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Objective: The current study was conducted to evaluate the effects of low-dose craniospinal
irradiation (CSI) combined with chemotherapy on non-metastatic embryonal tumors in the
central nervous system (CNS), including medulloblastoma and supra-tentorial primitive
neurcectodermal tumors (ST-PNET).

Methods: All patients were treated according to the following protocol. After surgery,
the patients <5 years old received 18 Gy and the patients >5 years old received 24 Gy CSlI.
The dose to the primary tumor bed was 39.6—54 Gy. Chemotherapy consisted of ifosfamide,
cisplatin and etoposide (ICE chemotherapy).

Results: Sixteen patients aged 0.5-20.4 (median 6.1) years were enrolled and followed for
11-165 (median 112) months. Both 5-year actuarial overall survival (OAS) and progression-
free survival (PFS) were 81% (95% confidence interval (Cl); 62-100%) for the 16 patients.
Both 5-year OAS and PFS were 82% (Cl: 59—100%) for the patients with medulloblastoma
and 80% (Cl: 45—-100%) for the patients with ST-PNET. Both 5-year OAS and PFS were
75% for the eight patients <5 years old and 88% for the eight patients =5 years old. Both
5-year OAS and PFS were 100% for six average-risk patients (3 years or older, total resection
and posterior fossa) and 70% for 10 poor-risk patients (others). The median total intellectual
quotient at the last follow-up was 85 (ranging from 48 to 103) in 12 patients who were
followed for 3-145 (median 49) months. Eight patients received hormone replacement
therapy.

Conclusion: Low-dose CS| and ICE chemotherapy may have a role as a treatment option for
a subset of patients with non-metastatic embryonal tumors in the CNS.
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INTRODUCTION

The standard therapy for medulloblastoma has been
35-36 Gy craniospinal irradiation (CSI) and 54—55.8 Gy 1o
the tumor bed after surgical resection (1), A recent random-
ized trial has shown that a combination of pre-radiotherapy

Presented in part at the 4%th annual meeting of the American Society of
Therapeutic Radiology and Oncology in October 2007,

For reprints and all correspondence: Koichi Yasuda, Hokkaido University
School of Medicine, North-15 West-7, Kita-ku, Sapporo, Japan

E-mail: kyasuda@radi.med hokudai ac.jp

intensive chemotherapy and 35 Gy CSI was significantly
better in outcome than 35 Gy CSI alone for non-metastatic
medulloblastoma in terms of event-free survival and possibly
overall survival (OAS) (2). However, since CSI has produced
neuro-cognitive dysfunction and endocrine deficiency in
young children and infants (3), dose reduction in CSI with
or without chemotherapy has been tested. A total of 25 Gy
of CSI was associated with the poorer outcomes in multi-
institutional phase Il trials with or without chemotherapy
(4,5). Subset analysis, however, showed that for patients
treated with radiotherapy alone, event-free survival at
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5 years was identical between 25 and 35 Gy CSI (4). Pilot
studies and a multi-institutional phase 11 study suggested that
23.4-30 Gy CSI with pre- or post-radiation chemotherapy
could achieve similar results with standard-dose CSI for
average-risk medulloblastoma (6—8). Important questions
remain with respect to the radiotherapy dose in CSI for
medulloblastoma. To reduce the incidence of the late
adverse effects of CSI, we performed a prospective protocol
study using reduced-dose CSI sandwiched between che-
motherapy that consisted of an ifosfamide, cisplatin and
etoposide (ICE) regimen.

Patients with supra-tentorial primitive neuroectodermal
tumors (ST-PNET) have clinical features different from those
with medulloblastoma (9—12). However, these two diseases
were categorized as the embryonal tumors in the WHO classi-
fication of brain tumor (9). Because of the similarity in patho-
logical features, these two diseases have been often treated
similarly (13,14). We have also determined the treatment
strategy for ST-PNET to be similar to that of medullo-
blastoma with regard to maximal surgical resection, intensive
chemotherapy and radiotherapy. Patients with ST-PNET were
also entered and evaluated in this study.

In this study, we have evaluated long-term outcome, both
in survival and adverse effect of patients with non-metastatic
medulloblastoma and ST-PNET, or embryonal tumors in the
central nervous system (CNS).

MATERIALS AND METHODS
SeLECTION CRITERIA

Entry criteria for patients were as follows: the age between 6
months and 30 years, and with histologically proven medul-
loblastoma or ST-PNET. The patients or guardians had to
give informed consent prior to surgery and again prior to
adjuvant therapy.

TREATMENT

The flow chart of the treatment strategy is shown in Fig. 1.
Total surgical resections were attempted in patients with
medulloblastoma who had Chang’s Stage T1, T2 or T3a
without evidence of metastasis (Stage M0) (15). Brainstem
origin tumors were biopsied or partially removed. Patients
with ST-PNET without evidence of metastasis were
also treated at first with maximum surgical resection.
Ventriculostomy, but not venticuloperitoneal shunting, was
performed at tumor removal in patients with hydrocephalus.
Patients with either medulloblastoma or ST-PNET
received ICE chemotherapy and CSI with a generous local
boost to the tumor site (16). The ICE regimen consisted of
three agents; ifosfamide at 900 mg/m” (Days 1-5), cisplatin
at 20 mg/m? (Days 1-5) and etoposide at 60 mg/m” (Days
1-5) every 4 weecks. To prevent hemorrhagic cystitis and
to suppress emesis, sodium 2-mercaptoethane sulfonate
(810 mg/m*/day) and granisetron hydrochloride (40 or
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80 mg/kg/day), a 5-hydroxy-tryptamine receptor antagonist,
were intravenously administered from Day 1 to 5. Hydration,
including the infusion of mannitol, was done routinely.

In principle, the ICE chemotherapy regimen should have
begun within 2 weeks of the surgery. The intent was for the
ICE chemotherapy regimen to begin within 2 weeks of the
surgery, but this did not always occur, as the timing of the
chemotherapy and radiotherapy varied. Patients <2.5 years
old received eight cycles of chemotherapy every 4 weeks
and then received 18 Gy CSI and a local boost of 30-36 Gy
when they became 2.5 years old. For patients between 2.5
and § years old, one course of ICE followed by 18 Gy CSI
and a local boost of 30-36 Gy were scheduled. For patients
<5 years old, one course of ICE followed by 24 Gy CSI and
a local boost of 30 Gy were scheduled. Thus, the irradiation
dose to the hypophysis and hypothalamus was 18 Gy for
patients 5 years old or younger and 24 Gy (20-30) for
patients =5 years in medulloblastoma. For patients with
ST-PNET, the dose to the hypophysis and hypothalamus was
distributed from 18 to 38 Gy.

After the radiotherapy, up to six cycles of ICE was admi-
nistered to the patients 2.5 years old or older. The intent was
for patients to receive CSI immediately followed by the local
tumor boost, but if myelosuppression had been prolonged by
the ICE before radiotherapy, they received local irradiation
first, followed by CSI.

Whole-brain irradiation was performed using nearly
parallel-opposed lateral fields with multi-leaf collimators to
block the lenses of both eyes and including all cerebrospinal
fluid space. Whole-spinal irradiation was performed using
posterior single or two serially arranged posterior fields
including all cerebro-spinal fluid space leaving the patient in
the same position on the table. Dose distribution was calcu-
lated using @ three-dimensional radiotherapy planning

<2.5 y-ru_uld___.z.ﬁ:imm old >5 years old
N Sy . ) .
| 1course of ICE 1 course of ICE
| chemotherapy hemotherapy |
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Figure 1. Flow chart of the treatment strategy. 1CE chemotherapy, ifosfa-
mide, cisplatin and etoposide; CSI, craniospinal irmadiati
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system. The radiotherapy dose was prescribed at the center
of the midline for the whole brain and at the mean depth of
the spinal canal. The boost to the posterior fossa in medullo-
blastoma and to the tumor bed in ST-PNET was performed
using two angled and wedged fields to reduce the dose 1o the
ear structures, temporal and posterior lobes for medulloblas-
toma. In patients treated in the latter half of the study period,
three or more non-coplanar fields were used to reduce
unnecessary dose to the surrounding structures. Daily frac-
tions of 1.8—2.0 Gy were used at the isocenter.

Toxiciry-RELATED DOSE ADJUSTMENT FOR THE ICE REGIMEN

All patients underwent urological and audiological exami-
nation and renal monitoring before each cycle of chemother-
apy. The chemotherapy doses were modified if there was any
evidence of hematological, renal or audiological toxicity
according to the dose-reduction criteria (16). If the creatinine
clearance was <70%, cisplatin was omitted for that cycle
and only given thereafter if renal or hearing function
improved. Routine urological examination was performed
from Day 1 to 5 in each cycle. Ifosfamide was omitted if
macrohematuria was observed and was begun again when
microscopic hematuria disappeared. Etoposide and ifosfa-
mide were reduced according to the myelosuppression score
consisting of the blood count nadir and symptoms related to
the previous course of ICE (16). The score was cumulative
overall courses. When using this method, the next cycle
would be omitted if the score was higher than anticipated for
a long time without recovery.

FoLLow-ur

Patients were followed-up by regular clinical examination.
The follow-up intervals afler the end of the wreatment were
every month in the first year, every 3 months in the second
vear, every 4 months in the third year and subsequently every
6 months. Repeat cranial MRIs with or without spinal MRI
were performed every 3 months in the first year and every 6
months in the second to fifth years. Afier that, the follow-up
was performed annually at our institution or at local hospitals.

STATISTICAL METHODS

The final analysis was performed in March 2007. OAS and
PFS were analyzed. OAS was calculated as the time from
the date of surgical diagnosis to the date of death. Patients
still alive were censored at date last seen. Subjects with
average risk included children >3 years of age with pos-
terior fossas and those with tumors that were totally or
‘nearly totally’ (<1.5cc of residual disease) resected.
Subjects with poor risk included children <3 years of age
and/or those with subtotal resection ((1.5 c¢’s residual
disease) and/or a non-posterior fossa location, including
supra-tentorial location (10,11,12,17,18).

PFS was calculated as the time from the date of surgery to
the date of recurrence or death. In those cases where death
followed recurrence, the date of recurrence was used.
Kaplan—Meier survival curves were produced, and log-rank
tests were performed to compare OAS. Greenwood's formula
was used to calculate the standard errors, which were then
used to calculate the CI. The #-test was used to compare the
interval between surgery and radiotherapy between groups.

RESULTS

Sixteen patients aged 0.5-20.4 (median 6.1) years were
enrolled and followed for 11165 months with a median of
112 months. The characteristics of the patients are listed in
Table 1. In total, both the 5-year actuarial OAS and PFS
were 81% (95% confidence interval, Cl: 62—100%) for the
16 patients (Fig. 2). Both 5-year OAS and PFS were 82%
(Cl: 59-100%) for patients with medulloblastoma and 80%
(CI: 45-100%) for patients with ST-PNET. The 5-year OAS
and PFS were both 100% (CI: 100—100%) for the six
average-risk patients and 70% (CI: 42-98%) for the 10
high-risk patients (Fig. 3). There was no statistical difference
between the two groups (OAS: P = 0.35; PFS: P = (0.26).
OAS and PFS were 81% (CI: 62—100%) and 68% (CI: 44—
99), respectively, at 7 years, and were 74% (Cl: 53-96%)
and 68% (CI: 44-99%), respectively, at 9 years,

All eight patients <5 years of age received 18 Gy CSI.
One of these eight patients (No. 10) experienced dissemina-
tion of the disease at 11 months after surgery and died at 16
months after surgery. Another patient (No, 11) who under-
went a biopsy followed by three courses of chemotherapy
and radiotherapy died at 11 months afier biopsy without dis-
appearance of the disease. The other six patients are alive at
117—months after surgery without evidence of disease. The
S-year OAS and PFS for the eight patients were both 75%
(CI: 45-100%).

In the eight patients >3 years old, 24 Gy CSI was given
to six patients. The CSI was stopped at 20 Gy due to severe
myelosuppression in one patient (No. 4), and an additional
6 Gy (i.e. 30 Gy CSI) was given to another patient (No. 7)
because of a strong fear that surgery would disseminate the
disease. The 5-year OAS and PFS for the eight patients were
both 88% (CI: 65-100%). Local relapse was observed in
two patients, and dissemination disease was observed in one
patient. All patients received 24 Gy CSI. One of them was
rescued by high-dose chemotherapy with stem cell transplan-
tation and lived for 44 months after the diagnosis of relapse.
There was no statistical difference between patients <5
years and patients >3 years of age (OAS: P = 0.51; PFS:
P =0.69).

The total amounts of chemotherapeutic agents are listed in
Table 2. Because we used reduction criteria for each agent in
each cycle of the treatment, the total amount of chemothera-
peutic agent varied. Two patients experienced relapse of the
local tumor during chemotherapy, and the treatment was
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Figure 2. Overall and progression-free survival curves for 16 patients with
non-metastatic embryonal tumors in the central nervous system.

stopped after three courses, The regimen of chemotherapy
was changed in one patient after relapse, and a salvage oper-
ation was performed in another patient for the relapsed tumor.

Total intellectual quotient (IQ) was measured in 12 patients
with the follow-up period ranging from 3 to 145 months with a
median of 49 months (Fig. 4, Table 1). The median total 1Q at
the last follow-up was 85 (ranging from 48 to 103). In nine
patients who were able to undergo the examination for verbal
1Q (VIQ) and performance 1Q (PIQ), there was no apparent
discrepancy between VIQ (median 82, 95%Cl: 48~119%) and
PIQ (92, 58—113%) (P = 0.75). In eight patients whose total
1Q was measured more than twice during the follow-up
(median follow-up 78, 19—145%), two patients, whose latest
IQ scores were 74 and 86, respectively, showed apparent
deterioration in total IQ of > 10 points (—24 and — 17 points).

Eight patients received hormone replacement therapy
because of deficiencies in thyroid hormone, corticosteroid
hormone, growth hormone, antidiuretic hormone or
gonadotropin (seven, two, two, one and one patients,
respectively). Irradiated dose to the hypophysis and hypo-
thalamus of the eight patients were 18-32 Gy (median
22 Gy). Two of the eight patients had ST-PNET.

No patients suffered from symptomatic hearing deficiency
or required hearing aids. One patient experienced heman-
gioma in the skull in the irradiated region 4.4 years at the
region which received 18 Gy and underwent surgical
removal of the tumor.
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Figure 3. Progression-free survival curves for six patients with average risk
and 10 patients with high risk of nor-metastatic embryonal tumors in CNS.

Table 2. The nominal cycles of chemotherapy and the actual amount of
chemotherapeutic agents

No. Nominal cyeles Ifosfamide Cisplatin Etoposide
1 & 6.7 8 625
2 7 6.66 7 7
3 & 8 8 8
4 7 1.75 6 54
5 8 2 8 8
6 6 1 6 6
7 6 235 525 495
& 6 6 5 6
9 8 6.05 7 6.05

10 7 585 6 6

11 3! 3 3

12 8 445 545 6

13 8 395 72 72

14 6 175 5 475

15 C 235 275 233

16 3 295 6 6

The dose of each agent is shown in respect of the dose for one cycle.
'Stopped due to relapse during the treatment.

DISCUSSION

For medulloblastoma, the results of a multi-institutional study
confirmed that low-dose CSI cannot be justified with or
without chemotherapy (4,5). However, the possibility of
serious late complications related to radiotherapy after
standard-dose CSI suggests that we should investigate better
treatment options with less morbidity. Packer et al. (6) have
shown that reduced-dose craniospinal radiation therapy
(23.4 Gy) followed by adjuvant chemotherapy of lomustine
75 mg/m’®, vincristine 1.5 mg/m? and cisplatin 75 mg/m? for
average-risk patients can achieve PFS of 79 + 7% at 5 years
for average-risk medulloblastoma. Recently, Packer et al. have
conducted a phase 11 trial for average-risk patients in which
they compared the adjuvant chemotherapy described above
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Figure 4. Temporal change of total intellectual quotient for 12 measumable
patients with the regression line.



with a therapy in which cyclophosphamide was substituted for
lomustine with the same low-dose craniospinal radiation
therapy (23.4 Gy). They found that either choice of chemo-
therapy resulted in similar event-free survival rates: 82 + 2.8%
for chemotherapy with lomustine and 80% + 3.1% for that
with cyclophosphamide (19). Gajjar et al. (20) performed a
prospective study of risk-adapted radiotherapy followed by
chemotherapy in children with average-risk and high-risk
medulloblastoma. In their analysis, 5-year event-free survival
was 83% (73-93%) for the average-risk group, which received
23.4 Gy craniospinal radiotherapy, and 70% (55-85%) for the
high-risk group, which received a conventional dose of 36—
39.6Gy. They compared decreases in 1Q and found that the
difference between the low-dose craniospinal radiotherapy
group and the conventional dose group was not statistically
significant (P = 0.097) (21). The present study was consistent
with their studies, showing similar survival rates and a moder-
ate decrease in 1Q. The reduced-dose CSI and chemotherapy
may be as effective as standard CSI in terms of tumor control
and neuro-cognitive function in long-term follow-up.

The combination of 18 Gy CSI and chemotherapy has
been tested in 10 patients in a previous clinical trial, and
seven of the 10 patients survived >5 years (22). Six out of
cight patients < 5 years old received 18 Gy CSI and sur-
vived >9 years in the present study. If we combine our
results involving eight patients with these 10 patients in the
literature, 13/18 survived longer than 5 years. The 5-year
survival rate is not inferior to the previous results obtained
with a higher CSI dose. However, Jakacki et al. (23) have
reported that the administration of 1800 ¢Gy CSI with che-
motherapy to seven patients aged from 20 to 64 months was
not advisable because of the high recurrence rate. Again, the
number of patients was too small to exclude the possibility
of a bias.

The superiority of low-dose CSI to conventional CSI for
the purpose of reducing the late adverse effects remains a
subject of debate (24,25). A full-scale 1Q <80 was reported
to be observed even in children with brain tumors who
received irradiation only at the posterior fossa (26).
Oyharcabal-Bourden et al. (27) have shown that the median
total 1Q in the follow-up was reported to be 83, and
hormone replacement therapy was required in 41.9% of the
patients who received adjuvant chemotherapy followed by
25 Gy craniospinal radiation therapy. Our results, which
included a median total 1Q of 85 and a requirement of
hormone replacement therapy in 50% of the patients, were
highly consistent with their study.

Treatment outcome of patients with ST-PNET has been
reported to be poorer than that of those with medulloblas-
toma (10~11), and thus patients with ST-PNET are now
treated with intensive chemotherapy in clinical trials (12).
Because of the cerebral location of ST-PNET, the
neuro-cognitive function is usually much poorer in these
patients than in those with medulloblastoma. Our series is
too small 1o be compared with the previous larger series, but
the treatment outcome was comparable to other poor-risk
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patients with medulloblastoma. Careful evaluation of the
long-term outcome of recent high-dose chemotherapy studies
with low-dose radiotherapy for ST-PNET are warranted.

It has recently been suggested that three-dimensional
conformal radiotherapy is useful for reducing the dose to the
ear structures (28). Intensity-modulated radiotherapy (IMRT)
was reported to reduce the dose more, but we must be careful
about inducing secondary cancer due to increased whole-body
irradiation by IMRT (29). The fact that one patient developed
radiation-induced hemangioma in our study showed the
importance of reducing unnecessary irradiation in children.

Remarkable advances in molecular biology have led us to
routinely use molecular markers to select patients who
would be cured with low-dose CSI and those who would
respond to chemotherapy. Promeroy et al. have reported that
micro-array analysis may be effective for dividing patients
with medulloblastoma into favorable and unfavorable groups
(30). Gajjar et al. (31) have found a possible relationship
between the expression of erbB2 and PFS. Rutkowski et al.
(32) have shown that the definitions of favorable and unfa-
vorable risk groups can be improved by the determination of
c-myc and trkC mRNA expression. A combined clinical and
molecular staging system may well be the breakthrough to
accurately predicting disease risk for patients with embryonal
tumors in CNS.

The greatest shortcoming of this paper is the small
number of patients. Also, combining patients with medullo-
blastoma and ST-PNET makes it difficult to compare our
study with the previous literatures. However, the long-term
follow-up of the patients in a single institution has added
some potentially important findings. Our experience can be
added as supplemental data suggesting a possible role for
reduced-dose CS1 and chemotherapy in patients with non-
metastatic medulloblastoma and ST-PNET.

In conclusion, the combination of surgical resection, ICE
chemotherapy and low-dose CSI may have a role in the treat-
ment of a subset of patients with embryonal tumors in the
CNS. The possibility of reducing the risk of late neuro-
cognitive damage through reduction of the CSI dose is to be
further evaluated.
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Abstract

It is important to monitor tumor movement during radiotherapy. Respiration-
induced motion affects tumors in the thorax and abdomen (in particular, those
located in the lung region). For image-guided radiotherapy (IGRT) systems, it
is desirable 10 minimize imaging dose, so external surrogates are used 1o infer
the internal tumor motion between image acquisitions, This process relies
on consistent correspondence between the external surrogate signal and the
internal tumor motion. Respiratory hysteresis complicates the external /internal
correspondence because two distinct tumor positions during different breathing
phases can yield the same external observation. Previous attempts to resolve
this ambiguity often subdivided the data into inhale /exhale stages and restricted
the estimation to only one of these directions. In this study, we propose a new
approach to infer the internal tumor motion from external surrogate signal
using state augmentation. This method resolves the hysteresis ambiguity by
incorporating higher-order system dynamics. It circumvents the segmentation
of the internal/external trajectory into different phases, and estimates the
inference map based on all the available external/internal correspondence
pairs. Optimization of the state augmentation is investigated. This method
generalizes naturally to adaptive on-line algorithms.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Respiratory motion affects tumors in the thorax and abdomen. In particular, breathing is
the major reason for intrafractional tumor motion for lung cancer patients. It is important to
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monitor such motion during radiotherapy treatment to ensure the accurate delivery of radiation
dose in motion-compensated intensity modulated radiotherapy (IMRT). Fluoroscopic imaging
or portal imaging can monitor tumor motion during the treatment process. To reduce x-ray
exposure, hybrid tumor tracking approaches that combine episodic radiographic imaging and
continuous external surrogates have been investigated widely (Ozhasoglu and Murphy 2002,
Murphy 2004, Murphy ef al 2002, Schweikard et al 2000, 2004). Using external surrogates to
infer internal tumor motion assumes that there is consistent relationship between the internal
and external motions.

Hysteresis is typical in lung tumor movements, with the tumor taking a different path
during inhale and exhale. Inhalation normally takes longer than exhalation, and the deflating
lung volume exceeds the inflating volume at the same trans-pulmonary pressure (Keall er al
2006).  Respiratory hysteresis makes inferring internal tumor locations from external
surrogate signals challenging. Most of the external surrogate systems, such as thermistors,
thermocouples, strain gauges, pneumotachographs (Kubo and Hill 1996) and infrared skin
markers as applied in the Varian Real-time Position Management™ (RPM) system (Varian
Medical Systems, Palo Alto, CA), provide one-dimensional signals, whose instantaneous
amplitude (or displacement) alone does not provide sufficient information about the specific
breathing stages.

Previous studies about correspondence between the internal tumor motion and external
surrogates can be classified into two categories. One class of studies investigates the
correlation between the two signals to justify the feasibility of using certain types of
surrogates, or compare different surrogate options (including the placement mechanism)
(Wade 1954, Vedam er al 2003, Ahn er al 2004, Hoisak er al 2004, Tsunashima er al 2004,
Koch et al 2004, Mageras ef al 2004). Alternatively, some other studies assume a priori the
existence of a strong correlation between the internal and external signals, and aim to estimate
the carrespondence map (Seppenwoolde er al 2007). We adopt the latter perspective and study
with a general setup the correspondence maps that take the external surrogate trace as the
input and output estimates of the internal tumor location, including, but not restricted to linear
relations as reflected by the correlation coefficient and its variants. The presence of respiratory
hysteresis makes this a challenging problem, as the same external surrogate position can reflect
different internal tumor locations during different phases. Existing methods address hysteresis
by first separating empirically the breathing trajectories into two distinct ‘directions’ (inhale
versus exhale), and then constructing a piecewise phase-dependent map (Seppenwoolde er al
2002,2007, Low et al 2005, Lu et al 2005). However, subdividing the breathing into inhale and
exhale phases often requires manual intervention, and is infeasible for real-time application,
because a breathing ‘peak’ or ‘trough’ can only be identified retrospectively,

In this study, we propose to use a simple state augmentation of the external surrogate
signal. Augmenting the state space with self-delayed observation bestows the model with
‘memory’, which is an alternative way to characterize the ‘path-dependence’ property of
hysteretic systems. This procedure captures system dynamics, and embeds the breathing-
phase information implicitly into the framework. We then provide the solution to a general
class of parametric inference models with the augmented observations. As special cases, we
derive optimal solutions for the parameters of linear and quadratic correspondence models.
Furthermore, given a training internal /fexternal dataset, we demonstrate a computationally
efficient approach to choose a patient-specific (or fraction-dependent) augmentation scheme.
Generalization to adaptive correspondence models follows naturally. We test the proposed
approach on synchronized recordings of internal gold marker trajectories and external fiducial
marker locations (Berbeco er al 2005).
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Table 1. Description of study participants. Patients 1-3 were brought in for data acquisition
purposes only, so there is no prescription dose. Patient 5 was treated twice at the same site, with
two months between treatments. The tumor site is indicated using the common anatomical notation
for lung segmentation: $1-3 is the upper lobe, $4-5 is the middle lobe and S6-10 is the lower lobe.

Patient Gender Age Tumor Pathology No of bb's Tumor site Prescribed dose (Gy)  No of fractions
1 F 47  Adenocarcinoma 4 RS7 N/A 1
2 F 70  Adenocarcinoma 3 L S6 N/A |
3 F 71  Adenocarcinomi 2 R S5 N/A 1
4 F 47  Adenocarcinoma i RS54 48 8
5 M Bl  Squamous cell carcinoma 3 R 56b 48 4
5 40 8
6 M 61 Small cell lung cancer 3 R 510 40 8
7 M 68  Squamous cell carcinoma 3 R 56 48 4
8 M 85  Adenocarcinoma i R 58 48 4

Section 2 describes the clinical data used for this test, discusses the challenges caused
by hysteresis in converting the external surrogate position directly to the internal twumor
location and presents the proposed method. A general correspondence model is formulated
with polynomial models as an example. The optimal model parameters are derived and a
generalization is given to accommodate adaptivity. Section 3 reports testing results followed
by discussions. Section 4 concludes this study with a brief summary.

2. Methods and materials

2.1. Data description

To study the internal /external motion correspondence, we obtained synchronized recordings
of internal tumor motion trajectories and external fiducial marker locations. The paired
trajectories from eight lung cancer patients were collected with a Mitsubishi real-time radiation
therapy (RTRT) system at the Radiation Oncology Clinic at the Nippon Telegraph and
Telephone Corporation (NTT) hospital in Sapporo, Japan. Two to four 1.5 mm diameter
gold ball bearings (bb's) were implanted in or near the tumor (Shirato ef al 2003) and these
internal markers were tracked in real time with diagnostic x-ray fluoroscopy (Shirato er al
2000). External surrogate signals were obtained with the AZ-733 V external respiratory
gating system (Anzai Medical, Tokyo, Japan) integrated with the RTRT system. It uses a laser
source and a detector, both attached to the treatment couch with the beam placed orthogonal o
the patient’s abdominal skin surface. The device calculates the change in the surface amplitude
by measuring the relative position of the reflected light (Berbeco et al 2005) and outputs a
one-dimensional relative position measurement of the abdominal surface. The data acquisition
rate for the entire system is 30 frames per second. Table | describes the study participants.
All patients included in this analysis had the peak-lo-peak marker motion greater than 1 cm.
The KV fluoroscopy + Anzai system took multiple readings for each fraction from several
treatment field configurations to account for obscured x-ray views as the gantry rotated. The
recording lengths varied between 20 s and 250 s with an average of 82 s. There are in total
128 readings, 46 of which were longer than 100 s.

2.2. A general correspondence model

To minimize diagnostic imaging dose in IGRT systems, it is important to infer the internal
tumor location from external surrogates. In principle. we could use a correspondence model
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that observes a trajectory F of the scalar external surrogate r up to the time instant  to infer the
three-dimensional internal tumor position p = (x, v, z). We denote the collective surrogate

information available at time n as F(n) &2 {rim) : 0 < m < n}. However, it is challenging to
estimate such a map that estimates the internal tumor position from the complete collection
of historical surrogate data, since the length of the input variable grows to infinity as the
time progresses. A more practical choice is to use some much more compact quantity » that
captures sufficient information from F for inference. With internal and external motions both
being smooth, it is reasonable to approximate p(r) using polynomials. Therefore, we focus
on estimating a class of correspondence models that are linear in their coefficients as follows:

p(r) = Af(r), (1)

where f is a vector function of the external surrogate r; all model parameters to be optimized
are contained in the coefficient matrix A. In particular, two simple correspondence models,
ic. alinear model and a quadratic model introduced in Seppenwoolde er al (2007), are special
cases of the form given in equation (1).

Linear models assume each coordinate of internal motion is affine in » = r(r). This
corresponds to the case where

by o
Jir) = [‘;] and A=|b ¢l (2)
by

Quadratic models map the external surrogate to each coordinate of internal motion via a
quadratic relation. It can be expressed in equation (1) with

¥ b, ¢ d,
Jir)=|r and A=|b, ¢, d,|. (3)
I R

Expression equation (1) is linear in the model coefficients A and yields a closed-
form optimal solution in the least-squared error (LSE) sense. Given N sample points
(ru.py)on=1,2,..., N, the solution to the LSE problem

A=arg mjn E(A), 4)

where E(A) = Z,‘L, [lp, = Af(r,)|1%, is given by solving the normal equation (Luenberger
1969) and

A=P'F(FF), (3
where
ferT” Pl
F= : and P=]:
frn)" X
The corresponding residual is given by
AP p-PA’
=T -F(F'F)'F)P, (6)

with the overall residual error (summed over all three dimensions) as

E(A) = tracelAPT AP)
= trace{ P" (I - F(FT"F)"'\F")p). (7N
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It may be preferable to have simpler models (with fewer free parameters) over more
complicated models at the cost of small sacrifice in data fitting performance. This model
selection preference can be incorporated into the optimization setting by modifying the
objective function as

E(A) = E(A) + AR(#A), (8)

where #A denotes the number of free parameters in the coefficient matrix A and R is a
monotonically increasing function that assigns higher costs to more complicated models. The
regularization weight A controls the tradeoff between the data fitting E(A) and the preference
for lower-order models. A simple example of R would be the linear function R(#A) = #A,
which directly penalizes the number of components in A; this is equivalent to the Akaike
Information Criterion (Akaike 1974). Using the closed-form optimal solution equation (5)
and the expression for optimal residual error equation (7) for a given fixed model structure,
the modified objective function can be minimized in two layers. We say two inference models
have the same model structure if they only differ in parameter values. It follows immediately
that all models with the same structure has equal number of degrees of freedom, thus the same
complexity regularization R(#A) in equation (8). Therefore, to minimizer over models of
different complexity, it is natural to choose the ‘best’ parameter setting within each model
structure (with fixed degrees of freedom thus a constant complexity penalty), and then compare
across structures. Within each class, the minimizer of the complexity-penalized objective £ (A)
is the same as that of E(A), and can be solved and evaluated efficiently using the closed-form
optimal solution equation (5) and expression for optimal residual error equation (7). This
motivates the two-layer hierarchical algorithm shown below for finding the optimal solution
within K candidate model structures ¢ = UL (Ci].

Algorithm 1. Two-layer optimization routine for solving A=argminE(A) (8).
1: E — oo gy — 0; A — [|.
2: fori=010K do
3. Choose model structure C; from the collection of models C,
4:  Compute R; = R(#A) for structure Cj;
5:  Compute A; within class C; according to (5) and its residual error E {A,-j from (7).
6
7
8
9

if E(A;)+R; < E then
E —E(A)+R;
fopt +— 1
A—A.
0 endif
11: end for

2.3. Hysteresis and state augmentation

Conventional methods that explicitly segment the breathing process into inhale and exhale
phases have their limitations, as physical phase transitions (and delays) occur continuously
rather than as discrete jumps. To circumvent the intrinsic difficulty of estimating breathing
phases, we study the system dynamics directly, expecting them 1o sufficiently convey phase
information. In a discretely observed system, one usually captures the system dynamics
with time-lagged samples. For the sake of simplicity and to avoid over-parameterization. we
restrict this study to a single lag. The proposed method generalizes to multiple-lag models
naturally.



2928 D Ruan ef al

Given a discrete-time external surrogate r(n), n = 1,2, ..., N, we augment each external
surrogate state with a time 7 (in discrete unit) delayed sample, i.e. v(n) s (r(n), rin — ).
This augmentation captures first-order system dynamics, as the difference between r(n) and
r(n — ) can be regarded as a measure of the average local velocity. As r is uniquely
determined by 7, it fits into the general formulation equation (1). We apply the methods
provided in section 2.2 to estimate the coefficients for the augmented model. To demonstrate
the idea, we establish a linear model that is comparable to equation (2) and a quadratic model
analogous to equation (3),

The augmented linear model (in r) represents each internal coordinate as a linear
combination of r(n), r(n — ) and a constant offset, corresponding to

rin)
p=Af(r), where f(r)=|r(n—r1) 9)
1
with a 3 x 3 coefficient matrix A.
The augmented quadratic model (in r) estimates each internal coordinate as a linear
combination of r2(n), r(m)r(n — 1), r*(n — 1), r(n), rin — 1), 1, corresponding to
ri(n)
r’n—1)
rin)rin = 1)
rin)
rin - 1)
|

p=Af(r), where f(r) =

with a 3 x 6 coefficient matrix A.
In both cases, linearity in A results in the closed-form solution given by equation (5) with
the corresponding F', respectively.

2.4. Choice of lag length

The delay 7 should be chosen properly, since too long a lag provides minimal local dynamic
information and too short a lag makes the estimation sensitive to observation noise. For
inference purposes, we desire a lag that maximally resolves the ambiguity in the estimated
correspondence map. We choose the lag that minimizes the fitting error for training data:

£ = argmin E(A(1)). (1)

with the objective function E defined in equation (4). The coefficients A and the error E
depend on 1 because f contains both the current external surrogate displacement r (n) and its
lagged state r(n — 7).

Equations equation (6) and equation (7) provide a closed-form expression for E(A(t)) for
each given r. The optimization problem equation (1 1) simplifies to a simple one-dimensional
line search that we solve by searching over an interval with the corresponding delay time
between 0 (no lag) and about half of an average breathing period.

2.5. Adaptivity of the correspondence map

Adaptivity may be useful to accommodate gradual changes in the correspondence models, due
to drifting or variations in patients’ breathing. In the case of linear and quadratic models, the
operation in equation (5) involves inverting fairly small matrices (3 x 3 and 6 x 6, respectively),
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Figure 1. Example of a breathing trajectory with respiratory hysteresis,

Lagged External Displacement r(n—1)

External Displacement r(n)

Figure 2. Scatter plot showing the data samples in augmented external state space with the
colors indicating internal AP value. Locally consi colored ples suggests the potential

of resolving hy ic ambiguity by distinguishing among different respiratory phases implicitly
with state augmentation,

so direct inversion is numerically feasible. However, when more complicated models with
higher degrees of freedom are used, it is desirable to reduce computation by applying recursive
algorithms that modify current estimates based on newly available data. The key to recursively
updating equation (5) is to avoid recomputing (FTF)™ from scratch every time. This is
effectively the inversion of empirical correlation matrix with the observation f;. (Ruan er al
2008) provide rank-one update equations for sliding window and exponential discount
adaptivities.

3. Results and discussions

To illustrate the challenges caused by hysteresis, figure | shows an example of the relationship
between the internal tumor location obtained by fluoroscopic imaging and an external
surrogate from an abdominal surface measurement as described in section 2.1. We depict only
the anterior-posterior (AP) coordinate against the surrogate signal, as this axis demonstrates
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Figure 3. Comespond lations in avg: d state space and their linear fittings. Upper row:

the internal tumor coordinate versus augmented state for observed samples with colors indicating
internal AP value; bottom row: estimates of the tumor coordinate via linear fit with hollow circles
depicting modeled hypersurface eval d at regular grid points and solid circles for the evaluation
al the sample locations, with colors indicating the estimated AP value,
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Figure 4. Histogram of paired differences between the RMS errors of the direct and augmented
methods: (a) difference between the RMSE of the direct linear approach and augmented lincar
approach; (b) difference between the RMSE of the direct quadratic approach and augmented
quadratic approach,

the strongest hysteresis for this test subject. The optimal linear and quadratic correspondence
maps (Seppenwoolde et al 2007) provide a reasonable inference of the internal tumor motion
from external surrogates, yet they fail to describe the breathing-phase dependency of an ideal
correspondence map. In fact, any function that tries to map the scalar r(n) to p would
experience the same problem, since this is a one-to-multiple relation with hysteresis.

Figure 2 illustrates the internal tumor location in the anterior-posterior (AP) direction
versus the state augmented external surrogates for T = 45, which corresponds to a 1.5 s delay
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Figure 5. Estimation performance comparison among different methods. Red-solid line depicts
the internal tumor position obtained from fl pic imaging, and dashed-blue line provides
estimated quantities from external surrogates. Each column represents one internal motion
coordinate. Each row indicates the time series generated with one estimation method: (1st row)
direct linear; (2nd row) direct pol jal; (3rd row) aug) d linear; (t row) aug d
polynomial.

for 30 Hz sampling rate. The scatter-plot in figure 2(a) represents each data sample in the
(r(n), rin — 1)) space with a circle, and uses color (or intensity if viewed in the gray scale)
to depict the internal AP coordinate values (in mm) from fluoroscopic readout. The one-to-
multiple discrepancy appears largely resolved as different colored circles are not overlaid on
each other, suggesting the existence of a single-valued inference map.

To illustrate the idea of model fitting in augmented state space, we first apply the simple
linear model in equation (9) to the dataset shown in figure | with a lag length of 1.5 s (which
may not be optimal), and illustrate the results in figure 3. Even though there are still noticeable
differences between the observed internal coordinates in the upper row of figure 3 and their
linear fit in the bottom row, the aggregated estimation error (across all patients and fractions)
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Figure 6, Estimation error as a function of lag length for state augmentation: linear fit (solid line):
quadratic fit (dashed line).

reduced to 1.74 mm from 2.01 mm with direct linear fitting as in equation (2) and 1.93 mm
with direct quadratic fitting as in equation (3). In particular, we observe noticeable decreases
in estimation error in the AP direction, where hysteretic ambiguity is the most significant.
Table 2 reports the root mean-squared error (RMSE) in each direction, respectively, for the
linear and quadratic models, with and without state augmentation®. Figure 4 reports the paired
(across patient/fraction) differences between the RMS error of the direct methods and the
augmented methods. The RMSE difference between the direct linear and augmented linear
methods has a mean of 0.14 mm and a median of 0.11 mm; the RMSE difference between
the direct quadratic and augmented quadratic methods has a mean of 0.17 mm and a median
of 0.15 mm. To assess statistical significance, we performed a paired Student’s #-test with the
null hypothesis that the performance of the direct and augmented methods do not differ. The
p values for the linear method and the quadratic method are 4.96 x 10~'* and 4.08 x 10~'%,
respectively, demonstrating that the error reductions were statistically significant.

Figure 5 shows the estimated time series of these four approaches for converting external
surrogates (o internal tumor locations. The higher-order models were more descriptive with
the extra degrees of freedom, as demonstrated by the relative performance of quadratic models
and linear models within each class respectively. State augmentation enables varying response
patterns during different stages of breathing as indicated implicitly by the system dynamics.

As discussed in section 2.4, to properly choose the lag length , we use a short training set
with internal-external pairs to compute offline the estimation performance E(A(7)) defined in
equation (4) as a function of the lag length t. In practice, the lag length does not have to be the
exact optimum in equation (11); values near that optimum should sufficiently convey system
dynamics. Reasonable insensitivity in the choice of lag length 1 is desirable as this value is
determined prior to the treatment and remains fixed subsequently. Figure 6 illustrates that the
estimation error is a smooth function of the lag length, which suggests the desired robustness.

 For comparison purposes, we have also computed estimate from the fifth-order polynomial model with direct
method, which has the same degrees of freedom (18 p %) us the aug d quadratic model. Iis estimation
erroris 0.75, 1.25 and 1.11 (mm) in LR. S1and AP dircction respectively, with a 3D RMSE equals 1,83 mm. A paired
Student’s r-test between the RMSE for the fifth-order polynomial model and the augmented quadratic model yields a
p-value of 1,06 x 10~'%, which indicates statistically significant error reduction by the augmented quadratic model.
This shows that the improved perfi e of the d method is not a direct consequence of increased degrees

of freedom, but should rather be attributed to its capability of resolving hy i biguity via state ion.
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Table 2. Estimation emor table.

LR (mm) Sl(mm) AP(mm) 3D (mm)

Direct linear 0.80 1.45 1.13 2.01
Direct quadratic  0.79 1.35 1.13 1.93
Aug. lincar 0.75 1.30 0.87 1.74
Aug. quadratic  0.74 1.18 0.84 1.63

For both the linear correspondence model equation (9) and the second-order polynomial model
equation (10) with state augmentation, the optimal t corresponds to about 1.7-1.8 s delay.
Without this knowledge, our previous experiments used 1.5 s delay to augment the state space
(figures 2-5), and still yielded plausible results. The asymmetric slopes in figure (11) around
the optimal £ suggest that it may be preferable to use a relatively small time delay in the
absence of precise information.

Assuming that the choice of lag length is robust to inter-patient and inter-fraction
variations, we used a fixed lag length equivalent to 1.5 s delay for simplicity, and illustrate
in figure 7 the beam-wise 3D RMSE for patients 4, 5 and 6, whose treatment exiended over
multiple days. The minimum RMS error for non-compensated treatment, which corresponds
to a constant estimate at the retrospective mean value, is also shown for reference purposes.
These results confirm that the augmented methods consistently exhibit lower error.

Adaptivity is most beneficial for irregular respiration traces. Our test data had relatively
regular breathing patterns, so the inclusion of adaptivity improved the estimation accuracy
only slightly.

4. Conclusion and future work

We have proposed a method to map external surrogate signals to internal tumor positions.
Breathing-phase-dependent response patterns due to hysteresis are incorporated implicitly by
using a simple state augmentation technique to capture system dynamics. We introduced a
general class of correspondence models that are linear in model parameters, with the linear
and quadratic (in external surrogate) models as special cases. We described closed-form
expressions for both the optimal model parameters and the corresponding error value. Based
on the latter, we further investigated the proper choice of lag length in state augmentation, and
argued its relative robustness. Test results on clinical data demonstrated reduced inference
error over the direct linear and polynomial models.

The number of degrees of freedom in a correspondence model determines the trade-off
between flexibility and robustness. We seek a model that is descriptive enough to fit the data
without undesired sensitivity to observation noise, also known as ‘overfitting’. The proposed
method may have more degrees of freedom than previous methods due to state augmentation.
On the other hand, because it incorporates the breathing-stage information implicitly, it can
use all the available internal-external correspondence pairs, without subdividing the training
data as required for piecewise models (Seppenwoolde er al 2007, Lu et al 2005, Low ef al
2005). In principle, using all the data may compensate for the possible increased sensitivity
caused by the extra flexibility. The choice among different complexity levels in augmented
models is still open. Both the number of augmentations and the model degree contribute to the
overall complexity. Further studies should investigate methods for properly penalizing model
complexity based on information criteria as explained in section 2.2,

Many research groups have observed phase shifts between external surrogate signals and
internal tumor motions (Chi er al 2006, Ford er al 2003). Typically, this phase shift was to be
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avoided to obtain higher internal-external correlation. However, it is possible to compensate
for consistent phase shift, to simplify and improve the correspondence map estimation. In
particular, we can artificially synchronize the internal-external phase by shifting one of them
according 1o a constant offset estimated from training data. We will further study phase-offset
estimation and its use in external-internal inference in the future.

This work is a preliminary study to validate the existence of a reasonably simple
correspondence map and the possibility to estimate it with high accuracy. In practice, internal-
external pairs are obtained at a much slower rate. Correspondence maps must be extracted
from sparse imaging data and applied to continuously obtained external surrogate signals 1o
estimate the internal tumor locations. Our method can serve as a critical module in this overall
framework, vet intensive simulations and validations are further required.

Even though our test data did not exhibit dramatic improvements when using adaptive
model estimation, model updates in response to changes are necessary in general. Pursuing
this direction requires more thorough analysis of breathing motion variations, change detection
and model adaptive rate.
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