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coverage (D90, 7.6 Gy; D98, 6.5 Gy; Vegy, 100%).

Figure 3 Representative dose distributions in transverse planes (a-c) and DVH curves (d-f) provided by the IC plan (a, d), the IC/IS plan
with 1 needle (b, e), and the IS plan (c, f). The case is a 55-year-old patient with newly diagnosed cervical cancer, FIGO stage |IiB, treated with
concurrent chemoradiotherapy using weekly cisplatin. (a) Source loading via only the tandem shows insufficient coverage of HR-CTV (D90, 4.6
Gy; D98, 2.9 Gy; Vegy, 81%). (b) Addition of source loading via 1 needle (arrow) in expanded tumour in the left laterodorsal direction improved
HR-CTV coverage (D90, 6.3 Gy; D98, 5.1 Gy; Vegy, 93%). () Usage of the tandem and all 12 needles for source loading further improved HR-CTV

which MRI images can be directly registered onto CT
images, which should further improve the identification
of HR-CTV.

The IS plans achieved more conformal coverage
of HR-CTV than the IC/IS plans, leading to further
improvement of HR-CTV coverage and GFs compared
to the IC/IS plans (Figure 2a-e, Figure 3c, Table 1). The
D90 HR-CTV, GF.ectums GFpladder D98 HR-CTV and
Veay HR-CTV values of the IS plan were significantly
higher than those of the IC/IS plan (P<0.01, P<0.01,

Table 1 DVH parameters in IC, IC/IS and IS plans

P <0.05, P<0.01 and P<0.001, respectively). In fact, a
previous study has pointed out the existence of cases
with extremely bulky and/or irregularly shaped tumours
in which even the combined IC/IS approach resulted
in insufficient coverage for HR-CTV [8]. Together, ISBT
with MUPIT can still be advantageous for such cases.
The number and geometrical distribution of interstitial
needles affect the conformality of HR-CTV coverage.
Therefore, the conformality of HR-CTV coverage is of
particularly high importance in the combined IC/IS

HR-CTV Gain factor

D90 (%) D98 (%) V6Gy (%) V12Gy (%) Rectum Bladder
IC plan 77 (20) 53 (15) 77 (14) 39(12) 08 (0.2 09 (02)
IC/IS plan 118 (22) 97 (18) 95 (3.5) 45 (16) 1.3(03) 14 (0.3)
IS plan 140 (25) 115 (25) 98 (2.1) 50 (21) 1.5(0.3) 16 (0.3)

Averages (SD) are shown.
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approach using less needles than ISBT. Meanwhile, sev-
eral indices such as the conformality index (COIN) to
evaluate the conformality of target coverage in brachy-
therapy have been proposed [16]. Interestingly, in the
setting of the current study where maximal dose was
prescribed to HR-CTV while keeping the dose con-
straint for the rectum (6 Gy) and bladder (7 Gy), COIN
becomes identical to Vg, HR-CTV. As shown in
Figure 2e, V¢gy HR-CTV in the IC/IS plans has been
dramatically improved compared to that in the IC plans,
nearing that in the IC/IS plans. These data indicate that
the IC/IS approach improves its conformality compared
with the IC approach, and is close to ISBT in terms of
the conformality of HR-CTV coverage in bulky and/or
irregularly shaped gynecological tumours.

On the other hand, there was no significant difference
in Viogy, among the three plans (Figure 2f, Table 1). Al-
though V150 and V200 are recommended as DVH pa-
rameters for the high dose volume by GEC-ESTRO [11],
the clinical significance of the high dose volume has not
been elucidated by various IGABT techniques, which
certainly warrants further investigation.

The present study has limitations. First, the study de-
sign of employing ICBT with a tandem alone as a con-
trol is weak and is not suitable for clinical use in locally
advanced gynecological tumours. However, there are
many types of applicators for ICBT used in combination
with a tandem, including ovoids and a ring applicator. In
treatment planning using these applicators, large num-
bers of variables such as three-dimensional spatial dis-
position of the applicators and dwell time setting make
it difficult to standardize the scheme for optimization of
a control ICBT plan among patients, leading to the diffi-
culty of evaluating the pure dosimetric gain of additional
needles. Furthermore, dosimetric study comparing a
combined IC/IS technique using tandem, ovoids and a
few interstitial needles with ISBT in the same patient is
almost impossible because ovoids are not usually used in
ISBT in the clinic. Thus, if we aim to perform such dosi-
metric study, comparison of the two methods using dif-
ferent patients with different anatomical characteristics
in terms of tumours and OARs is inevitable. Such a
study design also results in a weak conclusion. Upon
taking these issues into consideration, in the present
study, we employed the IC plan with only a tandem as a
control. The optimal number and spatial disposition of
needles in combination with a tandem and other appli-
cators including ovoids should be further investigated.
Second, the present study was carried out based on the
assumption that the anatomy among the IC, the IC/IS
and the IS approach remains the same. However, in the
clinical setting, the anatomy, in particular the 3D-
configuration of HR-CTV, can be different among the
three methods according to the number and distribution

Page 6 of 7

of inserted needles. This issue should be carefully con-
sidered in the clinical application of the combined IC/IS
approach as an alternative to ISBT with MUPIT.

Conclusions

Here we have demonstrated a treatment plan consisting
of a tandem and at most 2 needles, which is a simplified
model for the combined IC/IS approach, achieving our
dose prescription criteria (i.e, D90 HR-CTV > 6.0 Gy,
Dy rectum < 6.0 Gy and Dy bladder < 7.0 Gy per frac-
tion) in all 21 consecutive patients with gynecological
malignancies actually treated with CT-guided ISBT using
MUPIT. This indicates the potential of the combined
IC/IS approach as an alternative to ISBT with MUPIT
in CT-guided adaptive brachytherapy for bulky and/or
irregularly shaped gynecological tumours. Further re-
search to assess the clinical feasibility of the combined
IC/IS approach should be carried out with an optimal
number and spatial disposition of needles in combin-
ation with a tandem and ovoids, and also anatomical
change by the insertion of a tandem and needles should
be taken into consideration.

Additional file

Additional file 1: Figure S1. Representative CT image of an implant for
the recurrent ovarian cancer case. The tumour shows bilateral parametrial
involvement predominant in the right side. An intrauterine tandem and
11 interstitial needles (white dots) were applied.
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Optimal hypofractionated conformal radiotherapy
for large brain metastases in patients with high
risk factors: a single-institutional prospective
study

Hiroshi K Inoue'”, Hiro Sato', Yoshiyuki Suzuki®, Jun-ichi Saitoh*, Shin-ei Noda®, Ken-ichi Seto’, Kota Torikai®,
Hideyuki Sakurai® and Takashi Nakano®

Abstract

Background: A single-institutional prospective study of optimal hypofractionated conformal radiotherapy for large
brain metastases with high risk factors was performed based on the risk prediction of radiation-related complications.

Methods: Eighty-eight patients with large brain metastases >10 cm® in critical areas treated from January 2010 to
February 2014 using the CyberKnife were evaluated. The optimal dose and number of fractions were determined
based on the surrounding brain volume circumscribed with a single dose equivalent (SDE) of 14 Gy (V14) to be less
than 7 cm? for individual lesions. Univariate and multivariate analyses were conducted.

Results: As a result of optimal treatment, 92 tumors ranging from 10 to 74.6 cm® (median, 16.2 cm?) in volume
were treated with a median prescribed isodose of 57% and a median fraction number of five. In order to
compare the results according to the tumor volume, the tumors were divided into the following three groups:
1) 10-19.9 cm?, 2) 20-29.9 cm?® and 3) =30 cm?. The lesions were treated with a median prescribed isodose of
57%, 56% and 55%, respectively, and the median fraction number was five in all three groups. However, all
tumors >20 cm? were treated with > five fractions. The median SDE of the maximum dose in the three groups
was 47.2 Gy, 48.5 Gy and 46.5 Gy, respectively. Local tumor control was obtained in 90.2% of the patients, and
the median survival was nine months, with a median follow-up period of seven months (range, 3-41 months).
There were no significant differences in the survival rates among the three groups. Six tumors exhibited marginal
recurrence 7-36 months after treatment. Ten patients developed symptomatic brain edema or recurrence of
pre-existing edema, seven of whom required osmo-steroid therapy. No patients developed radiation necrosis
requiring surgical resection.

Conclusion: Our findings demonstrate that the administration of optimal hypofractionated conformal radiotherapy
based on the dose-volume prediction of complications (risk line for hypofractionation), as well as Kjellberg's necrosis risk
line used in single-session radiosurgery, is effective and safe for large brain metastases or other lesions in critical areas.

Keywords: Large brain metastases, Hypofractionated conformal radiotherapy, Multi-session radiosurgery, Prediction of
complications, Radiation necrosis, Brain edema, Optimal dose and fraction, V14
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Background

Surgical removal is the gold standard therapy and is essen-
tial for treating large brain metastases causing progressive
symptoms due to increased intracranial pressure, as the
symptoms improve immediately after surgery. However,
surgical removal carries a risk of causing neurological defi-
cits after dissecting critical areas, especially in cases of tu-
mors situated deep within the white matter. Surgery also
requires hospitalization for at least one week, with higher
medical expenses than that observed for radiosurgery in
this country. In addition, there are many patients with
general risks for surgery, as well as those who refuse surgi-
cal procedures, due to having primary malignancies and/
or a poor performance status.

Whole brain radiotherapy (WBRT) and chemotherapy
are not adequate to control large brain metastases, and
radiosurgery is an important therapeutic tool for treating
brain metastases in multiple clinical settings. Moreover,
radiosurgery is increasingly being used as a primary
treatment modality in an attempt to prevent distur-
bances in the neurocognitive function after WBRT [1].
However, single-session radiosurgery is also inadequate
for managing large brain metastases due to dose limita-
tions resulting from the need to prevent adverse effects
on the surrounding structures, such as the optic path-
way, internal capsule and brainstem [2].

Hypofractionated radiotherapy appears to be beneficial
in case of metastases not causing clinical signs of
impending cerebral herniation, and its use is supported
by the findings of previously published series employing
varying radiation dose and fractionation schedules [3-7].
However, the optimal dose and number of fractions have
yet to be established [8], and the exact incidence of ad-
verse effects on the surrounding brain is unclear in pa-
tients with tumors with high risk factors, such as a large
size or location in a critical area. Therefore, in order to
determine the optimal dose and fractionation schedule,
dose escalation following low-dose treatment is required.

We previously reported that the brain volume circum-
scribed with a single dose equivalent (SDE) of 14 Gy (V14)
is an indicator of radiation necrosis [9] and that the inci-
dence of radiation-related complications after hypofractio-
nated conformal radiotherapy is best predicted according
to the dose-volume relationship using the SDE of the
maximum dose and V14 [10]. In January 2010, we initi-
ated a prospective study of optimal hypofractionated
conformal radiotherapy based on risk prediction in
order to avoid radiation necrosis after hypofractiona-
tion treatment for large brain metastases in addition to
the Kjellberg’s necrosis risk line used in single-session
radiosurgery [11].

This report presents the results of our single-institution
prospective study of optimal hypofractionated conformal
radiotherapy performed in this institute as useful treatment
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for patients with large brain metastases in critical areas
and/or those with general risks for surgery.

Methods

All patients provided their written informed consent prior
to the procedure with institutional ethics committee ap-
proval. Ninety-seven patients with large brain metastases
measuring 10 cm® in volume or more were treated with
optimal hypofractionated radiotherapy based on the dose-
volume prediction of complications in order to avoid radi-
ation necrosis and subsequently followed more than three
months at Kanto Neurosurgical Hospital between January
2010 and February 2014. An evaluation of the rates of local
tumor control, overall survival and complications was per-
formed as a prospective single-institutional analysis.

Definition of variables and end points

The treatment dose is expressed as the marginal dose
used in hypofractionated conformal radiotherapy. The
maximum dose was automatically obtained from the
marginal dose and the prescribed isodose delivered to
the lesion margin. A complication was defined as neuro-
logical impairment (either the development of a new
deficit or the significant deterioration of a preexisting or
recurrent deficit) with a change on either computerized
tomography scans or magnetic resonance imaging stud-
ies. Clinical follow-up was considered to have stopped at
the time of the most recent report from the patient and/
or a representative or the time of death.

Inclusion and exclusion criteria

Ninety-seven patients followed for more than three
months after treatment were found to be eligible for in-
clusion in this study. Nine patients (9.3%) were excluded
from the analysis due to a lack of available imaging find-
ings after treatment. All other patients (88) were in-
cluded in the analysis.

Patient characteristics

The median age of the patients was 64 years; 42 patients
(47.7%) were 65 years of age or older. The primary can-
cers were located in the lung, breast, gastrointestinal
tract, ovary, kidney, thyroid, larynx, uterus, or other re-
gions (liver, testis, etc.). The tumors (n =92) treated ac-
cording to the hypofractionation protocol were situated
in the frontal lobe (close to the optic pathway, Broca’s
area or motor cortex), parietal lobe (sensory cortex or
dominant angular cortex), temporal lobe (close to the
optic pathway or Wernicke’s area), occipital lobe (visual
cortex), thalamus, basal ganglia or cerebellum close to
the brainstem. The median Karnofsky Performance sta-
tus (KPS) score was 70, and 34 patients (38.6%) had a
KPS score of less than 70. The initial tumor volume was
measured using the MultiPlan (Accuray, Sunnyvale, CA)
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software program, which determines the treatment vol-
ume based on the findings of enhanced T1-weighted
magnetic resonance imaging (MRI). The median tumor
volume of 92 lesions was 16.2 cm®. Forty-nine tumors
(53.3%) were larger than 15 em® (more than 3 c¢m in
diameter). Thirteen tumors measured 30 c¢m® or more
(4 cm in diameter) up to 74.6 cm®. Table 1 shows the
patient characteristics.

Prescribed marginal and SDE of the maximum dose

The maximum dose was calculated based on the mar-
ginal dose and prescribed isodose. For the purpose of
the dose-volume analysis, the maximum dose in three-
to ten-fraction treatment was converted to the SDE
using the equation reported by Park et al. and Eaton
et al. [8,12], as previously reported [10].

Optimal hypofractionated conformal radiotherapy

Hypofractionated conformal radiotherapy was adminis-
tered under CT and MRI guidance as previously reported
[9]. When setting a dose and fraction schedule as the first
plan, a marginal dose of 27-30 Gy in three fractions was
intended to use to treat tumors measuring 10-19.9 cm®,
A marginal dose of 31-35 Gy in five fractions and a mar-
ginal dose of 35-42 Gy in eight to 10 fractions were
intended to use to treat tumors measuring 20-29.9 cm®
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and tumors measuring 30 cm® or more, respectively. The
isodose volume of the surrounding brain (excluding the
GTV) circumscribed with an SDE of 14 Gy (V14), as well
as the tumor volume, was measured using the MultiPlan
software program for the G4 system (Accuray, Sunnyvale,
CA) and recorded in each patient in order to obtain the
optimal dose and fractionation schedule. The SDE of
14 Gy used in three- to ten-fraction treatment was 23.1 to
38.4 Gy according to Timmerman’s values [13], as previ-
ously reported [10]. The V14 of each tumor was main-
tained at less than 7 cm® in order to prevent radiation
necrosis for optimal treatment based on the dose-volume
prediction of complications [10]. If the V14 value was
more than 7 cm® in the first dose-plan, it was lowered to
less than 7 cm® using a decreased marginal isodose or
dose or an increased number of fractions in the revised or
re-revised dose-plan, maintaining an effective marginal
dose (SDE: 18-20 Gy) on the target.

Follow-up evaluations and complications

Changes in the patients’ neurological symptoms, such as
paresis, sensory disturbances, aphasia or visual distur-
bances, were examined after treatment. Serial imaging
studies (MRI or CT) were requested six weeks after
treatment and every two to three months thereafter.
Symptomatic brain edema was identified in association

Table 1 Pretreatment characteristics of the 88 patients with large brain metastases in critical areas

Number of patients 88
Median age (range) 64 (33-93)
Age =65 42
Age <65 46
Sex
Male 42
Female 46
Primary cancer
Lung 41
Breast 23
Gastro-intestinal tract 9
Ovary 4
Kidney 3
Thyroid 2
Larynx 2
Uterus 2
Others 6
Multiple vs single
Multiple metastases 45
Single metastases 43
Metastases to other organs 50

Location of tumor 92 lesions
Cerebral hemisphere 61
Frontal 27
Parietal 10
Temporal 13
Occipital 21
Thalamus, basal ganglia 4
Cerebelium 17
Median KPS score 70 (50-100)
KPS 270 54
KPS <70 34
Tumor volume, median (cm?) 16.2
2 300 13
20.0-299 18
10.0-199 61
Image follow-up period (months)
Median 7
Range 1-37
Survival period (months)
Median 9
Range 3-41
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with neurological deterioration and imaging changes in
the concomitant perifocal regions after treatment. The
tumor response was divided into three groups, reduced
(a decrease in the tumor volume of >15%), stable (a change
in the tumor volume within +15%) or enlarged (an increase
in the tumor volume of >15%), in order to compare the re-
sponse with that observed in former reports of large brain
metastases [9,10]. The incidence of complications was ex-
amined in relation to the V14 of the surrounding brain.

Statistical analysis

Univariate and multivariate analyses were conducted
using logistic regression and Cox hazard models. Differ-
ences between the groups were evaluated using Student’s
t-test. Overall survival was estimated according to the
Kaplan-Meier method and examined for significance
using the log-rank and generalized Wilcoxon tests. All
analyses employed the conventional p<0.05 level of
significance.

Results

Nineteen patients received osmo-steroid therapy during
hypofractionation treatment for symptoms of perifocal
edema and/or the further oral administration of steroids
depending on the presence of other symptoms at the
outpatient clinic.

Follow-up evaluations

No new neurological deficits from direct damage to the
optic pathway, brainstem or functional areas were noted,
although symptoms recurred or appeared in 10 patients
due to adverse effects (brain edema) on the surrounding
brain.

Treatment-related variables of optimal hypofractionation

The prescribed isodoses ranged from 50% to 70% (median,
57%) for the target. The SDE of the maximum dose
ranged from 36.8 to 61.9 Gy (median, 47.4 Gy) delivered
in three to 10 fractions (median, five). Twenty-one tumors
were treated with more than five fractions. The median
V14 value was 5.0 cm® (Table 2). The results are shown
for each of the three groups divided according to the
tumor volume in Table 3. The prescribed isodose declined
according to the tumor volume, although no significant
differences were found among the three groups. Large tu-
mors measuring 20 cm® or more were treated with five
fractions or more in order to maintain a V14 of less than
7 cm®. A large number of fractions (more than five) was
used, even in tumors measuring less than 20 cm®, in order
to decrease the V14 to less than 3 cm® or 1 ecm® for tu-
mors in critical areas, such as the motor cortex, basal gan-
glia, thalamus or pyramidal tract (concerning normal
tissue dose constraints), or those associated with extensive
brain edema. There were no significant differences in the
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Table 2 Treatment-related variables of the 92 large brain
metastases in the 88 patients

Prescribed isodose (%)

Median 57
Range 50-70
Fraction number
Median 5
Range 3-10
Lesion treated with 3 fraction 14
4 fraction 2
5 fraction 55
6 fraction 7
8 fraction 12
10 fraction 2
Maximum dose (single fraction equivalent dose, Gy)
Median 474
Range 36.8-61.9
V14 (cm®)
Median 5
Range 0.3-6.9

SDE of the maximum dose or V14 values among the three
groups.

Tumor response, local control and overall survival after
treatment

All 92 lesions in the 88 patients were subjected to se-
quential imaging studies from one to 37 months (me-
dian, seven months) after treatment. All but five of the
92 lesions (three enlarged and two stable) showed tumor
regression on follow-up images (Table 3, Figure 1). Six
lesions exhibited marginal recurrence and required add-
itional treatment. A second cycle of treatment was per-
formed at the recurrent areas only, excluding the central
areas treated with higher doses (Figure 1C). The local
tumor control rate was 90.2%, with a median survival of
nine months (Figure 2). There were no significant differ-
ences in the survival rates among the patients with tu-
mors measuring 10-19.9 cm?, 20-29.9 cm® or >30 cm?®
after treatment (log-rank test: p =0.50, generalized
Wilcoxon test for group 1&2 vs. 3: p =0.32) although the
rate of survival was lower in the patients with tumors
measuring >30 cm® than in the other groups (Figure 3).

Tumor recurrence

Marginal regrowth of the treated lesions occurred in six
patients seven to 36 months after treatment; all tumors
were located in the cerebral hemisphere (Table 4). The
tumors were treated with a median prescribed isodose of
57% and median SDE of the maximum dose of 48.4 Gy.
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Table 3 Results of optimal hypofractionation in the three groups divided according to the tumor volumes
Tumor volume (cm?) (median) 10-19.9 (13.4) 20-299 (23.8) 30-746 (37.5)
Median isodose (%) (range) 57 (50-70) 56 (51-64) 55 (51-64)
Median fraction Number (range) 5 (3-10) 5(5-10) 5(5-8)
Median SDE of the max. dose (Gy) (range) 47.2 (36.8-61.9) 485 (38.1-61.5) 46.5 (39.7-56.0)
Median V14 (cm?) 5.1 44 52
(range) 03-6.9) 0.7-6.1) (04-6.1)
Median KPS 70 70 65
(range) (50-100) (50-80) (50-90)
Tumor response

Reduced (87) 58 17 12

Stable (2) 0 1 1

Enlarged (3) 3 0 0
Marginal recurrences (6) 4/61 (6.6%) 2/18 (11.1%) 0/13 (0%)
Compilications (10) (brain edema) 5/61 (8.2%) 4/18 (22.2%) 1/13 (7.7%)

No significant factors were found in the univariate and
multivariate analyses. However, the difference in the
tumor volumes (10-19.9 cm® vs 30-74.6 ¢cm®) between
the groups was significant (p =0.02), whereas the differ-
ence in the tumor location (cerebrum vs. others) was
not (p =0.16). All tumors recurred more than six months
after treatment, and the difference between the groups
(followed for <6 months vs. 26 months) was found to be
significant (p =0.001).

Adverse effects (brain edema)

Six patients who experienced recurrent symptoms and
one patient who developed new symptoms due to exten-
sive brain edema required osmo-steroid therapy. The
symptoms and edema rapidly improved after the osmo-
steroid therapy. Each of these patients received further
oral administration of steroids at the outpatient clinic.
Two patients who displayed recurrent symptoms and
one patient who exhibited new symptoms due to perifo-
cal edema required the oral administration of steroids at
the outpatient clinic. These 10 patients showed both
clinical and radiological deterioration one to 16 months
after treatment. Two of these patients demonstrated
newly developed brain edema, while the remaining eight
patients presented with the extension of pre-existing
brain edema that had been present prior to treatment.
The median age of these patients was 69 years, which
was older than that of the total population (Table 5).
Each of these patients were treated with 5-10 fractions
(median, 6). The V14 of the patients with brain edema
ranged from 3.6 to 6.1 cm®. In the univariate analyses,
age and the number of fractions were found to be sig-
nificant factors for complications; however, only the
number of fractions was found to be significant in the
multivariate analyses. Differences between the groups
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were significant for each of the following factors: age
(=60, p =0.02), number of fractions (=5, p = 0.0006) and
duration of edema (<6 months, p=0.001). In contrast,
the differences in tumor volume between the three
groups were not significant, nor were the differences in
the number of patients treated with or without osmo-
steroid therapy during hypofractionation treatment.

Discussion ,
The prognosis of patients with brain metastases is re-
lated to the stage of the primary cancer, age and the KPS
score [14,15]. The worst survival is seen in patients with
a KPS of less than 70. In the present series, 38.6% of the
patients had a KPS of less than 70 and 65.9% of the pa-
tients were 60 years of age or older. Although 78 pa-
tients (88.6%) were in RTOG-RPA class 2 or 3, the
median survival of our patients was nine months. Fur-
thermore, no statistically significant differences were
found between the three groups of patients divided ac-
cording to the tumor volume, although the survival rate
and median KPS score were lowest in the largest group.
Optimal hypofractionated conformal radiotherapy helps
to increase the KPS, at least in patients with symptom-
atic lesions not directly affecting functional areas, and
contributes to improving the prognosis of patients with
large brain metastases, as previously reported [9].
Single-session radiosurgery is increasingly being used
to treat brain metastases and has the benefits of a short
treatment time, high tumor control rate and low risk of
complications. However, large metastases are not suit-
able for treatment with single-session radiosurgery, as
lower tumor control rates (85%) and higher complica-
tion rates (15%) than those for smaller metastases have
been reported [2,16].
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Figure 1 Tumor regression after optimal hypofractionated conformal radiotherapy. A: Gd-enhanced T1-weighted MR images. Lung cancer
brain metastasis in a 73-year-old male. A large residual tumor (74.6 cm?) obtained after partial removal due to an impending brain hernia was
treated with a marginal dose of 27 Gy in five fractions at an isodose of 56% (left). A significant tumor response with no adverse imaging effects
was found four months after the administration of conformal radiotherapy (right). The patients’ left hemi-paresis disappeared, and the KPS improved
from 60 to 70. B: Contrast-enhanced CT scans (MR images not available for the pace maker implant). Lung cancer brain metastasis in a 52-year-old
female. A tumor in the thalamus (10.6 cm?) with perifocal edema was treated with a marginal dose of 31 Gy in five fractions at an isodose of 63% (left).
A tumor response was observed seven months after the administration of conformal radiotherapy (right). The patients’ left hemiparesis was
ameliorated, and the KPS improved 60 to 70 (walking with a stick 32 months after treatment). C: Gd-enhanced T1-weighted MR images. Breast
cancer brain metastasis in a 70-year-old female. A large tumor in the parietal lobe (23.5 cm?) with perifocal edema was treated with a marginal
dose of 35 Gy in eight fractions at an isodose of 57% (left). A tumor response was found two months after treatment, Gerstmann’s syndrome
disappeared, and the KPS improved 60 to 70. Marginal recurrence was noted 20 months after the first treatment, and the recurrent lesion

(1.7 cm®) was treated with a marginal dose of 20 Gy at an isodose of 69% in single-session radiosurgery (center). A tumor response with no
adverse imaging effects was found 34 months after the first treatment (right).

The optimal hypofractionation treatment in this series  median of five fractions appeared to be effective for most
yielded a tumor control rate of 90.2% in the patients large brain metastases, in addition to a marginal dose of
with large tumors. The median maximum dose (SDE) of 20 Gy at the prescribed isodose of 50-60% for small tu-
474 Gy at a median prescribed isodose of 57% in a mors in single fraction radiosurgery. However, more
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Figure 2 Kaplan-Meier survival curves of the 88 patients with large brain metastases treated with optimal treatment.
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than five fractions were used in cases involving large tu-
mors measuring more than 20 cm® or tumors associated
with extensive brain edema in order to decrease the V14
values.

Consequently, tumor recurrence appeared in six pa-
tients more than six months after treatment, all of which
originated from marginal areas treated with the pre-
scribed isodose. Additional treatment was easily per-
formed in these patients, because the volume of the
recurrent tumors was not large, and the risk of radiation
necrosis after the second treatment was assessed to be
very low. As to risk factors for recurrence, a larger
tumor volume, lower prescribed isodose and lower SDE
of the maximum dose are potential candidates; however,
no factors were found to be significant in the univariate
or multivariate analyses in this study. The difference in
tumor volume (10-19.9 ¢cm® vs 30-74.6 ¢cm®) between
the groups was significant; however, recurrence occurred
in only four of 61 patients with smaller tumors. Although
greater sample size is required for further statistical ana-
lyses, our findings indicate that optimal hypofractionated

conformal radiotherapy is effective for treating large le-
sions with a low rate of recurrence.

Brain edema developed in 10 patients, mostly within
six months. With respect to risk factors, age and the
number of fractions were found to be significant in this
series. Older patients’ brains with large metastases may
be sensitive to irradiation stress or possibly exhibit
greater vulnerability than the normal adult brain. More
than five fractions were used to treat large tumor meas-
uring more than 20 cm?®, tumors associated with exten-
sive edema or tumors located in critical areas. Tumors
situated deep within the white matter have a tendency to
cause brain edema, and factors related to the onset of
edema may promote the development or re-appearance
of brain edema. In contrast to that observed for radi-
ation necrosis, most cases of brain edema developed sev-
eral months after treatment, and all were reversible and
recovered after either osmo-steroid therapy or oral ster-
oid treatment. Therefore, optimal hypofractionated con-
formal radiotherapy is a safe treatment for patients with
large metastases with high risk factors.
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significant differences were found between the groups.

Figure 3 Kaplan-Meier survival curves of the patients with large brain metastases in the three groups. Group 1): patients with tumors
measuring 10-19.9 cm®, group 2): patients with tumors measuring 20-29.9 cm®, group 3): patients with tumors measuring =30 cm?. No statistically
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Table 4 Characteristics of the six patients with recurrences after optimal hypofractionated conformal radiotherapy

Median (range) Univariate Multivariate
p value p value HR 95% Cl
Age 685 (56-82) 0.17 020 1.09 0.95-1.25
Sex M:3,F3 091 029 023 0.01-363
Tumor location Cerebrum (P: 2, F: 2, T: 1, 0: 1) 0.85 0.75 1.13 0.53-2.39
Tumor volume (cm?) 180 (11.9-24.0) 0.69 0.69 1.04 0.85-1.29
Prescribed isodose (%) 57 (52-66) 097 073 093 063-137
Fraction number 5(3-8) 0.89 0.73 0.82 0.27-249
SDE of the max. dose (Gy) 484 (36.8-54.3) 0.72 040 0.85 0.58-1.25
V14 (cm?) 49 (37-5.1) 0.78 0.90 1.07 0.35-332

HR: Hazard ratio, CI: Confidence interval, P: Parietal, F: Frontal, T: Temporal, O: Occipital.

Conducting dose-volume prediction of complications is
essential for providing optimal hypofractionation treat-
ment. We previously reported a method for predicting ra-
diation necrosis using a model that accounted for the SDE
of the maximum dose and V14 [10]. Long-term experi-
ence with single-session radiosurgery has also confirmed
the optimal treatment doses for individual pathologies in
the brain. For example, a marginal dose of 12 Gy or 20 Gy
is used to treat vestibular schwannoma or AVM, respect-
ively. The long-term results have been shown to be satis-
factory, with low rates of complications [17,18]. The
optimal dose and fraction number for hypofractionation
treatment for such pathologies may be determined by pre-
dicting the incidence of complications with respect to
avoiding adverse effects on the surrounding brain.

In this prospective study, our findings demonstrated a
rate of high tumor control and a low rate of complica-
tions in the treatment of large brain metastases with
high risk factors. No patients with radiation necrosis re-
quired surgical resection during the median follow-up of
seven to 41 months. Therefore, the administration of de-
fined optimal hypofractionation treatment based on the
dose-volume prediction of complications is effective and

safe for the treatment of large lesions. However, the V14
may need to be further reduced to less than 3 cm® when
treating tumors situated deep within the white matter
and/or exhibiting extensive perifocal edema, as the rate
of recurrence of pre-existing edema was not low in the
patients with a V14 of 3 cm® or more after treatment in
this series. Conformal radiotherapy with a prescribed
isodose of 50% to 60% has the benefits of decreasing the
V14 value due to a sharp fall-off in the dose distribution,
as noted with single-session radiosurgery. Optimal treat-
ment using a large fraction number also has the benefits
of decreasing the V14 value and helps to avoid radiation
necrosis, as demonstrated in this prospective study.

Conclusion

This prospective study of optimal dose and fractionation
treatment for large brain metastases with high risk factors
showed satisfactory results for local tumor control and sur-
vival, with limited complications. Conducting dose-volume
prediction of complications using the V14 is beneficial for
preventing irreversible complications in the treatment of
large brain metastases or other lesions in the brain.

Table 5 Characteristics of the 10 patients with adverse effects after optimal hypofractionated conformal radiotherapy

Median (range) Univariate Multivariate
p value (CH model) p value HR 95% Ci
Age 69 (59-84) 0.04* (0.03%) 0.14 1.05 099-1.11
Sex M:7,F 3 0.15 0.08 0.26 0.06-1.18
Tumor location Cerebrum: 9, cerebellum: 1 063 067 091 0.59-1.90
Turnor volume (cm?) 205 (10.0-329) 0.86 034 096 0.88-1.05
Prescribed isodose (%) 57 (51-65) 0.77 0.88 0.98 0.79-1.22
Fraction number 6 (5-10) 0.007* (0.004%) 0.007* 204 1.21-343
SDE of the max. dose (Gy) 48.0 (40.5-55.3) 0.50 0.51 0.94 0.77-1.13
V14 (cm®) 47 (3.6-6.1) 092 0.88 0.96 0.57-161

CH: Cox hazard, HR: Hazard ratio, Cl: Confidence interval, *: Significant.
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Assessing cumulative dose distributions in
combined radiotherapy for cervical cancer using
deformable image registration with pre-imaging
preparations
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Abstract

Background: The purpose of the study was to evaluate the feasibility of deformable image registration (DIR) in
assessing cumulative dose distributions of the combination of external beam radiotherapy (EBRT) and fractionated
intracavitary brachytherapy (ICBT) for cervical cancer.

Materials and methods: Three-dimensional image data sets of five consecutive patients were used. The treatment
plan consisted of whole pelvic EBRT (total dose: 45 Gy in 25 fractions) combined with computed tomography
(CN)-based high-dose rate ICBT (=24 Gy in 4 fractions to the high risk clinical target volume (HR-CTV)). Organs at risk and
HR-CTV were contoured on each CT images and dose-volume parameters were acquired. Pre-imaging preparations were
performed prior to each ICBT to minimize the uncertainty of the organ position. Physical doses of each treatment were
converted to biologically equivalent doses in 2 Gy daily fractions by the linear quadratic model. Three-dimensional dose
distributions of each treatment were accumulated on CT images of the first ICBT using DIR with commercially available
image registration software (MIM Maestro®). To compare with DIR, 3D dose distributions were fused by rigid registration
based on bony structure matching. To evaluate the accuracy of DIR, the Dice similarity coefficient (DSC) was measured
between deformed contours and initial contours.

Results: The cumulative dose distributions were successfully illustrated on the CT images using DIR. Mean DSCs of the
HR-CTV, rectum, and bladder were 046, 0.62 and 0.69, respectively, with rigid registration; and 0.78, 0.76, and 0.87,
respectively, with DIR (p <0.05). The mean DSCs derived from our DIR procedure were comparable to those of previous
reports describing the quality of DIR algorithms in the pelvic region. DVH parameters derived from the 2 methods
showed no significant difference.

Conclusions: Our results suggest that DIR-based dose accumulation may be acceptable for assessing cumulative dose
distributions to assess doses to the tumor and organs at risk in combined radiotherapy for cervical cancer under
pre-imaging preparations.

Keywords: Radiotherapy, Cervical cancer, Deformable image registration
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Background

The combination of external beam radiotherapy (EBRT)
and intracavitary brachytherapy (ICBT) is the standard
treatment for cervical cancer [1]. In conventional ICBT,
two orthogonal X-rays are taken and “point A” is used as
the reference point for dose prescription. “Rectal and blad-
der points” have also been used as reference points for the
assessment of rectal and bladder doses, according to
Report 38 of the International Commission on Radiation
Units and Measurements [2]. However, these points are
hypothetical, and do not always represent the actual
tumor volume or the exact locations of the highest
doses in the rectum and bladder [3,4]. Recently, three-
dimensional (3D) image modalities, such as computed
tomography (CT) and magnetic resonance imaging
(MRI), have become available for use in planning ICBT
treatment. Treatment planning based on 3D images al-
lows for assessment of 3D dose distributions and dose-
volume evaluation. The Group Européen de Curiethéra-
pie-European Society for Radiotherapy and Oncology
(GEC-ESTRO) working group for gynecologic brachy-
therapy has provided recommendations for 3D image-
based treatment planning in cervical cancer brachytherapy
[5-7]. Several studies have demonstrated that 3D dose-
volume parameters of the target volume and organs at risk
(OARs) are useful for predicting treatment response and
toxicity development [8-12].

For assessment of cumulative dose-volume relation-
ships for the target volumes and OARs in the combined
radiotherapy, the GYN GEC-ESTRO working group
suggests several parameters, including D90 of HR-CTYV,
and D2cc of the rectum and bladder. These 3D dose-
volume histogram (DVH) parameters are calculated by
simply adding DVH parameters for the target volume
and OARs in EBRT for each ICBT session. However,
simple addition of DVH parameters is based on the as-
sumption that the location of the region of interest is
identical in each therapy. If the high dose area is not
consistent in each therapy, simple addition of DVH pa-
rameters does not reflect the absolute dose-volume rela-
tionship. Under such circumstances, it is necessary to
illustrate cumulative dose distributions and calculate
DVH in order to estimate the dose-volume relationship.
However, assessing cumulative dose distributions with a
conventional treatment planning system is difficult due to
the following reasons. First, as EBRT and ICBT have differ-
ent dose profiles and fractionations, it is generally difficult
to calculate DVH [13]. Second, organ motions of the
uterus, bladder, and rectum, and changes in target volume
during treatment, are significant during cervical cancer
treatment [14]; therefore dose accumulation with conven-
tional rigid registration is inaccurate and unreliable.

Recently, a few studies have demonstrated the efficacy of
DIR for evaluating cumulative dose distributions and DVHs
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in combined radiotherapy for various tumors [15-17].
Therefore, we aimed to conduct a pilot study to evaluate
the feasibility of DIR for assessment of cumulative dose
distributions and DVHs of combined radiotherapy for cer-
vical cancer using a commercially available DIR algorithm
(MIM Maestro®).

Methods

Patients

Data were collected from five consecutive patients with
locally advanced cervical cancer, who were treated with
EBRT and high-dose rate (HDR)-ICBT in our institution
between August and October 2013. All the data collec-
tions were performed after the approval of institutional
review board and acquiring written informed consent
from patients.

Treatment
EBRT was delivered to the whole pelvis with a total dose
of 45 Gy in 25 fractions using the four-field box tech-
nique with 10-MV X-ray. The clinical target volume
(CTV) of EBRT consisted of the cervical tumor, whole
uterus, bilateral parametria, at least the upper half of
the vagina, and pelvic lymph nodes (including the com-
mon, external, and internal iliac, and presacral lymph
nodes). The planned target volume (PTV) of EBRT in-
cluded the CTV plus a 210-mm safety margin.
High-dose-rate (HDR) ICBT was performed weekly for
four consecutive weeks using **Ir sources. A combination
of tandem and ovoid applicators was used. CT-based 3D
image guided brachytherapy was performed for every
session of ICBT. A series of transverse CT images with
1 mm slice thickness were obtained with the applicators
in place. The high risk CTV (HR-CTV), rectum, and blad-
der were delineated according to GEC-ESTRO recom-
mendations [6]. For precise delineation, references were
always made to the MRI at diagnosis and those obtained
within a week prior to the first brachytherapy session. The
minimum dose delivered to 90% of the most irradiated
volume of HR-CTV (HR-CTV D90) and the minimum
doses delivered to 2 cm® (D2cc) of the most irradiated vol-
umes of the rectum and the bladder were calculated and
recorded. At least 6 Gy was prescribed to HR-CTV D90
in each ICBT session. Dose constraint was 75 Gygqps in
D2cc of the rectum. Dose prescription and target coverage
were modified based on dose constraints for OARSs.

Pre-imaging preparations for deformable image registration
Pre-imaging preparations were carefully performed before
every ICBT session, as large variation in organ position and
volume may produce fusion uncertainties and affect the
quality of DIR [18,19]. Patients were required to collect
urine one hour before undergoing CT imaging for EBRT
treatment planning. Bladder volume was confirmed by this
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CT image. In every ICBT session, the bladder was filled
with this volume of normal saline to stabilize its size and
position. The original angle and length of the longitudinal
axis of the uterus were also confirmed by treatment plan-
ning CT for EBRT. In all ICBT sessions, the angle of
uterus was kept constant by adjusting the inserting angle
of tandem applicator. Patients were required to defecate
before any treatment. Distension of the rectum was
confirmed by treatment planning CT for EBRT and
brachytherapy. If gas was observed in the rectum at ICBT,
gas drainage was performed to reduce rectal distention.
CT was retaken if gas drainage was performed.

Dose accumulation

In all cases, image registration was performed using
MIM maestro ver.6.2 (MIM Software Inc., Cleveland,
OH, USA). Doses of radiotherapy were converted into
biologically equivalent doses in 2 Gy daily fractions
(Gyeqpa) using the linear quadratic model with o/p =

10 Gy for tumor tissues, and o/f =3 Gy for normal tis-
sues [20]. At first, CT image data sets of EBRT were ri-
gidly fused by matching bony structures on CT images
of the first ICBT. Next, CT image data sets of the sec-
ond, third, and fourth ICBT sessions were rigidly fused,
referring to the applicator position in the CT images of
the first ICBT. Finally, DIR was performed to accumu-
late doses of the second, third, and fourth ICBT on the
first ICBT dose (Figure 1). Results of the DIR were care-
fully reviewed using the function of MIM maestro (Reg
Review) and modified by another function (Reg Refine).

Cumulative dose-volume evaluations

Cumulative DVHs of the HR-CTYV, rectum, and bladder
were calculated based on accumulated dose distribu-
tions. DIR-based DVH parameters such as HR-CTV
D90, D2cc of the rectum and bladder were derived from
cumulative DVHs.

HR-CTV D90 and D2cc of the rectum and bladder
were also calculated using conventional simple addition
of DVH parameters. In this method DVH parameters
were calculated by adding the components of EBRT and
ICBT sessions.

Quantitative evaluation of DIR performance

Although no established method exists for estimating the
quality of DIR, the Dice similarity coefficient (DSC) is com-
monly used to evaluate the accuracy of DIR [18,21,22],
DSC was calculated by the following formula [23]:

2(VorNVinitial)

DSC =
VbR + Vinitial

In this formula, Vpr represents the volume of de-
formed contour after DIR, and Vi, represents the
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volume of contours manually delineated on the CT
image of the first ICBT session. The DSC is used to
evaluate the spatial overlap accuracy of automated seg-
mentation of images. Values for DSC range from 0 to 1,
with higher values indicating larger volumes of overlap
between two images. DSC is also calculated to estimate
overlap of the contours in case of rigid fusion.

Statistical analysis

DIR-based cumulative DVH parameters and simple DVH
parameter addition were compared using the paired t-test.
All statistical analyses were performed using IBM SPSS
Statistics for Windows, Version 21.0 (SPSS Inc., Armonk,
NY, USA). p < 0.05 was considered statistically significant.

Results

Patient characteristics

Among the 5 patients included in the study, 3 had Stage
IIB disease and 2 had Stage IIIB disease. The mean
transverse tumor diameter was 5.2 cm at diagnosis and
3.8 cm at the initiation of ICBT.

Performance of DIR

Cumulative dose distributions, consisting of EBRT and
four sessions of ICBT, were successfully illustrated using
DIR (Figure 2). Inspection by 3 radiation oncologists
(TA, TT, SK) revealed that dose distributions were illus-
trated without any irregular dose warp or irresponsible
isodose lines. A high dose area (>200 Gygqpz) was ob-
served around the center of the tumor and steep dose
decline was observed toward the peripheral area of the
tumor. HR-CTV was covered with 70-80 Gygqps. The
parametria were covered with 50-60 Gygqpp. External
iliac, internal iliac, and obturator lymph nodes were cov-
ered with 40-50 Gygqp, depending on the distance from
the uterus. The doses to the rectum were approximately
60-70 GyEQD2.

The mean DSCs for the HR-CTV, rectum, and bladder
were 0.46, 0.62, and 0.69, respectively, with rigid fusion,
and 0.78, 0.76, and 0.87, respectively, with DIR. Volu-
metric parameters related to our DIR procedure and
DSCs are shown in Tables 1, 2 and 3. The difference in
DSCs between the two methods was statistically signifi-
cant, suggesting the improved spatial overlap accuracy of
automated image segmentation with DIR.

DVH Parameters

The mean HR-CTV D90 and D2cc of the rectum and
bladder were 81.4 GYEQDQ, 65.7 GYEQDZ} and 82.8 GyEQDz,
respectively, with DIR; and 83.1 Gygqpa, 67.2 GYeqpe, and
86.6 Gypqpa, respectively, with conventional simple DVH
parameter addition. There was no statistically significant
difference in the dosimetric parameters between the two
calculation methods (Table 4). DVH parameters calculated
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-
Dose and Image Dose and image  Dose andimage  Dose and Image
of EBRT of 2nd sesslon of 3rd sesslon of 4th session
of ICBT of ICBT of ICBT

o,

Dose and image
of 1st session
of ICBT

Cumulative dose distribution
EBRT 45 Gy + ICBT x 4 times

Figure 1 The flow chart of dose accumulation. Doses of radiotherapy were converted to biologically equivalent doses in 2 Gy per fraction using
the linear quadratic model with o/f3 = 10 Gy for tumor tissues and o/ = 3 Gy for normal tissues. First, dose and image of EBRT were rigidly fused on
the CT image of the first ICBT. Then, using DIR, doses and images of the second, third, and fourth ICBT were accumulated on those of the first ICBT.

Figure 2 Cumulative dose distribution. A large dose gradient was observed in the irradiated field. There is an area with a very high dose at
the center of the tumor. HR-CTV was covered by a 70-80 GyEQD?2 isodose line. Pelvic lymph node areas were covered by 40-50 GyEQD?2 isodose
lines, depending on their distances from the central axis of the uterus.
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Table 1 Volume of the original contour and deformed contour and the results of dice similarity coefficient (HR-CTV)

Original contour (cm®)  Deformed contour (cm®)  Original contour n DSC by DIR  DSC by rigid fusion
deformed contour (cm?)
Casel DIR1 254 299 254 0.79 0.70
DIR2 - 205 164 0.71 049
DIR3 - 200 16.6 0.73 0.57
Mean 075 0.59
Case2  DIR1 178 206 153 0.80 0.35
DIR2 180 134 0.75 069
DIR3 18.1 134 0.75 0.14
Mean 0.76 0.39
Case3  DIR1 40.0 48.7 36.5 0.82 0.25
DIR2 328 268 073 046
DIR3 337 27.7 0.75 0.30
Mean 0.77 034
Case4  DIR1 18.1 214 16.5 083 0.66
DIR2 - 131 109 0.70 048
DIR3 - 176 125 0.70 042
Mean 0.74 0.52
Case5  DIR1 275 240 20.8 0.85 047
DIR2 - 275 218 083 053
DIR3 - 248 217 0.88 043
Mean 0.86 048
Total Mean + SD 0.78 + 0.06 046 + 0.16 p <0.05

with DIR were comparable with those derived by the con-
ventional method, when the anatomical locations of the
uterus, rectum, and bladder were adequately matched.

Discussion
Assessing cumulative dose distributions in combined
therapy with EBRT and ICBT for cervical cancer has
been challenging due to the difficulty in combining dif-
ferent types of fractionated radiation therapy, organ mo-
tion uncertainty, and tumor volume regression during
treatment. Dose distributions provided by the DIR ap-
peared to represent the characteristic dose profiles of
combined radiotherapy for cervical cancer. The cervical
tumor was covered with an adequately high dose, while
the surrounding normal tissues including the rectum
and bladder received minimum doses. '
When evaluating DIR-based cumulative dose distribu-
tions and DVHs of the tumor and OARs, the accuracy
of DIR is of the most importance. Although there are
many uncertainties related to brachytherapy for cervical
cancer [24], the accuracy of DIR can be influenced sig-
nificantly by large inter-fractional variation in the organ
volume and position [18,19]. In this study, therefore,
pre-imaging preparations for the bladder, rectum, and
uterus were performed so as to minimize such variation.

In spite of preparations, in some cases, there were still
variations in volume, shape and position of OARs which
require some adjustment by manual procedure. This
adjustment may result in variability in DIR results. With
these methods, the mean DSCs for the HR-CTYV, rectum,
and bladder were 0.78, 0.72, and 0.81, respectively,
which were significantly higher than those derived from
the cumulative images by rigid fusion based on bony
structure matching (Tables 1, 2 and 3). Although DSC is
limited in that it does not include information of the de-
formation amount inside the overlapped contours, these
data suggest that improved spatial overlap accuracy was
obtained with the DIR method. There has been no defin-
ite consensus regarding the optimum DSC range. Kirby
et al. reported that the mean DSC of the rectum was
0.85 in their study comparing 11 DIR algorithms using
kilovoltage CT images of phantom [22]. Thornqvis et al.
reported that the mean DSCs of the bladder and rectum
were 0.89 and 0.78, respectively, using one DIR algo-
rithm, and 0.81 and 0.71, respectively, using another
DIR algorithm {18].

Other factors which may affect the accuracy of DIR-
based dose-volume evaluation are voxel size and energy
conservation [25,26]. If voxel sizes of the two CT images
are different, they will be normalized to the larger one
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Table 2 Volumes of the original and deformed contours and dice similarity coefficients (rectum)

Original contour (em®  Deformed contour (cm?) Original contour n DSC by DIR  DSC by rigid fusion
deformed contour (cm?)
Casel DiR1 47.8 409 324 0.73 0.72
DIR2 - 269 246 0.74 066
DIR3 - 50.2 33.3 0.68 062
Mean 0.72 0.66
Case2  DIR 46.6 54 425 0.85 0.74
DIR2 - 55.3 424 0.80 073
DIR3 - 48.1 40.7 0.75 067
Mean 0.71
Case3  DIR1 46.7 537 325 0.72 0.60
DIR2 - 47.0 296 071 0.70
DIR3 - 793 39.5 062 0.57
Mean 0.68 0.62
Case4  DIR1 95.4 59.9 56.7 0.76 0.52
DIR2 - 776 68.5 0.71 0.51
DIR3 - 75.7 69.0 0.84 041
Mean 0.77 048
Case5  DIR1 51.0 51.7 401 0.76 0.73
DIR2 - 369 314 0.74 0.50
DIR3 - 384 334 0.80 062
Mean 0.77 061
Total Mean + SD 0.76 + 0.05 062 £0.10 p <0.05

during DIR process, and this process may cause some er-
rors in cumulative dose-volume assessment. In this study,
however, CT images were acquired with the same setting
of field of view and the same slice thickness so as to gener-
ate same voxel size. Regarding energy conservation, the
energy of radiation to one voxel may not be conserved
during DIR, especially in some situation where more than
one voxels which have different density are deformed to a
single voxel. This may also cause some errors in DIR-
based dose-volume assessment. We could not measure
the energy loss with commercially available DIR software.
This is another limitation of our study.

In this study, the values of the DIR-based DVH param-
eters were comparable to those derived from the con-
ventional simple DVH parameter addition (Table 4).
However, these results have to be carefully interpreted.
According to the GEC-ESTRO recommendations, the
DVH parameters for the target volumes and OARs in
EBRT and each ICBT session are simply added for estimat-
ing cumulative DVH parameters. In this method, however,
it has to be assumed that the location of the region of
interest is identical each time [5-7]. Therefore, the cumu-
lative DVH parameters derived from this method could be
overestimated. However, there have been several reports
that demonstrated positive correlation between cumulative
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DVH parameters derived from the simple DVH parameter
addition and clinical outcomes [8-12]. It is also necessary to
evaluate the correlation between DIR-based cumulative
DVH parameters and clinical outcomes.

Theoretically, D2cc for OARs is an overestimation for
simple DVH parameter addition, while D90 for HR-CTV
is an underestimation. In our study, however, D2cc for
the rectum and bladder with DIR-based DVH accumula-
tion was higher than those with simple DVH parameter
addition in one case, respectively. D90 for the HR-CTV
with DIR-based DVH accumulation was lower in four
cases (Table 4). Four-field box technique was used in
EBRT. Inhomogeneity of EBRT doses to the uterus, rec-
tum and bladder was within +2% with a mean dose in a
volume of interest. Therefore, inhomogeneity of dose
distributions in EBRT did not greatly affect the results.
One possible reason for the above results may be fusion
uncertainties in DIR. In our study, we fused images and
produced cumulative dose distributions for the fourth,
third and second sessions of ICBT onto those of the first
ICBT using DIR. During fractionated brachytherapy,
most cases showed rapid diminishment of the tumors.
The position and volume of the rectum and bladder also
varied greatly in Case 4 despite our attempts with pre-
imaging preparations. In addition, change in the volume
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Table 3 Volumes of the original and deformed contours
and dice similarity coefficients (bladder)

Original Deformed Original DSC  DSCby
contour contour  contour by DIR rigid
(m®  (cmd) n deformed fusion
contour (cm>)
Casel DIR1 1912 2379 1782 086 083
DR2 - 1381 1320 0.85 0.84
DIR3 - 2764 177.7 0.88 082
Mean 0.86 083
Case2 DIR1 4637 3924 365.2 089 053
DIR2 - 4346 1210 092 0.54
DIR3 - 3703 3506 090 050
Mean 0.86 052
Case3 DIR1T 2317 4113 2236 0.89 0.79
DIR2 - 5403 386.0 0.59 048
DIR3 - 2139 2294 093 0.82
Mean 0.80 0.70
Case4 DIRT 3377 2045 196.0 0.90 057
DR2 - 184.7 1715 0.91 060
DIR3 - 3135 302.1 0.93 0.72
Mean 091 063
Case5 DIR1 1559 1430 134.2 0.89 0.77
DIR2 - 156.2 1411 091 0.83
DIR3 - 207.9 1488 0.80 0.70
Mean 077
Total Mean 0.87 069+ 0.14
+SD +009 p <005

of HRCTV cannot be reduced by pre-imaging prepar-
ation. These positional and volumetric changes may have
influenced the accuracy of image fusion in DIR. Conse-
quently, the fusion uncertainty may have resulted in the
lower D90 of HR-CTV in Cases 1, 3, 4, and 5, and the
higher D2cc of the rectum and bladder in Case 4. These
results suggest that DIR is limited in its capacity to
evaluate cumulative DVH parameters for the HR-CTV,
rectum, and the bladder. However, the differences in
D90 for HR-CTV and D2cc for the rectum and bladder
did not differ significantly between the two methods
(Table 4), and dose distributions were illustrated fairly
reasonably. Therefore, we surmise that assessment of the
cumulative dose-volume relationships using DIR may
provide beneficial information on radiotherapy for cer-
vical cancer, despite its limitations. For example, when a
midline block is inserted into the whole pelvic EBRT, it
is difficult to estimate the cumulative dose-volume relation-
ship for the target volumes and OARs by simple addition of
DVH parameters. In this case, DIR may be the only way to
illustrate cumulative dose distributions and calculate cumu-
lative DVH parameters. Furthermore, DIR may also enable
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Table 4 Dose-volume histogram (DVH) parameters

Cumulative DVH  Simple DVH
parameter parameter addition
HR-CTVD90  Case 1 764 790
Case 2 843 829
Case 3 794 825
Case 4 82.1 856
Case 5 849 85.5
Mean £SD 814+ 35 831+27p=0424
Rectum D2cc  Case 1 67.8 722
Case 2 580 582
Case 3 579 62.1
Case 4 749 741
Case 5 69.7 69.4
Mean £SD 654+ 83 672+ 68p=0719
Bladder D2cc  Case 1 65.9 74.2
Case 2 852 914
Case 3 80.2 84.7
Case 4 104.2 1029
Case 5 784 79.7

Mean £ SD 836+ 117 866+ 11.1 p = 0687

to estimate the dose contributions of brachytherapy to the
parametrium or pelvic lymph node. Therefore, analysis of
cumulative dose-volume relationships using DIR may pro-
vide more accurate information if intensity modulated
radiotherapy for cervical cancer is performed.

Conclusions

In conclusion, though there are some limitations in ac-
curacy of DIR, DIR-based dose accumulation may be
useful method for assessing cumulative dose-volume re-
lationship in the combined radiotherapy for cervical can-
cer, especially when assessing dose of the combination of
midline block EBRT and brachytherapy.
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