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Purpose This study aimed to investigate the incidence and risk factors for secondary malignant neoplasms (SMN) in pediatric solid
tumors, focusing on the effects of tandem high-dose chemotherapy (HDCT).

Materials and Methods Patients (aged < 19 years) diagnosed with or treated for pediatric solid tumors between 1994 and 2014
were retrospectively analyzed. The cumulative incidence of SMN was estimated using competing risk methods by considering death

as a competing risk.

Results A total of 1,435 patients (413 with brain tumors and 1,022 with extracranial solid tumors) were enrolled. Seventy-one
patients developed 74 SMNs, with a 10-year and 20-year cumulative incidence of 2.680+£0.002% and 10.193+0.024%, respectively.
The types of SMN included carcinoma in 28 (37.8%), sarcoma in 24 (32.4%), and hematologic malignancy in 15 (20.3%) cases. Osteo-
sarcoma and thyroid carcinoma were the most frequently diagnosed tumors. Multivariate analysis showed that radiotherapy (RT) > 2,
340 cGy, and tandem HDCT were significant risk factors for SMN development. The SMN types varied according to the primary tumor
type; carcinoma was the most frequent SMN in brain tumors and neuroblastoma, whereas hematologic malignancy and sarcomas
developed more frequently in patients with sarcoma and retinoblastoma, respectively.

Conclusion The cumulative incidence of SMN in pediatric patients with solid tumors was considerably high, especially in patients who
underwent tandem HDCT or in those who received RT > 2,340 cGy. Therefore, the treatment intensity should be optimized based on
individual risk assessment and the long-term follow-up of pediatric cancer survivors.
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Introduction

The survival rates of pediatric patients with cancer have
improved significantly over the decades, resulting in a 5-year
survival rate of > 80% [1]. This improvement has been attrib-
uted to the development of various treatment protocols, sup-
portive care, and modern multimodal treatment approaches.
However, this improvement was accompanied by an increase
in various late complications among long-term survivors.
The development of secondary malignant neoplasms (SMN)
is one of the most serious complications for survivors. The
Childhood Cancer Survivor Study (CCSS) showed that pedi-
atric cancer survivors had an excess mortality rate long after
diagnosis, and the death rate due to SMN was the highest
after death attributed to recurrent disease [2].

Autologous hematopoietic cell transplantation and high-
dose chemotherapy (HDCT) are widely used to improve the
survival rate of pediatric patients with high-risk or relapsed
solid tumors [3-5]. In our institution, we implemented tan-
dem HDCT to improve the treatment outcomes of patients
with high-risk solid tumors [6-9] and minimize radiation
exposure in patients with brain tumors [7,10], which has
shown some success, especially in improving survival.
However, because HDCT regimens for solid tumors usually
include high-dose alkylating agents and, in some cases, total
body irradiation (TBI), HDCT could be a risk factor for SMN
development.

In this study, we evaluate the incidence and risk factors of
SMN in pediatric patients with solid tumors, focusing on the
effects of tandem HDCT.
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Materials and Methods

1. Patients and data collection

Pediatric patients diagnosed with or treated for solid
tumors at the Samsung Medical Center between Novem-
ber 1994 and December 2014, who were under 19 years
of age at initial diagnosis, were included in this study. An
SMN was defined as a histologically distinct tumor that was
diagnosed at least 6 months after the diagnosis of a primary
tumor [11,12]. Patients with a follow-up duration of less than
6 months and those who visited our hospital after an SMN
diagnosis were excluded. Clinical data regarding the charac-
teristics of the primary tumors, treatment modalities, SMN
characteristics, and treatment outcomes were retrospectively
collected. Primary tumors are primarily divided into brain
and extracranial solid tumors. Brain tumors are subdivided
into embryonal tumors, intracranial germ cell tumors, low-
grade gliomas, high-grade gliomas, ependymomas, and oth-
er rare tumors. Extracranial solid tumors include neuroblas-
tomas, retinoblastomas, sarcomas, Wilms tumors, germ cell
tumors, and hepatoblastomas/hepatocellular carcinomas.
Treatment modalities were categorized into surgery, chemo-
therapy, radiotherapy (RT), and HDCT. The use of chemo-
therapeutic agents such as cyclophosphamide, ifosfamide,
cisplatin, etoposide, and doxorubicin and data on the regi-
men in patients who underwent HDCT were investigated.
When patients were tested for cancer-predisposing genes,
the results were collected regardless of the testing method,
which included candidate gene testing or panel sequencing.
SMN were primarily categorized as carcinoma, hematologic
malignancy, and sarcoma. The time to SMN development
and outcomes after SMN development were also recorded.

2. Statistical analysis

Clinical characteristics were compared between the two
groups using the Pearson chi-square test or Fisher’s exact
test for categorical variables and the Kruskal-Wallis rank-
sum test for continuous variables. The cumulative incidence
of SMN was estimated using competing risk methods by
considering death as a competing risk [13]. The cumulative
incidence of SMN was compared using Gray's test. A cause-
specific Cox regression model was used to evaluate the effects
of clinical covariates on the cumulative incidence of SMN.
Maximally selected log-rank statistics were used to obtain
the optimal RT cutoff dose to separate patients in terms of
SMN incidence [14]. All statistical analyses were performed
using R ver. 4.1.3 (R Foundation for Statistical Computing,
Vienna, Austria; http: // www.R-project.org/), and p-values <
0.05 were considered statistically significant.

Results

1. Patients’ characteristics

A total of 1,435 pediatric patients with solid tumors were
enrolled in this study. Seventy-one patients (4.9%) developed
SMN. The number and percentage of patients who devel-
oped SMN according to their characteristics are summarized
in Table 1. The follow-up duration was longer in patients
with SMN (median, 15.2 vs. 9.1 years; p < 0.001). In this study
population, 354 patients died of primary or secondary tumor
progression or treatment-related mortality, resulting in a 10-
year overall rate of 75.1%. The median follow-up duration
was 9.5 years (range, 0.5 to 26.3 years), and the median age
at the last follow-up was 15.5 years (range, 0.7 to 41.7 years).

2. Incidence and characteristics of SMN

Seventy-one patients developed 74 SMNs, including three
patients who developed two SMNs sequentially. The 10- and
20-year cumulative incidence of SMN was 2.680+0.002% and
10.193+0.024%, respectively. The median time to the develop-
ment of SMN was 11.6 years (range, 1.3 to 25.3 years). Car-
cinoma accounted for 28 cases (37.8%), followed by sarcoma
in 24 cases (32.4%), and hematologic malignancy in 15 cases
(20.3%). Time to SMN was the shortest in hematologic malig-
nancy, with a median of 3.0 years (range, 1.3 to 18.9 years)
compared to those of carcinoma (median, 12.7 years; range,
5.1 to 25.3 years) or sarcoma (median, 12.2 years; range, 3.2
to 19.0 years) (p < 0.001) (S1 Table). SMN-related deaths
occurred in 18 patients, resulting in 0.8% of 10-year and
3.6% of 20-year cumulative incidences. Five-year overall sur-
vival after SMN development was 64.4+7.3%. Survival after
SMN diagnosis was highest in the carcinoma group, with
92.0+5.5% of the 5-year overall survival rate (p=0.026) (Fig.
1).

Among the 74 cases of SMN, osteosarcoma and thyroid
carcinoma were the most frequently diagnosed in 16 and 12
patients, respectively. Secondary osteosarcomas developed
in nine patients with bilateral retinoblastoma, three with
high-risk neuroblastoma, two with adrenocortical carcino-
ma, and one with medulloblastoma and Ewing sarcoma. Sec-
ondary osteosarcoma following Ewing sarcoma developed
within the previous radiation field, and two patients with
adrenocortical carcinoma were confirmed to have Li-Fra-
umeni syndrome with a germline TP53 pathogenic variant.
Among the 12 patients with thyroid carcinomas, 10 had pap-
illary thyroid carcinomas, and two cases had follicular thy-
roid carcinomas. The primary tumors were neuroblastoma
(six patients), brain tumors (two patients), and others (four
patients). Among them, six patients received RT in the neck
area.
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Table 1. Patient characteristics

Characteristic No. of SMN (%) p-value

Sex
Male (n=792) 35 (4.4) 0367
Female (n=643) 36 (5.6)
Diagnosis
Brain tumor (n=413) 13 (3.0) 0.027
Embryonal tumor (n=127) 9(7.1)
Germ cell tumor (n=126) 3(24)
Low-grade glioma (n=68) 1(1.5)
High-grade glioma (n=41) 0
Ependymoma (n=37) 0
Others (n=14) 0
Extracranial solid tumor (n=1,022) 59 (5.6)
Neuroblastoma (n=403) 25 (6.2)
Sarcoma (n=222) 14 (6.3)
Retinoblastoma (n=134) 12 (9.0)
Wilms tumor (n=82) 0
Germ cell tumor (n=80) 2(2.5)
HB/HCC (n=47) 1(2.1)
Others (n=54) 4(7.4)
Treatment
Chemotherapy
Done (n=1,316) 71 (5.4) 0.017
Not done (n=119) 0
Radiotherapy
Done (n=804) 46 (5.7) 0.161
Not done (n=631) 25 (4.0)
Surgery
Done (n=1,189) 62 (5.2) 0.254
Not done (n=245) 9(3.7)
HDCT
Not done (n=955) 34 (3.6) 0.001
Single (n=94) 5(5.3)
Tandem (n=386) 32 (8.3)
Cancer predisposition syndrome
CPS confirmed (n=83) 12 (14.5) <0.001
CPS gene not confirmed (n=479) 25 (5.2)

CPS, cancer predisposition syndrome; HB, hepatoblastoma;
HCC, hepatocellular carcinoma; HDCT, high-dose chemother-

apy.

3. Risk factors of SMN

Clinical characteristics, including treatment modalities
and diagnosis, were analyzed as risk factors for SMN (Fig.
2). There was no difference in the cumulative incidence of
SMNs when the patients were divided into two groups
based on whether they received RT. To consider the effect
of the RT dose, a maximally selected log-rank test was per-
formed, and the cutoff value that resulted in a difference
in SMN incidence was 2,340 c¢Gy. The SMN incidence was
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Survival after SMN
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Fig. 1. Overall survival after secondary malignant neoplasm
(SMN) development. Survival after an SMN diagnosis differed
according to SMN type. Overall survival after SMN was highest
in the carcinoma group.

higher in patients who received RT exceeding 2,340 cGy
(p=0.016), whereas patients who received RT > 2,340 cGy
showed no difference from those who did not receive RT. The
20-year cumulative incidences of SMN according to HDCT
were 5.930+0.015% in patients without HDCT, 8.567+0.151%
in patients who underwent single HDCT, and 18.453+0.186%
in patients with tandem HDCT. HDCT was a risk factor for
SMN (p=0.004). No significant difference in SMN incidence
was observed between patients who received a single HDCT
and those who did not receive HDCT:; the incidence of SMN
was significantly increased in patients who received tandem
HDCT (p=0.001). Patients with cancer predisposition syn-
drome (CPS) had a higher risk of developing SMN (p=0.011).
Among chemotherapeutic agents, only cyclophosphamide
and ifosfamide were risk factors for SMN development
(p=0.013 and p=0.001, respectively). In a subgroup analysis
of patients who underwent HDCT, there was no difference in
the incidence of SMN according to the specific conditioning
drug or modality used. The incidence of SMN was higher
in patients with extracranial solid tumors than in those with
brain tumors (p=0.033) (Fig. 3).

In the multivariate analysis using treatment modalities and
diagnosis as covariates, extracranial solid tumors, RT > 2,340
cGy, and tandem HDCT were significant factors for devel-
oping SMNs (Table 2). The presence of CPS was excluded
from the multivariate analysis because of the high number
of missing values.

We conducted additional analyses to investigate whether
the characteristics of SMN, such as SMN type, location, and
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Fig. 2. Risk factors of secondary malignant neoplasm (SMN) development. Clinical characteristics, including treatment modalities and
diagnosis, were analyzed as risk factors of SMN. The SMN incidence was higher in patients who received radiotherapy (RT) exceeding
2,340 cGy or tandem high-dose chemotherapy (HDCT), or in those with confirmed cancer predisposition syndromes. Among chemothera-
peutic (CTx) agents, the use of cyclophosphamide and ifosfamide were risk factors for SMN development. (Continued to the next page)
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Fig. 3. Cumulative incidences of secondary malignant neoplasm
(SMN) according to tumor type. The incidence of SMN was
higher in patients with extracranial solid tumors than in those
with brain tumors, and the incidences are illustrated according
to tumor type. IC-GCT, intracranial germ cell tumor.
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Table 2. Multivariate analysis of risk factors for SMN
Risk factors
Diagnosis

Extracranial solid tumor

Brain tumor
Radiotherapy

RT > 2,340 cGy

RT < 2,340 cGy

No radiotherapy
High-dose chemotherapy

Tandem HDCT

Single HDCT

No HDCT

HR 95% CI p-value
3.316 1.567-5.739 0.001
1
2917 1.337-4.388 0.004

-1.881 0.168-1.037 0.060
1
3.972 1.760-5.297 <0.001
0.780 0.554-3.934 0.436
1

CI, confidence interval; HDCT, high-dose chemotherapy; HR, hazard ratio; RT, radiotherapy; SMN, secondary malignant neoplasm.

timing, differed depending on the presence of risk factors,
such as RT and HDCT. There were no differences in the
timing or site of occurrence of SMN based on RT or HDCT.
However, SMN types showed significant differences based
on RT dose (p=0.045), and although there was no statisti-
cally significant difference in SMN types based on HDCT,
there was a trend of increase in sarcomas with the number of
HDCT (p=0.605) (52 Fig.).

Among the 48 SMN cases previously treated with RT,
excluding the 11 cases of hematologic malignancy, 24 of the
37 SMN cases occurred within the previous radiation field,
and 13 occurred outside the field. The specific numbers
according to SMN type are detailed in 52 Fig.

4. SMN according to the primary tumor type

The cumulative incidence of SMN according to tumor type
is illustrated in Fig. 3. Among the brain tumors, embryonal
tumors showed the highest cumulative incidence, although
the difference was not statistically significant. In extracranial
solid tumors, there was a statistically significant difference
in the cumulative incidence of SMN according to the diag-
nosis (p=0.028). The SMN type differed according to the pri-
mary tumor type (p < 0.001) (Fig. 4). Carcinoma is the most
frequent SMN among brain tumors and neuroblastomas,
whereas hematologic malignancies and sarcomas frequently
develop into sarcomas and retinoblastomas, respectively.
Detailed information on the SMN types according to prima-
ry tumor type is provided in S3 Table.

Among 413 patients with brain tumors, 14 SMNs occu-
rred in 13 patients (3.1%), and the primary diagnoses were
embryonal tumors in nine patients, intracranial germ cell
tumors in three patients, and low-grade glioma in one pati-
ent. The 10- and 20-year cumulative incidences of SMN were
1.745£0.005% and 5.138+0.027%, respectively. There were
79 patients who did not receive RT and 17 patients who

SMN type according to the
(%) primary diagnosis
100 + = Carcinoma
90 - = Sarcoma
80 - = HM
70 4 = QOther
60 1
50 1
40 -
30 1
20 1
10 -
0 o

® > ®
’\\>® /\Q '2‘)5\0&%/(@ ,&906\/'@ ,2;33\96\/'\(“ Q}% 4
S P T S \
N & $
Primary cancer diagnosis

Fig. 4. Secondary malignant neoplasm (SMN) type according to
primary diagnosis. The SMN types were different according to
primary tumor type. Carcinoma was the most frequent SMN in
brain tumors and neuroblastomas, whereas hematologic malig-
nancy (HM) and sarcoma frequently developed in patients with
sarcoma and retinoblastoma, respectively.

received RT < 2,340 cGy, and none of them developed SMN.
All patients who developed SMN received RT > 2,340 cGy.
Among them, 26 patients underwent HDCT (24 tandem
HDCT and two single HDCT) to omit RT or reduce the RT
dose, and no SMN occurred in these patients. From the per-
spective of the RT field, the incidence of SMN was signifi-
cantly higher in patients who underwent craniospinal irra-
diation (p=0.037). HDCT showed no statistically significant
difference in the incidence of SMN development in the brain
tumor subgroup (54 Fig.).

In 403 patients with neuroblastoma, 26 SMNs developed
in 25 patients (6.2%), resulting in 10- and 20-year cumulative
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incidences of 2.577+0.007% and 17.1330.195%, respectively.
Among these patients, 20 underwent HDCT; a TBI-based
HDCT regimen was used in 12 patients, and a non-TBI-
based regimen was used in eight patients. RT, especially RT
> 2,340 Gy, was a significant factor in the development of
SMN in neuroblastoma (S5 Fig.). In the multivariate analysis
confined to neuroblastoma using RT and HDCT as covari-
ates, RT > 2,340 cGy showed statistical significance (p=0.006),
whereas no significant difference was observed with HDCT
(p=0.764). HDCT regimens, including TBI and metaiodoben-
zylguanidine, did not show statistical significance (p=0.763)
(S5 Fig.).

In 222 patients with sarcoma, 15 SMNs developed in 14
patients (6.3%), including eight hematologic malignancies,
but there was no significant difference in the cumulative
incidence of SMNs according to disease category and RT
history. Among the 134 patients with retinoblastoma, SMN
occurred in 12, 11 of whom had bilateral retinoblastomas.
One of the 96 patients with unilateral retinoblastoma devel-
oped thyroid carcinoma as an SMN, and 11 of the 38 patients
with bilateral retinoblastoma developed osteosarcoma (nine
patients) and non-rhabdomyosarcoma soft tissue sarcoma
(two patients). Among patients with bilateral retinoblasto-
ma, those who underwent HDCT showed a higher incidence
of SMNs (p=0.031) (S6 Fig.). Among the 82 patients with
Wilms tumors, no SMN occurred, including 46 patients who
received RT.

Discussion

In this study, the cumulative incidence of SMN in pediat-
ric patients with solid tumors was considerably high, with a
10- and 20-year cumulative incidence of 2.680+0.002% and
10.193+0.024%, respectively. This incidence is higher than
that reported in previous studies. CCSS has a 20-year cumu-
lative incidence of 3.2% [15]. A follow-up study by the same
group showed a 30-year cumulative incidence of 20.5%,
although the incidence of SMN was 7.9%, excluding non-
melanoma skin cancer [16]. A study from Japan also showed
10- and 20-year cumulative incidences of 1.1% and 2.6%,
respectively [17], and a nationwide population-based study
using the National Cancer Registry in Korea showed 10- and
15-year cumulative incidences of 1.2% and 2.0%, respectively
[11]. This result is partly attributed to the differences in the
study population. Our study included only patients with
solid tumors, whereas other studies included all pediatric
cancers, including hematologic malignancies. In a study by
a Japanese group [17], the cumulative incidence is the low-
est in hematologic malignancy, indicating that it could be
somewhat higher if confined to solid tumors. In contrast,
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CCSS indicated that the highest incidence of SMN was in
Hodgkin’s disease [15,16]. Another possible explanation for
the high incidence of SMN in our study could be that a high
proportion of patients received HDCT (33.4%), and 80.4% of
them received tandem HDCT. Considering that HDCT was
confirmed as a risk factor for the development of SMN, this
could be a possible explanation.

The development of SMNs after HDCT has been investi-
gated in several studies. In a previous study by Baker et al.
[18] involving 3,372 patients who underwent hematopoietic
stem cell transplantation (45% < 20 years of age and 35%
receiving autologous stem cell transplantation), the 20-year
cumulative incidence of SMN was 6.9%. Another study on
children who underwent HDCT showed a 2.6% 10-year
cumulative incidence of SMN [19]. However, in these two
studies, the incidence of SMNs was not compared with that
in patients without stem cell transplantation. In a recent
study on neuroblastoma, high-risk patients showed a greater
cumulative incidence of SMN than low- or intermediate-risk
patients, suggesting that an intensive multimodal treatment
strategy, such as HDCT, could be associated with SMN risk
[20]. Regarding the HDCT regimen, the effects of TBI expo-
sure on the incidence of SMN are controversial [18,19,21,22].
In our study, HDCT was found to be a risk factor for SMN
development, and further analysis using the number of
HDCT scans revealed that tandem HDCT was a stronger risk
factor. Autologous hematopoietic cell transplantation and
HDCT are well-established treatment options for pediatric
patients with high-risk or relapsed solid tumors, including
neuroblastoma [3-5] and brain tumors [23]. A recent phase
III Children’s Oncology Group trial showed increased
event-free survival using tandem HDCT [5]. Our center has
actively performed tandem HDCT to improve the treatment
outcomes for high-risk solid tumors [6-9], which resulted
in increased survival. However, based on the results of this
study, tandem HDCT should be implemented cautiously
based on individual risk assessments.

RT is associated with an increased risk of SMN [16,24,25].
The CCSS showed that ionizing radiation exposure was asso-
ciated with a 2.7 relative risk of developing any SMN and
was the strongest independent risk factor for SMN develop-
ment [16]. Several studies have investigated the effects of dif-
ferent RT doses. In a study of survivors of Ewing’s sarcoma,
Kuttesch et al. [26] showed a dose-dependent increase in the
risk of secondary sarcoma development, especially at doses
> 6,000 cGy. Another study on patients with Hodgkin disease
showed that increasing the radiation dose was associated
with an increased risk of SMN [27]. In the present study, RT
> 2,340 cGy was a risk factor for SMN development, whereas
no difference was observed in the development of SMN in
patients who received RT < 2,340 ¢Gy compared to those
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who did not receive RT. Our center has adopted a strategy
to reduce the RT dose to decrease late sequelae in pediatric
cancer survivors, especially those with brain tumors, includ-
ing intracranial germ cell tumors and medulloblastomas
[7,28,29]. As RT is an important modality in the treatment of
pediatric cancer, its use is inevitable; however, reducing the
radiation dose whenever possible is crucial.

CPS was a risk factor for SMN development in the present
study, which is consistent with the findings of previous stud-
ies [30,31]. One of the interesting findings in our study was
that patients with bilateral retinoblastoma who underwent
HDCT showed a higher incidence than those with bilateral
retinoblastoma without HDCT. Considering that bilateral
retinoblastoma has a genetic predisposition, the incidence
might vary according to the intensity of treatment in patients
with a genetic risk. Therefore, the treatment intensity should
be optimized, especially for patients with genetic risks.

In the present study, osteosarcomas were the most com-
mon SMNs. Secondary osteosarcoma developed in nine
patients with bilateral retinoblastoma and two patients with
Li-Fraumeni syndrome. Among the nine retinoblastoma
patients, eight patients underwent HDCT (7 single and 1
tandem), and another four patients with neuroblastoma or
medulloblastoma developed secondary osteosarcoma after
HDCT. Considering the fact that HDCT has been identified
as a risk factor for SMN development in bilateral retino-
blastoma, additional research will be needed to explore the
impact of HDCT on the development of secondary osteosar-
coma.

This study has some limitations because of its retrospec-
tive nature. Patients with SMN may have been more coop-
erative with follow-up clinic visits, whereas those without
SMN may have been censored earlier. In our cohort, a longer
follow-up period was observed in patients with SMN, which
could affect the later estimates of the cumulative incidence of
SMN. Another limitation was the identification of the CPS.
Because the indications, methods, and timing for the testing
of cancer-predisposing genes vary depending on the period
and the patient’s situation, CPS results need to be interpreted
cautiously.

Despite these limitations, our study is noteworthy because
it was conducted on a unique cohort of patients who under-
went HDCT, especially tandem HDCT. The cumulative inci-
dence of SMN in pediatric patients with solid tumors was

considerably high, especially in those who underwent tan-
dem HDCT or received RT > 2,340 cGy. Therefore, the treat-
ment intensity should be optimized according to individual
risk assessments, and long-term follow-up of pediatric can-
cer survivors is required.
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