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PEDIATRIC CRANIOSPINAL AXIS IRRADIATION WITH HELICAL TOMOTHERAPY:
PATIENT OUTCOME AND LACK OF ACUTE PULMONARY TOXICITY

Jost PENAGARICANO, M.D.,* EDUARDO MoRoS, PH.D.,* PETER CORRY, PH.D.,* ROBERT SAYLORS, M.D.,"*
AND VANEERAT RATANATHARATHORN, M.D.*

Departments of *Radiation Oncology and ' Pediatric Hematology-Oncology, University of Arkansas for Medical Sciences College of
Medicine, Little Rock, AR; and ! Department of Pediatric Hematology-Oncology, Arkansas Children’s Hospital, Little Rock, AR

Purpose: To present the patient outcomes and risk of symptomatic acute radiation pneumonitis (ARP) in 18 pedi-
atric patients treated with helical tomotherapy to their craniospinal axis for a variety of neoplasms.

Methods and Materials: A total of 18 patients received craniospinal axis irradiation with helical tomotherapy. The
median age was 12 years (range, 2.5-21). The follow-up range was 3-48 months (median, 16.5). Of the 18 patients,
15 received chemotherapy in the neoadjuvant, adjuvant, or concomitant setting. Chemotherapy was tailored to the
particular histologic diagnosis; 10 of 18 patients underwent surgical removal of the gross primary tumor. The pa-
tients were followed and evaluated for ARP starting at 3—6 months after completion of craniospinal axis irradia-
tion. ARP was graded using the Common Toxicity Criteria, version 3.

Results: At the last follow-up visit, 14, 2, and 2 patients were alive without disease, alive with disease, and dead of
disease, respectively. The cause-specific survival rate was 89 % (16 of 18), disease-free survival rate was 78 % (14 of
18), and overall survival rate was 89% (16 of 18). No patient had treatment failure at the cribriform plate. No pa-
tient developed symptoms of ARP.

Conclusion: Craniospinal axis irradiation using helical tomotherapy yielded encouraging patient outcomes and
acute toxicity profiles. Although large volumes of the lung received low radiation doses, no patient developed symp-
toms of ARP during the follow-up period. © 2009 Elsevier Inc.

Pediatric cancer, craniospinal irradiation, pulmonary toxicity, helical tomotherapy.

INTRODUCTION

Novel technology for radiotherapy for large and complex tar-
gets is an attractive proposition. This holds true for conven-
tional craniospinal axis (CSA) irradiation (CSAI) in which
a matched and marching junction between the cranial and spi-
nal fields is required to minimize the risk of radiation myelop-
athy, with patients usually treated in the prone position.
However, it is cumbersome to deliver general anesthesia with
the patient in this position. Moreover, proper technique is
needed to avoid treatment failure at the cribriform plate. We ex-
pected that technologies such as helical tomotherapy (HT),
would simplify treatment delivery to complex targets such as
the CSA and minimize treatment technique-associated risks.
Our evaluation of intensity-modulated radiotherapy for
CSAI began in 2002 (1, 2). A feasibility analysis of CSAI
with HT was published in 2005 (3), with later publications
showing that in CSAI with HT the excess dose to the healthy

tissue can be redistributed, and, in turn, the total integral dose
to the patient can be lower than in conventional external beam
delivery (4, 5). Our clinical experience (6) has shown that HT
can generate acceptable clinical treatment plans with reason-
able beam-on times with patients in the supine position. A po-
tential drawback in the use of HT is the delivery of small
doses to large volumes of tissue (5). This is of particular con-
cern in sensitive structures such as the lungs. In HT for CSAI,
the entire lung volume receives small radiation doses, which
could theoretically injure the lungs and result in acute radia-
tion pneumonitis (ARP) (7, 8).

The lung dose—volume parameters to use in this patient
population for optimization of the treatment plans are un-
known. The available parameters used for the planning of
lung cancer and Hodgkin’s lymphoma treatment might pro-
vide a guide. However, we suspect that such parameters might
not be applicable to pediatric patients who need treatment to
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Table 1. Radiotherapy Oncology Group and Common Toxicity Criteria grading of radiation-induced pneumonitis

Grade RTOG definition CTC v.3 definition
1 Mild symptoms of dry cough or dyspnea on exertion Asymptomatic; radiographic findings only
2 Persistent cough requiring narcotic, antitussive agents; dyspnea with minimal Symptomatic; not interfering with ADL
effort but not at rest
3 Severe cough unresponsive to narcotic antitussive agent or dyspnea at rest/ Symptomatic; interfering with ADL; patient
clinical or radiologic evidence of acute pneumonitis/intermittent oxygen requires oxygen
or steroids might be required
4 Severe respiratory insufficiency/continuous oxygen or assisted ventilation Life-threatening; ventilatory support indicated
5 Not applicable Death

Abbreviations: RTOG = Radiation Therapy Oncology Group; CTC v.3 = Common Toxicity Criteria, version 3; ADL = activities of daily

living.

the CSA, because these parameters could be confounded by
pre-existing medical conditions not present in the pediatric
population.

Acute radiation pneumonitis occurs 3—6 months after the
end of a radiotherapy course. The diagnosis is determined
from the clinical symptoms and radiographic findings, with
or without pulmonary function test abnormalities. However,
the diagnosis can be uncertain in =28% of patients because
of confounding co-existing medical conditions (9). ARP sub-
sides with time but can progress to pulmonary fibrosis. An-
other potential risk is underdosing the cribriform plate
during CSAI with HT, as presented by Bauman et al. (10).
These investigators commented on the consequence of se-
lecting a wide-fan beam, which results in less resolution for
dose shaping around the cribriform plate. This in turn could
result in a potential treatment failure in this area.

In the present study, we evaluated the treatment outcomes
and incidence of symptomatic (Common Toxicity Criteria
[CTC], version 3, Grade 2 or greater; Table 1) ARP in 18 pe-
diatric patients treated to the CSA with HT, as well as the risk
of cribriform failures.

METHODS AND MATERIALS
Helical tomotherapy Hi-ART system

Helical tomotherapy is based on the combined principles of a lin-
ear accelerator and a computed tomography (CT) scanner (11-13).
The HT fan beam, with a maximal width and length at the isocenter
of 5 and 40 cm, respectively, is modulated by a binary multileaf col-
limator. Patients are positioned on the treatment couch that moves
through a rotating ring gantry. HT can acquire megavoltage CT
(MVCT) images with clinically useful image quality and resolution
for image-guided radiotherapy. Alignment of the treatment planning
CT scan with the MVCT scan permits daily repositioning of the pa-
tient to account for interfraction changes in the patient’s anatomy or
position (14-16). Because the planning target volume in CSAI is
large in the longitudinal axis, we performed MVCT sampling (17)
as a routine procedure. In this process, MVCT scans of the head,
chest, and pelvis are obtained and fused automatically to the plan-
ning CT image using the bony anatomy and the regions of interest
are outlined. This process not only reduces the setup time, but
also minimizes the imaging radiation exposure to the patient. The
exposure is also affected by the selected resolution of the MVCT im-
ages, which were obtained in the normal scanning mode. The auto-
mated fusion was verified both manually and visually in the axial,

Table 2. Patient characteristics

Resection of primary

Total dose (Gy)/dose

Pt. No. Age (y) Diagnosis tumor before RT Chemotherapy per fraction (Gy)*
1 11 Medulloblastoma Yes, complete Yes 23.4/1.8
2 9 Relapsed acute leukemia No Yes 15.0/1.5
3 15 Pineoblastoma Yes, complete Yes 36.0/1.8
4 16 Pure germinoma No No 25.2/1.8
5 18 Ependymoma No No 40.0/2.0
6 15 Astrocytoma No Yes 36.0/1.8
7 15 Rhabdoid Yes, complete Yes 36.0/1.8
8 5 Medulloblastoma No, recurrent disease Yes 36.0/1.8
9 2.5 Medulloblastoma No, recurrent disease Yes 34.2/1.8

10 8 Gliomatosis No Yes 36.0/1.8

11 6 PNET Yes, complete Yes 36.0/1.8

12 21 Medulloblastoma Yes, complete No 36.0/1.8

13 7 Pineal mixed germ cell tumor Yes, complete Yes 36.0/1.8

14 13 Pineoblastoma Yes, complete Yes 36.0/1.8

15 16 PNET No Yes 36.0/1.8

16 5 Pineoblastoma Yes, complete Yes 36.0/1.8

17 4 Pineal mixed germ cell tumor Yes, complete Yes 36.0/1.8

18 16 Pineoblastoma Yes, complete Yes 36.0/1.8

Abbreviations: Pt. No. = patient number; RT = radiotherapy; PNET = primitive neuroectodermal tumor.
* Prescription set so 95% of planning target volume would receive specified dose.
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sagittal, and coronal planes. The shifts in coordinates determined by
this procedure were then used for patient positioning.

Patients and regions of interest

The patient characteristics are listed in Table 2. The median age
was 12 years (range, 2.5-21). Of the 18 patients, 15 received chemo-
therapy in the neoadjuvant, adjuvant, or concomitant setting. Che-
motherapy was tailored to the histologic diagnosis. No patient had
previously undergone radiotherapy, and 10 of the 18 patients had
undergone gross surgical removal of the primary tumor. The reasons
for not undergoing resection of the primary tumor varied: 1 patient
was diagnosed with isolated central nervous system relapse of acute
lymphocytic leukemia, 1 had a pure central nervous system germi-
noma, 1 had a sacral ependymoma, 1 had an intracranial astrocy-
toma with diffuse spinal metastasis, 2 were treated for tumor
recurrence, 1 had gliomatosis cerebri with spinal cord involvement,
and 1 had a primitive neuroectodermal tumor with diffuse central
nervous system metastasis. All patients received radiotherapy to
the CSA (Table 2). When indicated, patients received a radiation
boost to the residual disease in the brain, posterior fossa, or spine
or to the brain tumor bed, posterior fossa tumor bed, or gross spinal
tumors as seen on pretherapy magnetic resonance imaging. The
boost dose, if any, was dependent on the diagnosis. At the conclu-
sion of treatment, the patients were followed on a regular basis
with physical examinations and imaging studies.

The University of Arkansas for Medical Sciences institutional
review board approved this study (Record 81244).

Definition of regions of interest

All patients underwent CT simulation (Brilliance model, Philips
Healthcare [formerly, Philips Medical Systems], Andover, MA)
and 5-mm-thick slices and spacing were obtained. Vacuum cradles
and thermoplastic masks were used for immobilization in the supine
position. The need for anesthesia was evaluated on a patient-by-pa-
tient basis. The organs at risk and targets were contoured into the CT
simulation data set using the Pinnacle® Planning Station (Philips
Healthcare, versions 7.6c¢ or greater). The biologic target in the brain
for CSAI is the whole brain, cerebellum, subarachnoid space, and
cribriform plate (clinical target volume-brain). This clinical target
volume-brain is much larger than the gross tumor volume-brain,
which is usually the postoperative tumor bed and any associated re-
sidual tumor. To define the planning target volume (PTV)-brain, the
reminder of the entire cranial contents was used as a margin to the
clinical target volume-brain, in addition to the inner surfaces of
the skull and the base of the skull. The biologic target for the spine
is the spinal cord and its thecal sac from the foramen magnum to the
end of the thecal sac as seen on magnetic resonance imaging of the
spine (gross tumor volume-spine). Because we desired a homoge-
neous dose to the entire spine, the PTV-spine was selected as the en-
tire spine from the foramen magnum to, usually, the bottom of the
sacroiliac joint. Finally, the PTV-brain and PTV-spine were com-
bined to create the treatment PTV.

HT-CSAI treatment planning

The CT simulation data set and region of interest files were trans-
ferred to the HT planning station using the Digital Imaging and
Communications in Medicine-radiotherapy protocol. To decrease
the computational time and memory requirements of the HT treat-
ment planning system, the CT simulation data sets were down-
sampled from 256 x 256 to 128 x 128 pixels. The optimization
was guided using several user-selected parameters, which have
been previously reported (18). The HT planning system uses an

Table 3. Range values predicting 10-20% risk of radiation
pneumonitis in patients treated for lung cancer or Hodgkin’s

lymphoma

Investigator Parameter Value
Schallenkamp et al. (20) Vio (%)* 31-43
Schallenkamp e al. (20) Viz (%)* 28-39
Schallenkamp et al. (20) Vis (%)* 26-46
Schallenkamp et al. (20); Voo (%)* 20-29

Tsujino et al. (22)

Fay et al. (21) Vi (%) <22
Koh et al. (23) MLD (Gy)' <14-16
Kwa et al. (24) NTDyyean (GY)' <16-20

Abbreviations: V, = percentage of lung volume receiving =xx
Gy; MLD = mean lung dose; NTD,y,c., = normalized total dose of
mean dose; other abbreviations as in Table 1.

* 10-20% risk of Grade 2 or greater radiation pneumonitis (CTC
v.3)

T Risk of RTOG Grade 2 or greater acute radiation pneumonitis.

iterative inverse treatment planning optimization algorithm based
on least-squares minimization. The dose computation was deter-
mined using the superposition/convolution method (19). The pre-
scription for each patient is noted in Table 2. To the best of our
knowledge, no published data are available on how to define the
lung’s objective for this particular treatment scenario and delivery
technique. Hence, we used the values published for treatment of
lung cancer and Hodgkin’s lymphoma in adults (Table 3) as a guide
(20-24). The optimization objectives to the lungs were defined to
limit the mean dose, percentage of lung volume receiving =20 Gy
(V20), and V3 to no more than 16 Gy, 25%, and 22%, respectively.
No attempt was made during the optimization process to limit the
V10, Vi3, and V5. Once a plan was finalized and approved for treat-
ment, several dose—volume parameters were extracted from the
treatment planning system: the Vo, Vi3, V15, Voo, and V3o, mean
lung dose (MLD), normalized total mean lung dose (NTDyean) at
2 Gy/fraction accounting for late effects calculated using the lin-
ear-quadratic equation (25), and total lung volume.

ARP grading

Acute radiation pneumonitis was graded using the CTC, version 3
(Table 1). All patients were evaluated clinically starting 3—6 months
after CSAI completion for any signs or symptoms of symptomatic
(Grade 2 or greater) ARP. The patients were also assessed for symp-
toms and signs of ARP at every follow-up visit until the window for
ARP had passed (6 months after CSAI completion).

RESULTS

Patient outcome

The follow-up range was 3—-48 months (median, 16.5). At
the last follow-up visit, 14, 2, and 2 patients were alive with-
out disease, alive with disease, and dead of disease, respec-
tively (Table 4). The cause-specific survival rate was 89%
(16 of 18), disease-free survival rate was 78% (14 of 18),
and overall survival rate was 89% (16 of 18).

Acute toxicity

Acute toxicities were graded using the CTC, version 3
(Table 5). The most common acute toxicity grade of any
kind was Grade 2. The most common acute toxicity was
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Table 4. Patient outcomes

Follow-up Cribriform Symptomatic
Pt. No. Status (mo) failure ARP*
1 AWOD 48 No No
2 AWOD 43 No No
3 AWOD 30 No No
4 AWOD 28 No No
5 AWD 39 No No
6 DOD' 10 No No
7 AWOD 19 No No
8 AWOD 17 No No
9 AWOD 30 No No
10 AWD 16 No No
11 AWOD 17 No No
12 AWOD 14 No No
13 AWOD 9 No No
14 AWOD 9 No No
15 AWOD 9 No No
16 DOD' 3 No No
17 AWOD 8 No No
18 AWOD 8 No No

Abbreviations: Pt. No. = patient number; ARP = acute radiation
pneumonitis; AWOD = alive without disease; AWD = alive with
disease; DOD = dead of disease.

* Determined by clinical examination 3—6 months after craniospi-
nal axis irradiation.

T Disease progression.

weight loss (n = 14) followed by nausea (n = 10). Patients ex-
periencing nausea and vomiting received antinausea/anti-
emetic medication, with resolution of symptoms. The
greatest acute toxicity seen was Grade 3 low back pain in 1
patient. No Grade 4 or 5 toxicities developed.

Lack of symptomatic ARP

Figure 1 shows the average Vg, Vi3, Vis, Voo, and Vg
values, and Fig. 2 shows the average MLD and NTD,,can
for all patients obtained from the tomotherapy planning sta-
tion. No patient developed symptomatic ARP. Because the
optimization objectives for the lungs were defined to limit
V,0 and V3, and the MLD was kept at or less than the desired
value by additional manipulation of the optimization objec-
tives, none of the values obtained for the dose—volume or
dose parameters exceeded our goal. However, the Vg, V3,
and Vs varied from patient to patient. The Vo and V3
ranged from 10.3% to 83.5% (median, 57.3%) and from
3.9% to 50.8% (median, 34.5%), respectively. The Vs,
V>0, V30, MLD, and NTD,,,c., were within the limits (Table
3). Of the 18 patients, 15 and 6 had a risk greater than 20% for
CTC, version 3, Grade 2 ARP as determined by the V;, and
V13, respectively. None of these patients developed symp-
tomatic ARP.

Cribriform plate
No cribriform plate failures were seen (Table 4).
DISCUSSION

We have previously shown that (/) CSAI with HT is fea-
sible with patients in the supine position, thus facilitating the
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Table 5. Acute (CTC v.3) toxicities other than acute
radiation pneumonitis

Grade

Pt. Back Weight
No. Skin Nausea Vomiting Esophagitis pain loss
1 1 2

2 1

3 1 1 2

4 1

5

6 1

7 2 2 2

8 2 2 1 2

9 2
10 1 1
11 2 1
12 2 1
13 2 2 2
14 2 2 2
15 2 1
16 1 2
17 1 2
18 3 1

Abbreviations: CTC v.3 = Common Toxicity Criteria, version 3;
Pt. No. = patient number.

administration of general anesthesia when needed (3); (2) the
integral dose with HT is not necessarily larger than that with
three-dimensional conformal radiotherapy (3D-CRT) or con-
ventional techniques (4, 5); and (3) HT can generate accept-
able clinical treatment plans with reasonable beam-on times
using a jaw width of 5.0 cm, pitch of 0.287, and modulation
factor of 2.0 (6). The general concerns in treating patients
with CSAI include the potential underdosing of the cribri-
form plate, as seen with conventional treatment, and the po-
tentially high risk of symptomatic ARP owing to irradiation
of large lung volumes. In the present study, we have reported
the patient outcomes, potential rate of symptomatic ARP, and
cribriform failure rates using HT.

Because our group of 18 patients presented with a variety
of diagnoses, a comparison of our tumor control results with
the published data stratified by the specific diagnoses was not
possible. With a median follow-up of 16.5 months, our pa-
tients had a cause-specific survival rate of 89%, disease-
free survival rate of 78%, and overall survival rate of 89%,
with no failures at the cribriform plate. Our cribriform failure
rate compared favorably with those for medulloblastoma
found in published studies with reported rates of 2.5-11%
(26-28). Most of these failures were attributed to poor plan-
ning technique.

Laboratory data have identified two distinct pathogenic
processes in the development of radiation pneumonitis
(RP), and these have an equal effect on pathologic features
(29). The first is the vascular damage induced by lower doses.
This type of damage showed a large capacity for recovery
with minimal long-term structural or functional conse-
quences but with early functional loss when large volumes
of the lung have received low radiation doses. In contrast,
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Fig. 1. Average V, in 18 pediatric patients treated to craniospinal
axis with helical tomotherapy. Vi« = volume parameter describing
volume of lungs (in percentages) receiving xx Gy; Avg = average;
Stad Dev = standard deviation.

the parenchymal inflammation produced by higher doses al-
most always ended in morphologically and clinically ex-
pressed fibrosis, but small-volume irradiation did not lead
to substantial function loss at any postirradiation interval de-
spite the very high doses and severe parenchymal injury.
Several dose—volume metrics (MLD or V,) have been used
to predict the risk of ARP in the irradiated lung. Claude et al.
(30) evaluated in a prospective fashion the relationship of
both clinical and dosimetric prognostic factors with RP in pa-
tients with non—small-cell lung cancer treated with 3D-CRT.
That study concluded that the mean lung dose, Vg, V3o, and
patient age were all predictive of the development of Grade 1
or greater RP risk measured using the late effects Normal Tis-
sue—Subjective, Objective, Management, Analytic scale.
However, these quantities do not reflect the entire complexity
of the dose—volume relationship (31). Laboratory data from
the irradiated rat lung have suggested that the volume of
the lung irradiated to small doses might be the most signifi-
cant prognostic factor for radiation-induced loss of pulmo-
nary function (32). Novakova-Jiresova et al. (29) also
investigated the dose—volume dependence of respiratory
function in a rat model. Their conclusion corroborated the
findings of Semenenko ef al. (32). That is, a low dose scat-
tered over a large lung volume causes more early toxicity
than an extreme dose confined to a small volume. These con-
clusions raise concerns with the use of intensity-modulated
beams to reduce the MLD, because the volume of lung re-
ceiving low radiation is expected to be larger (33, 34). In ad-
dition, it seems that a decrease in the MLD to minimize the
risk of RP might not be sufficient to overcome the effects
of irradiating a large volume of the lung with small doses
(35). Hence, it would be prudent to minimize exposure of
large volumes of normal lung during the optimization pro-
cess, but this could be difficult to do. Others have studied
the serum cytokine levels as prognostic factors in the devel-
opment of RP. Arpin et al. (36) investigated variations in the
circulating serum levels of interleukin-6 and -10 and tumor
necrosis factor-a during 3D-CRT in patients with non—
small-cell lung cancer and their correlation with the occur-

16.00
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Fig. 2. Average mean lung dose and lung normalized total dose
mean average in 18 pediatric patients treated to craniospinal axis
with helical tomotherapy.

rence of RP. Their study concluded that early variations in se-
rum interleukin-6 and -10 levels during 3D-CRT were
significantly associated with the risk of RP.

In our group of 18 patients treated with HT and evaluable
for ARP, 11 patients had =50% of the lung volume that re-
ceived =10 Gy. In the other 7 patients, the V5 was <50%.
None of these 18 patients developed symptoms of ARP dur-
ing the evaluation window of 3—6 months after CSAI com-
pletion or at any time during the follow-up period. We
agree with Semenenko ef al. (32) in that the potential hazard
of large lung volume irradiation with intensity-modulated
beams warrants additional investigation, preferably through
clinical trials. The use of dose—volume parameters from the
lung cancer and Hodgkin’s disease population might over-
predict the risk of ARP in this group of CSAI pediatric
patients. Usually lung cancer patients have underlying pul-
monary conditions that might predispose them to pneumoni-
tis, such as emphysema and chronic obstructive pulmonary
disease. The same holds true for the Hodgkin’s disease pop-
ulation, because in many cases, these patients are exposed to
pulmonary toxic drugs such as bleomycin. The underlying
disease processes might account for the differences observed
in our population and the predictions based on these pub-
lished data in lung cancer and Hodgkin’s disease patients.
Different dose—volume parameters are needed to predict the
risks of ARP in this specific group of pediatric patients.

The limitations of the present study were the relatively
short median follow-up time of 16.5 months. As such, no
firm conclusions could be made in terms of late toxicity to
the lungs in this group of patients. Also, we did not perform
a prospective evaluation using pulmonary function tests to
correlate the loss of lung function with the potential onset
of clinical ARP.

CONCLUSIONS

We have updated our experience with HT for CSAL No pa-
tient in this group developed symptomatic ARP even though
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most of them received small doses to large lung volumes. The
threshold values of V,, V3o, and MLD from lung cancer and
Hodgkin’s disease series provided safe dose—volume
parameters against the development of symptomatic RP. The
ultimate thresholds of these and other parameters for the devel-
opment of ARP in pediatric patients treated to the CSA remain
unknown. We encourage more studies examine the dose—vol-
ume parameters in pediatric CSAI patients and the predicted
risk of ARP. In our group of patients, HT for CSAI yielded ac-
ceptable and encouraging overall survival, cause-specific sur-
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vival, and disease-free survival. Appropriate coverage of the
cribriform plate is important because failures in this area
have been reported with poor CSAI technique. In our study,
no such failures occurred. As we reported previously, the treat-
ment of the CSA using HT provides some important advan-
tages. The most salient ones are that no cranial to spinal field
radiation matching is needed, that the treatment of patients in
the supine position is possible, facilitating patient comfort
and anesthesia when needed, and lack of ARP and cribriform
plate failures.
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