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PURPOSE Fundamental gaps in knowledge regarding the risk of subsequent neoplasms (SNs) in children with
pathogenic neurofibromatosis type 1 (NF1) variants exposed to radiation and/or alkylator chemotherapy have
limited the use of these agents.

METHODS We addressed these gaps by determining the SN risk in 167 NF1-affected versus 1,541 non-NF1-
affected 5-year childhood cancer survivors from the Childhood Cancer Survivor Study and 176 nonoverlapping
NF 1-affected individuals with primary tumors from University of Alabama at Birmingham and Children’s Hospital
of Philadelphia exposed to radiation and/or chemotherapy. Proportional subdistribution hazards multivariable
regression analysis was used to examine risk factors, adjusting for type and age at primary tumor diagnosis and
therapeutic exposures.

RESULTS In the Childhood Cancer Survivor Study cohort, the 20-year cumulative incidence of SNs in NF1
childhood cancer survivors was 7.3%, compared with 2.9% in the non-NF1 childhood cancer survivors
(P=.003), yielding a 2.4-fold higher risk of SN (95% Cl, 1.3t0 4.3; P=.005) in the NF1-affected individuals. In
the University of Alabama at Birmingham and Children’s Hospital of Philadelphia cohort, among NF1-affected
individuals with a primary tumor, the risk of SNs was 2.8-fold higher in patients with irradiated NF1 (95% Cl, 1.3
to 6.0; P=.009). In contrast, the risk of SNs was not significantly elevated after exposure to alkylating agents
(hazard ratio, 1.27; 95% CI, 0.3 to 3.0; P = .9).

CONCLUSION Children with NF1 who develop a primary tumor are at increased risk of SN when compared with
non-NF1 childhood cancer survivors. Among NF1-affected children with a primary tumor, therapeutic radiation,
but not alkylating agents, confer an increased risk of SNs. These findings can inform evidence-based clinical
management of primary tumors in NF1-affected children.

J Clin Oncol 37:3050-3058. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Individuals with neurofibromatosis type 1 (NF1) are
at a four-fold to six-fold higher risk for developing
primary tumors when compared with the general

Several questions remain unanswered. It is not known
whether the risk of SNs is elevated in childhood cancer
survivors with NF1 in comparison with those without
NF1, after taking into account therapeutic exposures.

population.*® Previous small case series suggest
that NF1-affected individuals with a primary tumor
may be at increased risk of subsequent neoplasms
(SNs).%” In one study, the prevalence of SNs was
11% among 64 NF1-affected children with primary
tumors.® With the exception of one patient with an
SN, all others had received prior chemotherapy and/
or radiation. In another case series of 58 NF1-
affected patients with optic pathway glioma (OPG),
the risk of SNs after exposure to radiation was three-
fold higher when compared with the risk among
those not exposed to radiation.”

3050 Volume 37, Issue 32

In addition, among NF1-affected children with a pri-
mary tumor, it is not known whether the risk of SNs is
higher among those who receive chemotherapy and/or
radiation (ie, treated) when compared with those
observed without any treatment or managed with
surgery alone (ie, untreated). Finally, among the
treated NF1 cohort, the risk of SN associated with
radiation and/or alkylating agents is not known. Yet,
despite the lack of conclusive evidence, radiation and
alkylating agents are generally avoided or are used
sparingly in patients with NF1. We address these gaps
in knowledge by systematically analyzing large cohorts
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Subsequent Neoplasms in Patients With NF1 With Primary Tumors

of NF1-affected and non-NF1-affected children with pri-
mary tumors.

METHODS

For a neoplasm to be classified as an SN, one or more of the
following criteria had to be satisfied: the SN had to be
histologically distinct from the primary tumor, and the SN
had to be diagnosed at least 6 months after the diagnosis of
a primary tumor. This definition allowed us to differentiate
patients with concurrent tumors and to address the fol-
lowing hypotheses.

Hypothesis 1: Risk of SNs Will Be Higher in Childhood
Cancer Survivors With NF1 Compared With Those Without
NF1, Independent of Therapeutic Exposure

We leveraged the resources offered by the large and well-
annotated Childhood Cancer Survivor Study (CCSS) to
identify 5-year survivors of childhood cancer with and
without NF1. CCSS is a retrospective cohort with longitu-
dinal follow-up that evaluates long-term health outcomes of

this unique population (www.stjude.org/ccss). Eligibility
included diagnosis and treatment at one of 27 collaborating
institutions between 1970 and 1999 for select primary
tumors at age younger than 21 years and survival of b years
or more after diagnosis of a primary tumor.8 NF1 status of
study participants was ascertained through self or proxy
report (Data Supplement). Demographic and clinical data
(primary tumor diagnosis, age at primary tumor diagnosis,
chemotherapeutic agents, and site-specific radiation®) for
the study participants were obtained from medical records.
SNs were ascertained through self- or proxy-report ques-
tionnaires and/or death certificates. All SNs were validated
with pathology reports. Participants, or parents of children
younger than 18 years, provided informed consent.

Statistical analyses. Given significant differences in the
demographic and clinical characteristics of the CCSS pa-
tients with and without NF1 (younger age at diagnosis of
primary tumor, an over-representation of primary CNS
tumors, and shorter follow-up for the NF1 cohort), and the

TABLE 1. Demographic and Clinical Characteristics of Childhood Cancer Survivors in CCSS With and Without NF1

Without NF1 With NF1
Patient Demographic and Clinical Characteristic (n =1,541) (n=167) P
Age at primary tumor diagnosis, years
Mean = SD 6.98 £ 5.0 6.82 £ 5.1 7
Median (range) 5.69 (0-20.80) 5.55 (0-20.9) 6*
Race/ethnicity
Non-Hispanic white 1,283 (83.3) 141 (84.4) 7
Other 258 (16.7) 26 (15.6)
Primary tumor diagnosis
CNS 1,251 (81.2) 139 (83.2) B
Other 290 (18.8) 28 (16.8)
Therapeutic exposures
Anthracyclines 153 (9.9) 13 (7.8) 4
Platinum compounds 304 (19.7) 36 (21.6) .6
Alkylating agents 317 (20.6) 28 (16.8) 2
Any radiation 616 (40) 63 (37.7) .6
Cranial radiation 486 (31.5) 52 (31.1) 9
Length of follow-up, years
Mean = SD 1827 = 6.4 1797 = 4.8 B
Median (range) 17.84 (5.1-37.3) 17.79 (7.9-35.0) 7*
Subsequent neoplasms
All subsequent neoplasms 75 (4.9) 13 (7.8) 1
Subsequent neoplasms excluding basal cell carcinoma 59 (3.8) 13 (7.8) .02
Subsequent malignant neoplasms 39 (2.5) 12 (7.2) .001
Vital status
Deceased 241 (15.6) 34 (20.4) 1
NOTE. Data presented as No. (%) unless otherwise noted.
Abbreviations: CCSS, Childhood Cancer Survivor Study; NF1, neurofibromatosis type 1; SD, standard deviation.
*Comparison of median values used nonparametric Wilcoxon Mann-Whitney for independent samples.
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much larger number of patients in the non-NF1 childhood
cancer survivor cohort, we conducted propensity score
matching (1:10) on primary tumor diagnosis, age at primary
tumor diagnosis, length of follow-up, as well as exposure to
radiation and chemotherapeutic agents between childhood
cancer survivors with and without NF1. After propensity
score matching, the demographic and clinical variables
and SNs were characterized by NF1 status. Each individual
was assigned an indicator (yes/no) variable depending on
exposure to radiation and chemotherapeutic agents. The
effect of NF1 status on the development of SN was ex-
amined by fitting multivariable Fine and Gray proportional
subdistribution hazards models, treating death as com-
peting risk and adjusting for primary tumor type, age at
diagnosis of primary tumor, race/ethnicity, and chemo-
therapy and radiation exposure, using time since cohort
entry to development of SNs, death, or date of last contact
as the period at risk. The association between SNs and NF1

status was determined by estimating the hazard ratio (HR)
and its 95% Cl; significance of HR was assessed by the
Wald test. The proportional hazards assumption was for-
mally tested by examining the interaction between NF1
status and time.

Hypothesis 2: Among NF1-Affected Children With
a Primary Tumor, the Risk of SNs in the Treated Cohort
Will Be Higher Compared With the Untreated Cohort

To test this hypothesis, we constructed an independent,
nonoverlapping retrospective cohort of NF1-affected chil-
dren with primary tumors from two centers with dedicated
NF clinics (University of Alabama at Birmingham [UAB]
and Children’s Hospital of Philadelphia [CHOPI). This large
cohort of NF1-affected children with a primary tumor
allowed us to capture events from primary tumor diagnosis
to sentinel event and overcame the limitations of potential
survival bias when using 5-year survivors (CCSS cohort).
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FIG 1. (A) Cumulative incidence of subsequent neoplasms (SNs) in childhood cancer survivors with neurofibromatosis type 1 (NF1) versus survivors
without NF1, excluding basal cell carcinoma as a SN. (B) Cumulative incidence of SNs in children with NF1 observed or treated with surgery alone
(untreated) versus those treated with chemotherapy and/or radiation (treated), excluding basal cell carcinoma as a SN. (C) Cumulative incidence of SNsin
children with NF1 observed or treated with surgery alone (untreated) versus those treated with chemotherapy and/or radiation (treated), excluding basal

cell carcinoma and plexiform neurofibroma as a SN.
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The UAB and CHOP NF1 and cancer registries were used
to identify NF1-affected children with a primary tumor.
Those under observation or managed with surgery alone
were categorized as untreated. Information in the registry
database included demographics and primary tumor type.
Details of therapeutic exposures (specific chemother-
apeutic agents and site-specific radiation), as well as details
regarding SNs (type of SN and date of diagnosis), were
abstracted from medical records. Pathology reports were
reviewed to confirm the SNs. The UAB and CHOP In-
stitutional Review Boards approved abstraction of medical
records for the information pertaining to this study.

Statistical analyses. The effect of treatment status (yes/no)
on the development of SN was examined by fitting multi-
variable Fine and Gray proportional subdistribution hazards
models, treating death as competing risk and adjusting for
demographics.

Hypothesis 3: Among Treated NF1-Affected Children
With Primary Tumor, the Risk of SNs Will Be Higher for
Those Exposed to Radiation and/or Alkylating Agents
Compared With Those Treated With Other Therapies

To test this hypothesis, we restricted the analysis to only the
NF1-affected children from UAB/CHOP who had been
exposed to genotoxic agents.

Statistical analyses. Among the treated NF1-affected
children, the relation between radiation and/or alkylating
agents and the risk of SNs was examined using multivar-
iable Fine and Gray proportional subdistribution hazards
models, treating death as competing risk and adjusting for
demographics. Furthermore, given the fact that children
with NF1 are at risk for developing multiple tumors (eg,
plexiform neurofibromas) irrespective of therapeutic ex-
posures, we conducted a subanalysis excluding plexiform
neurofibromas as SNs.

All analyses were performed with SAS software version 9.4
(SAS Institute, Cary, NC). Two-sided tests with P < .05 were

considered statistically significant for Hypotheses 1 and 2.
For Hypothesis 3, we were interested in the association
between two exposures (alkylating agents and radiation)
and SN risk; we considered two-sided tests with P < .025
(0.05 of 2) as statistically significant.

RESULTS

Risk of SNs in Childhood Cancer Survivors With and
Without NF1 (CCSS)

The demographic and clinical characteristics of the CCSS
cohort of childhood cancer survivors identified with NF1
(n = 167) and without NF1 (n = 1,541) after propensity
score matching are listed in Table 1. The two cohorts did
not show significant differences with respect to demo-
graphics, primary tumor diagnoses, treatment exposures,
and length of follow-up.

A total of 13 (7.8%) individuals in the CCSS NF1 cohort
developed SNs; these included astrocytoma not otherwise
specified (n = 3), acute lymphoblastic leukemia (n = 2),
glioblastoma (n = 2), ependymoma (n = 1), malignant
peripheral nerve sheath tumor (MPNST; n = 1), non-
Hodgkin lymphoma (n = 1), malignant fibrous histiocy-
toma (n = 1), parotid gland mucoepidermoid carcinoma
(n = 1), and thyroid carcinoma (n = 1; Data Supplement).
The median latency from primary tumor diagnosis to SN
was 17.2 years (range, 0.5 to 39.4 years) in the NF1-
affected individuals versus 14.0 years (range, 0.8 to 23.2
years) in the non-NF1-affected individuals (P = .2). Al-
though none of the NF1-affected individuals in the CCSS
cohort developed a basal cell carcinoma (BCC), 16
(21.3%) of the 75 patients with SN in the non-NF1 cohort
were diagnosed with BCC. Excluding BCC as an SN, we
observed a significantly higher 20-year cumulative inci-
dence of SNs in the NF1 cohort when compared with the
non-NF1 cohort (7.3% v 2.9%; P = .003; Fig 1A). The
proportional hazards assumption was satisfied (P = .9).

TABLE 2. Risk of Subsequent Neoplasms in Childhood Cancer Survivors With and Without NF1 in the CCSS

Variables HR* 95% Cl P
Risk of subsequent neoplasms by NF1 status (excluding basal cell carcinoma)

Without NF1 (n = 59 of 1,541) REF

With NF1 (n = 13 of 167) 242 1.27 to 4.29 .005
Risk of subsequent malignant neoplasms by NF1 status (excluding basal cell carcinoma)

Without NF1 (n = 12 of 167) REF

With NF1 (n = 39 of 1,541) 3.49 1.71t0 6.5 < .001
Risk of subsequent neoplasms by NF1 status (including basal cell carcinoma)

Without NF1 (n = 13 of 167) REF

With NF1 (n = 75 of 1,541) 1.94 1.02 to 3.39 .035

Abbreviations: CCSS, Childhood Cancer Survivor Study; HR, hazard ratio; NF1, neurofibromatosis type 1; REF, reference.
*HR using proportional subdistribution hazards regression for survival analyses with competing risks; adjusting for primary tumor type, age at
cancer primary tumor diagnosis, race/ethnicity, and therapeutic exposures (radiation, alkylating agents, anthracyclines and platinum compounds).

Boldface data represent variables with significant association at P < .05.
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Multivariable analysis (Table 2) found the NF1 cohort at
a 2.4-fold higher risk of SN (P=.005) and a 3.5-fold higher
risk of subsequent malignant neoplasms (P < .001) when
compared with the non-NF1 cohort.

SNs in the Treated Versus Untreated NF1-Affected
Individuals With a Primary Tumor (UAB/CHOP)

Of the 617 NF1-affected individuals in the UAB/CHOP
cohort with a primary tumor, 71.5% did not receive radi-
ation and/or chemotherapy. Table 3 lists the characteristics
of treated versus untreated NF1-affected individuals with
a primary tumor. In the treated group, there was an over-
representation of primary CNS tumors (71% v49.2%) and

an under-representation of primary plexiform neurofi-
bromas (21% v50.6%; P < .001). The age at diagnosis of
a primary tumor was younger for the treated group (median,
2.8 years v 6.0 years; P < .001). The median length of
follow-up was longer for the treated group (10.7 years v6.8
years).

As shown in the Data Supplement, 24 of the 176 NF1-
affected individuals in the treated group developed 24 SNs
(glioma, n = 12; MPNST, n = 8; plexiform neurofibroma,
n = 3; and malignant neuroblastic tumor, n = 1). In the
untreated NF1 group, 33 of 441 patients developed 46 SNs
(plexiform neurofibroma, n = 38; granular cell tumor, n = 3;

TABLE 3. Demographic and Clinical Characteristics of Cohort With NF1 and a Primary Tumor (UAB/CHOP Cohort)

All Patients Patients With NF1 Patients With NF1
With NF1 Without Treatment With Treatment
Variable (n=617) (n = 441) (n =176) P
Age at diagnosis of primary tumor, years
Mean = SD 6.52 + 5.30 7.19 £ 55 486 * 5.0 < .001
Median (range) 5.14 (0-30.4) 597 (0-30.4) 2.84 (0-23.7) < .001*
Sex
Male 318 (51.8) 231 (52.4) 87 (50.3) 6
Race/ethnicity
Non-Hispanic white 422 (68.4) 295 (66.9) 127 (72.2) 2
Other 195 (31.6) 146 (33.1) 49 (27.8)
Primary tumor diagnosis
CNS 342 (55.4) 217 (49.2) 125 (71.0) <.001
Plexiform neurofibroma 260 (42.1) 223 (50.6) 37 (21.0)
Other 15 (2.4) 1(0.2) 14 (8)
Therapeutic exposures
No treatment 441 (71.5) 441 (100) 0
Anthracyclines 11 (1.8) _ 11 (6.3)
Platinum compounds 97 (15.7) _ 97(55.1)
Alkylating agents 48 (7.8) _ 48 (27.3)
Any radiation 24 (3.9) _ 24 (13.6)
Cranial/craniospinal radiation 10 (1.6) _ 10 (5.7)
Length of follow-up, years
Mean = SD 873 £58 771 =51 11.26 = 6.5 <.001
Median (range) 7.93 (0-27.95) 6.82 (0-25.8) 10.72 (0-28.0) < .001*
Subsequent neoplasms
All subsequent neoplasms 58 (9.4) 33 (7.5) 25 (14.2) < .001
BCC 1(0.2) 0 (0) 1(0.6)
Plexiform 29 (4.7) 26 (5.9) 3(1.7)
Other subsequent neoplasms 28 (4.5) 7 (1.6) 21 (11.9)
Vital status
Deceased 11 (1.8) 1(0.2) 10 (5.7) <.001

NOTE. Data presented as No. (%) unless otherwise indicated.

Abbreviations: BCC, basal cell carcinoma; CHOP, Children’s Hospital of Philadelphia; NF1, neurofibromatosis type 1; SD, standard deviation;

UAB, University of Alabama at Birmingham.

*Comparison of median values used nonparametric Wilcoxon Mann-Whitney for independent samples.
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TABLE 4. Risk of SN Among Patients With NF1 Treated and Untreated With Chemotherapy/Radiation

Univariable Multivariable*

Variable HR 95% Cl P HR* 95% ClI P
Including plexiform neurofibromas as SNs

Patients with NF1 without treatment (n = 441) REF REF

Patients with NF1 with treatment (n = 176) 1.43 0.83t0 2.48 2 1.66 0.95 to 2.89 .08
Excluding plexiform neurofibromas as SNs

Patients with NF1 without treatment (n = 441) REF REF

Patients with NF1 with treatment (n = 176) 5.00 2.1t011.94 < .001 6.08 2.63 to 14.07 < .001

Abbreviations: HR, hazard ratio; NF1, neurofibromatosis type 1; REF, reference; SN, subsequent neoplasm.
*Multivariable analysis adjusted for primary tumor and age at diagnosis of primary tumor.

glioma, n = 1; ganglioneuroblastoma, n=1; MPNST, n = 1;
malignant spindle cell sarcoma, n = 1; and Sertoli-Leydig
cell tumor, n = 1). The median latency from primary tumor
diagnosis to SN was 8.6 years (range, 2.0 to 18.4 years)
in the treated NF1-affected individuals versus 4.2 years
(range, 0.2 to 13.1 years) in the untreated group
(P < .001). As shown in Figure 1B, a higher 10-year cu-
mulative incidence of SNs was observed in the treated
NF1 group when compared with the untreated NF1 group
(13.2% v 7.4%). The assumption of proportional hazards
was satisfied (P = .3). Multivariable analysis found the treated
NF1 cohort to be at a 1.7-fold higher risk of SN (P = .08) than
the untreated NF1 cohort (Table 4). After excluding plexiform
neurofibroma as SNs, the 10-year cumulative incidence of
SNs in the treated versus untreated group was 11.7%
versus 1.8% (P < .001), respectively (Fig 1C), yielding
a 6.1-fold higher risk of SN (P < .001) in the treated group
(Table 4).

Risk of SNs Among NF1-Affected Patients With a Primary
Tumor Treated With Chemotherapy/Radiation (UAB/
CHOP)

The risk of SNs was 2.8-fold higher among those treated with
radiation when compared with those not exposed to radiation
(P=.01; Table 5). Excluding plexiform neurofibroma as an SN
yielded similar associations, although the magnitude of as-
sociation between radiation and SN (HR, 2.1; P = .1) was
attenuated (Table 5). Of the 24 patients with SNs in the UAB/
CHOP cohort, seven had received radiation therapy, and six of
these seven SNs developed in the radiation field. We con-
ducted a sensitivity analysis, where we excluded the patients
who had developed the SN outside the radiation field and
found that the risk of SNs was 2.27-fold higher among those
exposed to radiation when compared with those not exposed to
radiation (95% ClI, 1.04 to 4.97; P = .04; Data Supplement).

Alkylating agents were not associated with an increased risk
of SNs in the univariable analysis (HR, 1.27; P = .6;
Table 5). Inclusion of alkylating agents into the multivari-
able model resulted in further mitigation of the association
between alkylating agents and SNs (HR, 1.0; P=.9; Data
Supplement).

Journal of Clinical Oncology

DISCUSSION

This systematic analysis demonstrates that NF1-affected
children with a primary tumor are at a significantly higher
risk of developing SNs when compared with their non-NF1
counterpart. Furthermore, among NF1-affected children
with primary tumors, those exposed to chemotherapy and/or
radiation are at a higher risk of developing SNs when
compared with those who were observed or managed with
surgery alone. Finally, among the treated NF1-affected
children with primary tumors, radiation is associated with
an increased risk for SNs, but alkylator chemotherapy is not.

The relative role of radiation therapy in improving long-term
control of NF1-associated tumors is unknown. There has
been uneven use of this modality in circumstances that
might prompt use in non—NF1-affected patients because of
concerns of higher risk of long-term complications in NF1-
affected patients, such as radiation-induced malignant
transformation or vasculopathy.®”1%11 Furthermore, alky-
lators are used sparingly in NF1-affected individuals, be-
cause of concern for therapy-related leukemia, limiting
treatment options for OPG. Yet these clinical management
decisions have been based on case reports and small case
series®’; the magnitude of risk of SNs in NF1-affected
children with a primary tumor compared with those with-
out NF1, taking into account therapeutic exposures, was
previously unknown. We harnessed a unique resource of
childhood cancer survivors from the CCSS to address this
knowledge gap.'?*® After adjusting for demographic, clini-
cal, and therapeutic exposures, we were able to determine
that NF1-affected childhood cancer survivors were at a 2.4-
fold higher risk of developing SNs and 3.5-fold higher risk of
developing subsequent malignant neoplasms when com-
pared with non—NF1-affected childhood cancer survivors.
These findings inform the need for health care providers
taking care of childhood cancer survivors with NF1 to be
sensitized to the higher risk of SNs in this population.

To understand the excess risk of SNs among children with
NF1 and a primary tumor exposed to any treatment when
compared with their untreated counterparts, we used the
UAB/CHOP NF registries. The modest excess risk of SNs
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TABLE 5. Risk of SN Among NF1 Patients Treated With Chemotherapy/Radiation in the UAB/CHOP Cohort

Univariable Multivariable*
Variable HR 95% ClI P HR* 95% ClI P
Including plexiform neurofibromas as SN
Age at diagnosis, years 1.02 094 t01.11 .6 1.00 0.92 to 1.08 9
Sex
Male (n = 87) REF
Female (n = 86) 1.40 0.6 to 3.27 4
Race
Non-Hispanic white (n = 127) REF
Other (n = 49) 1.22 0.47 to 3.14 7
Primary cancer diagnosis
CNS tumors (n = 125) REF
Other tumors (n = 51) 2.23 0.99 to 5.04 .05 2.11 0.95 to 4.71 .07
Therapeutic exposures
Anthracyclines (n = 11) 1.35 0.2 10 9.08 .8
Platinum compounds (n = 48) 0.57 0.25t0 1.3
Alkylating agents (n = 97) 1.51 0.66 to 3.45 3
Radiation (n = 24) 294 1.25 to 6.92 .01 2.78 1.28 t0 6.03 .01
Site (CHOP v UAB) 1.01 0.35 to 2.96 9
Excluding plexiform neurofibromas as SNs
Age at diagnosis per year 1.01 092t01.12 .8 0.99 0910 1.08 8
Sex
Male 1.00
Female 1.34 0.54 to 3.36 5
Race
Non-Hispanic white 1.00
Other 1.14 0.41t03.15 8
Primary cancer diagnosis
CNS tumors 1.00
Other tumors 2.56 1.06 to 6.2 .04 2.49 1.04 to 5.97 .04
Therapeutic exposures
Anthracyclines 1.62 0.24 t0 11.02 .6
Platinum compounds 0.61 0.25t0 1.49 3
Alkylating agents 1.27 0.51t0 3.16 .6
Radiation 221 08lto6 1 2.10 0.83 t0 5.32 1
Site (CHOP v UAB) 0.84 0.28 to 2.51 8

Abbreviations: CHOP, Children’s Hospital of Philadelphia; HR, hazard ratio; NF1, neurofibromatosis type 1; REF, reference; SN, subsequent

neoplasm; UAB, University of Alabama at Birmingham.

*Multivariable analysis adjusted for primary tumor and age at diagnosis of primary tumor

observed in the treated patients with NF1 as compared with
the untreated NF1 patients increased to six-fold on ex-
cluding plexiform neurofibroma as an SN, emphasizing the
fact that treatment of patients with NF1 with a primary
tumor increases the risk of SNs that are distinct from the
types of multiple tumors typically observed in patients with
NF1 (ie, plexiform neurofibromas). The excess risk observed

3056 © 2019 by American Society of Clinical Oncology

in our cohort is consistent with the findings from a previous
study, where the risk of SNs after exposure to radiation for
OPG was reported to be three-fold higher when compared
with the risk among the unexposed.” These findings allow us
to quantify the magnitude of excess risk of SNs after ex-
posure to genotoxic agents in NF1-affected children with
a primary tumor.
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A previous study of NF1-affected individuals with a primary
tumor® exposed to chemotherapy and/or radiation reported
an 11% prevalence of SN. In our UAB/CHOP cohort, 14%
of the NF1-affected children treated with radiation and/or
chemotherapy for a primary tumor had developed an SN,
yielding a higher risk of SNs among those exposed to ra-
diation when compared with those not exposed; this excess
risk persisted on exclusion of plexiform neurofibroma as
an SN. Although 67% of the clinically overt subsequent
plexiform neurofibromas developed within the radiation
field, given the retrospective nature of the study, we did not
have the ability to perform serial prospective whole-body
magnetic resonance imaging scans to enumerate and
follow all potential tumors, which would be required to
definitively determine the incidence of new tumors and/or
growing tumors both within and outside the radiation field.
On the other hand, alkylators were not associated with
a significant increase in SN risk. Of note, among the SN,
meningioma (radiation related) and therapy-related leu-
kemia (alkylator related) were notably absent.

Findings from this study should be interpreted in the
context of certain limitations. First, the NF1 status for the
CCSS study was self-reported. We attempted to overcome
this limitation by applying stringent criteria to identify NF1-
affected individuals and had two independent reviewers
assign the NF1 status. Second, medical record abstraction
carries the risk of missing certain sentinel events if they are
not recorded, as could have happened in the NF1 cohort
from UAB and CHOP. Third, when comparing treated
patients with NF1 with untreated patients with NF1, there
could have been unmeasured confounding factors that
were not accounted for. Thus, it is possible that patients
who developed an SN had a more severe phenotype of
NF1, and this may have contributed to the results; however,
when we restricted the analysis to NF 1-affected individuals
who had received treatment, there was a higher risk of SNs
associated with radiation. In addition, given the retro-
spective nature of the NF1 cohort, the decision to treat with
surgery alone or radiation or chemotherapy was provider
dependent or as a result of inherent differences in the
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primary tumor type; we were unable to capture these details
in this analysis. Furthermore, it is not possible to account for
the number of concurrent tumors at the time of diagnosis of
the primary tumor or the grade of the primary tumor, and
this variable could not be adjusted for in the comparison of
untreated and treated NF1 cohorts. Fourth, because of the
small number and heterogeneity within the SNs, it was
difficult to examine a dose-response relationship between
radiation exposure and SN risk.

Despite these limitations, we provide a comprehensive
report showing that NF1-affected children with a primary
tumor carry an excess risk for developing an SN when
compared with non-NF1 childhood cancer survivors. This
excess risk is likely in part due to the natural propensity of
NF 1-affected individuals to develop multiple tumors across
the life span, in part due to the therapeutic exposures and
in part due to the interaction between the therapeutic
exposures and the NF1 status. We were unable to de-
termine precisely the underlying cause of the excess risk in
this study. Among NF1-affected children, exposure to ra-
diation therapy is associated with an increased risk of SNs,
whereas exposure to alkylating agents is not. These findings
may potentially affect treatment selection for certain tu-
mors, especially as newer drug choices become available.
In addition, the findings provide evidence for close moni-
toring of the tissue/organs within the radiation field for
patients with NF1 treated with radiation therapy for a pri-
mary tumor. The duration of the at-risk period is not yet
determined, because it would be important to follow these
patients for several decades. However, findings from
childhood cancer survivors without NF1 suggest that
childhood cancer survivors with a history of radiation
therapy need to be under active surveillance for SNs well
into their sixth decades.*® Finally, these findings present an
opportunity to explore the underlying pathogenesis of the
higher risk of SNs in NF1-affected individuals, especially
after exposure to radiation, and to identify those at highest
(and lowest) risk, such that treatment and long-term follow-
up of NF1-affected children with a primary tumor could be
personalized.
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