3%) compared with the healthy control group (2.3%)
(p<0.001) (Table 1, Additional file 1). Compared with
healthy children, the hazard ratio (HR) for ADHD in
patients with pediatric cancer was 1.30 (95% CI 1.20-
1.40, p<0.001) after adjusting for sex, age, birth year, and
survival duration. The multivariate analysis in Table 2
revealed that brain tumors presented the highest HR for
ADHD compared with healthy controls (HR 1.85, 95%
CI 1.57-2.17, p<0.001). However, we did not find a sig-
nificant association between ALL and ADHD (p=0.07).
Head and neck, gastrointestinal tract, genitourinary,

Table 2 Multivariate Cox regression for ADHD risk and use of ADHD medications in the cancer survivor cohort

ADHD diagnosis ADHD medication

HR (95% Cl) p-value HR(95% Cl) p-value
Sex
Male vs. female 1.83(1.63-2.07)  <0.001 1.96 (1.60-2.38) <0.001
Age
0-3vs.13-18 2.65(225-3.12)  <0.001 2.62(1.98-3.45) <0.001
4-12vs.13-18 328(2.61-4.12) <0001 344 (2.30-4.86) <0.001
Birth year

>2000 vs. <2000
Survival duration

<10years vs.> 10 years
Cancer type (vs. healthy, entire cohort)

Malignant neoplasm of the brain and meninges

Acute lymphoblastic leukemia

Malignant neoplasms of the lip, oral cavity, and pharynx
Malignant neoplasms of digestive organs

Malignant neoplasms of respiratory and intrathoracic organs

Malignant neoplasms of bone, articular cartilage, skin, breast, mesothelial and soft tissue

Malignant neoplasms of genital organs and urinary tract

Malignant neoplasms of lymphoid, hematopoietic, and related tissue®
Unclassified malignant neoplasms

Cancer type (vs. Malignant neoplasm of the brain and meninges)
Acute lymphoblastic leukemia

Malignant neoplasms of the lip, oral cavity, and pharynx

Malignant neoplasms of digestive organs

Malignant neoplasms of respiratory and intrathoracic organs

Malignant neoplasms of genital organs and urinary tract
Malignant neoplasms of lymphoid, hematopoietic, and related tissue?

( )
( )
( )
( )
Malignant neoplasms of bone, articular cartilage, skin, breast, mesothelial and soft tissue ~ 0.58 (0.46-0.73)
( )
( )
( )

Unclassified malignant neoplasms

1.16 (0.99-1.37) 0.07 142 (1.09-1.86) 0.01

0.28(0.16-0.51)  <0.001  0.58(0.19-1.82) 0.35
1.85(1.57-2.17) <0001  1.79(1.32-2.31) <0.001
1.24 (0.98-1.56) 0.07 1.17 (0.82-1.68) 0.38
144 (1.22-1.71) <0001 1.31(0.99-1.72) 0.06
1.19(1.00-1.42) 0.049  1.08 (0.81-1.44) 0.60
0.97(0.71-1.31) 0.82 0.92(0.57-1.50) 0.75
1.07 (0.89-1.28) 048 0.85(0.62-1.16) 0.29
1.25 (1.05-1.50) 0.01 1.27 (0.96-1.66) 0.09
1.34(1.14-157) <0001  1.18(0.91-1.55) 0.22
1.26 (1.10-144)  <0.001  1.06 (0.85-1.33) 0.60
0.67(0.50-0.92 0.01 0.67 (0.42-1.06) 0.09
0.76 (0.61-0.95 0.01 0.70 (0.49-0. 998) 0.049
0.67 (0.53-0.84 <0.001 061 (042-0.88) 0.01
0.54 (0.38-0.75 <0.001  0.52(0.30-0.89) 0.02
<0.001  047(032-0.70) <0.001
0.67 (0.53-0.84 <0.001  0.70 (0.49-0.995) 0.047
0.73 (0.58-0.90 0.004 067 (0.47-0.95) 0.03
0.66 (0.54-0.81 <0.001 0.58(042-0.79) <0.001

ADHD attention-deficit/hyperactivity disorder, Cl confidence interval, HR hazard ratio

2Except for acute lymphoblastic leukemia
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lymphohematopoietic (excluding ALL), and other unclas-
sified tumors were linked to a higher risk of developing
ADHD. Compared with brain tumors, the risk of ADHD
for other cancer types was lower with all HRs being less
than 1.

Notably, the impact of the cancer type on ADHD risk
varied by age group (Table 3). Compared with adoles-
cents (13-18 vyears), children diagnosed with cancer

Table 3 Risk of ADHD by age, cancer type, and treatment
(reference: 13-18-year-old age group)

Age 0-3 Age 4-12
HR (95% p-value HR (95% p-
Cl) ()] value
Cancer type?
Malignant neoplasm  1.15 0.62 1.38 0.1
of the brain and (0.67-1.99) (0.94-2.05)
meninges
Acute lymphoblastic  2.77 0.04 1.96 0.16
leukemia (1.06-7.26) (0.77-4.97)
Malignant neo- 1.04 0.89 1.24 0.35
plasms of the lip, oral  (0.62-1.73) (0.79-1.95)
cavity, and pharynx
Malignant neo- 1.69 0.02 1.39 0.12
plasms of digestive (1.08-2.64) (0.92-2.08)
organs
Malignant neo- 1.78 0.17 1.65 0.17
plasms of respira- (0.79-4.03) (0.81-3.35)
tory and intrathoracic
organs
Malignant neo- 1.26 0.38 1.28 0.25
plasms of bone, ar- (0.76-2.10) (0.84-1.97)

ticular cartilage, skin,
breast, mesothelial
and soft tissue

Malignant neo- 1.90 0.01 1.49 0.11

plasms of genital (1.16-3.12) (0.91-2.45)

organs and urinary

tract

Malignant neo- 232 <0.001 142 0.14

plasms of lymphoid,  (1.42-3.77) (0.90-2.25)

hematopoietic, and

related tissue®

Unclassified malig- 1.50 0.048 1.52 0.03

nant neoplasms (1.003-2.25) (1.04-2.22)

Cancer treatment®

Surgery 113 062 1.08 075
(0.70-1.80) (0.69-1.68)

Chemotherapy® 2.89 0.03 242 0.06
(1.14-7.38) (0.96-6.14)

Radiotherapy 7.93E+05 0.98 445E4+05 098
(0-inf) (0-inf)

Cl confidence interval, HR hazard ratio, inf infinity

*The hazard ratios were adjusted for sex, birth year (>2000 vs.<2000), and
survival duration (< 10 years vs. > 10 years)

PExcept for acute lymphoblastic leukemia

‘The hazard ratios were adjusted for sex, birth year (=2000 vs.<2000), survival
duration (< 10 years vs.> 10 years), cancer types, and treatment modalities

dLimited to injectable chemotherapy agents
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at the age of 0-3 years had a significantly higher risk of
ADHD: ALL (HR 2.77, 95% CI 1.06-7.26, p =0.04), diges-
tive organ malignancies (HR 1.69, 95% CI 1.08-2.64,
p=0.02), genital and urinary tract malignancies (HR 1.90,
95% CI 1.16-3.12, p=0.01), and lymphoid and hemato-
poietic malignancies excluding ALL (HR 2.32, 95% CI
1.42-3.77, p<0.001). By contrast, children diagnosed
with these cancer types at the age of 4—12 years did not
show a significantly higher risk of ADHD. Meanwhile,
children diagnosed with unclassified tumors at the age of
0-3 and 4-12 years had a significantly elevated ADHD
risk (HR 1.50, 95% CI 1.003-2.25, p =0.048; HR 1.52, 95%
CI1.04-2.22, p=0.03, respectively).

Treatment types and risk of ADHD

In the entire cancer cohort, radiotherapy marginally
increased the risk of ADHD (p=0.10) (Additional file
2). However, in patients with ALL, radiotherapy was sig-
nificantly associated with an increased risk of ADHD
(p=0.003). No significant associations between the treat-
ment type and ADHD risk were observed for other can-
cer types.

The impact of treatment types on ADHD risk also var-
ied by age group (Table 3). Among cancer treatments,
chemotherapy was associated with an increased ADHD
risk in children diagnosed at the age of 0-3 years (HR
2.89, 95% CI 1.14-7.38, p=0.03). By contrast, no signifi-
cant associations were observed between the treatment
type and ADHD risk in older children or in the entire
cancer cohort.

Use of ADHD medications across cancer types

The proportions of patients diagnosed with ADHD who
received medications were 40.3% (1,154 of 2,863 cases),
39.5% (66 of 167 cases), 41.6% (32 of 77 cases), and 37.5%
(381 of 1,016 cases) in the healthy control, brain tumor,
ALL, and other tumor groups, respectively, indicating no
significant variance (p=0.46). However, across the can-
cer types, the use of ADHD medications was significantly
associated with brain tumors among the different tumor
types (HR 1.79, 95% CI 1.32-2.31, p<0.001) (Table 2,
Additional file 1). Furthermore, the use of ADHD medi-
cations was significantly associated with younger age
groups (0—3 or 4-12 years).

The median duration of ADHD medication use was
significantly longer in the brain tumor (369 days, inter-
quartile range [IQR] 97-758) and ALL (418 days, IQR
112-1,082) groups than in the healthy control group
(209 days, IQR 50-665) (p=0.002). Table 4 shows that
brain tumor survivors were significantly more likely
to require long-term ADHD medications (defined
as>7 months) compared with healthy controls (odds
ratio 2.06, 95% CI 1.20-3.59, p=0.01).
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Table 4 Multivariate logistic regression for the duration of ADHD
medication use (>7 months)?
Cancer type (vs. healthy)

OR(95%Cl) p-

value
Malignant neoplasm of the brain and meninges 206 001
(1.20-3.59)
Acute lymphoblastic leukemia 1.56 0.24
(0.75-3.39)
Malignant neoplasms of the lip, oral cavity, and 127 040
pharynx (0.73-2.25)
Malignant neoplasms of digestive organs 0.88 0.68
(0.48-1.59)
Malignant neoplasms of respiratory and intra- 1.20 071
thoracic organs (045-3.31)
Malignant neoplasms of bone, articular carti- 1.18 062
lage, skin, breast, mesothelial and soft tissue (0.62-2.25)
Malignant neoplasms of genital organs and 067 017
urinary tract (0.38-1.18)
Malignant neoplasms of lymphoid, hematopoi- 1.13 067
etic, and related tissue® (0.65-1.96)
Unclassified malignant neoplasms 1.24 037
(0.78-1.96)

Cl confidence interval, OR odds ratio

“The odds ratios were adjusted for sex, age (0-3 years vs. 4-12 years vs.
13-18 years), birth year (=2000 vs.<2000), and survival duration (<10 years
vs.> 10 years)

PExcept for acute lymphoblastic leukemia

Discussion

We provided nationwide evidence that pediatric cancer
survivors face a higher risk of ADHD compared with
the general population. Malignant neoplasms of the
brain and meninges; lip, oral cavity, and pharynx; diges-
tive organs; genital and urinary tract; lymphoid and
hematopoietic tissues (excluding ALL); and unclassified
neoplasms were associated with ADHD risk. Although
some of our results align with findings from a previous
Taiwanese population-based study [18], the larger cohort
size in our study enabled us to identify ADHD risk in
previously unexamined cancer types. Notably, our study
uniquely identified that ALL was not associated with
ADHD risk. Moreover, survivors of lip, oral cavity, and
pharynx neoplasms had a higher risk of ADHD, whereas
no significant association was observed for cancers of the
respiratory and intrathoracic organs.

It is worth noting that the 10-year cumulative incidence
of ADHD observed in this study (2.0%—4.0%) is lower
than the previously reported global and Korean preva-
lence estimates derived from community-based studies
[11, 12]. This discrepancy is largely due to our reliance on
NHIS claims data, which reflects only those seeking for-
mal hospital treatment rather than the broader symptom-
atic population captured in community-based surveys.
As shown in previous Korean registry-based research,
ADHD incidence in claims data is often recorded at sig-
nificantly lower rates than in other datasets [22]. How-
ever, this implies that our cohort consists of clinically
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significant cases where symptoms were severe enough
to warrant specialized medical intervention and formal
pharmacological management. By focusing on relative
risk comparisons between cancer survivors and healthy
controls within this consistent dataset, we have identified
critical risk factors while accounting for the conservative
nature of claims-based incidence.

Among pediatric cancer survivors, brain tumor survi-
vors had the highest incidence of ADHD, highlighting the
significant neurocognitive burden associated with this
cancer type. Brain tumors often affect regions involved in
cognitive and executive function which could explain the
higher prevalence of ADHD in this group [24]. Surgical
resection, cranial radiation, neuro-penetrating chemo-
therapy, and associated brain injuries may lead to long-
term deficits in attention regulation, impulse control, and
working memory, further increasing the susceptibility
for ADHD [25]. Although ALL survivors did not show a
significant association with ADHD risk, radiotherapy in
patients with ALL significantly increased the incidence
of ADHD. The significant association could be explained
by the fact that, in most cases of ALL, radiotherapy is
administered as cranial radiotherapy for central ner-
vous system involvement or irradiation to the total body,
including the brain [26]. Brain damage from radiation
exposure, rather than ALL itself, may play a key role in
ADHD development. By contrast, patients with ALL who
did not receive radiotherapy may have had a lower risk
because of the absence of direct neurotoxic effects on the
brain.

Although oral chemotherapy is a major component of
pediatric ALL therapy, we excluded it from our treatment
exposure analyses due to limitations of the NHIS-NHID
database. Reliable identification of oral chemotherapeutic
agents across the study period (2004—2011) proved chal-
lenging given changes in drug-specific coding over time,
and prescription claims do not necessarily reflect actual
intake, adherence, or dose intensity, raising concerns
about exposure misclassification. We therefore focused
on procedural codes for injectable chemotherapeutic
agents, which are more consistently captured in adminis-
trative claims. Notably, induction chemotherapy for ALL
at major pediatric centers in Korea uniformly includes
intravenous agents [27], and most reimbursed first-line
regimens mandate concomitant intravenous chemother-
apy; thus, substantial misclassification of treated ALL
patients as untreated is unlikely. However, our inability
to capture long-term oral chemotherapy exposure may
have limited assessment of cumulative treatment effects,
and treatment-related findings should be interpreted
accordingly.

Pediatric cancer survivors, particularly those with brain
tumors, were treated with medications significantly lon-
ger than healthy controls, indicating a greater ADHD
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severity and disease burden. Brain tumor survivors have
a significant risk of chronic neurocognitive late effects,
leading to global cognitive decline and long-term aca-
demic and social challenges [28, 29]. Moreover, brain
tumor survivors diagnosed with ADHD have been shown
to exhibit poorer cognitive function compared to chil-
dren with neurodevelopmental ADHD [30]. These diffi-
culties are further exacerbated by the plateauing of core
neurocognitive abilities, affecting the quality of life [31,
32]. Methylphenidate has demonstrated effectiveness
in managing “secondary ADHD” due to acquired brain
injury [33, 34], with studies supporting its long-term
benefits in attention regulation, academic performance,
and overall well-being [35-37]. Using national registry-
based epidemiological data, the present study reinforces
the persistent neurocognitive impact in brain tumor sur-
vivors and emphasizes the necessity of long-term phar-
macological management.

The present study observed an age-related pat-
tern in ADHD incidence, with higher initial rates in
the 4-12 year group, followed by a later increase in the
0-3 year group after 5 years in both the entire cohort and
the cancer survivor cohort. This finding is unsurprising
given that the established median age of ADHD diagnosis
is around 6-7 years, with even more severe cases gener-
ally identified after age 4 [23]. Nonetheless, this finding
underscores the importance of long-term follow-up in
childhood cancer survivorship. In the pediatric cancer
cohort, the results showing a significantly higher ADHD
diagnosis rate in the 0—3 year-old age group at 10 years
compared with that at 5 years suggest that the survi-
vors diagnosed and treated for cancer in this age group
require close monitoring for ADHD over an extended
period, particularly throughout their school years.

As we consider the practical implications of our find-
ings, it’s essential to revisit the application of ADHD
diagnoses in pediatric cancer survivors, a complex and
actively debated issue. Although ADHD is traditionally
considered a neurodevelopmental condition, current
Diagnostic and Statistical Manual of Mental Disorders
(DSM) criteria do not strictly preclude its diagnosis when
attentional symptoms arise from a known medical condi-
tion [38]. However, the age-of-onset requirement in the
DSM criteria leads some providers to hesitate in diagnos-
ing ADHD in adolescent cancer survivors. As a result,
our study may underestimate ADHD incidence in older
age groups within this population. While the term sec-
ondary ADHD has been applied to pediatric cancer sur-
vivors, drawing similarities to the functional impairments
of survivors of pediatric cancer and neurodevelopmental
ADHD, ongoing research suggests that nuanced differ-
ences may exist in neuropsychological profiles, treatment
response, and side effect sensitivity to stimulant medica-
tions [30, 39, 40]. Specifically, secondary ADHD often
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represents one facet of the broader spectrum of later
cognitive deficits observed in pediatric cancer survi-
vors, encompassing areas beyond attention, such as
memory or processing speed [30, 41, 42]. Consequently,
addressing the diverse neurocognitive challenges faced
by pediatric tumor survivors calls for multiple, targeted
intervention approaches tailored to their individual pro-
files. Future research should prioritize identifying sub-
groups of patients based on unique neurocognitive and
psychosocial characteristics, ultimately linking these pro-
files to appropriate and personalized interventions.

This study had several limitations. Because of its ret-
rospective nature, this study was inherently subject to
potential biases, such as selection and information bias,
and limitations in data collection. The exclusive use of
claims-based diagnostic and procedure codes restricted
the clinical granularity of our analysis, as it lacked
detailed information on cancer stage, radiation fields or
doses, oral chemotherapy exposure, and standardized
neuropsychological assessments. The challenges associ-
ated with searching for specific surgical codes led us to
verify only the performance of the surgery, rather than
detailing the specific names of the surgery. Similarly,
the limitations in the available data concerning specific
treatment sites restricted our ability to confirm only the
administration of radiotherapy. Moreover, the statistical
power of our study might have been affected by the rela-
tively low proportion of patients undergoing treatment.
In the study by Shabason et al., approximately 81.3% of
patients with pediatric brain tumors underwent surgery,
40.0% received radiotherapy, and 36.6% were treated with
chemotherapy [9]. By contrast, our study had a markedly
lower number of treated patients, which might be attrib-
uted to several factors. Only treatments and diagnoses
that were covered by insurance claims were included in
our analysis. Patients diagnosed or treated outside the
insurance system, possibly through nonreimbursed ser-
vices—particularly advanced radiation modalities used
in patients with brain tumors, including intensity-mod-
ulated radiotherapy and proton therapy, during the study
period—were not captured in the dataset. While the vast
majority of ADHD diagnoses and medication prescrip-
tions in Korea are known to be made by psychiatrists [21,
22], we lack detailed information regarding the specific
assessment processes used, such as whether objective
neuropsychological evaluations were conducted. More-
over, the fact that most non-pharmacological ADHD
treatments are non-reimbursed and therefore uncaptured
by our data represents a further limitation of this study.
Lastly, we could not account for unmeasured confound-
ers such as socioeconomic status, school-based interven-
tions, and cognitive rehabilitation, as these variables are
not available in the NHIS database. Future cohort stud-
ies incorporating these factors are warranted to identify
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key determinants of later cognitive outcomes in pediatric
cancer survivors.

Conclusions

This study provides comprehensive nationwide evidence
that pediatric cancer survivors face an increased risk
of ADHD, with variations based on cancer type, age at
diagnosis, and treatment exposure. Among survivors,
patients with brain tumors exhibited the highest inci-
dence of ADHD and required the use of ADHD medica-
tions for a longer duration, indicating a greater disease
burden and severity. Considering the complex interplay
between cancer type, treatment modality, and devel-
opmental stage, individualized follow-up strategies are
needed. Furthermore, these findings highlight the criti-
cal need for healthcare providers, especially clinicians,
to incorporate vigilant ADHD monitoring and proactive
management strategies into the long-term care plans of
these patients. Moreover, a comprehensive, multidisci-
plinary approach is essential to address the multifaceted
physical and neurodevelopmental challenges encoun-
tered by this vulnerable population.
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