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Abstract

Purpose This study seeks to characterize magnetic reso-
nance imaging (MRI) changes following stereotactic
radiosurgery (SRS) of pediatric brain malignancies.
Methods Serial MRI evaluations were performed on 21
lesions treated with SRS for either medulloblastoma (n=12),
juvenile pilocytic astrocytoma (n=4), ependymoma (n=2),
atypical rhabdoid teratoid tumor (n=2), or pineocytoma
(n=1). Prescription doses ranged from 14 to 30 Gy in one
to five fractions. Tumor response was qualified as
complete (CR), partial (PR), stable disease (SD), or
progressive disease (PD) according to the RECIST vl.1.
Median radiographic follow-up after SRS was 17 months.
Results A total of 80 follow-up MRI scans were reviewed
with a median of eight per patient. During serial MRI
evaluation, eight lesions met criteria for PD at a median of
6 months. However, of these, three (37%) represented
transient tumor edema with two lesions later developing a
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CR at a median of 15 months and one persisting as SD at
12 months. The remaining five lesions were true local
failures. Of the 13 lesions that did not show evidence of
PD, a CR was obtained in 11 lesions at a median of
3 months (range, 2—6), and SD was seen in the remaining
two tumors at last follow-up.

Conclusion Lesion enlargement following SRS for pediatric
intracranial tumors is common, and a proportion of patients
meeting requirements for PD at early radiographic follow-up
may later develop complete resolution of their lesions.
Physicians should be aware of these radiographic changes to
avoid unwarranted medical and surgical interventions.

Keywords Stereotactic radiosurgery (SRS) - Brain tumor -
Pediatric - Magnetic resonance imaging (MRI)

Introduction

Intracranial malignancies are the most common solid
tumors of childhood and the second most common pediatric
cancer after hematologic malignancies [13]. The standard of
care for children greater than 3 years with central nervous
system (CNS) tumors is a multidisciplinary approach
combining surgery, radiotherapy, and chemotherapy [22].
Traditionally, conventional radiotherapy techniques have
been associated with modest efficacy yet carry a
significant risk for late treatment-related morbidity,
including endocrinopathies, osteopenia/osteonecrosis,
neurocognitive changes, growth alterations, and second
malignancies [30]. The clinical implementation of stereo-
tactic radiosurgery (SRS) for small volume lesions or as
adjuvant therapy following sub-total resections has several
potential advantages over traditional radiotherapy techni-
ques, including the ability to deliver higher doses with
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steeper gradients, thereby allowing for increased tumor
control and decreased treatment-related side effects.
Reports on SRS for pediatric intracranial tumors are still
immature but suggest better toxicity profiles over conven-
tional or whole brain radiation therapy techniques [2, 7, 9,
11, 12, 16, 17, 19, 21, 27], likely secondary to lower
volumes of normal brain tissue irradiation [20]. For these
reasons, SRS will likely have a more integral role in the
management of pediatric brain tumors in the near future.

One difficulty in treating patients with SRS is disease
surveillance. Following stereotactic radiosurgery (SRS) of
adult intracranial malignancies, it can be difficult to
distinguish between radiation effect and tumor progression
on magnetic resonance imaging (MRI) [6, 15, 24, 25].
Many physicians anticipate a near-complete response to
occur within 20 weeks of therapy, much like that seen for
metastases [24]. However, transient tumor edema or stable
disease following SRS can occur for several months [1, 15,
24, 25], leading to disagreements regarding the efficacy of
SRS therapy. '®*F-flurodeoxyglucose positron emission
tomography (FDG-PET) [3], ''C-methionine PET [28,
29], single photon emission computed tomography
(SPECT) [18, 26], T1/T2 matching [15], and biopsy [14]
have all been studied to assess their clinical utility in
discriminating between radiation effect and disease pro-
gression; however, there is no universally accepted standard
regarding the use and interpretation of these tests. Many of
these tests are also not routinely available in all clinical
practices.

Since erroneous diagnosis of lesion progression can lead
to unwarranted interventions with little potential for benefit,
it is important to understand these imaging changes. In

Table 1 Clinical characteristics

particular, since the application of SRS for pediatric
intracranial tumors is a relatively new therapeutic approach,
few guidelines are available regarding the MRI changes
following therapy. As such, we have performed a review of
MRI scans on a series of children treated with SRS at our
institution in order to better clarify the natural course of
post-SRS intracranial lesions followed by MRI.

Methods

Institutional review board approval was obtained prior to
the initiation of this study. A retrospective review of patient
records was performed to identify all patients treated with
SRS for primary intracranial pediatric tumors. Twelve
patients at the University of California San Diego were
identified meeting this criteria. The clinical characteristics
of these patients are summarized in Table 1. Median patient
age was 12 (range 4-22). Largest tumor diameters ranged
from less than 5 to 31 mm.

The decision to treat with radiosurgery for primary,
recurrent, or residual disease was made based on history of
previous therapeutic interventions and/or consensus at
tumor board. Prescription dose delivered to the planning
target volume ranged from 14 to 30 Gy delivered in one to
five fractions (Table 1). Our technique for pediatric SRS
has been previously described [17]. All patients were
treated between September 2006 and October 2009.

All available MRIs were reviewed for each patient, and
lesions were grouped into the following categories based on
the revised Response Evaluation Criteria In Solid Tumors
version 1.1 [8]:

Patient Age Diagnosis No. of lesions Radiation Chemotherapy® Surgery® Follow-up time (months)
1 12 JPA recurrence 1 16 Gyx1 No Yes 32
2 4 JPA recurrence 1 6 Gyx5 No Yes 8
3 14 JPA residual 1 20 Gyx1 No Yes 31
4 12 JPA residual 1 20 Gyx1 No Yes 12
5 18 MB recurrence 3 20 Gyx1 Yes Yes 3
6 13 MB recurrence 4 10 Gyx2 Yes Yes 4
7 12 MB metastasis 1 14 Gyx1 Yes Yes 17
8 4 MB metastasis 4 6 Gyx5 Yes Yes 2
9 22 EM recurrence 1 6 Gyx5 No Yes 16
10 8 EM recurrence 1 20 Gyx1 Yes Yes 25
11 3 ATRT recurrence 2 20 Gyx1 Yes Yes 21
12 19 Pineocytoma 1 5 Gyx1 No Yes 39

Gy gray, MB medulloblastoma, JPA4 juvenile pilocytic astrocytoma, EM ependymoma, ATRT atypical rhabdoid teratoid tumor

 Prior to or concurrent with SRS
® Prior to SRS
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2.2 months

Fig. 1 Example of a complete response seen by MRI 2 months
following treatment with SRS for a medulloblastoma metastasis of the
right frontal lobe (patient 8). a Diagnostic MRI. b Follow-up MRI
scan at 2.2 months

1. Complete response (CR): near-complete disappearance
of target lesion

2. Partial response (PR): at least 30% decrease in sum of
target lesion diameters

3. Progressive disease (PD): at least 20% increase in sum
of target lesion diameters

4. Stable disease (SD): Insufficient change to qualify as
CR, PR, or PD

The determination of actual disease progression (local
failure) was based on clinical and imaging characteristics at

follow-up and discussion at tumor boards attended by
radiation, medical, and neurosurgical oncologists, as well as
pathologists and neuroradiologists. Where relevant, FDG-
PET, SPECT, and/or biopsy was performed to assist in the
discrimination between radiation effect and true disease
progression.

To compare lesion size on follow-up MRI scans to the
original planning isodose curves, follow-up MRI scans and
the planning CT were fused using a rigid auto-registration
tool (Varian Eclipse™) and subsequently manually verified.

Results

Median radiographic follow-up after SRS was 17 months
(range, 2-39). A total of 80 follow-up MRI scans were
reviewed with a median of eight per patient (range, 1-13).
During serial MRI evaluation, 11 lesions (52%) developed
a CR (without prior lesion growth large enough to qualify
as PD) at median time of 3 months (range, 2—6) following
SRS (Fig. 1; Table 2). Persistent SD without prior lesion
enlargement was seen in two lesions (10%) at the time of
analysis. The remaining eight lesions (38%) met criteria for
PD at a median of 6 months (range, 3-20). However, of
these, three (37%) represented transient tumor edema with
two (histology: juvenile pilocytic astrocytoma, atypical
rhabdoid teratoid tumor (ATRT)) later developing a CR at
a median of 15 months (Figs. 2 and 3) and one persisting as
SD at 12 months. Both patients who developed CR after

Table 2 Radiographic response

Imaging progression (months, following SRS) Outcome

of each lesion following SRS Patient Diagnosis
1 JPA recurrence
2
3 JPA residual
4
5 MB recurrence
5
5
6
6
6
6
7 MB metastasis
8
8
8
SD stable disease, PD progres- 8
sive disease, CR gomplete 9 EM recurrence
response, PR partial response, 10

MB medulloblastoma, JPA
juvenile pilocytic astrocytoma, 1 ATRT recurrence
EM ependymoma, ATRT 11
atypical rhabdoid teratoid tumor, 12

Pineocytoma
fu follow-up

PD—PR (at 17)—CR (at 20)
SD—PD (at 4)— Failed
SD—PD (at 15)— Failed
SD—PD (at 7)—SD (at 11)
CR (at 2)

PR—CR (at 4)

SD—CR (at 6)
CR (at 2)

SD (at 2)

SD—PD (at 8)— Failed
PD (at 3)—Failed

SD—PD (at 4)—CR (at 10)
SD—PD (at 20)—Failed
CR (at 3)

CR as of last f/u
Local failure
Local failure
SD as of last f/u
CR as of last f/u

CR as of last flu

SD as of last f/u

Local failure

CR as of last f/u
Local Failure
CR as of last flu
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Fig. 2 Example of transient
tumor edema and sustained
contrast enhancement at several
time points following treatment
with SRS of a recurrent juvenile
pilocytic astrocytoma

(patient 1). a Diagnostic MRI.
b—i Follow-up MRI scans at
different time points

17 months

initial PD were asymptomatic during the period of active
surveillance and have shown no evidence of local progres-
sion now at 22 and 32 months post-SRS. The remaining
five lesions were true local failures. The extent of transient
lesion enlargement in patient 11 (Tables 1 and 2) was found
to correspond with the 16 Gy isodose line (80% of
prescription dose) from the planning CT (Fig. 4).

Discussion

Approximately 66% of all children with intracranial tumors
will achieve long-term survival (greater than 5 years) [5].

@ Springer

19 months 23 months

Survivors of childhood brain malignancies are however
more likely to be functionally impaired and develop serious
long-term health problems, including endocrine deficien-
cies, physical disabilities, chronic fatigue, and learning
problems, than survivors of non-CNS malignancies [4, 10,
23]. This is in part related to the high morbidity associated
with medical, surgical, and radiotherapeutic interventions,
which have greater impact on the more vulnerable
developing CNS of children [30]. For this reason, mini-
mizing unwarranted therapeutics is essential for ensuring
high quality of life following tumor therapy. In this study,
we have attempted to characterize the observed MRI
changes following pediatric intracranial SRS in an effort



Childs Nerv Syst (2011) 27:399-406

403

Fig. 3 Example of transient
tumor enlargement with hetero-
geneous contrast enhancement
at several time points following
treatment with SRS for an ATRT
(patient 11). a Diagnostic MRI.
b—f Follow-up MRI scans at
different time points

0 months

oy,
e

5 months

to elucidate the imaging characteristics of SRS-treated
lesions in order to better guide disease surveillance in these
patients. Overall, we have found that the response to SRS is
variable with a significant portion of lesions that initially
enlarge not representing true local failures. Improved
awareness of this phenomenon may reduce the number of
unnecessary interventions and improve long-term outcomes
of adult survivors of these childhood malignancies.

Complete resolution of lesions by MRI was common
following pediatric SRS. In Fig. 1, a CR within 3 months of
SRS is shown for a 4-year-old patient who received 30 Gy
in five fractions for a medulloblastoma metastasis. This
rapid and complete disappearance of the lesion occurred
frequently in our patient cohort, as over half of all treated
lesions developed a CR within 6 months of therapy.
Previous research on adult intracranial metastases has found
that a CR develops in 56% of lesions treated within
5 months of Gamma Knife radiosurgery [24], supporting
the findings in this study. As such, physicians should
recognize this as the predominant response pattern
following SRS.

Despite the favorable overall response to SRS, transient
lesion enlargement was found in roughly one third of
patients of who met requirements for PD at any time
following SRS. This problem is further exacerbated by the

4 months

8 months 10 months

timing of the CR after transient edema, which occurred
at a median of 15 months following therapy, long after
the 6-month window where most CR are seen. In the
example shown in Fig. 2, the patient developed persistent
homogenous ring enhancement for at least 17 months
following SRS. This patient was asymptomatic clinically
and had cystic changes indicative of radiation effect. As
such, active surveillance with serial MRI evaluations was
deemed appropriate.

Similarly, in Fig. 3, an example of transient lesion
enlargement is shown for a 4 year-old with two ATRT
tumors treated with single-fraction SRS to 20 Gy. The
patient developed transient swelling of one lesion with
heterogeneous contrast enhancement resembling recurrent
disease. As the patient was asymptomatic clinically and
further diagnostic studies (including FDG-PET and SPECT)
were equivocal, the patient was actively followed by serial
MRI scans. At 10 months post-SRS, she developed a CR
on MRI and remained asymptomatic. Figure 3 demonstrates
that at the time of maximal lesion size during MRI
surveillance, the 16 Gy line well-approximated the area of
enlargement, suggesting that the observed inflammatory
response could be explained by the treatment volume.
Although the complete extent of the edema is not contained
within the 16 Gy line in the axial view, some error is to be
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Fig. 4 Extent of tumor enlarge-
ment corresponding to isodose
curves on planning CT. a Plan-
ning target volume on the original
planning CT for a patient with an
ATRT (patient 11). b Follow-up
MRI scan at 6 months post-SRS
with extensive edema. ¢ The
same MRI scan as in b after
registering it with the original
planning CT and displaying
isodose curves. d—f Axial,
coronal, and sagittal views of the
6-month follow-up MRI
registered with the planning CT
and displaying the 16 Gy line
(80% isodose curve)

expected due to image registration and variable patient
position during imaging. Regardless, it may be useful to
provide tumor boards or neuroradiologists with a planning
CT showing high-dose isodose curves in order to help
evaluate for disease progression during MRI evaluation.
Previous research has demonstrated a similar pattern of
lesion growth following SRS of adult intracranial malig-
nancies. Ross et al. examined the imaging characteristics of
30 malignant gliomas and 35 intracranial metastases and
found that 73% were larger a mean of 13 weeks following
SRS and 22% of metastatic lesions were larger a mean of
10 weeks following SRS [25]. FDG-PET was also found to
be unreliable in distinguishing radiation effect from tumor
progression. Peterson et al. performed serial MRI exami-
nations on 48 adult patients with 78 brain metastases and
reported transient lesion growth in five metastases [24]. The
literature describing imaging changes in pediatric patients is
more sparse. Bakardjiev et al. analyzed 28 children who
had been treated with SRS for low grade astrocytomas for
MRI changes that could mimic disease progression and
found that 43% of patients developed increased lesion size,
increased signal enhancement, cysts or cavitations, and an
increase in edema or mass effect on follow-up MRI [1].
They also reported that most patients with transient lesion
enlargement could be identified by a lack of clinical
symptoms. Thus, based on these studies, it appears that
lesion enlargement following SRS is common, and primary
intracranial tumors may have a higher rate of transient
radiation edema than metastases. This may be attributed to
the fact that metastases displace adjacent normal brain

@ Springer

tissue, whereas primary intracranial tumors are largely
infiltrative of brain parenchyma. Metastases may therefore
leave minimal residual tissue damage, whereas the ablation
of a primary tumor will likely leave a large cystic cavity
that evolves over time as cells die. Since the brain is a
devoid of lymphatics, it may take longer to clear cellular
debris than extracranial sites, leading to the development of
a prolonged inflammatory response.

There are several limitations to the current study. Our
sample size is small and composed of a heterogeneous
group of aggressive and benign primary pediatric brain
tumors. As such, it is difficult to draw definitive conclusions
for any one subgroup, as it is likely that each histological
subtype responds differently to SRS. However, little data is
available for MRI changes following pediatric SRS, and a
broad overview of multiple tumor types may therefore
provide an useful initial guideline for disease surveillance
in these patients. A prospective evaluation with a larger
well-defined cohort is warranted, particularly examining
factors predictive of transient lesion enlargement.

In summary, we have followed the MRI changes of 21
pediatric brain tumors treated with SRS in an effort to
characterize the evolution of imaging responses following
therapy. The predominant pattern of change was a CR seen
within 6 months of therapy. However, one third of lesions
that showed signs of growth did not ultimately progress
with one lesion developing a CR greater than 17 months
following SRS. A lack of clinical symptoms and cystic
change helped to distinguish transient radiation effect from
disease progression. High isodose curves, particularly the
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16 Gy line, were found to encompass the extent of lesion
edema, and may be useful to neuroradiologists or tumor
boards when evaluating treatment response during serial
MRI examinations.
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