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Clinical and MR findings for the diagnosis of recurrent tumors (RT) versus radiation-induced
secondary tumors (RIST) of malignant pediatric brain tumors of the posterior fossa

BACKGROUND RESULTS

Irradiation is used to treat patients with malignant Clinical and MRI features Malignant RISTvs RT P value

pediatric brain tumors of the posterior fossa (MPBTPFs) Latency period 79 vs 22 months <0.001
Surgical bed 0 % vs 60 % 0.001
ﬁ& Leptomeningeal seeding 0 % vs 45 % 0.01
%I.:} Tumor volume 23.4vs 5.2 cm? 0.004
20 MPBTPF patient with RIST (9 benign and 11 malignant) ADC i 821 vs 644 10° mm2/s 0.02
20 MPBTPF patient with RT ADC ratio 1.08 vs. 0.96 0.04

Radiation induced 2" tumors and recurrent tumors can be Visual abstract
CONCLUSION distinguished based on clinical and MRI features by Lo-Yi, Lin MD



Abstract

Background: Irradiation is one of the main therapeutic strategies used to treat patients
with malignant pediatric brain tumors of the posterior fossa (MPBTPFs). Any
recurrent intracranial lesion that forms after treatment completion is either a radiation-
induced secondary tumor (RIST) or a recurrent tumor (RT), and patients with these
tumors have similar presentations. The aim of our study was to diagnose RIST and RT

on the basis of their clinical and MRI features to guiding optimal treatment strategies

Methods: From 2003-2022, we retrospectively enrolled 20 MPBTPF patients with
pathologically confirmed RIST after complete surgery and irradiation. We also
enrolled 20 MPBTPF patients with RTs with matched primary tumor types and

evaluated the clinical and MRI findings and outcomes of these patients.

Results: The latency period was significantly longer in RISTs than in RTs (152.5 vs.
22 months, p<0.001). None of the RISTs arose from the primary surgical bed or
exhibited leptomeningeal seeding. Benign RISTs tended to be well-defined and
showed homogeneous enhancement. In contrast, malignant RISTs largely resembled
RTs morphologically but demonstrated larger tumor volumes and higher ADCmin and
ADC ratios (all p<0.05). ROC analysis revealed that latency was the strongest
discriminator between malignant RISTs and RTs (AUC=0.90), followed by tumor
volume (AUC=0.81), ADCmin (AUC=0.76), and ADC ratio (AUC=0.72)

Conclusion: In patients with MPBTPF who undergo surgery and radiotherapy, RISTs
can be distinguished from RTs by clinical and MRI features, which may help guide

early treatment planning.



Introduction

Infratentorial tumors account for 45-60% of all pediatric brain tumors. [1] Among
them, 30-40% of tumors are medulloblastomas, 25-35% are pilocytic astrocytomas,
20-25% are brainstem gliomas, 10-15% are ependymomas, less than 1-2% are
atypical teratoid rhabdoid tumors (ATRTS), and 10-15% of posterior fossa brain
tumors represent other histological types. [2] In children, postoperative adjuvant
radiotherapy has greatly improved the outcomes of patients with malignant pediatric
brain tumors of the posterior fossa (MPBTPFs). [3] However, there is growing
concern with respect to the effects of radiotherapy-related complications that affect
the neurocognitive, cerebrovascular, visual, and pituitary systems of these children;
the delays in growth; and the possibility of developing radiation-induced secondary
tumors (RISTs). [4] The following criteria for diagnosing a RIST were developed by
Cahan et al. for radiotherapy-induced solid tumors in 1948 [5]: occurrence within the
original radiotherapy field, occurrence only after a latency period following
radiotherapy; histological distinctness from the original tumor; and no cancer
predisposition syndrome present. RISTs include both benign and malignant
neoplasms, including meningiomas, high-grade gliomas, and sarcomas. [6]

In addition to RISTSs, recurrent tumors (RTs) arising from malignant brain tumors
remain the most common cause of mortality in long-term survivors of pediatric brain
tumors treated with radiotherapy. In one single-center study, the median latency for
local recurrence of medulloblastoma was 25 (11-78) months, and that for
supratentorial recurrence was 15 (0-72) months. [7] Sometimes, the residual tumor
remains stable for a longer time. One possible explanation is that tumor regrowth is
suppressed by radiotherapy.[8] The other possibility is that biological eradication of
the tumor is achieved by the initial treatment but that the kinetics of the surrounding
cells are altered by the treatment, which leads to a second occurrence of
medulloblastoma. [8] These recurrent tumors may manifest as a focal mass lesion,
leptomeningeal dissemination or both. If the recurrent tumor develops after a long
period and manifests as focal mass lesions, differentiating the tumor from RISTs can
be difficult.

For RTs, the standard management is maximal safe re-resection when feasible,
followed by consideration of re-irradiation with advanced technigues (such as
stereotactic radiosurgery, intensity modulated radiation therapy, or hypofractionated
regimens) and/or systemic therapy tailored to the tumor’s histology and molecular
profile.[9-11] In contrast, for RISTs (such as high-grade glioma, meningioma, or
sarcoma), a more cautious approach is warranted due to their distinct biology and
heightened risk of radiation-related toxicity. Maximal safe surgical resection remains
the mainstay, while adjuvant therapy should be individualized.[6] When additional



radiotherapy is considered, modalities that minimize normal tissue exposure (e.g.,
proton beam therapy) are preferred, with stricter adherence to cumulative dose
constraints. Molecular and genetic profiling is essential, as these tumors often display
unique features compared with recurrent primary tumors. Given the higher risk of
radiation-induced complications, systemic therapy may be prioritized when local
treatment options are limited.[12] In summary, RTs are treated as relapsed disease of
the original histology, whereas RISTs are managed as de novo malignancies
according to their respective histology, with careful consideration of prior treatment
exposures and cumulative toxicity.

This retrospective study was designed to evaluate the clinical and MRI findings of
RIST and RT in MPBTPF patients who underwent complete surgery followed by
radiotherapy, with the aim of guiding optimal treatment strategies.



Materials and methods

This retrospective study was approved and deemed exempt from the need to obtain
individual consent from the patients by the institutional review board of our institute.
Informed consent to perform imaging examinations, surgery and adjuvant cancer
treatment was obtained from each patient or a member of the patient's family.

Patients

We retrospectively reviewed the charts of consecutive patients with MPBTPF
treated with complete operation and adjuvant radiotherapy at our center. RIST was
defined as any new neoplasm that arose within the irradiated field with a pathological
diagnosis that differed from that of the primary tumor. RT was defined as a neoplasm
with the same pathological diagnosis as the primary malignancy. From July 2003 to
September 2022, among 256 patients with posttreatment MPBTPF at our center, a
total of 20 patients with pathologically proven RIST were enrolled in this study. None
of the enrolled patients had a cancer predisposition syndrome. For the RT group, we
attempted to match the primary tumor types and age in the RIST group (15
medulloblastomas, 4 ATRTSs, and 1 ependymoma). However, pathologically
confirmed recurrent medulloblastoma and ATRT were uncommon (12
medulloblastomas and 3 ATRTSs in total during this period). Therefore, 5 additional
ependymomas were included (7 ependymomas in total). There was no significant
difference in the distribution of primary tumor types between the two groups (p =
0.21). The demographic features and clinical findings of both groups were analyzed.

MRI before reoperation

The MRI machines used were 1.5 T systems (Siemens Medical Solutions; GE
Medical Systems; or Philips Medical Systems). The MRI examination included axial
T1WI, T2WI, and DWI with b values of 0 and 1000 s/mm2, ADC maps generated
automatically by the MRI scanners, and contrast-enhanced T1WI of the brain. All
patients underwent a complete MR imaging study before reoperation. The MR
imaging parameters of the mass lesion were analyzed by neuroradiologists without
knowledge of the final reoperative pathology.

These parameters included the following: (1) TIWI, T2WI, and DWI signal
intensities with the ADC, classified as iso-to-high or low signal intensity (SI)
compared with signals from the adjacent normal white matter of the brain; restricted
diffusion, defined as high SI on DWI and low SI on ADC in comparison with the
adjacent normal white matter. Enhancement on contrast-enhanced T1WI was
classified as homogenous or heterogenous, and a as “good” when the strongest focal

signal intensity was comparable to that of adjacent venous structures, as “faint” when



the enhancing signals were weaker than the venous structures, and as “no
enhancement” when the lesion was not brighter than on the precontrast images.

(2) Absolute ADC values (ADCmin) were measured by manually positioning
regions of interest (ROIs) that were 10-50 mm? in size on the hospital’s picture
archiving and communication system (PACS) workstations. The tumor ROIs were
positioned on the homologous area with the lowest signals within the solid
components while avoiding areas with necrosis, peritumoral edema, calcification and
hemorrhage. If the tumor appeared in more than three images (slice thickness 5 mm),
three ROIs were placed on different sections and subsequently averaged. If the tumor
appeared in fewer than three images, a total of three ROIs were placed within the
tumor to avoid overlap. To offset subtle differences in the signal settings of different
MRI scanners, an additional ROI was positioned on the homologous area of normal-
appearing contralateral white matter in the cerebrum or cerebellum. The ADC ratio
was calculated as the solid tumor-to-contralateral white matter ratio. We suggest the
ADC ratio is able to reduce some factors related to imaging artifact or imaging
inhomogeneity by different MR scanners. The DWI ratios (b = 1000 s/mmz2) were
obtained in a similar manner but by positioning the tumor ROIs at areas with the
highest signals.

(3) Information on the following diagnostic variables was obtained: tumor volume,
which was estimated using the geometric ellipsoid formula. Specifically, the three
orthogonal maximum diameters of the tumor (length, width, and height) were
measured on MRI, and the volume was calculated as:

Tt
V= g X length X width X height

Tumor location, at the primary tumor base or distal to the primary tumor; tumor
margin, categorized as well-defined or poorly defined; the presence of a cystic
component or complete solid component; peritumoral edema; the presence of tumor
seeding; and the presence of hydrocephalus.

Two neuroradiologists, each with 3 and 27 years of experience, evaluated the
imaging parameters, and decisions were made by consensus.

Statistical analysis

To evaluate the associations between the clinical and MRI parameters in the RIST
and RT groups, numeric and continuous data, such as data on patient age, tumor size,
latency period, ADCmin, the ADC ratio, and the DWI ratio, are summarized as the
median values and were analyzed with Mann-Whitney U test. Categorical data, such



as data pertaining to sex, tumor location, tumor margin and MRI parameters, are
summarized as counts and percentages and were analyzed with a chi-square test or
Fisher’s exact test, with the analysis results presented as p values.

Calculation of the area under the receiver operating characteristic (ROC) curve
(AUC) was performed to assess the diagnostic accuracy of imaging parameters
showing significant differences. The optimal cutoff levels of the latency, tumor
volume, ADCnin and ADC ratio for differentiating between malignant RIST and RT
were analyzed by means of ROC curves and Youden's index. Kaplan—Meier plots
were used to visualize data on overall survival (OS) following a RIST or RT
diagnosis, and between-group comparisons of OS were analyzed by means of the log-
rank test. All the statistical analyses were performed with IBM® SPSS® software,
and P values <0.05 indicated statistical significance.



Results

Clinical characteristics of the patients with RISTs

In total, 20 patients developed RISTs following cranial radiotherapy for MPBTPF
(Table 1). There were 13 female patients and 7 male patients, and the median age at
first radiotherapy was 7 years (range, 1-14 years). The MPBTPFs included the
following: medulloblastoma (n=15), ATRTs (n=4), and ependymoma (n=1). RISTs
developed after a median latency period of 152.5 months (range, 34-400 months).
The 20 RISTs included meningioma (n=8, 40%), glioblastoma (GBM) (n=7, 35%),
high-grade astrocytic neoplasm (n=1, 5%), malignant spindle cell tumor (n=1, 5%),
osteosarcoma (n=1, 5%), olfactory neuroblastoma (n=1, 5%), and trigeminal
schwannoma (n=1, 5%). None of the RISTs grew on the primary tumor surgical bed.
The follow-up period, measured from the diagnosis of the primary tumor until death
or last follow-up, showed that the median follow-up for benign RIST was 392 months
(205-492 months), and for malignant RIST it was 89 months (55-345 months).

Clinical findings of the RIST and RT

The results of the comparisons of the clinical findings in the RIST and RT groups
are presented in Table 2. The primary tumors in the RT group were medulloblastoma
(n=12, 60%), ATRT (n=3, 15%) and ependymoma (n=5, 25%). The latency period
between initial surgery and reoperation was 152.5 months (range, 34-400 months) in
the RIST group and 22 (1-191) months in the RT group (P<0.001). The median
follow-up for RT was 43.5 months (6-209 months). The age at diagnosis of the
primary tumor, sex, and number of patients who were alive at the last follow-up were
not significantly different between the two groups.

OS analysis revealed that the OS times of the patients with benign RISTs (median
OS >200 months) were better than those of the patients with RT (median OS= 22
months) (p=0.04). There were no significant differences in the median OS times of all
patients with RISTs (median OS= 30 months) versus patients with RTs (median OS=
22 months), of patients with malignant RISTs (median OS= 12) versus patients with
RTs (median OS= 22 months), or between patients with benign RISTs (median OS
>200 months) and patients with malignant RISTs (median OS= 12). (Figure 1)

MRI characteristics by tumor group (Table 3)
Malignant RIST vs. RT

Pre-reoperation, no malignant RIST arose at the primary surgical bed (0/11),
whereas 12/20 RTs were at the surgical bed (60%; p=0.001). Tumor volume was
larger in malignant RISTs [23.39 cm3 (2.72-57.4) vs 5.17 cm?3 (0.21-63.54);



p=0.004]. CSF seeding was absent in malignant RISTs but present in 9/20 RTs (45%;
p=0.01). Diffusion metrics also differed: ADCmin was higher [821x107° mm?/s (638—
1392) vs 644x10°° mm?/s (64-1208); p=0.02], and the tumor-to-normal ADC ratio
was greater [1.08 (0.81-2.71) vs 0.96 (0.70-1.87); p=0.04]. No significant between-
group differences were found for lesion margin definition, T1/T2 signal
characteristics, overall enhancement intensity or pattern, presence of a cystic
component, perifocal edema, hydrocephalus, diffusion restriction on DWI, or DWI
ratio (all p>0.05).

Benign RIST vs. RT

Pre-reoperation, no benign RIST arose at the primary surgical bed (0/9), whereas
12/20 RTs were at the surgical bed (60%; p=0.003). Benign RISTs were
predominantly extra-axial (8/9, 89%), while more RTs were intra-axial (11/20, 55%;
p=0.04). Lesion margins were more often well-defined (9/9, 100% vs 3/20, 15%;
p<0.001), and homogeneous enhancement was more common (8/9, 89% vs 2/20,
10%; p<0.001). CSF seeding was absent in benign RISTs but present in 9/20 RTs
(45%; p=0.03). Diffusion metrics differed: the tumor-to-normal ADC ratio was higher
[1.15 (0.90-1.82) vs 0.96 (0.71-1.87); p=0.03], and the DWI ratio was lower [1.22
(0.76-1.37) vs 1.43 (0.85-1.71); p=0.01]. Tumor volumes were comparable [2.35 cm?3
(0.99-174.37) vs 5.17 cm3 (0.21-63.54); p=0.62]. Other MRI features did not differ
(all p>0.05).

Benign RIST vs. Malignant RIST

All lesions in both groups were distant from the primary surgical bed (100% each;
p=1). Benign RISTs were more often extra-axial (8/9, 89%) than malignant RISTs
(2/11, 18%; p=0.01) and more frequently well-defined (9/9, 100% vs 3/11, 27%);
p=0.001). Homogeneous enhancement was also more common in benign RISTs (8/9,
89%) than in malignant RISTs (3/11, 27%; p=0.01). Tumor volume was smaller in
benign RISTs [2.35 cm3 (0.99-174.37)] than in malignant RISTs [23.39 cm3 (2.72—
57.4); p=0.007]. Other MRI features did not differ (all p>0.05).

In summary, across all RIST cases, no tumors arose in the primary tumor’s surgical
bed. RISTs occurred in both extra- and intra-axial locations, whereas every tumor in
the RT cohort was intra-axial. None of the RISTs showed CSF seeding, which was
observed in the RT group. Compared with RT, benign RISTs differed in several
anatomic and morphologic characteristics —most notably in margin definition and
enhancement pattern. By contrast, malignant RISTs and RT shared broadly similar
anatomic/morphologic features; however, malignant RISTs tended to have larger



tumor volumes and higher ADCmin and ADC ratio than RT, providing useful clues for
differentiation. The MRI features of malignant RIST and RT are presented in Figure2.

ROC analysis

In differentiating malignant RIST from RT, ROC analysis demonstrated that
latency, tumor volume, ADCmin, ADC value provided discriminatory value (Figure 3).
Latency yielded the highest accuracy (AUC = 0.90; 95% CI, 0.78-1.00) with an
optimal cut-point of 33 months (sensitivity 100%, specificity 75%). Tumor volume
showed acceptable performance (AUC =0.81; 95% CI, 0.67-0.97) with an optimal
cut-point of 12.1 cm3 (sensitivity 91%, specificity 80%).

Among diffusion metrics, ADCmin and the ADC ratio showed fair discrimination,
with AUCs of 0.76 (95% CI, 0.59-0.93) and 0.72 (95% CI, 0.52-0.93), respectively.
The optimal threshold for detecting RIST was an ADCmin > 692.5 x 10° mm?/s
(sensitivity 82%, specificity 75%) and an ADC ratio > 1.03 (sensitivity 73%,
specificity 80%).



Discussion

In the current study, we demonstrated that clinical and MR findings can be used for
the pretreatment diagnosis of benign RIST, malignant RIST, and RT in MPBTPF
patients after completion of initial surgery and radiotherapy. Compared with RT
patients, the latency period is longer in both benign and malignant RIST patients.
Furthermore, all RISTs do not grow on the surgical bed of the primary tumor, do not
have concurrent leptomeningeal seeding, and have a more extra-axial position. Benign
RISTs show more well-defined margins and homogeneous enhancement than RTS.
Although malignant RISTs often exhibit ill-defined margins and heterogeneous
enhancement similar to RTs, they tend to have larger tumor volumes and higher
ADCmin and ADC ratios, which help distinguish them from RTs. Compared with that
for RT patients, the OS of patients with benign RISTs is better. To date, this is the
largest series in which MR image analysis for RISTs after surgery and radiotherapy
was evaluated for pediatric MPBTPF. We also provide a flow chart for differential
RISTs and RTs, shown in Figure 4.

Applications and risks of radiotherapy in MPBTPF

In addition to surgery, radiotherapy is one of the main treatment modalities used to
improve the survival outcomes of MPBTPF patients. [3] Currently, children aged > 2
years who have undergone gross total resection of their medulloblastomas with no
evidence of CNS dissemination at diagnosis (average risk) are conventionally treated
with 23.4 Gy of craniospinal irradiation (CSI) with concomitant vincristine and 32.4
Gy posterior fossa radiation therapy, followed by adjuvant cis-platinum—based
chemotherapy. [13] Patients with ependymomas receive a higher radiotherapy dose,
with ACNS0121 recommending 54 Gy for patients aged < 12—-18 months after gross
total resection and 59.4 Gy for all other patients. [14] Radiotherapy affects tumors by
causing DNA damage, specifically double-strand breaks. However, DNA damage also
occurs in healthy cells that are exposed to radiotherapy. Tremendous progress has
been made over time to limit both the dose and field of radiation exposure to
minimize damage to healthy cells. [13] Despite the advancements in radiotherapy
methods, some degree of inherent risk, which can lead to neurological deficits in
45.5% of patients [15] and cause RIST in 1-4% of patients, remains. [16, 17] In
previous studies, the types of RISTs were mainly meningiomas, malignant gliomas,
nerve sheath tumors, secondary squamous cell carcinomas and sarcomas. [18] In our
study, meningioma and high-grade glioma were the most common RISTs and
accounted for 80% of all cases, consistent with the findings of previous studies.



Risk of secondary tumors

A widely held concept is that the younger the patient is at primary treatment, the
greater the risk of RIST will be. Lee et al. reported that age at irradiation of <7 years
and craniospinal irradiation significantly increased the risk of developing a secondary
tumor. [6] Younger onset may therefore render patients especially vulnerable to
radiation-induced gliomagenesis in later years due to the abundance of neurogenic
stem cells and increased growth factor activity. [19] Paulino et al. reported that
children undergoing prophylactic cranial irradiation in the management of acute
leukemias constitute the largest risk group. [20] They also reported that the
radiotherapy volume affected the latency time. In patients receiving craniospinal or
whole-brain irradiation, 72.5% of the RIGs occurred within 10 years of initial
radiotherapy. In those treated with local irradiation, 51.2% of the RIGs occurred
within 10 years of radiotherapy. [20] Lee et al. also reported a higher incidence of
secondary tumors in those with primary medulloblastomas. [6] For patients with
medulloblastoma who should receive craniospinal irradiation according to the
previous standard protocol, selective dose de-escalation or focal irradiation for
favorable genotypes, such as wingless (WNT)-subgroup medulloblastoma, may be
considered. [21]

Latency of secondary tumors

In their article, Pettorini et al. [22] reviewed 142 tumors in patients who received
irradiation of the whole CNS in childhood; they reported mean latency periods of 13.7
years for secondary meningioma and 7.5 years for secondary sarcoma. The latency
period for development a RIG ranges from 9 to 11 years. [4, 23] Aherne et al revealed
that the latency period of WHO grade 11-VI RIGs was approximately 10.7 to 12.6
years. [24] Among our patients, the median latency period was 21.5 (8 to 33.3) years
for benign RISTs, including 8 meningiomas, and 6.6 (2.8 to 20.8) years for malignant
RISTs, including 7 GBMs. Our latency periods for RISTs were consistent with those
of reported in other series. In our study, RIST may have occurred with a longer
interval than RT after cranial radiotherapy, especially for benign RISTs, warranting
extended long-term follow-up of exposed patients.

Outcome of secondary tumors

In one cohort study, 1-4% of patients who underwent cranial radiotherapy for
pediatric cancer developed radiation-induced gliomas (RIGs), and among them,
56.1% of the RIGs were WHO grades 3-4, and 43.9% of them were WHO grades 1—
2. At one year post-RIG diagnosis, overall survival (OS) was 44.5%, two-year OS
was 15.9%, 3-year OS was 6.4%, and the median OS was 9.0 months. [17] A meta-



analysis of 296 cases of radiation-induced gliomas reported a median overall survival
of 11 months (95% CI, 9-12 months) and a 2-year survival rate of 20.2% across all
grades, with most secondary gliomas being high-grade (grade 111/1V) tumors.[25] In
our study, the incidence of RIG was 3.1%, consistent with the findings in the above
study, and the median OS among patients with malignant RISTs was 12 months,
consistent with the findings of previous studies. In our study, the outcomes of the
patients with malignant RISTs were similar to those of the patients with RTSs.
However, patients with benign RISTs had better outcomes than those with RTs
(median OS>200 and 22 months, respectively, p=0,04).

Treatment for secondary tumors

Treatment for RIG remains less standardized as compared with that of primary
gliomas. Patients with RIG have poor responses to chemotherapy. Reirradiation is an
option in selected patients. Paulino et al. reported that 85 patients with RIG who
received reirradiation at a median dose of 50 Gy had higher 1-, 2-, and 5-year survival
rates than those who did not undergo reirradiation treatment. [20] Surgical resection
may increase the OS time [26], but overall, the patient outcomes are largely poor.
Leary et al. reported that regardless of the type of treatment, including surgery,
chemotherapy, or radiation, there were no significant differences in median OS
between groups who did or did not receive treatment. [17] In our study, all patients
with RIST underwent surgery. Among the 9 benign RIST cases (8 meningiomas and 1
trigeminal schwannoma), 2 meningiomas additionally received gamma knife
radiosurgery. Of the 8 secondary high-grade gliomas, 2 received RT, 3 received
concurrent chemoradiotherapy (CCRT), and 3 underwent CCRT combined with
targeted therapy and boron neutron capture therapy (BNCT). For other malignant
RISTs, the olfactory neuroblastoma case received CCRT, the osteosarcoma case
received chemotherapy, and the malignant spindle cell tumor case received
radiotherapy. However, the outcomes of malignant RIST were still poor, with a
median OS of only 12 months.

Imaging features for differentiating RIST from RT

Patients with recurrent posterior fossa malignancies may present with focal mass
lesions, leptomeningeal dissemination or both. If recurrent MPBTPFs develop after a
long period and manifest as focal mass lesions, they may be difficult to differentiate
from RISTs in an imaging study. In the current study, we were able to differentiate
RIST of the MPBTPF from RT in an MR imaging study. The features included the
following:



1. Lesion location. RTs may develop from small unresected or invisible residual
tumors within or close to the surgical tumor bed. However, in RISTs, DNA
damage occurs in all healthy cells exposed to radiotherapy rather than in the
original surgical bed alone. In our study, all the RISTs grew in locations that were
distal to the surgical tumor bed; in contrast, 40% of the RTs grew in locations
distal to the surgical bed, and the other 60% of the RTs grew on the surgical bed.
The radiotherapy area includes extracranial structures, such as the cranial nerves,
dura matter, skull bone or scalp. Among our 20 patients with RISTs, 11 (55%) had
extra-axial RISTs (8 meningiomas from dura matter, 1 olfactory neuroblastoma
from olfactory nerve, 1 osteosarcoma from skull, 1 malignant spindle cell tumor
from skin). In contrast, within the RT group, 11 patients had focal intra-axial
tumors, while the remaining 9 patients exhibited both leptomeningeal seeding and
focal intra-axial tumors. None of the RTs originated from extracranial structures.

2. Subtle leptomeningeal enhancement. Leptomeningeal recurrence or seeding is
most commonly detected in patients with medulloblastoma [27] but is also
observed in patients with tumors with other pathologies, including ATRT [28] and
ependymoma [29]. Our RT group included 12 patients with recurrent
medulloblastoma, 3 with recurrent ATRT, and 5 with recurrent ependymoma, and
leptomeningeal dissemination is more common with these tumor types than with
RISTs (meningioma, high-grade glioma). In our patients, half of these subtle
leptomeningeal enhancements on early postprocedural MRI resulted in
leptomeningeal recurrence.

3. Lesion margin and enhancement. Meningiomas account for most benign RISTs. A
critical difference between radiotherapy-induced meningiomas and sporadic
meningiomas is their clinical behavior. In some studies, the rate of more
aggressive pathologic subtypes in radiotherapy-induced meningiomas was
reported to be higher than that in sporadic meningiomas. [27] In the 8
meningiomas in our RIST group, all had unfavorable features, such as a
significant mass effect on adjacent structures, rapid interval growth, and the need
for surgical resection. However, these meningiomas still retain their typical MRI
and pathological features, leading to more well-defined margins and homogenous
enhancement of benign RISTs than of RTs.

4. DWI and the ADC value. Tumors classified as WHO grade 1V, such as
medulloblastoma and glioblastoma, have the lowest ADC values and ADC ratios
because of their high cellularity. Hassannejad E et al. reported that there is no
difference in the ADC values of medulloblastoma and glioblastoma. [30]
However, the most common malignant RIST “high grade gliomas” include not
only WHO grade IV glioblastoma but also WHO grade 11 anaplastic astrocytoma.



Yamasaki et al. reported a significant inverse relationship between the ADC and
astrocytic tumors of WHO grade 111 vs. IV (p < 0.01). [31] Furthermore, high-
grade gliomas may have higher ADC values as a result of microcystic
degeneration, foci of necrosis, and excessive production of extracellular matrix
components by glioblastoma cells. [32] This could explain our finding that the
ADCmin and ADC ratio were higher in malignant RISTs (mainly high-grade
gliomas) than in RTs (including recurrent medulloblastoma, ATRT and
ependymoma).

Limitation

The present study had certain limitations. First, this was a retrospective study that
included a small number of cases. Second, the therapeutic protocols and irradiation
techniques changed during long-term follow-up, extending beyond 20 years in some
cases. Given the long follow-up period, the tumor classifications likely span multiple
versions of the WHO criteria, making it difficult to confirm that each case meets the
most recent standards. For consistency, we uniformly use the term ‘glioblastoma
(GBM)’ for cases previously diagnosed as glioblastoma multiforme, ‘ependymoma’
for cases previously classified as anaplastic ependymoma, and ‘astrocytoma’ for cases
previously described as anaplastic oligoastrocytoma.

However, RISTs that occur after surgery and radiotherapy in pediatric patients with
MPBTPF are rare, and this is the first study in which the MRI features of these tumors
are reviewed. Thus, a study of 20 cases of RIST can still provide a valuable reference
for understanding the characteristics of this disease. New techniques, such as MRI
perfusion and MR spectroscopy, can be used as adjuvant protocols for the early-stage
diagnosis of RIST or RT. Further multicenter, prospective studies should also be
performed to elucidate the behaviors and characteristics of RIST of MPBTPF.

Conclusion

RISTs and RTs can sometimes appear similar on MRI. In our study, all RISTs had
a longer latency period, did not arise at the primary tumor bed, and were not
associated with leptomeningeal dissemination. Benign RISTs tended to be well-
defined and showed homogeneous enhancement. Malignant RISTs largely resembled
RTs morphologically but demonstrated larger tumor volumes and higher ADCmin and
ADC ratios. Patients with benign RISTs had better outcomes than those with RTs.
Therefore, distinguishing between benign RISTs, malignant RISTs, and RTs is crucial
for predicting patient outcomes and selecting the most appropriate treatment
strategies.
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Figure 1. (A) Overall survival (OS) for RIST vs RT. (B) OS for benign RIST vs RT.
(C) OS for malignant RIST vs RT. (D) OS for benign vs malignant RIST. Only the

comparison between benign RIST and RT was statistically significant.

Figure 2. A and B show a patient with malignant RIST (glioblastoma), and C and D
show a patient with RT (recurrent medulloblastoma). Both patients had previously
undergone surgery and radiotherapy for posterior fossa medulloblastoma. (A, C) At
137 and 191 months after the initial treatment, respectively, both patients developed
ill-defined, heterogeneous intra-axial tumors located away from the prior surgical bed.
(B) The malignant RIST (glioblastoma) had an ADCmin of 1,207 x 10*~6 mm”2/s and
an ADC ratio of 1.48. (D) The recurrent medulloblastoma had an ADCmin of 680 x
10"=6 mm”2/s and an ADC ratio of 0.70.

Figure 3. ROC curves for differentiating malignant RIST from RT using latency,
tumor volume, ADC min, and ADC ratio. Malignant RIST is associated with longer

latency, larger tumor volume, and higher ADCmin and ADC ratio compared with RT.

Figure 4. Flowchart to differentiate RIST from RT using MRI



Table 1 Clinical characteristics of patients who had secondary tumors following cranial irradiation for pediatric primary posterior fossa tumors

Patient Age  Sex Primary tumor Primary location Secondary tumor Secondary location Latency F/u period
No. (y/o) (month) (month)
1 6 F Medulloblastoma  4th ventricle Meningioma Left superior parietal lobe 259 260*
2 5 F Medulloblastoma  4th ventricle Meningioma Right high frontal lobe 258 466
3 9 F Medulloblastoma  4th ventricle Astrocytoma Right basal ganglia 246 272*
4 9 M  Medulloblastoma Right cerebellar hemisphere GBM Right basal ganglia and 49 55%
frontal lobe
5 9 M  Medulloblastoma 4th ventricle GBM Left cerebellar hemisphere 115 119*
6 5 M  Medulloblastoma 4th ventricle Meningioma Right temporal lobe 222 224%*
7 10 M  Medulloblastoma Right cerebellar hemisphere  Olfactory neuroblastoma Right frontal base 249 345
8 5 F Medulloblastoma  4th ventricle Meningioma Left frontal lobe 239 432%
9 12 F Medulloblastoma  4th ventricle Meningioma Left parietal lobe 400 492
10 12 F Medulloblastoma  4th ventricle GBM Right cerebellar hemisphere 80 89%*
and pons
11 14 F Medulloblastoma  4th ventricle Meningioma Right frontal lobe 363 409%*
12 14 F Medulloblastoma  4th ventricle GBM Left cerebellar hemisphere 137 149*
13 7 F Medulloblastoma  4th ventricle Meningioma Left temporal lobe 354 392
14 5 F Medulloblastoma  Left cerebellar hemisphere ~ GBM Left high frontal lobe 37 76%*
15 2 F Medulloblastoma  4th ventricle Trigeminal schwannoma Right Meckel's cave 96 205
16 9 F ATRT Right cerebellar hemisphere  Osteosarcoma Right occipital skull 34 64%*
17 5 F ATRT 4th ventricle Malignant spindle cell Right frontal lobe 79 245

tumor



18 1 M  ATRT Midbrain GBM Right basal ganglia 78 89*
19 7 M  ATRT Right cerebellar hemisphere GBM Left centrum semiovale 79 84*
20 3 M  Ependymoma Left cerebellar hemisphere ~ Meningioma Right high frontal lobe 168 356

GBM, Glioblastoma; ATRT, Atypical Teratoid/Rhabdoid Tumors
* Follow-up period from primary tumor diagnosis to expired



Table 2 Clinical findings in radiation induced secondary tumor (RIST) and recurrent
tumor (RT) group

RIST (n=20) RT (n=20) p Value
Primary tumor type (%) 0.21
Medulloblastoma 15 (75) 12 (60)
ATRT 4 (20) 3(15)
Ependymoma 15 55
Sex (%) 0.06
Male 6 (30) 13 (65)
Female 14 (70) 7 (395)
Primary tumor age (years) 7 (1-14) 5.8 (1-18) 0.15
(median, range)
Latency (months) 152.5 (34-400) 22 (1-191) <0.001
(median, range)
Alive at last follow-up 7 (35) 3(15) 0.15

GBM, Glioblastoma; ATRT, Atypical Teratoid/Rhabdoid Tumor



Taoie 5 IVIKI 1edres o1 mdlgndnt radldtion mauced sSeCondad wWmor (K1d 1) Ccompdred witll IeCurrenl Wmor U(T) group

Benign RIST Malignant RIST ~ RT P* P** PFFF
(n=9) (n=11) (n=20)
Location (%) 0.001 0.003 1
Distant 9 (100) 11 (100) 8 (40)
Tumor base 0 0 ) 12 (60)
Intra or extra-axial (%) 0.45 0.04 0.01
Extra-axial 8 (89) 327 9 (45)
Intra-axial 1(11) 8 (73) 11 (55)
Margin (%) 0.64 <0.001  0.001
Well defined 9 (100) 327 3(15)
Poorly defined 0 ) 8 (73) 17 (85)
Tumor size (cm’) (range)  2.35(0.99-174.37)  23.39 (2.72-57.4)  5.17 (0.21-63.54)  0.004 0.62 0.007
T1 (%) 1 0.31 0.45
High 1(11) 00 00
Iso to low 8 (89) 11 (100) 20 (100)
T2 (%) 0.7 0.11 0.07
High 2(22) 8 (73) 12 (60)
Iso to low 7 (78) 3@27) 8 (40)
Enhancement (%) 0.53 1 0.45
Good 8 (89) 11 (100) 18 (90)
Faint to no 1(11) 00 2 (10)
Enhancement pattern (%) 0.32 <0.001 0.01
Homogenous 8 (89) 327 2 (10)
Heterogenous 1(11) 8 (73) 18 (90)
Cystic component (%) 2 (22) 4 (36) 6 (30) 1 1 0.64
Perifocal edema (%) 1(11) 2 (18) 2 (10) 0.6 1 1
No tumor seeding (%) 9 (100) 11 (100) 11 (55) 0.01 0.03 1
Hydrocephalus (%) 1(11) 2 (18) 3(15) 1 1 1
DWI (%) 0.32 1 0.59
High 8 (89) 8 (73) 18 (90)
Iso to low 1(11) 327) 2 (10)
ADC (%) 0.42 0.21 1
High 5 (56) 5 (45) 5(25)
Iso to low 4 (44) 6 (55) 15 (75)
Restricted DWI (%) 4 (44) 6 (59) 15 (75) 0.13 0.21 1
* ADChin (10°mm’/s) 839 (197-1112) 821 (638-1392) 644 (64-1208) 0.02 0.06 0.9
* ADC ratio 1.15 (0.9-1.82) 1.08 (0.81-2.71)  0.96 (0.7-1.87) 0.04 0.03 0.97
*DWI ratio 1.22 (0.76-1.37) 1.48 (0.58-2.03)  1.43 (0.85-1.71)  0.68 0.01 0.16

P*=malignant RIST vs RT

P**=Dbenign RIST vs RT

P***="Denign RIST vs malignant RIST



“ One outlier 1n the benign KIS 1 group and two 1n the K1 group were excluded
* Tumor/contralateral white matter ratio
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MPBTPF: malignant pediatric brain tumors of the posterior fossa
RIST: radiation-induced secondary tumor

RT: recurrent tumor

ATRT: atypical teratoid rhabdoid tumors

GBM: glioblastoma

DWI: Diffusion-weighted Imaging

ADC: apparent diffusion coefficient

SI: signal intensity

WI: weighted image

ROI: regions of interest

PACS: picture archiving and communication system
ORs: odds ratios

OS: overall survival

ROC: receiver operating characteristic

RIG: radiation-induced glioma

CSI: craniospinal irradiation
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