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Abstract

Objective The objective of the study was to report mature
outcomes in patients treated on a prospective feasibility study
of helical tomotherapy-based craniospinal irradiation.
Methods Patients needing craniospinal irradiation were ac-
crued, treated, and followed up longitudinally for survival
and toxicity on an institutional review board-approved study.
Results Twenty patients (median age of 15 years) constituted
the study cohort. Tomotherapy-based craniospinal irradiation
was well tolerated with self-limiting and reversible acute tox-
icity. Four (20 %) patients needed growth factor or platelet
support during craniospinal irradiation. Significant late
neuro-toxicity was seen in only one (5 %) patient. None of
the patients developed symptomatic radiation pneumonitis or
second new malignancy. At a median follow-up of 62 months
(inter-quartile range 24—71 months), the 5-year progression-
free survival and overall survival for the entire cohort was 50
and 55 %, respectively. Outcomes within the cohort varied
significantly; patients with favorable biology disease had
good outcomes while patients with high-risk, metastatic, or
recurrent disease fared poorly reflecting inherently aggressive
biology.
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Conclusions Helical tomotherapy is an ideal platform for
planning, verification, and delivery of supine craniospinal ir-
radiation in clinical practice resulting in moderate, self-limit-
ing, reversible acute toxicity and modest delayed toxicity.
Patterns of failure and survival outcomes are largely depen-
dent upon disease biology and are not any different compared
to conventional techniques.
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Introduction

Craniospinal irradiation (CSI) is an integral component [1, 2]
in the multi-modality management of central nervous system
(CNS) tumors with a propensity of neuraxis dissemination via
the cerebrospinal fluid pathways such as medulloblastoma,
primitive neuro-ectodermal tumor (PNET), atypical teratoid/
rhabdoid tumor (AT/RT), pineoblastoma, and germinoma. It is
also useful as a salvage treatment for patients with dissemi-
nated neuraxial disease [3] such as high-grade ependymoma
with drop metastases and primary CNS lymphoma (PCNSL)
with leptomeningeal dissemination. CSI remains one of the
most technically challenging processes in radiotherapy plan-
ning, verification, and delivery due to the need of uniform and
homogeneous irradiation of a long and complex shaped target
volume. It is associated with several acute toxicities [4] such
as anorexia, nausea, vomiting, dysphagia, alopecia, dermatitis,
somnolence, and fatigue that are generally mild and self-
limiting. Irradiation of a substantial proportion of
hematopoetically active red bone marrow during CSI results
in moderate acute hematologic toxicity, which at times may
lead to unwarranted treatment interruptions and need for sup-
portive interventions [5], particularly if combined with
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chemotherapy. Late effects of CSI are the major cause of con-
cern [4, 6], more so in growing children, and include neuro-
cognitive impairment, hearing loss, growth retardation, hor-
monal dysfunction, cataract formation, impaired fertility,
cardio-pulmonary insufficiency, cerebrovascular accidents,
and second malignancies.

Traditionally, CSI had been delivered in the prone position
under fluoroscopic guidance with multi-leaf collimator
(MLC)-shaped bilateral cranial fields geometrically matched
to direct posterior spinal field using couch and collimator ro-
tation [7]. Older children and adults necessitate the use of two
adjacent spinal fields with an appropriate gap [7] on the sur-
face to encompass the entire spinal target volume. These junc-
tions are shifted periodically throughout the course of irradia-
tion to feather the dose across the junction. Difficulty in ad-
ministering anesthesia to young children and relative lack of
comfort in the prone position [8, 9] coupled with widespread
availability of computed tomographic (CT) simulation
heralded the shift to CSI in the supine position [10, 11] in
contemporary neuro-oncologic practice. Target volume cover-
age is more easily assured and delivery more reproducible
with supine CSI [9]. Emphasis on calculation of dose-
volume parameters of planning target volumes (PTVs) as well
as organs at risk (OARSs) has led to progressive improvements
in supine CSI techniques from simple beam geometry [10, 11]
to more conformal approaches such as forward planned seg-
mented technique [12] and inversely planned intensity modu-
lated radiation therapy (IMRT) [13, 14] either using multiple
static/dynamic fields or rotational IMRT [15-17]. These mod-
ern high-precision techniques, particularly IMRT for CSI,
have shown potential for reduction in several late toxicities
consequent to reduced doses to normal tissues compared to
conventional radiotherapy. There is unequivocal data demon-
strating dosimetric superiority of IMRT for CSI [18-21] over
conventional techniques both for PTV (in terms of coverage,
homogeneity, and conformality) as well as OARs (in terms of
mean and maximum doses). Although the moderate (50—
80 %) to intermediate (20—-50 %) dose envelopes are substan-
tially lesser with IMRT, concerns have been raised regarding
increased low-dose (<20 %) spillage [19, 22] and consequen-
tially high integral doses with potential long-term
implications.

Helical tomotherapy [23] has emerged as a revolutionary
and novel platform of radiation therapy whereby a 6-MV lin-
ear accelerator (LA) mounted on a ring gantry continuously
rotates around the patient to deliver IMRT treatment in helical
mode as the patient translates through the ring, allowing irra-
diation of large complex volumes without the need for any
junctions or abutment dosimetry. An integrated megavoltage
CT image-guidance system for verification allows rapid on-
line assessment and correction of set-up errors [24, 25]. These
unique features of tomotherapy have been explored by several
groups for CSI with promising dosimetric results [18-21].
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However, long-term outcome data of tomotherapy-based
CSI is relatively sparse and lacking in the indexed medical
literature. The purpose of this analysis was to report mature
outcome data (disease outcomes as well as toxicity) in a cohort
of patients treated on a prospective feasibility study of
tomotherapy-based CSI at a major academic center.

Materials and methods

After an appropriate neuro-surgical procedure (biopsy or re-
section), patients referred for postoperative neuraxial irradia-
tion were accrued on an institutional review board (IRB)-ap-
proved prospective feasibility study of tomotherapy-based
CSI. Written informed consent was obtained from adult pa-
tients (>18 years), while parents provided consent for children
(<18 years). The study was partially funded by a competitive
institutional intramural research grant.

CSI planning, verification, and delivery The technique of
tomotherapy-based CSI planning, verification, and delivery
[19, 25] has been previously described. Briefly, patients were
immobilized in the supine position using customized four-
point fixation thermoplastic head-neck mask and a rigid knee
rest to prevent pelvic rotation. The use of whole-body vacuum
cradle was at the discretion of the treating physician. Patients
were aligned in the mid-sagittal plane using fluoroscopy guid-
ance before placing external fiducial markers for set-up refer-
ence. Planning CT images were acquired using 5-mm slice
thickness from vertex till upper thigh and transferred via a
network to a contouring workstation for delineation of target
volumes and OARs. The clinical target volume (CTV) for the
brain included the entire brain and its covering meninges,
while CTV for the spine included the entire spinal canal and
the exiting nerve roots till the inferior end of the thecal sac
(generally S1-S2 junction). PTVs were generated differential-
ly for the brain and spine considering better immobilization of
the brain compared to the body. An isotropic margin of 5 mm
was applied to the CTV brain to generate the PTV brain, while
the CTV spine was uniformly expanded by 8—10 mm to create
the PTV spine. OARs included the eyes, lens, parotid glands,
thyroid, heart, lungs, esophagus, liver, bowel, kidneys, go-
nads, rectum, and bladder. In addition, the skull bones, verte-
bral bodies, and pelvis including bilateral proximal femur
were contoured as surrogate for active or red bone marrow.
CSI planning was done on a dedicated planning workstation
(TomoPlan version 4.2, Tomotherapy Inc, WI, USA).
Planning parameters included a fan-beam thickness of 5 cm
with a pitch of 0.287 and a modulation factor of 3. Directional
blocks were applied for the eyes and kidneys to prevent any
beamlets from entering through them. The typical prescription
dose for CSI was 35 Gy in 21 fractions for medulloblastoma
and 25 Gy in 15 fractions for intracranial germinoma. A
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typical dose-wash and dose-volume histogram (Fig. 1) of
tomotherapy-based CSI shows excellent target volume cover-
age and sparing of OARs. Treatment was delivered using 6-
MV photons on Tomotherapy Hi-ART-II (Tomotherapy Inc,
WI, USA). Set-up verification was done daily through
megavoltage CT images acquired at three levels, viz the brain
(skull-base), thoracic spine (carina), and lumbar spine (pelvis),
and co-registered with the planning CT dataset using mutual
information exchange algorithm. The auto-fusion was manu-
ally fine tuned by clinicians, and translational shifts were re-
corded at all three levels for all three cardinal directions (lat-
eral, longitudinal, and vertical). Final shifts were applied using
a shift calculator program developed in-house taking into ac-
count differential CTV to PTV margins from the brain to-
wards spine. Rotational errors though noted during image
guidance were disregarded and not corrected.

Other therapy Ondansetron (4-8 mg per hour orally prior to
CSI) was given as anti-emetic prophylaxis during CSI. Rescue
dosing was reserved for breakthrough vomiting. Steroids were
not prescribed routinely but only for symptoms of raised in-
tracranial pressure. Blood and blood component transfusion
and growth factor support were given on physician discretion.
After completion of CSI, patients received boost irradiation
based upon histology and extent of disease. None of the pa-
tients received any chemotherapy concurrently during the
course of radiotherapy. However, patients with high-risk dis-
ease received sequential adjuvant systemic chemotherapy af-
ter radiotherapy. The most common regimen used was six
cycles of institutional CNS embryonal tumor (CET) multi-
agent systemic chemotherapy protocol comprising of cyclo-
phosphamide (1000 mg/m? in divided doses on days 1-2) plus
vincristine (1.5 mg/m” on days 1 and 8) alternating with high-
dose cisplatin (75 mg/m2 on day 1), cyclophosphamide
(1000 mg/m? in divided doses on days 2-3), and vincristine
(1.5 mg/m* on days 1 and 8) along with appropriate hydration,
forced saline dieresis, mesna, and anti-emetic prophylaxis.
Therapy at relapse was at the discretion of the treating physi-
cian and ranged from best supportive care to salvage chemo-
therapy (cytotoxic and/or metronomic) and occasionally
reirradiation.

Assessments and outcome measures Patients were reviewed
at least once weekly during CSI for documentation of acute
toxicity. Acute radiation morbidity including acute hemato-
logical toxicity during tomotherapy-based CSI was graded
and scored according to Radiation Therapy Oncology Group
(RTOG)/European Organization for Research and Treatment
of Cancer (EORTC) toxicity criteria [26]. Initial response as-
sessment magnetic resonance imaging (MRI) of the neuraxis
was done 4—6 weeks after completion of all radiotherapy treat-
ment. For patients receiving adjuvant systemic chemotherapy,
final response assessment MRI was done 4-6 weeks after

completion of the chemotherapy regimen. Patients were re-
quired to follow-up at 3-month intervals for the first 2 years,
6-month intervals till 5 years, and annually thereafter. Patients
underwent periodic assessment of cognitive function, hearing,
and hormonal status using appropriate tests, in addition to
annual surveillance MRI on follow-up. Delayed radiation tox-
icity was graded as per the RTOG/EORTC late morbidity
criteria [26]. Disease outcomes were evaluated as
progression-free survival (PFS) and overall survival (OS)
and reported at 5 years with respective standard errors
(£SE). PFS was calculated from date of starting of
tomotherapy-based CSI till documented clinico-radiological
progression or death. Overall survival was calculated from
date of starting tomotherapy-based CSI till death from any
cause. Patients without the event of progression or death were
censored on date of last follow-up. All time-to-event analyses
were done using the product-limit method of Kaplan-Meier.
The cutoff date for analysis was specified as 31st March 2015.

Results

From August 2008 till December 2010, 20 patients re-
ferred for neuraxial irradiation were accrued on this pro-
spective feasibility study of tomotherapy-based CSI. The
study cohort comprised a heterogeneous patient popula-
tion with significant differences in terms of histology, risk
stratification, prior therapy, and prognosis. Table 1 de-
scribes the disease and treatment characteristics of the
study cohort. The median age of the study cohort was
15 years (range 7-51 years), with males comprising the
majority (n=15). Medulloblastoma (n=11) was the most
common histology followed by intracranial germinoma
(n=5). Sixteen patients had newly diagnosed malignan-
cies (referred for adjuvant therapy after recent neuro-sur-
gery), while four patients had either received prior che-
motherapy and/or radiotherapy or developed recurrent dis-
case after first surgery. One of these was a PCNSL with
leptomeningeal dissemination treated with high-dose
methotrexate and referred for CSI as consolidation thera-
py. The second patient was a survivor of childhood acute
lymphoblastic leukemia (ALL) treated earlier with chemo-
therapy and whole brain radiotherapy for CNS prophylax-
is who 6 years later developed supratentorial PNET and
was referred for further adjuvant therapy. The third patient
was a case of recurrent medulloblastoma (leptomeningeal
dissemination) who had been treated with CSI plus pos-
terior fossa boost at initial diagnosis (4 years ago) and had
documented progressive disease after three cycles of
multi-agent systemic chemotherapy at first relapse just
prior to being considered for craniospinal reirradiation.
The fourth patient was a young girl with medulloblastoma
who defaulted after first surgery and came back within
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Fig. 1 Mid-sagittal section (a) showing good high-dose (95 % isodose
wash-green) and moderate-dose (50 % isodose wash-blue) conformality
but increased low-dose spillage (25 % isodose wash-pink) of
tomotherapy-based craniospinal irradiation. Directional block achieves
good sparing of the eyes (b) while treating the cribriform region

4 months with local recurrence and suspected
leptomeningeal disease for which she underwent
reexcision before being referred for CSI.

Acute toxicity All 20 patients completed the planned radio-
therapy regimen (CSI plus boost if any). Tomotherapy-based
CSI was very well tolerated with only 1 (5 %) patient requir-
ing 2 days of interruption due to intractable vomiting that
necessitated hospitalization for intravenous fluids and rescue
anti-emetics (grade III nausea/vomiting). Vast majority of pa-
tients had only grade I-II nausea/vomiting with no need of
additional rescue anti-emetics during CSI. Acute radiation
dermatitis was generally mild (grade I-II), with no patient
developing moist desquamation. No patient developed any
significant lower gastro-intestinal toxicity during the course
of therapy. Seven of 20 (35 %) patients developed grade 11—
IV leukopenia/neutropenia while 3 (15 %) patients experi-
enced grade III thrombocytopenia during tomotherapy-based
CSI that was generally self-limiting and reversible. Growth
factor support was given once during CSI to only 3 (15 %)
patients while 1 (5 %) patient needed platelet transfusion.
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adequately. Kidneys are also spared from moderate to high doses (c)
using directional block. Typical dose-volume histogram (d) showing
excellent coverage of planning target volumes (PTVs) of the brain and
spine with sparing of most organs at risk

Blood counts started to drop from 2nd week itself and reached
their nadir in the 3rd or 4th week, after which myelorecovery
started (which generally coincided with completion of CSI or
growth factor support/platelet transfusion). Vast majority of
patients had achieved complete myelorecovery by the end of
boost radiotherapy and prior to initiation of sequential
chemotherapy.

Patterns of failure and disease outcomes The median time
to clinico-radiological progression was 20 months (range
2-48 months). The predominant pattern of failure was
leptomeningeal dissemination (five of nine relapses), two
of which had local recurrence in the tumor bed as well.
Isolated local failure at the primary site was seen in three
patients (one each of PCNSL, anaplastic medulloblasto-
ma, and supratentorial PNET), while one patient had iso-
lated systemic disease (diffuse bone marrow involvement)
with no evidence of disease in the neuraxis confirmed on
imaging. The patient with PCNSL had been in complete
remission for 4 years following consolidation CSI after
which she had developed an intracranial relapse that was
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Table 1  Patient characteristics, treatment details, and clinical outcomes of the study cohort
PtNo. Age Gender Diagnosis CSI Boost RT Chemotherapy  Patterns of failure and Status at
dose salvage therapy (if any) last FU
7 Male  Medulloblastoma—HR 35 Gy/21# 19.8 Gy/l11# 6 cycles CET Local+LM dissemination DOD
2 24 Male  Medulloblastoma—HR 35 Gy/21# 19.8 Gy/l11# 6 cycles CET Isolated BM involvement DOD
3 53 Female PCNSL with spinal LM 40 Gy/24# None High-dose MTX Relapsed in the brain, Alive NED
involvement prior to CSI salvaged with
chemotherapy+RT
4 23 Male  Ependymoma with spinal 35 Gy/21# 14.4 Gy/8# None No progression documented Alive SD
drop metastases PTB+spine in any of the lesions
15 Male  Germinoma 25 Gy/15# 14.4 Gy/8# None No progression Alive NED
9 Male  Medulloblastoma—HR 35 Gy21# 19.8 Gy/8# 6 cycles CET No progression Alive NED
25 Male  Medulloblastoma—HR 35 Gy/21# 19.8 Gy/11# 6 cycles CET No progression Alive NED
9 Gy/5# spine
8 9 Female Medulloblastoma—HR 35 Gy/21# 19.8 Gy/l11# 6 cycles CET Isolated local relapse, salvaged DOD
with reexcision, chemotherapy,
and focal RT; later LM disease
9 18 Male  Medulloblastoma—HR 36 Gy/36# 12 Gy/10# 3 cycles ICE Progressive LM dissemination, DOD
(recurrent)® 1 GyBID 1.2 Gy BID salvage metronomic COMBAT
10 45 Male  Medulloblastoma—AR 35 Gy/21# 19.8 Gy/11#  None No progression Alive NED
11 7 Male  Medulloblastoma—HR 35 Gy/21# 19.8 Gy/11# 6 cycles CET Local+LM dissemination DOD
12 10 Female Medulloblastoma—HR 35 Gy/21# 19.8 Gy/11# 6 cycles CET No disease progression, but DOC
(recurrent) succumbed to sepsis syndrome
13 20 Male  Germinoma (bifocal) 25 Gy/15# 30 Gy/15# None No progression Alive NED
14 9 Female Germinoma 25 Gy/15# 14.4 Gy/8# None No progression Alive NED
15 10 Female Germinoma 25 Gy/15# 14.4 Gy/8# None Died of herpetic encephalitis DOC
16 10 Male  Medulloblastoma—HR 35 Gy/21# 19.8 Gy/11# 6 cycles CET No progression Alive NED
17 28 Male  Germinoma 25 Gy/15# 14.4 Gy/8# None No progression Alive NED
18 9 Male  Supratentorial PNET® 35 Gy21# 19.8 Gy/11# 6 cycles CET Local recurrence DOD
19 19 Male  Medulloblastoma—AR 35 Gy/21# 19.8 Gy/l11#  None No progression Alive NED
20 16 Male  Medulloblastoma/PCNSL® 35 Gy/21# 19.8 Gy/11#  Salvage MTX Progressive LM dissemination DOD

Pt patient, CSI craniospinal irradiation. RT radiotherapy, FU follow-up, LM leptomeningeal, BM bone marrow, HR high risk, AR average risk, PTB
primary tumor bed, PCNSL primary central nervous system lymphoma, PNET primitive neuro-ectodermal tumor, # fractions, CET CNS embryonal
tumor, MTX methotrexate, /CE ifosfamide, carboplatin, etoposide, COMBAT combined biodifferentiating and antiangiogenic therapy, DOD died of
disease, NED no evidence of disease, SD stable disease, DOC died of other causes

#Recurrent medulloblastoma treated with craniospinal reirradiation using hyperfractionated radiation therapy

® Childhood acute lymphoblastic leukemia survivor treated previously with chemotherapy and whole brain radiotherapy
¢ Initially labeled as average-risk medulloblastoma but later confirmed to be Burkitt-like PCNSL

salvaged with high-dose methotrexate and cytosine arabi-
noside followed by whole brain reirradiation. This patient
continues to be in sustained remission 2 years after sal-
vage therapy. The child with anaplastic medulloblastoma
underwent reexcision of the isolated local relapse follow-
ed by further chemotherapy and focal conformal irradia-
tion of the tumor bed. She eventually succumbed to pro-
gressive leptomeningeal disease 18 months after first re-
lapse. The child with supratentorial PNET (ALL survivor)
developed local recurrence almost a year after
tomotherapy-based CSI that could not be salvaged. Nine
of 20 (45 %) patients included in the study cohort have
died by the time of this analysis, seven due to disease
progression and two of unrelated causes (Table 1). Five

of nine patients with high-risk, metastatic, or recurrent
embryonal tumors (including the patient treated with
craniospinal reirradiation) succumbed to progressive dis-
ease, while the girl child with recurrent high-risk medul-
loblastoma died of suspected sepsis due to community-
acquired pneumonia nearly 18 months after the last cycle
of adjuvant chemotherapy. One child with germinoma
died of herpetic encephalitis (unrelated cause). The last
patient on the study was initially labeled as average-risk
medulloblastoma but presented with leptomeningeal dis-
semination within 1 month of completion of radiotherapy
(CSI plus boost). Histopathology review at that time re-
vealed it to be high-grade primary Burkitt-like lymphoma
of the cerebellum. Although he was started on salvage
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chemotherapy for the same with high-dose methotrexate-
based regimen, he succumbed to progressive disease with-
in 6 months of initial diagnosis. At a median follow-up of
62 months (inter-quartile range 24—71 months), the 5-year
PFS and OS (with their respective SEs) for the entire
cohort was 50 % (£11.2 %) and 55 % (x11.1 %), respec-
tively (Fig. 2). Outcomes within the cohort varied signif-
icantly depending upon disease biology. Long-term out-
comes were excellent for favorable biology disease with
S5-year estimates of PFS and OS of 100 % each for
average-risk medulloblastoma and 80 % (£17.9 %) each
for localized germinoma (Fig. 3). Five-year PFS and OS
was 33.3 % (£15.7 %) each for the high-risk, metastatic,
or recurrent medulloblastoma cohort (Fig. 3) reflecting
their inherently aggressive and poor biology. The other
or miscellaneous group of tumors also fared poorly with
a 5-year PFS and OS of 25 % (£21.7 %) and 50 %
(£25 %), respectively (Fig. 3).

Late toxicity Long-term survivors (median follow-up of
70 months) in the study cohort had their share of late
toxicities, as expected. However, in the context of multi-
modality treatment (given either at initial diagnosis or for
salvage), it may be inappropriate to ascribe late toxicity
exclusively to any particular component of multi-modality
therapy including tomotherapy-based CSI. All surviving
children and adolescents (excepting one) had returned to
their school or college and were either pursuing or com-
pleted higher education with fair scholastic performance.
All adults who were working prior to treatment returned
to gainful work and were fully socially integrated. New-
onset endocrinopathy in pituitary-hypothalamic axis (thy-
roid, cortisol, growth hormone) was seen in six patients
on follow-up that was corrected with appropriate replace-
ment therapy with thyroxine and prednisone. Three long-
term survivors (aged <10 years as CSI) had significant
growth retardation due to growth hormone deficiency that
could not be corrected due to the high cost of growth
hormone replacement. Clinically and developmentally
significant sensorineural hearing loss (grade II or worse
ototoxicity) was documented in five children on serial
pure-tone audiometry, which could also partially be as-
cribed to platinum-based adjuvant chemotherapy. A small
asymptomatic intracranial bleed (possibly related to
radiation-induced cavernoma) was detected in one long-
term survivor on surveillance imaging. Only one long-
term survivor (relapsed PCNSL salvaged with further
chemotherapy and whole brain reirradiation) developed
significant dementia due to therapy-induced
leukoencephalopathy (delayed grade IV neuro-toxicity).
Although objective testing of cardio-pulmonary insuffi-
ciency was not a part of the study, none of the patients
(including long-term survivors) developed symptomatic
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radiation pneumonitis or cardiac dysfunction. Second ma-
lignant neoplasm was not detected in any of the patients
in the study cohort on follow-up.

Discussion

Technological improvements in radiotherapy planning, verifi-
cation, and delivery have led to the shift towards CSI in the
supine position ensuring easier target volume coverage, en-
hanced patient comfort, improved reproducibility, and better
repositioning accuracy [8, 9, 24]. The promise of exquisite
high-dose conformality and excellent OAR sparing has
fuelled the use of advanced photon-irradiation techniques
such as static multi-field IMRT, dynamic arc IMRT, and rota-
tional IMRT in contemporary radiotherapy practice. Neuraxial
irradiation with its large, complex volume and several adja-
cent normal critical structures that need sparing lends itself
automatically to the IMRT paradigm. Although it is feasible
to do IMRT for CSI in the supine position on a conventional
LA [19, 21], the entire length of the neuraxis cannot be cov-
ered even by the maximum field size (40 cm) generally avail-
able on standard machines mandating field junctions and in-
herent uncertainty of abutment dosimetry both for static/
dynamic IMRT as well as rotational IMRT. Proton beam ther-
apy with its physical characteristics that includes lack of exit
doses was always hailed as the ultimate platform for CSI plan-
ning and delivery [27]. The theoretical advantages of protons
based on dosimetry and predictive toxicity models are unde-
niable. Yoon et al. [28] reported the dosimetric benefit of
proton-based CSI in comparison to photon-based IMRT tech-
niques (both LA-based and tomotherapy-based CSI). Of note,
tomotherapy-based CSI, similar to LA-based IMRT for CSI,
showed intermediate doses to several normal tissues com-
pared to proton-based CSI, but significantly increased low-
dose bath. Tomotherapy, however, had favorable dose-
volume indices for the parotid glands, lenses, and thyroid
gland compared to proton-based CSI as well as LA-based
techniques. Outcome data of proton-based CSI also demon-
strates clinical benefit (although modest at best) compared to
photon-based CSI (including tomotherapy). Several authors
[29-31] have reported favorable acute toxicity profile (nau-
sea/vomiting and myelotoxicity) as well as reduced late radi-
ation morbidity (mainly ototoxicity and endocrinopathy) with
proton-based CSI across all ages (young children, adolescents,
and adults). Some concerns have been raised regarding the
technical aspects of proton beam therapy including its relative
biologic effectiveness (RBE). However, it is reassuring to note
that there was no demonstrable relationship between treatment
failure (n=16) and proton therapy technique, proton end of
range, linear energy transfer, and RBE in a large cohort of
medulloblastoma patients (n=109) treated with proton-based
CSI [32], confirming the safety of such an approach. Recent
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Fig. 2 Five-year estimates of progression-free survival (a) and overall survival (b) of the entire cohort

innovations in proton beam therapy such as spot scanning,
intensity modulation, and image guidance have further en-
hanced its capability of substantially reducing toxicity while
preserving quality of life during neuraxial irradiation; howev-
er, accessibility and affordability of protons [33] remain a
major challenge even in most developed countries today.
Amongst advanced photon-irradiation techniques, helical
tomotherapy is ideally suited for supine CSI [15, 19], as it
can encompass a length of up to 160 cm in a single plan
obviating the need for any junctions. In addition, an integrated
megavoltage CT allows daily image guidance for easy set-up
verification [24, 25]. The dosimetric superiority of
tomotherapy-based CSI over conventional techniques as well
as LA-based IMRT has been reported by several groups
[18-21]; however, clinical outcome data has been sparse.
Table 2 summarizes all studies [34—38] reporting clinical out-
comes with tomotherapy-based CSI. The present study rein-
forces the feasibility of using tomotherapy-based CSI in clin-
ical practice and provides the most mature outcome data of all.
All previously published studies of tomotherapy-based CSI
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have reported only short-term (2-3 years) survival outcomes
[34, 37, 38] at a much shorter median follow-up. Compared to
them, the survival outcomes of the present study may seem
somewhat inferior, but it is pertinent to note that the median
follow-up (62 months) is longest for this study cohort that also
included a large number of patients with biologically unfavor-
able and aggressive disease (high risk, metastatic, or recurrent)
with inherently poor prognosis. Leptomeningeal dissemina-
tion as the predominant pattern of relapse in this study cohort
is also a reflection of poor biology and is in accordance with
previously published patterns of failure in high-risk medullo-
blastoma [39, 40]. Patients with good biology discase
(average-risk medulloblastoma and germinoma) did very well
with excellent long-term survival outcomes. The treatment
was well tolerated with no significant interruptions. Despite
significant low-dose (<20 %) spillage inherent to
tomotherapy-based CSI [19, 22], acute hematologic toxicity
was moderate, self-limiting, and reversible with only 20 %
patients needing any intervention in the form of blood com-
ponents or growth factor support. This is in contrast to 50—
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N
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Fig. 3 Five-year estimates of progression-free survival (a) and overall survival (b) stratified by disease type and biology
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Table 2 Summary of studies reporting clinical outcomes with tomotherapy-based CSI
Author (ref) Indication of CSI No of pts FU (median) Survival outcomes Toxicity outcomes
(months)
Penagaricano [34] Various indications 18 16.5 DFS—78 % and OS—89 % Grade II nausea/vomiting—S55 %
Grade II weight loss-75 %
No symptomatic pneumonitis
Sugie [35] Medulloblastoma, 12 9 Survival outcomes not reported. >Grade III leukopenia—92 %
PNET, AT/RT, Fou.r pts DOD (2 AT/RT, >Grade 111 thrombocytopenia-42 %
germ cell tumor 1 mixed germ cell tumor,
1 medulloblastoma)
Mesbah [36] Medulloblastoma 16 15 Survival outcomes not reported ~ Grade III-1V hematologic toxicity—29 %
Grade 111 gastrointestinal toxicity—6 %
Lopez Guerra [37] Medulloblastoma—AR 10 40 2-year OS—75 % and 3-year Grade III hematologic toxicity—358 %
Medulloblastoma—HR 09 0S—68 % No >grade II late toxicity
Qu [38] Germinoma 23 31 3-year RFS—91 % and 3-year ~ Grade III-1V leukopenia—56 %
0S—95 % Grade III-IV thrombocytopenia—29 %
Gupta Medulloblastoma—AR 2 62 S-year PFS—100 % and 5-year ~ Grade III-IV neutropenia—35 %
(present study) 0S—100 %

Medulloblastoma—HR 9

Germinoma 5

Miscellaneous tumors 4

S-year PFS—33.3 % and 5-year
0S—33.3 %

S-year PFS—80 % and 5-year
0S—80 %

S-year PFS—25 % and 5-year
0S—50 %

Grade III thrombocytopenia—15 %

No symptomatic pneumonitis

Delayed grade 4 neuro-toxicity—S5 %

Pts patients, FU follow-up, DFS disease-free survival, RFS relapse-free survival, PFS progression-free survival, OS overall survival, PNET primitive
neuro-ectodermal tumor, 47/RT atypical teratoid/rhabdoid tumor, GCT germ cell tumor, DOD died of disease, AR average-risk, HR high risk

90 % incidence of grade III or worse acute hematologic tox-
icity with nearly a third to half requiring supportive care
(blood, blood components, growth factors, and/or antibiotics)
in most other reported series of tomotherapy-based CSI. The
main reason for such high rates of acute hematologic toxicity
in other reports was the use of chemotherapy either before
tomotherapy-based CSI or sometimes even concurrently. It
is well known that pre-irradiation as well as concurrent che-
motherapy increases the risk of severe hematologic toxicity
[5]. Late radiation morbidity was modest, acceptable, and
comparable to previously published data. It was reassuring
to note that no one developed a second new malignancy on
follow-up, although this could change with longer follow-up.

Caveats and limitations The major limitation of the study is
the inclusion of small number of patients (n=20) with signif-
icant heterogeneity in terms of histopathological diagnosis,
risk category, prior exposure to chemotherapy and/or radio-
therapy, and expected outcomes. Risk stratification for medul-
loblastoma was based on traditional clinico-radiological
criteria without any attempt for molecular subgrouping. The
study included both children and adults, thereby comprising a
relatively older cohort (median age of 15 years) of patients
than is typically associated with CSI (mostly children and
adolescents). Patients with average-risk disease were grossly
underrepresented in the study as they were accrued and treated

@ Springer

on another parallel study testing hyperfractionated radiation
therapy without upfront chemotherapy. Dose prescription and
fractionation of tomotherapy-based CSI were somewhat vari-
able and largely depended on histology and prior therapy.
Further boost irradiation and use of systemic chemotherapy
were also variable and based on the expected patterns of
spread and disease biology. Late toxicity though documented
longitudinally was largely assessed clinically without any ob-
jective, validated assessment tools or instruments. Some pa-
tients succumbed to early progressive disease, and many long-
term survivors did not comply fully with late toxicity evalua-
tion, precluding robust estimates. Health-related quality of life
was not assessed in the study that also did not consider cost-
effectiveness as an outcome measure.

Conclusions

Helical tomotherapy is an ideal platform for planning, verifi-
cation, and delivery of supine CSI in clinical practice obviat-
ing the need for any junctions and abutment dosimetry.
Tomotherapy-based CSI results in moderate, self-limiting, re-
versible acute toxicity and modest late toxicity. Patterns of
failure and survival outcomes are largely dependent upon dis-
ease biology rather than technique and are not any different as
compared to conventional CSI. Excellent survival is achieved
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with tomotherapy-based CSI in patients with good biology
disease, while patients with high-risk, metastatic, or recurrent
disease have relatively poor outcomes reflecting inherently
aggressive and unfavorable biology.
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