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Abstract

Background. Cranial radiotherapy (RT) used for pediatric CNS cancers and leukemias carries a risk of secondary
CNS malignancies, including radiation-induced gliomas (RIG). Our aim was to characterize the epidemiology of
RIG.

Methods. This retrospective study used SEER data (1975-2016). Cohort 1 included patients diagnosed with glioma
as a second malignancy >2 years after receiving treatment for a first malignancy diagnosed at 0-19 years, either a
primary CNS tumor (1a, n=57) or leukemia (1b, n = 20). Cohort 2 included patients who received RT for a pediatric
CNS tumor and died of presumed progressive disease >7 years after diagnosis, since previous studies have docu-
mented many missed RIGs in this group (n = 296). Controls (n = 10 687) included all other patients ages 0-19 years
who received RT for a first CNS tumor or leukemia.

Results. For Cohort 1, 0.77% of patients receiving cranial RT developed RIG. 3.39% of patients receiving cranial
RT for primary CNS tumors fell in cohort 2. Median latency to RIG diagnosis was 11.1 years and was significantly
shorter for cohort 1b than 1a. Median OS for cohort 1 was 9.0 months. Receiving surgery, radiation, or chemo-
therapy were all associated with a nonstatistically significant improvement in OS (P .1-.2). A total of 1.8% of all
brain tumor deaths fell in cohort 1, with 7.9% in cohort 2.

Conclusion. A total of 1%-4% of patients undergoing cranial RT for pediatric cancers later developed RIG, which
can occur 3-35 years after RT. Given the substantial and likely underestimated impact on overall CNS tumor mor-
tality, RIG is deserving of increased attention in preclinical and clinical studies.

Key Points

e |n total, 1%—4% of patients undergoing cranial RT for pediatric cancers went on to
develop RIG.

e RIG may occur up to 30 years after cranial RT, warranting extended follow-up of exposed
patients.

e A total of 2%-10% of pediatric brain tumor deaths are associated with RIG.

CNS tumors are the second most common pediatric malig-
nancy but the leading cause of cancerrelated death in young
patients. Of these, roughly 10% are classified as pediatric
high-grade gliomas (pHGG), but these account for 40% of CNS
tumor-related deaths.! Given the potentially devastating conse-
quences of these malignancies in terms of significant early-life

morbidity and mortality, it is crucial to better understand the ep-
idemiology of all subtypes of the disease.

The current standard-of-care treatment for pHGG con-
tinues to be maximal safe resection followed by focal radia-
tion therapy (RT). External-beam RT, which involves a radiation
source of protons or photons located outside a patient’s body,
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Importance of the Study

This is the first population-based study of the
epidemiology of pediatric radiation-induced
glioma (RIG), an incurable result of radiation
therapy (RT) used for pediatric CNS tumors
and leukemias and an understudied cause
of pediatric CNS tumor death. By studying
groups of probable/definite and possible
RIGs, we characterize the range of inci-
dence rates and impact on pediatric cancer

is also commonly employed as an adjunct therapy to treat
embryonal tumors such as medulloblastoma, as well as
ependymoma, and other CNS tumors.? Often, a combi-
nation of partial resection, RT, and chemotherapy is used
to maximize the likelihood of total eradication or at min-
imum, to increase the duration of progression-free survival
and overall survival.>* In pediatric leukemias, cranial RT
has been used as preventive therapy for leptomeningeal
spread and in cases of CNS disease at diagnosis; its overall
use and doses given have decreased over time due to con-
cerns about neurodevelopmental outcomes and increased
use of intrathecal chemotherapy.®

RT exerts its effects via DNA damage, specifically
through double-strand breaks. The efficacy of this treat-
ment is highly dependent on the amount of DNA damage
induced.® A more severe degree of DNA damage is more
difficult for tumor cell DNA damage response (DDR)
mechanisms to repair, increasing overall tumor cell death
and thus more significantly decreasing tumor burden.
However, DNA damage also occurs in healthy cells ex-
posed to RT. Tremendous progress has been made over
time to limit both dose and field of radiation exposure
to minimize damage to healthy cells, which can lead to
growth impairment, cognitive deficits, and secondary ma-
lignancies.” Despite these strides in RT technique, some
degree of inherent risk remains, especially when a larger
tumor or larger portion of the brain requires irradiation.

Radiation-induced glioma/glioblastoma (RIG) is a high-
grade secondary tumor arising in the CNS in regions pre-
viously irradiated, with or without systemic chemotherapy
carrying the potential for additional DNA damage, due to
a histologically distinct prior malignancy at an earlier age
in childhood.8 These characteristics meet with those devel-
oped by Cahan et al. for radiation-induced solid tumors in
1948: Occurrence within the original radiation field, only
occurring after a latency period following radiation, histo-
logical distinctness from the original tumor, and with no
cancer predisposition syndrome present.® RIGs are thought
to occur most commonly between 5 and 15 years following
treatment for the primary malignancy and are poorly re-
sponsive to antitumor therapies, including RT."° RIG occurs
most commonly following treatment for ependymoma,
medulloblastoma, and leukemia.” Prognosis for RIG is uni-
versally poor and often worse than other pHGG, given that
preclinical models have been difficult to develop, and no
dedicated clinical trials have been conducted. As a result,
treatment for RIG is far less standardized than for other
subtypes of pHGG, and though resection similarly offers

mortality. We also demonstrate that RIG can
occur decades after RT, demonstrating the
need for extended follow-up. Finally, we
show that, while standard treatments may
have an impact on survival, no therapy has
shown a significant extension of the devas-
tatingly short median survival, highlighting a
clear need for more study toward therapeutic
advances.

a longer duration of OS,'? outcomes remain largely grim.
It is known that RIG often has a more homogeneous pro-
file of mutations vs de novo pHGG, with more overlap and
clustering of genetic signatures in RIG than in other pHGG.
Whereas IDH and H3K27M mutations are common in other
pHGG subtypes, they are extremely rare in RIG.34

Whereas molecular characteristics are beginning to be
elucidated for RIG, little is known about the epidemiology
of these secondary tumors. The purpose of the present
study was to provide a characterization of patients with
RIG derived from the surveillance, epidemiology, and end
results (SEER) Program registry, focusing on descriptive
features of these tumors and the patients that they affect.
Specifically, we aimed to define the true incidence of RIG
including patterns of change in incidence over time, re-
sponse to various therapeutic modalities, risk factors for
RIG development, and the timeframe during which RIG de-
velopment typically occurs following RT. We also sought to
determine factors influencing the overall survival (OS) of
these tumors.

Methods
Study Design and Data Collection

This is a retrospective case-control study. Patient-level
data were obtained from the SEER Program of the National
Cancer Institute, a collection of population-based cancer
registries throughout the United States.The years included
in this study (1975-2016) encompass varying groupings of
participating registries with population coverage ranging
from 9% in 1975-1991 (SEER-9 registries) to 28% during
2000-2016 (SEER-18 registries). Patient demographics
and cancer histories were abstracted from the SEER-18
Registries Custom Data, November 2018 Submission using
SEER*Stat Version 8.3.6. Available information on patient
age and tumor characteristics at the time of diagnosis and
first course of treatment was collected for each tumor in a
patient’s history, as well as vital status, cause of death, and
survival time."®

Defining RIG
Constructing our cohort of patients diagnosed with RIG

(cohort 1) began with selecting those who had been
diagnosed with a Grade IlIl/IV or ungraded glioma as a
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second primary malignancy at least 2 years after receiving
beam radiation and/or chemotherapy for a first primary
malignancy diagnosed at age 0-19 years, and had a history
of no more than two primary malignancies (n = 124). The
only patients included who had potentially undergone che-
motherapy alone were patients with leukemia whose beam
radiation treatment status was unknown; we elected to in-
clude these patients as possible RIG cases since prior ra-
diation status was defined for very few leukemia patients,
which appeared to be an issue in SEER specific to this dis-
ease group. Second primary glioma subtypes eligible for
inclusion were as follows: Anaplastic astrocytoma, diffuse
astrocytoma, glioblastoma, oligodendroglioma, anaplastic
oligodendroglioma, pilocytic astrocytoma, unique
astrocytoma variants, mixed glioma, astrocytoma not
otherwise specified (NOS), glioma NOS, benign and ma-
lignant neuronal/glial, neuronal, and mixed tumors; and
unspecified CNS neoplasms. Patients with more than two
primary malignancies were excluded, as this may be indic-
ative of a tumor predisposition syndrome. Patient histories
were then manually reviewed for primary tumor type/treat-
ment and secondary tumor type. We excluded 44 patients
whose first primary malignancy was neither CNS nor leu-
kemia and patients whose second malignancy developed
at a site presumed to be outside of the initial RT field. We
included patients with an original diagnosis of glioma if
their later tumor was classified as secondary in SEER. One
patient with precursor T-cell lymphoblastic lymphoma af-
fecting lymph nodes in multiple regions, and one patient
with osteosarcoma of the mandible were excluded as their
beam RT treatment status was no/unknown. We also ex-
cluded 3 additional patients with a first primary CNS ma-
lignancy whose beam radiation treatment status was no/
unknown (n = 1) or who received non-beam RT (n = 2; 1
received radioactive implant brachytherapy and the other
received RT, NOS). Cohort 1 was then further divided into
those who were confirmed to have been treated with beam
radiation for their first malignancy (cohort 1a; n = 57), and
those patients with leukemia whose radiation treatment
status were unknown for their first malignancy (cohort 1b;
n=20).

As the second cohort of possible undiagnosed RIG (co-
hort 2), we included any other patient aged 0-19 years who
received beam radiation for a first primary CNS tumor
whose death occurred 7 or more years after diagnosis
(10 or more years for ependymomas, as these, are known
to have late true recurrences) and was attributed to their
cancer. This cohort was included because it is now known
that primary tumor recurrences this late after diagnosis are
very rare, and many of these tumors may actually be RIGs
that were either never biopsied or pathologically misclas-
sified.'®"7 This cohort was further divided into non-glioma
(2a; n =139) and glioma (2b; n = 157) as first malignancy
to allow for distinction in the case that some of cohort 2b
patients may have had a rare late recurrence rather than
aRIG.

The control population for all cohorts included all other
patients aged 0-19 years who received beam radiation
for a first primary CNS tumor or leukemia and who did
not fit the inclusion criteria for cohorts 1 or 2 (control;
n =10 687).

Outcomes of Interest

The primary outcomes of interest included demographic
and tumor-specific characteristics for the RIG cohorts com-
pared to controls, including age at initial diagnosis, sex, race,
ethnicity, initial tumor type, and treatment type for first pri-
mary malignancy. Additionally, we sought to identify the in-
cidence of RIG to characterize the overall risk of developing
these tumors following treatment for the original pediatric
malignancy. Other primary outcomes of interest included lag
time between diagnosis of the first primary CNS tumor or
leukemia and development of RIG, and overall survival (OS)
for patients who developed RIG, both measured in months.

Secondary outcomes of interest focused on the inci-
dence of RIG development broken down by treatment
type for the first primary CNS tumor or leukemia. We also
sought to evaluate overall survival based on treatment
type for RIG.

Statistical Analysis

All statistical analyses were performed using SAS soft-
ware, Version 9.4 (SAS Institute Inc., Cary, NC), with sig-
nificance defined as P-value <.05. All patients included in
analyses had data available for all variables of interest in
the SEER registries.The cohorts are used collectively to de-
scribe the occurrence of RIGs. Each cohort was compared
to the control population on distributions of age at initial
diagnosis, sex, race, ethnicity, initial tumor type, and treat-
ment of initial tumor using Chi-square and Fisher’s exact
tests. The proportion of CNS tumor deaths potentially at-
tributable to RIGs was also estimated. Kaplan—-Meier plots
were used to visualize lag time between initial and RIG
diagnoses, as well as to evaluate the cumulative incidence
of RIG and OS following RIG diagnosis. Univariate effects
of treatment modality of RIG on survival were evaluated
with the log-rank test.

Ethics Statement

This study was exempt from institutional review board or
ethics committee review due to its population-based na-
ture using deidentified cancer registry data only.

Results

Patient demographic and tumor-specific characteristics,
including comparisons between groups, are displayed in
Table 1. In terms of initial primary malignancies, cohort 1a
contained a predominance of medulloblastomas (38.6%),
gliomas (26.3%), and leukemias (17.5%). Cohort 1b was
composed entirely of leukemias treated with chemo-
therapy and with an unknown RT treatment status. Cohorts
2a and 2b were comprised of patients with secondary tu-
mors that were considered possible RIGs, but were less
clearly attributable to RT. In cohort 2a, the most common
original diagnoses were medulloblastoma (54.7%), PNET/
pineal gland tumor (13.7%), germ cell tumor (13.0%), and
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ependymoma (12.2%). Cohort 2b was entirely composed
of gliomas. SeeTable 1 for complete details for each group.

attribute
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Incidence

The cumulative incidence of developing RIG, using only
Cohort 1a as events and excluding Cohort 1b from calcu-
lations, was 0.48% at 10 years, 0.87% at 15 years, 1.13%
at 20 years, and 2.58% at 35 years (Supplementary Figure
1). RIG incidence data were further evaluated in 2 other
ways. We first investigated the incidence of new RIG cases
by year of original diagnosis, as a proportion of the total
cases of new-onset first primary malignancies diagnosed
in a given year that later went on to develop RIG. From
1975 to 2016, mean incidence per year in each cohort was
as follows: Cohort 1 overall = 0.77% (range: 0%-2.65%);
cohort 1a = 0.57% (range: 0%-2.65%), cohort 1b = 0.20%
(0%-1.37%), cohort 2a = 1.47% (0%-3.57%), and cohort
2b =1.92% (0%—6.67%). For both cohorts 1a and 1b, a trend
toward decreasing incidence over time was observed via
the 5-year moving average, and this was replicated when
Cohort 1 was analyzed overall (Supplementary Figure 2A).
The second method of evaluating RIG incidence involved
determining the proportion of all CNS tumors diagnosed
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Figure 1. (A) Latency to RIG development for cohort 1 overall. The majority of patients developed RIG within the first 15 years post-original diag-

nosis, but 20% of patients developed RIG beyond this point. (B) Latency to RIG development, cohort 1a vs 1h. Patients in cohort 1b developed RIG
significantly faster than those in cohort 1a. RIG = radiation-induced glioma.

diagnosis, OS was 44.5% (95% Cl = 32.8%-55.5%). Two-year
0OS was 15.9% (95% Cl = 8.4%-25.7%), and 3-year OS was
6.4% (95% Cl = 2.1%-14.1%). Over the course of the study
period, 88% (50/57 patients) of patients in cohort 1a died
from RIG, while the mortality rate for patients in cohort 1b
was 80% (16/20 patients). In contrast, 43% (4626/10 687) of
control patients died over the course of the study period.
Table 3 provides detailed information regarding overall
deaths by cohort and total deaths broken down by original
diagnosis.

We also compared OS between patients by treatment
type received for RIG. When comparing the group who
received surgery to those in the No/Unknown group
(Figure 3A), no significant difference was observed in me-
dian OS (10.0 vs 9.0 months; P =.109). The group who re-
ceived chemotherapy for RIG (Figure 3B) had a median
OS of 13.0 months, which was not significantly different
from the No/Unknown Chemotherapy group which had
a median OS of 6.0 months (P = .174). Similarly, patients
treated with radiation for RIG (Figure 3C) had a median OS
of 13.0 months, which was not significantly longer than
the No/Unknown Radiation group with a median OS of
6.0 months (P=0.133).

Discussion

Very little is understood about the epidemiology of RIG.
The present study sought to characterize RIG using a
population-based sample, including true incidence rates
and changes in incidence over time, risk factors for RIG
development, a timeline of RIG development following
external-beam RT, and response to treatment with various
modalities. We also aimed to better understand the me-
dian OS for RIG. Our work expands upon prior literature
by showing that RIG occurred in a small but substantial
proportion of those who underwent treatment for pediatric
tumors affecting the CNS, with a mean incidence rate of

0.77% in cohort 1 by year of original diagnosis. We dem-
onstrated that RIG may develop far beyond the RT treat-
ment period, with a median lag time to RIG for cohort 1 of
11.1 years and a range that extended more than 34 years
beyond external-beam RT exposure. RIG appears to be a
highly lethal malignancy with a dismal prognosis, with me-
dian OS for cohort 1 of 9.0 months and only 6.4% of pa-
tients still living 3 years post-diagnosis. Additionally, we
identified a group of patients comprising cohort 2 with
possible undiagnosed RIG whose deaths occurred more
than 7 years after their original diagnosis, providing a ra-
tionale for more in-depth pathologic analysis of patients’
tumors in these situations to accurately differentiate RIGs
from recurrent tumors and allow accurate treatment.

Pediatric patients of all ages and races, male and female
sex, and Hispanic and non-Hispanic ethnicities were ob-
served to develop RIG in our sample.The age of patients in
Cohort 1b was significantly different from controls, driven
by the majority of cohort 1b developing leukemias be-
tween ages 1 and 4 years. Age in cohort 2b was also signif-
icantly different compared to controls, with children ages
15-19 years being more likely to develop glioma as their
original primary malignancy. The most common original
tumor diagnoses in confirmed RIG cases (cohort 1) were
leukemias, followed by medulloblastomas and gliomas.
Though these findings may be specific to our analysis
and our methodology used to collect data within SEER, it
should be noted that patients with these primary tumor
types have previously been implicated as being among the
most likely to develop RIG."8

Our work was conducted using data derived from the
SEER-18 Registries Custom Data, covering the years 1975-
2016. SEER contains detailed information regarding patient
demographics, cancer diagnoses, and survival over time;
however, some patient-level information was less reliably
included, including specific treatments received. With RIG
being defined by exposure to RT, this made it difficult to
precisely determine the incidence of RIG, as some patients,
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Overall survival
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Figure 2. The median OS observed for cohort 1 was 9.0 months.

Table 3. Proportion of Deaths from RIG Overall and by Original Diagnosis

Cohort 1b

N

% of
deaths

Overall

Original diagnosis
Glioma
Ependymoma
Choroid plexus tumor
Medulloblastoma
PNET/Pineal
ATRT
Germ cell tumor
Teratoma
Other/unspecified CNS

Leukemia

Cohort 1a
I\ % of
deaths
50 1.00
13 0.55
3 1.09
1 10.00
20 3.45
1 0.37
1 2.33
4 3.70
0 0.00
0 0.00
7 0.55

1

-
O O O ©O O O o o o o

6

0.32

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.26

Cohort 2a Cohort 2b Total deaths
T T I T R
deaths deaths
139 2.79 157 &15 4988
0 0.00 157 6.69 2347
17 6.18 0 0.00 275
2 20.00 0 0.00 10
76 13.13 0 0.00 579
19 712 0 0.00 267
1 2.33 0 0.00 43
18 16.67 0 0.00 108
0 0.00 0 0.00 13
6 8.33 0 0.00 72
0 0.00 0 0.00 1274

Abbreviation: PNET, primitive neuro-ectodermal tumor; RIG, radiation-induced glioma.

especially those treated with cranial RT for leukemia,
seemed to lack definitive data regarding whether they un-
derwent external-beam RT. This necessitated further di-
viding cohort 1 into cohort 1a, comprised of those who

were confirmed to have been treated with beam radiation
for their first malignancy, and Cohort 1b, which included
patients with leukemia whose RT treatment status was un-
known. While we determined that the mean incidence of
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Figure 3.

(A) 0S with and without surgery for RIG. (B) 0S with and without chemotherapy for RIG. (C) 0S with and without radiation for RIG. No

significant differences were observed in median OS between groups who did or did not receive treatment regardless of modality, including surgery,

chemotherapy, and radiation.

RIG by year of original diagnosis for cohort 1 was 0.77%,
it is possible that this number could be closer to the mean
incidence of 0.57% for cohort 1a if not all RIG patients with
prior leukemia underwent RT.

Conversely, patients in cohort 2 represent cases of pos-
sible undiagnosed RIG, as they died more than 7 years fol-
lowing their first primary CNS malignancy diagnosis and
treatment with external-beam RT. With primary CNS malig-
nancies rarely recurring this late after initial treatment, it
may be that at least some of these cases were not biop-
sied or were pathologically misclassified and would have
fit molecular criteria for RIG. As we are unable to obtain
samples and perform a central pathological review for
possible RIG reclassification, it cannot be definitively con-
firmed which of these cases were indeed RIG. We included
these patients to define the full potential scope of RIG and
to highlight that the incidence numbers may be higher
than reported here. These limitations within cohorts 1 and
2 found within SEER raise the importance of establishing a
RIG-specific registry that would contain detailed informa-
tion about these patients, their disease courses, and the

pathology of their tumors, providing investigators with a
more robust database for further studies. Our group has
established such a registry for the purpose of better under-
standing this disease: The Pediatric RIG Registry (RIG-R).

Mean incidence of RIG by year of original diagnosis gen-
erally appeared to decline over time between 1975 and
2016. As we observed that the median latency to RIG was
11.1 years after diagnosis of first malignancy, it is likely that
there has not yet been sufficient lag time for patients diag-
nosed and treated with RT in more recent years to go on to
develop RIG, which may in part be driving the appearance
of decreased case rates. There is hope that RT techniques
that have improved targeting to limit normal tissue expo-
sure may decrease secondary tumors, but when analyzing
mean RIG incidence as a proportion of all CNS tumors
diagnosed at any age in a given year, we found that inci-
dence appeared to increase over time.

Our observed median OS of 9.0 months for patients with
RIG portends a dismal prognosis for these individuals and
is comparable to that of diffuse intrinsic pontine glioma, a
pHGG with arguably the worst prognosis and which has
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proven to be exceedingly difficult to treat.’®2° Three years
following diagnosis of RIG, only 6.4% of patients remained
alive in our sample.These figures, while jarring, make sense
in the context of our data that were unable to show signifi-
cantly improved survival for patients who received surgery,
RT, or chemotherapy. A prior report showed the benefit of
resection of RIG over other modalities,'? but this previous
study’s findings may have been influenced by very small
sample size. Our findings are consistent with literature
showing that RIG is poorly responsive to treatment'® and
highlight the need for the development of better preclin-
ical models and the initiation of clinical trials specifically
targeting RIG.

Our work is largely concordant with the small but ex-
isting body of RIG literature. Incidence of RIG develop-
ment after cranial RT has been estimated to occur in
~0.5%-3% of patients receiving cranial RT'%2! after a me-
dian latency period of 9-15 years,?22% with a median OS
of 9-11 months and 2-year survival rate of approximately
20%.'822While these retrospective cohort and systematic
review data provide an important foundation for RIG epi-
demiology, we expand upon these here by providing an-
nual incidence rates over 4 decades both by year of the
original diagnosis and as a proportion of all CNS tumors
diagnosed in a given year. This study is also the first of
its kind to use a large, population-based dataset in an
attempt to better characterize the incidence and impact
of RIG with greater population representation than prior
studies. A notable finding was that RIG development oc-
curred as late as ~34 years after the original diagnosis in
our sample, indicating the need for clinicians to be aware
of the potential for RIG many years after RT exposure.
This may have implications for long-term follow-up. It is
also interesting to note the significantly shorter median
latency to RIG for Cohort 1b compared to cohort 1a in our
sample, which may be attributable to the long-term che-
motherapy also received by these patients.

There are several limitations to our work. In this
population-based study, we are obviously unable to apply
molecular pathology techniques increasingly being used to
give further evidence that a tumor is truly radiation-induced.
Using data from SEER registries spanning 1975-2016, only
9% of the population was represented within registry data
from 1975 to 1991, while approximately 28% of the popula-
tion was covered between 2000 and 2016.This may limit the
generalizability of these findings to the larger US population
outside of geographic areas covered within these registries.
Patients who were diagnosed more recently had shorter
follow-ups and thus may misleadingly reflect a lower inci-
dence of RIG. Inherent to the SEER database, it is possible
that patient demographics such as race and ethnicity were
misclassified, and a substantial number of patients had
limited treatment history listed. The location/field of RT re-
ceived is not available in SEER, which limits the ability to
ensure the tumor was in the RT field. Information on che-
motherapy is often incomplete, with one SEER category that
includes patients known not to have received chemotherapy
and whose chemotherapy history is unknown. We also
opted to include only patients who received external-beam
RT, which excluded patients who may have developed RIG
as a result of other radiation treatment techniques and may
underestimate the overall incidence of RIG.

Conclusion

Using a large, population-based sample of pediatric patients
with tumors affecting the CNS within the SEER registries,
we characterized the annual incidence of RIG by year of the
original diagnosis and as a proportion of all CNS tumors
diagnosed at any age in a given year between 1975-2016.
We found incidence rates concordant with existing litera-
ture and observed median latency to RIG that was beyond
the previously established understanding of the timeframe
within which RIG usually occurs. This suggests that clin-
icians should be aware of the potential need for following
patients who underwent cranial RT as children beyond the
first 15 years after treatment. We also found that RIG carries
a very poor prognosis, with a median OS of 9.0 months and
no particularly effective treatment options currently avail-
able. Focused effort should be made toward developing
better preclinical models of RIG and conducting transla-
tional and clinical studies of therapies specifically targeted
at this treatment-resistant tumor subtype. Establishment
of a national registry of RIG patients and tumor pathology
samples is an important first step toward this effort.
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