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casc  location P-T/A-P
I Right upper 5.H12,
2 Right upper 3.0/12,
3 Right upper 5.2/12.
4  Rightupper 9.3/16.
5 Left upper 11./14,
6 Left upper 2.0A13.
7  Left upper 7.5112.
8  Right middle 4.0/17.
9 Left lower 8.6/13.

Figure 1

Locations of the nine lesions evaluated in this study. The table on the right indicates the tumor position in the antero-

posterior direction. P-T: distance from the posterior margin of the lung to the center of tumor on an antero-posterior line through
the center of the tumor on an axial CT plane that includes the tumor. A-P: distance between the anterior and posterior margin of

the lung on the same line.

relatively small, minimal field sizes of 4cm by 4 cm were
employed.

Beams of 6-MV photon generated from the linear
accelerator (ML15-MV, Mitsubishi Electric Co., Tokyo,

Japan) were used. Dose calculations were carried out to:’

deliver 12 Gy at the isocenter, and the all static beams or

arcs were weighted equally at the isocenter. In that condi- .

tion, the sum of the monitor unit (MU) for all beams re-

quired to give 12 Gy at the isocenter was recorded and- .

the doses at the isocenter were rescaled to the doses
when 100 MU were used for the total of the dose delivery
(i.e. the rescaled isocenter dose = 12 (Gy) x 100 (MU)/
the sum of monitor unit for all beams). Two dose calcula-
tion algorithms, the Fast Fourier Transform (FFT) convolu-
tion and the multigrid (MG) superposition [17] based on
a convolution and a superposition algorithms [15,16],
were used. .

160°~20,

—

a

Path-length and effective path-length

Relative electron density maps were generated from CT

data and a calibration curve that had been previously
obtained from CT scanning of a calibration phantom.
Path-lengths, L, and effective path-lengths, Le¢s were cal-
culated with pixel-by-pixel integration of values from the

‘relative electron density map through the beam path,

from the incident point of the beam center-line to the iso-
center at the center of the tumor. Mean path-length, L and
mean effective path-length, L for Static Irradiation were
calculated from values obtained by various beams, i, ac-
cording to the following equations:

[=3"Lyn (1)

330° 0> 30°

Q

N

e
210° 180° 150°

b

Figure 2 Beam configurations. (a) Rotational Irradiation with three non-coplanar arcs (Rotational Irradiation). For a tumor in the
right lung, rotational angles of 220° (from 160° to 20°) for couch angles of 30°, 0° and +30° were applied. For a tumor in the left
lung, the arc rotations were diametrically opposite. (b) Static Irradiation with 18 non-coplanar ports (Static Irradiation). Gantry
angles of 0°, 30°, 150°, 180°, 210°and 330° for couch angles of —30°, 0° and +30° were used.
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Zeff = i Lesr, /0 (2)

where n is the number of beams.

L and L. Rotational Irradiation were obtained from
lengths or effective lengths calculated per every 10°
rotation.

_ 1 am

L=—n Ly (3)
m-n 5= ’

_ 1 nm

Leff=m Z Lest,, (4)

where n is the number of arcs and m = Rotation Angle/10°
for each arc. :

Dose volume histogram (DVH)
Dose volume histograms (DVH) of the GTV were calculated
for each patient under inspiration and expiration conditions

for Rotational Irradiation.

Statistical analysis

The t-test was used to compare values for different respira-
tory conditions. p-values less than 0.05 were considered .

statistically significant.

Results

In Fig. 3, examples of dose distribution are presented for;-
Rotational Irradiation and Static Irradiation using serial CT

data from inspiration. Table 1 indicates path-length, rela-
tive electron density, and effective path-length for three
breathing conditions (stable-state, inspiration, and expira-
tion breath-hold) according to the irradiation’ method.
Both the mean path-length and mean effective path-length
were larger for Static Irradiation than for Rotational Irradi-
ation. In contrast, relative electron density was lower for
the former than for the latter. The largest path-length
was obtained with inspiration, followed by stable-state

Figure 3

Table 1 Path-length, effective path-length, and relative
electron density measured from CT data in three breathing
conditions

Rotational Static

Irradiation Irradiation
Path-length  Stable-state 9.4+1.8 10.1 £1.2
(cm) Inspiration 9.7+1.9 10.6 +1.2
Expiration 9.2+1.8 9.8+1.3
Effective Stable-state 5.7 +1.3 58+1.2
path- Inspiration 53+1.3 55+1.4
length Expiration 5.8+1.3 5.9+1.3
{cm)
Relative Stable-state  0.60 0.57
electron Inspiration 0.55 0.52
density Expiration 0.63 0.60

Path-length is given as mean +SD, effective path-length as
mean + SD, and relative electron density as mean. SD, standard
deviation.

and ‘expiration in that order. The difference in mean
path-length between inspiration and expiration was
0.5 cm for Rotational Irradiation and 0.6 cm for Static Irra-
diation. Relative electron density was lower in inspiration
than in expiration. Effective path-length was about 0.4—

0.5 cm shorter in inspiration than in expiration.
. P values generated from the t-test were used to assess

variation of effective path-length in expiration and inspira-

B tion (p = 0.01 for Rotational Irradiation, p = 0.03 for Static

Irradiation, both statistically significant).

" Table 2 shows required dose at isocenter for 100 MU
which was calculated by the FFT convolution and MG super-
position algorithms [17] in all three breathing conditions for
both types of irradiation procedures. The dose obtained by
the FFT convolution algorithm was 7—12% higher than the
dose obtained by the MG superposition algorithm. Fig. 4
shows effective path-length and the isocenter dose per
100 MU for each of the nine lesions. Although the isocenter
dose obtained by the FFT convolution algorithm linearly de-
creased relative to effective path-length, there was varia-
tion among cases with the MG superposition algorithm.

Examples of dose distribution for Rotational Irradiation (a) and Static lrradiation (b).
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Table 2 The isocenter dose (Gy) per 100 MU calculated
with two calculation algorithms in three breathing conditions

Rotational Static

Irradiation lrradiation
Convolution (Gy) Stable-state 0.808 0.799
Inspiration 0.822 0.809
Expiration 0.803 0.794
Superposition (Gy) Stable-state 0.745 0.735
Inspiration  0.743 0.722
Expiration 0.750 0.738
Superposition/ Stable-state 0.922 0.920
convolution (%) Inspiration 0.904 0.892
Expiration 0.934 0.929

For each patient, integral DVHs for GTV in inspiration
and expiration conditions for Rotational Irradiation were
obtained, and all DVHs for each patient were averaged
(Fig. 5). Although there were no statistical differences in
integral DVH obtained by the FFT convolution algorithm be-
tween the inspiration and expiration conditions, with the
MG superposition algorithm the difference was pronounced.
With the latter algorithm, a leftward shift of the integral
DVH was noted in inspiration compared with expiration.
Dos (the minimal dose delivered to 95% of the target vol-
ume) for inspiration, stable-state and expiration conditions
were 0.878, 0.91 and 0.912 Gy, respectively. Dss for inspira-
tion, stable-state and expiration conditions were 0.891,

i

100
A 3arcs rotation_ Convolution
A 3arcs rotation_ Superposition
95t & 18 multiple static port_ Convolution
O 18 mulitiple static port_ Superposition '
90
=) :
=
g a5t
3 e S
F)
(2 80
5 :
z % O | Vo o
=] o] A
751 5D A &0 oo,y
o Cgooﬁ% O o o
© A aoc® Tgh
70+ o]
o s
65 i I 1. kY i
3 4 5 6 7 8 9
Efective path length (cm)
Figure 4  Effective path-length and the isocenter dose calcu-

lated by two algorithms (convolution and superposition) plot-
ted for nine tumors in three breathing conditions. Effective
path-lengths and the doses were calculated for each static
port and averaged. Effective path-lengths and doses for arc ir-
radiations were calculated in the 9 isocenters, each with 3
arcs. The calculations were carried out for each 10° rotation
of the gantry and then averaged.
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B
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Figure 5 Integral dose-volume histograms (DVHs) for three
breathing conditions calculated for Rotational Irradiation
with FFT convolution and MG superposition algorithms. DVH
curves were obtained for the nine tumors and then averaged.

0.922 'and 0.923 Gy, respectively. There were significant

.differences between inspiration and stable-state, as well
' as between expiration and inspiration (p < 0.05).

* Discussion

During normal respiration, lung volume typically changes by
20% from 3.3 to 4.1 Lon average, as observed in a 10-patient
study [18]. However, there are few reports regarding the
effect of respiration on the dose distribution of stereotactic
radiotherapy for lung tumors.

Our study performed on deep inspiration and expiration
conditions indicates that the path-length increased by 2.4—
3.7% in stable-state and 5.3—8.7% in inspiration relative to
that in the expiration state. Relative electron density
decreased by 4.2—4.3% in stable-state and 12.9—13.7% in
inspiration relative to expiration.

Although the respiratory conditions were extreme, our
results did not indicate large variation in effective path-
length under these three respiratory conditions. Obtained
effective path-length in inspiration was shorter than that in
expiration. These “‘paradoxical’”’ changes in effective path-
length (shorter effective path-length with longer physical
path-length) can be easily explained by the expansion of
the thoracic cavity with inspiration. However, changes in
effective path-length are more complex because the
effective path-length is the sum of the product of the
path-length in tissue and its electron density. The path-
length in the lung increased, whereas electron density
decreased, in relation to lung expansion. Our study in-
dicated that the effective path-length decreased in stable-
state and inspiration compared with expiration (p < 0.05).
Observed changes in the path-length, the density and the
effective path-length associated with respiratory move-
ment can be expressed as a simplified sphere model.
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Expiration and inhalation respiratory lung conditions are
expressed with small and large spheres, with the radii of
the spherical surfaces representing path-lengths (Fig. 6).
Because total lung mass is constant, the relationship be-
tween path-length and relative electron density in expira-
tion e and inhalation i is expressed using the following
equation:
where L, and L; are the path-length of expiration and
inspiration, respectively, and p, and p; are relative electron
density of expiration and inhalation, respectively.

Because the effective path-length (Lesr) is a product of
path-length and relative electron density, Eq. (5) can be
expressed as

(Le/Li)* =1/ (Lett, /Lett,) (6)

In this model, relative electron density is inversely
proportional to the path-length cubed. Thus, minute
changes in path-length may have a great influence on
relative electron density. Moreover, this model indicates
the effective path-length is inversely proportional to the
square of the path-length. A similar deformity of the lung
may occur during the inspiration and expiration. Regarding
the human chest, respiration is associated with deformity
of the thoracic cavity due to diaphragmatic motion and

al3p; ()

‘intercostal muscle constriction where the expansion of the
lung and thorax or downward movement of the diaphragm*

during the inspiration are not isotropic. The involvement of
diaphragmatic motion in lung respiration is reportedly

greater than costal motion [19,20]. In addition, the changes

Figure 6 A spherical lung motion model. The inner sphere
represents expiration (e) and the outer represents inspiration
(7). Radii of the spheres represent path-lengths of expiration
and inspiration (L., L;). Relative electron density (pe, pi)-

of in path-length and density are expected to be different
depending on the beam orientation.

Rotational Irradiation using multiple arcs and Static
Irradiation using multiple fields are very common in SRT
techniques and selection of the technique depends on the
institutional protocols. A comparison of path length,
effective path length and relative electron densities
between Rotational Irradiation and Static Irradiation for
different respiratory conditions are shown in Tabte 1. Al-
though the effective path lengths for these two irradiation
techniques were very similar, there was approximately a 5%
difference in electron density between the two techniques.
With Rotational Irradiation, longer path-lengths were
noted. Interestingly, the impact of these differences on
dose/100 MU among different respiratory conditions was
negligible (Table 2). However, the isocenter doses per
100 MU delivery were less with the MG superposition calcu-
lation than with FFT convolution. The ratios of MG superpo-
sition to FFT convolution doses were also indicated in Table
2. The ratios were low in the inspiration phase both with
Rotational and Static Irradiation. The lower ratio of MG su-
perposition to-FFT convolution doses with inspiration phase
can be explained by the difference of the algorithms, as
discussed below and the lower lung density in the inspira-
tion phase.

" A comparison of the isodose distributions between Rota-

: ;/tiona,l_:l'rradiation and Static Irradiation with non-conformal

fields is shown in Fig. 3. Rotational Irradiation provides

e “a graphically better dose distribution in this case. However,
" further optimization of the static fields may yield better
_results. This requires further investigation.

Three-dimensional (3D) dose distributions are calculated
with various algorithms using anatomical data obtained by
CT scans. In convolution and superposition algorithms, the
dose is computed by convolving the total energy released
per unit mass (TERMA) at each point in the patient with the
energy deposition kernel [21]. The kernel is generated using
the Monte Carlo (MC) particle transport calculation, and it
can be divided into the primary and the scatter component
[21,22]. In both dose calculation algorithms, the TERMA is
computed from fluence, and 3D dose distributions are cal-
culated by separating the energy diffusion process into
a primary dose convolution and a scatter dose convolution.
Beam attenuation related to the density of the medium is
an intrinsic factor to calculate released energy (primary
and scatter) associated with the TERMA. Kernel hardening
correction factors are computed and applied to the TERMA
based on the KERMA (kinetic energy released per unit mass)
to TERMA ratio at each depth and at the surface [23,24].
Tissue inhomogeneities cause the greatest distortion of
the energy deposition kernels and of the resultant dose dis-
tribution compared with those calculated in the water
phantom. Therefore, in the MG superposition algorithm,
a density scaling method based on O’Connor’s theorem
[25] is used to scale the kernels by calculating the average
density along the straight-line path between the dose depo-
sition and the interaction voxels [17}. However, there are
reported differences in the calculated dose of 10% or
more among various algorithms [26,27]. Because of the rea-
son mentioned above, the MG superposition algorithm is
preferred to FFT convolution, which might result in under-
dosage of the lung tumor by almost 10% [17,27,28].
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In the FFT convolution algorithm, kernels remain in-
variant over the entire space in which they are applied [17];
therefore, the dose/MU decreases linearly with increasing
effective path length, which can be seen in Fig. 4. The
MG superposition algorithm, however, shows less of a rela-
tionship between dose/MU and effective depth. Small ef-
fective depths may require the same dose/MU as much
larger effective depths. This can be attributed to the ker-
nels accounting for the 3D variations in electron density
in the patient [17], for example the lack of lateral elec-
tronic equilibrium.

The DVH for GTV, which was calculated in inspiration,
stable-state and expiration conditions for Rotational Irra-
diation, varied depending on the dose calculation algorithm
in use. When the MG superposition method was used,
a leftward shift of DVH was found in inspiration, in which
relative electron density was smaller than that in expira-
tion. The reason for this may be explained from the facts
that in the MG superposition algorithm, the density of
material between the interaction and dose deposition
points is taken into account [17]. For a small lung tumor
with different adjacent lung densities, ranges of secondary
electrons will be different. Lung density with inspiration
will give a longer range of the secondary electrons than
with the expiration; therefore, inspiration condition will
have a lower electronic equilibrium and dose coverage in
the target than the expiration condition.

This study has shown that differences in lung densities in

between inspiration and expirations are significant. For
small lung tumors the planned dose distributions can
change with the breathing phase and the algorithm. In
the case of the MG superposition algorithm a better dose
homogeneity in the GTV can be achieved when irradiation is
done in the expiration phase compared to the inspiration
phase, whereas the phase of breathing has very little effect
on the planned dose distributions when the FFT convolution
algorithm is used. The use of breathing adapted tech-
niques, such as breath-hold or synchronized irradiation, is
also important to reduce the planning target volume for
stereotactic lung irradiations.
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CLINICAL INVESTIGATION Lung

POSSIBLE MISINTERPRETATION OF DEMARCATED SOLID PATTERNS
OF RADIATION FIBROSIS ON CT SCANS AS TUMOR RECURRENCE IN PATIENTS
RECEIVING HYPOFRACTIONATED STEREOTACTIC RADIOTHERAPY FOR
LUNG CANCER

ATsuya Takepa, M.D., PH.D.,*Jr Etsuo Kuniepa, M.D., PH.D.,” TosHIAKI TAKEDA, M.D.,‘L
MicHio TaNnaka, M.D., PH.D.,§ Naoko Sanuki, M.D.,* Hirorumi Fumm, M.D., PH.D.,”
NAOYUKI SHIGEMATSU, M.D., PH.D.,i AND ATsusHI Kuso, M.D. Pu.D.}

* Department of Radiology, Ofuna Chuo Hospital Ofuna, Tokyo, Japan; Departments of Radiology and $Pathology, Tokyo
Metropolitan Hiroo Hospital, Tokyo, Japan; {Department of Radiology, Keio University, Tokyo, Japan; and ! Functional Imaging
Division, National Cancer Center Hospital East, Tokyo, Japan

Purpose: To retrospectively analyze opacity changes near primary lung cancer tumors irradiated by using hypo-
fractionated stereotactic radiotherapy (HSRT) to determine the presence or absence of tumor recurrence.
Methods and Materials: After review-board approval for a retrospective study, we examined data from 50 patients
treated with curafive intent for proven or highly suspected localized peripheral-lung cancer and followed up for at
least 12 months. All patients had received 50 Gy in five fractions (80% isodese) and were followed up monthly with
chest X-ray until clinical and X-ray findings stabilized. Follow-up computed tomography scans were performed
1 and 3 months after HSRT and thereafter at 3-month intervals during the first 2 years.

Results: Median follow-up was 30.4 months (range, 12.0-73.8 months). Abnormal opacities that were suspicious
for recurrent tumor appeared in 20 patients at a median of 20.7 months (range, 5.9—-61.4 months). Only 3 patients
were finally found to have recurrence; 14 were recurrence free but were suspected to have fibrosis, and findings for
the other 3 patients were considered equivocal because of a short follow-up period (=6 months).

Conclusion: Radiation fibrosis, which may occur 1 year or longer after completion of HSRT, is difficult to distin-
guish from tumor recurrence. Even when opacities increase on follow-up radiologic scans, recurrence cannot be
diagnosed conclusively based on image findings; biopsy occasionally is warranted. © 2008 Elsevier Inc.

Stereotactic radiotherapy, Radiation fibrosis, Computed tomography. -

INTRODUCTION tumor opacities usually shrink -and thereafter appear as
scar-like or linear patterns that persist on radiologic follow-
up images. We generally consider these radiologic patterns
to reflect tumor control. However, there are cases in which
opacities are only minimally reduced in size. Moreover, diag-
nostic difficulty is often encountered when trying to determine
whether the patterns reflect tumor recurrence or mass-like fi-
brosis after radiotherapy (4, 5). In patients who are candidates
for such salvage treatments as surgery, cryoablation (6), and
radiofrequency ablation (7), it is essential to diagnose recur-
rence as early as possible because the smaller the tumor, the
easier it is to treat. For example, an adequate size for cryoabla-
tion of lung tumors is less than 3 cm in diameter (6). Needless

Delivery of a high dose of radiation by using hypofractio-
nated stereotactic radiotherapy (HSRT) often results in radio-
pacity within the boundaries of a tumor, which would be
considered tumor progression. To our knowledge, no study
to date evaluated morphologic changes in tumors after
HSRT, and only a few reports focused on HSRT-induced
lung injuries (1-3).

Complete disappearance of the tumor is rarely seen during
follow-up of patients with lung cancer with HSRT. As in
many cases, after conventional radiotherapy, the primary tu-
mor may be obscured by postradiation change. A degree of

tumor shrinkage usually is observed, and a variety of radio-
logic patterns that may reflect modifications caused by irradi-
ation also is seen (1, 3). In patients with a good response,

to say, it is important to establish standards for determining
tumor recurrence after HSRT to appropriately assess its treat-
ment outcome.
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In this study, we retrospectively reviewed follow-up com-
puted tomography (CT) studies of 50 patients obtained
during a period of at least 1 year after HSRT for localized pe-
ripheral primary lung cancer. Our goal was to analyze opacity
changes in the vicinity of irradiated tumors to determine
whether there was tumor recurrence.

METHODS AND MATERIALS

Patients

Our institutional review boards approved this study and waived
the need for informed consent based on the retrospective design.
The study group was composed of 50 patients who underwent
HSRT with curative intent for proven or highly suspected localized
primary lung cancer located in the periphery of the lung. One case
was located in segment 1 + 2 of the left lung and invasion to the aortic
arch was noted; however, no patient with thoracic wall invasion was
included. All were treated at Institute A (n=40) or Institute B (n=10)
from Feb 2001 to March 2006 and were followed up for at least 12
months. There were 30 men and 20 women with a median age of
77 years (range, 56-91 years). Histopathologic type was adenocarci-
noma in 31 patients, squamous cell carcinoma in 10, and small-cell
carcinoma in 1. In the other 8 patients, early lung cancer was highly
suspected, but could not be confirmed histopathologically. Classifi-
cation as highly suspected lung cancer required at least one of the fol-
lowing criteria: successive tumor growth on CT images, increase in
tumor marker level, or positive '®F fluorodeoxyglucose (FDG) pos-
itron emission tomography (PET) scan result. Primary lesions were
staged as T1 in 30 patients, T2 in 15 patients, and T4 in 1 patient.
In the remaining 4 patients, HSRT was administered for treatment
of postoperative recurrence. The patient with Stage T4 had a solitary
localized tumor not exceeding 4 cm in diameter; however, itinvolved
the aortic arch. None of the patients included in this study showed
lymph node involvement or distant metastases before treatment.
For the majority of patients, surgery was contraindicated because
of advanced age, poor pulmonary function, or the existence of co-
morbidity. Four patients preferred HSRT despite the feasibility of
surgery. Patient background characteristics are listed in Table 1.

Treatment planning and procedure

Treatment planning CT and all treatment procedures were per-
formed with the patient immobilized by using a Vac-Lok immobili-
zation system (Medtec, Orange City, IA). The isocenter was equated
to the center of the tumor based on determination using a CT simu-
lator (CT port; Toshiba, Tokyo, Japan, or REXXAM; GE Yoko-
gawa Medical Systems, Tokyo, Japan) at the time of treatment
planning and at each radiation treatment. We performed eight-arc
dynamic conformal stereotactic radiotherapy with or without addi-
tional static conformal ports. The same three-dimensional radiation
treatment planning system (XiO, version 4.2; CMS, St. Louis, MO)
was used in both institutions. Radiation doses were calculated by
using a superposition algorithm with heterogeneity correction.

Gross tumor volume was defined as the visible tumor on CT images
using a CT number window level of —600 and width of 1,500. All se-
ries equated gross tumor volume to the clinical target volume. To
account for breathing motion changes in tumor position, a long-scan-
time CT or “slow CT” (6-8 s/slide) was performed to directly delineate
internal target volume (8). For planning target volume (PTV), individ-
ualized treatment margins of 5-8 mm around the internal target volume
were applied. The prescribed dose was defined as the 80% isodose of
the maximum dose to ensure that the PTV received at least an 80% iso-
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Table 1. Patient characteristics and treatments

Characteristics n (%)

Gender

Male 30 (60.0)

Female 20 (40.0)
Age (y)

50-59 120

60-69 8 (16.0)

70-79 : 24 (48.0)

80— 17 (34.0)
T Stage

Tl 30 (60.0)

T2 15 (30.0)

T4 12.0)

Recurrence 4 (8.0)
Pathology

Adenocarcinoma 31 (62.0)

Squamous cell carcinoma 10 (20.0)

Small-cell carcinoma 1.0

Unproven (highly suspected) 8 (16.0)

Reason for inoperable

Old age 12 (24.0)
Refusal 4 (8.0)
Emphysema 12 (24)
Postoperation 3(6.0)
Other reason 19 (38.0)

dose of the maximum dose. All 50 patients underwent HSRT with
delivery of 50 Gy in five fractions (80% isodose) during 5 to 8 days.

Radiographic follow-up

All patients were followed up monthly on an outpatient basis with
chest X-ray examinations until clinical and X-ray findings stabi-
lized. The CT scans were performed at 1 and 3 months after
HSRT and thereafter at 3-month intervals during the first 2 years,
even in the absence of clinical symptoms. Afterward, CT scans
were obtained at 4- to 6-month intervals. The CT examination inter-
val varied slightly depending on the patient’s clinical status. If sus-
picious opacities were seen on periodic radiography, additional CT
scans were obtained between scheduled examinations. Single-slice
helical CT of the whole chest without contrast material was per-
formed using the following scanning parameters: slice thickness,
10 mm; pitch, 1; tube voltage, 120 kV; tube current, 200 mA; and
scan time, 0.75 s/slice. Images focusing on tumors and associated
pneumonitis were obtained by means of helical scanning with the
following parameters: slice thickness, 2 mm; pitch, 1; tube voltage,
120 kV; tube current, 250 mA, and scan time, 0.75 s/slice. High-
resolution CT images were reconstructed by using a high-spatial-
resolution algorithm. A 10-mm collimated study was performed for
the entire chest, and subsequent images were obtained at 2-mm col-
limation to cover the tumor and associated postirradiation change.
A diagnostic radiologist (T.T.) and radiation oncologist (A.T.)
reviewed all CT images. If there was a discrepancy in interpretation
between the two observers, they discussed the images to reach a
consensus. ‘

If there was a possibility that local treatment or systemic therapy
would be required for suspected tumor recurrence, PET using FDG
was additionally performed to assess localized findings (extension
of locally recurring lesions) and detect distant metastases. Biopsy
or surgery was performed if necessary.

- 189 -



Radiation fibrosis versus tumor recurrence @ A. TAKEDA et al. 1059

RESULTS

Median follow-up was 30.4 months (range, 12.0-73.8
months). Excluding radiologic patterns typical of radiation
pneumonitis that occurred 2 to 7 months after radiotherapy,
abnormal opacities suspected of being recurrent tumors ap-
peared in 20 patients (Fig. 1). Median time between comple-
tion of HSRT and a radiologically recognizable increase in
tumor opacity was 20.7 months (range, 5.9-61.4 months).
The remaining 30 patients were judged to have achieved
tumor control because tumor opacities diminished and ulti-
mately transformed to scar-like or linear patterns.

Of 20 patients initially suspected of having recurrent tu-
mors, 3 (Group A) were ultimately judged to have a recur-
rence; 2 had a histopathologically proven recurrence, and
in the other patient, recurrence was diagnosed based on an
opacity growth and increase in tumor marker level. Times
to definitive diagnosis of post-HSRT recurrence in the 3 pa-
tients were 5.9, 9.2, and 12.0 months, respectively. Fourteen
patients (Group B) were judged to be recurrence free, al-
though tumor opacities increased during follow-up and recur-
rence previously had been suspected. In these cases, median
time between completion of HSRT and appearance of an in-
crease in tumor opacity was 21.4 months (range, 8.6-35.6
months). Recurrence was ruled out in 4 patients who were
confirmed pathologically to be recurrence free based on sur-
gical biopsy in 1 (Fig. 2), transbronchial lung biopsy in 1, and
CT biopsy in 2. In 7 other patients, tumor opacities shrank
during follow-up (Fig. 3). In the remaining 3 patients, no sub-
sequent increase in tumor opacity was seen. Opacities were
stable for at least 6 months after suspicion of tumor recur-
rence, and there were no clinical findings suggestive of recur-

rence (Figs. 4 and 5). The final 3 patients (Group C) were '

judged to have equivocal findings on April 28, 2007, the
last time for data to be included in study analysis, because

follow-up periods after increases first seen in tumor opacity
were less than 6 months. ,

In summary, the increased opacities seen during follow-up
of 20 patients were classified into three groups: Group A, re-
current tumor; Group B, controlled tumor; or Group C, equiv-
ocal findings (Fig. 1; Table 2). Of 14 patients in Group B who
were judged to be recurrence free despite an increase in tumor
opacity, mass-like dense consolidations corresponding to in-
creased tumor opacities were confined to the lung fields in 9
patients (Figs. 2—4), to both lung fields and subcutaneous tis-
sue on the thoracic wall in 2 patients, and to subcutaneous
tissue on the thoracic wall alone in 1 patient. Dense consolida-
tions were seen in the 2 remaining patients: Given lesion loca-
tions, obstructive pneumonitis involving the peripheral area
could not be ruled out for these 2 patients (Fig. 5).

Of 42 patients with primary lung cancer histopathologi-
cally diagnosed, abnormal opacities suspected of recurrence
appeared in 16 patients. Two were judged to have recurrence:
one was biopsy proven, whereas the other was clinically di-
agnosed through an increase in tumor marker levels. Twelve
patients were considered to be recurrence free: three were
confirmed pathologically and the diagnosis was made in
others by radiologic follow-up. The remaining 2 patients
had equivocal results.

Four patients underwent PET imaging to rule out recurrence
when tumor opacities increased. Maximum standard uptake
values (SUVmaxs) in these patients were 2.2, 2.8, 3.1, and
5.0 (Table 2). Three patients with relatively low SUVmaxs
were finally judged to have achieved tumor control based on
other grounds; 2 were pathologically recurrence free, and the
remaining tumor shrank during follow-up (Fig. 4). In the fourth
patient, who had the highest SUVmax, tumor opacities contin-
ued to increase and there were suspicious clinical findings, ul-
timately leading to a diagnosis of recurrent tumor.

In 1 patient who underwent surgery (Fig. 2), pathologic
examination showed sporadic cells with enlarged atypical

Follow up>=1year
(n=50)
Atypical opacity regrowth Radiologically stable
(n=20) (n=30)
Histologically proven Histologically unproven
{n=6) (n=14)
Recurrence c lls pr t 2 Successive growth with 1
(n=3) ancer cells presen tumo marker ¢

Equivocal (n=3) |Not applicable 0 |Stable<6months 3

Re-remission ' 7
Control (n=14) |Cancer cells absent 4

Stable>= 6months 3

Fig. 1. Flow chart of follow-up schedule after hypofractionated stereotactic radiotherapy.
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Fig. 2. Transverse computed tomography (CT) images obtained after hypofractionated stereotactic radiotherapy (HSRT)
for highly suspected lung cancer in a 79-year-old man with a lung nodule in the left lower lobe. (a—d) Transverse CT images
obtained before and 3, 6, and 9 months after completion of HSRT, respectively. Nodule enlargement was seen 6 and 9
months after completion of HSRT, raising suspicion of local recurrence. The nodule was then resected. (¢) Enlargement
of the irradiated lung field (Elastica-Masson stain). A tumor-like fibrous scar 7 mm in diameter is seen in the peripheral
area 1.5 mm from the pleura, and there is a relatively sharply defined area of fibrosis around the scar. Pleural thickening
is minimal with mild wrinkling. (f) Low-power photomicrograph of pulmonary fibrosis around the tumor-like scar (Elas-
tica-Masson stain). Dense fibrosis and fragments of fine elastic fibers of alveolar septa are seen in the area of the tumor-like
fibrous scar. Small amounts of fibrin exudate are also evident. Proliferation of elastic fibers of alveolar walls and moderate
intra-alveolar fibrosis correspond to pulmonary fibrosis. A large area of fibrosis within the pleural cavity is seen in the area
adjacent to healthy lung tissue, but not in tissue affected by pulmonary fibrosis. There is no prominent destruction of the

alveolar wall. Fibrous myointimal thickening of small vessels and stenosis of the lumen are marked.

nuclei, possibly attributable to irradiation in the mass-like scar
and pulmonary fibrous areas, but there was no evidence of can-
cerous cells. Furthermore, lymphocytes and plasmacytes had
markedly infiltrated the pulmonary fibrous site and the area
around the tumor, suggesting that secondary inflammatory
changes took place in association with fibrosis. The CT biop-
sies and/or bronchoscopies were conducted for the remaining 3
patients, who were proved to be recurrence free. Degenerative
and fibrous tissues associated with irradiation were observed.

DISCUSSION

Careful follow-up reading of radiologic images from pa-
tients treated with HSRT showed that radiologic patterns
seen after HSRT are likely to differ from those appearing
after conventional radiotherapy. An earlier report found
that radiation-induced lung injury occurred during the first
year after HSRT (2). The conduction of longer term follow-
up of radiologic patterns after HSRT is showing many cases
in which it is difficult to determine whether residual opacities
reflect viable malignant cells. Therefore, the current study

was designed to retrospectively review follow-up CT scans
of 50 patients during at least 1 year after HSRT for proven
or highly suspected lung cancer in relation to the presence
or absence of signs of recurrence.

Timing of radiation-induced fibrosis

In this study, the time between completion of HSRT and
demonstrable radiologic increases in tumor opacities in pa-
tients in Group B (diagnosed as recurrence free after these
increases) and in Group C (equivocal opacities) ranged
from 8.6-61.4 months. This timing is believed to correspond
to the development of radiation fibrosis. Furthermore, at 1
year or later, radiation fibrosis was detected in 76.5% of
patients (13 of 17 patients), as listed in Table 2. In general,
radiation-induced fibrosis or solid contraction reportedly oc-
curred at least 3 months after completion of conventional
radiotherapy (9, 10) and stabilized 9—12 months after the
radiotherapy (11). Previous findings regarding radiation-
induced changes during the first year after HSRT showed
that opacity shrinkage indicative of radiation injury devel-
oped within 6-11 months after completion of HSRT;
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Fig. 3. Transverse computed tomography images obtained after hypofractionated stereotactic radiotherapy (HSRT) in
an 80-year-old woman with adenocarcinoma of the right upper lobe. (a) Pre-HSRT image with isodose lines. The red
line is the 80% isodose curve and corresponds with planning target volume (PTV). (b—f) Images were obtained at 1, 3,
6, 9, and 23 months after completion of HSRT. Solid consolidations gradually enlarged between 3 and 9 months, raising
suspicion of local recurrence. However, opacities diminished 23 months after completion of HSRT.

thereafter, pulmonary opacities were stable on CT images (2).
However, longer follow-up showed that radiation fibrosis
after HSRT occurred in many patients after a year or more.
These data are consistent with reports that radiation fibrosis
may occur more than 1 year after completion of radiotherapy.
Timmerman and Wulf (12) reported a patient with SRT-
induced fibrosis that became prominent 15 months after treat-
ment, but thereafter disappeared. Their images corresponded
to definitions of radiation fibrosis to which we referred in our
studies. Another report in which onset of radiation fibrosis
. was not described stated that mass-like fibrosis appeared in
8 of 19 patients followed up for a mean of 19 months after
three-dimensional conformal radiotherapy with 70.0-90.3
Gy in 33-42 fractions, and differentiation of evolving mass-
like fibrosis from a recurrent tumor can be particularly diffi-
cult (4). In a Phase II study conducted by Timmerman et al.
(13), an increase in localized opacity was visualized as an ab-
normal CT sign in the vicinity of irradiated tumors in 17 of 70
patients, but only 3 of these 17 were confirmed by biopsy to
have local recurrence. In our study, 20 of 50 patients were sus-
pected of having recurrent tumors. Of these 20 patients, 3 had
local recurrence diagnosed. Our results are equivalent with
those obtained by Timmerman e? al. (13) in terms of the ratio

of the number of patients suspected to have recurrence to the
total number of patients and in terms of the incidence of local
recurrence. Thus, the prevalence of radiation fibrosis seen in
our experience appears to agree with the reported incidence
of increasing opacity without local recurrence confirmed by
means of biopsy.

Appearance of radiation fibrosis after HSRT

Our study showed that radiation fibrosis often appeared in
normal lung tissue around tumor shrinking opacity and with-
out former severe radiation pneumonitis. Therefore, it is very
difficult to differentiate radiation fibrosis from recurrence. In
conventional radiotherapy, radiation fibrosis is a secondary
occurrence to severe radiation pneumonitis (9, 10). Radiation
fibrosis typically manifests as traction bronchiectasis, volume
loss, and scarring (14), and during the first year after HSRT,
we found that the shift of severe radiation pneumonitis to
radiation fibrosis corresponded to a steep dose distribution
close to the PTV (2).

In addition, the observation that opacities of radiation
fibrosis often shrank several months after HSRT was not
reported previously. It is important for clinicians to recognize
that temporary opacity size increases caused by radiation
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Fig. 4. Transverse computed tomography (CT) images and a positron emission tomography (PET)-CT image after hypo-
fractionated stereotactic radiotherapy (HSRT) in an 83-year-old man with adenocarcinoma of the right upper lobe. (a) Pre-
HSRT image with dose isodose lines. The red line is the 80% isodose curve and corresponds to planning target volume
(PTV). (b—f) Transverse CT images obtained at 19, 22, and 25 months; PET-CT image at 26 months; and transverse
CT images at 34 months after completion of HSRT. The solid opacity had enlarged at 25 months after completion of
HSRT. Thus, PET-CT was performed to rule out recurrence in the PTV vicinity and showed increased activity (maximum
standard uptake value, 3.13) corresponding to the opacity. The solid opacity observed was indicative of local recurrence.

However, it diminished 34 months after completion of HSRT.

fibrosis can develop during the follow-up of patients treated
with HSRT to avoid prematurely diagnosing recurrent tu-
mors. To our knowledge, this is the first report describing
radiation fibrosis after HSRT.

Radiobiologic analysis

The radiation dose we prescribed for the 80% isodose area
was 50 Gy in five fractions. Biologic effectiveness dose in the
PTV for acute tumor effect and the chronic normal tissue
effect were calculated as 100-140 Gy;o and 216.7-322.9
Gy; when o/ values were assumed to be 10 and 3, respec-
tively. Although the demarcated solid pattern mostly ap-
peared at the PTV region and adjacent area, in some cases,
it appeared at the peripleural or hilar regions, which were
within the 60% isodose area.

Other possible causes of a demarcated solid pattern

A few other mechanisms may explain the demarcated solid
pattern in addition to radiation fibrosis. At a high daily dose,
HSRT is associated with a clear component of bronchial in-
jury. Such bronchial injury occurs as a result of atelectasis
of “downstream”” lung tissue, although the area is minimally

exposed to radiation (15). Furthermore, airway damage
occurs relatively late, i.e., 9-12 months after completion of
radiotherapy, and consists of collapse of the lumen with sub-
sequent downstream atelectasis and fibrosis (16). In our expe-
rience with 2 patients with lesions that showed demarcated
solid patterns, it was difficult to distinguish radiation fibrosis
from atelectasis of downstream lung tissue, and both compo-
nents may have been present (Fig. 5).

Follow-up CT and FDG-PET examinations after
radiotherapy for lung cancer

It is often difficult to distinguish radiation fibrosis from lo-
cal recurrence and other events on CT images. When radio-
logically atypical manifestations of radiation-induced lung
injury are observed, the possibility of infection, locally recur-
rent neoplasm, lymphangitis, and carcinomatosis should be
considered (14). Filling-in of radiation therapy—induced
bronchiectatic change (17, 18) and opacity with a convex lat-
eral border (18) reportedly are typical radiologic signs of
recurrent tumor. However, these signs were not always indic-
ative of recurrence in this study. One possible explanation is
that radiation fibrosis induced by HSRT is so dense that
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Fig. 5. Transverse computed tomography (CT) images after hypofractionated stereotactic radiotherapy (HSRT) for highly
suspected lung cancer in a 91-year-old man with a nodule in the right upper lobe. (a) Pre-HSRT image -with isodose lines.
The red line is the 80% isodose curve and corresponds to planning target volume (PTV). (b—f) Transverse CT images
obtained at 13, 16, 19, 21, and 29 months after completion of HSRT. A linear shadow and bronchial traction appeared
upstream from the tumor. Both gradually expanded into a solid opacity suggestive of obstructive pneumonia, radiation
fibrosis, or hilar lymph node recurrence. However, the opacity was apparently stable between 21 and 29 months after
HSRT. However, the tumor opacity at the periphery (arrow) gradually diminished. The solid lesion grew downward

and obscured the diminished tumor opacity.

bronchiectatic changes would have been obscured at first
appearance of fibrosis or on follow-up radiologic scans.

Patz et al. (19) studied 43 patients with abnormal chest
radiographic findings after radiotherapy for bronchogenic
carcinoma by using FDG-PET to differentiate recurrent or
persistent tumors from fibroses. In their study, sensitivity
and specificity of FDG-PET for detecting recurrent tumors
(SUV > 2.5) were 97.1% and 100%, respectively; the SUV
for recurrent tumors was significantly higher than that for
fibrosis. In an FDG-PET study conducted by Inoue er al.
(20) involving 38 patients, the investigators concluded that
‘athreshold SUV of 5.0 provided optimal diagnostic accuracy
for detecting recurrence. However, Hoopes et al. (21) showed
that a substantial proportion of patients who underwent HSRT
had a moderately increased SUV at 12 months, but there was
no evidence of local failure on subsequent follow-up scans.
Additional studies are needed regarding the role of PET for
distinguishing recurrences from postradiation changes in
a large number of patients and using modem PET technology.

In our study, PET examination was performed in only 4
patients, too few to allow conclusions about the significance
of FDG-PET findings to be drawn.

If additional treatment is possible, even at the time recur-
rence is detected, early diagnosis is critical. In such cases,
we consider biopsy or surgery to be an essential diagnostic
tool. However, patients should be carefully followed up for
a longer time when an alternative treatment modality is not
clearly available.

Limitations

Limitations of this study include its retrospective design
and small sample size. In addition, there were only a few
cases in which pathologic confirmation or PET imaging find-
ings were available. In patients showing diminished opaci-
ties, we were unable to confirm whether the patients were
malignancy free. Longer post-HSRT follow-up of patients
is required to elucidate the ramifications of temporary in-
creases in opacity size.

CONCLUSION

In conclusion, it should be noted that radiation fibrosis,
which may occur 1 year or more after completion of
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Table 2. Patient.with suspected recurrent tumor
Period of
Patient Shape growth after PET
no. T Pathology Status classification Reason SRT (M) SUVmax
1 Adenocarcinoma Recurrence Solid Biopsy 59
2 1 Squamous cell Free Chest wall Biopsy 8.6 2.8
carcinoma
3 1 Highly suspicious Recurrence Solid Biopsy 9.2
4 1 Highly suspicious Free Solid Surgery 9.6
5 1 Adenocarcinoma Free Solid Diminished 10.3
6 1 Highly suspicious Equivocal Solid — 113
7 1 Adenocarcinoma Recurrence Solid Successive growth 12.0 5.0
8 2 Squamous cell Free Solid Diminished 14.0
carcinoma
9 2 Highly suspicious Free Downstream Stable 15.7
10 2 Adenocarcinoma Free Solid Diminished 17.0-
11 1 Adenocarcinoma Equivocal Solid — 20.7
12 1 Squamous cell Free Solid + chest wall Diminished 20.9
carcinoma
13 Tec Adenocarcinoma Free Solid Diminished 21.9
14 1 Adenocarcinoma Free Solid Biopsy 22.3
15 2 Squamous cell Free Downstream Diminished 237
carcinoma
16 1 Adenocarcinoma Free Solid Diminished 24.6 3.13
17 2 Adenocarcinoma Free Solid Stable 28.8
18 1 Adenocarcinoma Free Solid Stable 32.6
19 1 Adenocarcinoma Free Solid + chest wall Biopsy 35.6 22
20 1 Adenocarcinoma Equivocal Solid — 61.4

Abbreviations: M = months; SRT = stereotactic radiotherapy; PET = positron emission tomography; SUVmax = maximum standard uptake
value.

HSRT, is difficult to distinguish from tumor recurrence. Even
when opacities increase on follow-up radiologic scans and
high uptake is noted on FDG-PET scans, recurrence cannot

be conclusively diagnosed based on image findings of in-
creased opacities and high metabolism on PET scans. Biopsy
occasionally is still warranted.
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Hypofractionated stereotactic radiotherapy with and
without transarterial chemoembolization for small
hepatocellular carcinoma not eligible for other ablation
therapies: Preliminary results for efficacy and toxicity
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Aim: To investigate the efficacy and toxicity of hypofraction-
ated stereotactic radiotherapy for the treatment of patients
presenting with hepatocellular carcinoma (HCC) in a single
institutional setting.

Methods: Sixteen patients who presented with solitary
HCC, including two patients with a tumor thrombus of the
portal veins, were treated with stereotactic radiotherapy with
or without transarterial chemoembolization. The criteria for
stereotactic radiotherapy were existence of technical difficul-
ties for other ablation therapies, inoperable disease or refusal
to undergo surgery, tumor staged as Grade A or B according
to the Child-Pugh classification, and solitary tumor distant
from the gastrointestinal tract and kidney with a tumor
volume <100 cm®. In 14 of 16 patients, a total dose of 35-
50 Gy was delivered in 5-7 fractions over 5-9 days.

Results: Atthe end of a mean follow-up of 612 days (median
611 days; range 244-994 days), all patients were alive. Eight

of 16 patients had complete responses and seven others
were judged as stable with lipiodol accumulation. In one
patient, local recurrence developed after 489 days. Intrahep-
atic recurrences developed outside the treated volume in six
patients and no extrahepatic metastases developed during
follow-up. No serious treatment-related toxic manifestations
developed.

Conclusions: Stereotactic radiotherapy for HCC with or
without transarterial chemoembolization is feasible therapy
and provides good local control with a short treatment
period. Stereotactic radiotherapy may be of clinical benefit in
patients who are inoperable or for whom there are difficulties
in other ablation therapies.

Key words: ablation therapy, hepatocellular carcinoma,
liver damage, stereotactic radiotherapy, transarterial
chemoembolization

INTRODUCTION

HE INCIDENCE OF hepatocellular carcinoma
(HCC) is increasing in Japan,' the USA,? and other
countries.** Because hepatitis B and C virus infections
are associated with a high risk of HCC, it has been rec-
ommended that high-risk infected patients be moni-
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tored regularly by ultrasound scanning and tumor
marker testing to detect HCC at an early stage.>® Surgery
has limited utility in the treatment of HCC because the
underlying cirrhosis and the presence of multiple simul-
taneous lesions often contraindicate it.”® In addition,
HCC frequently recurs even after apparently successful
curative resection’® because of multifocal development
arising from viral infection. Less invasive ablative tech-
niques, such as percutaneous ethanol injection therapy
(PEIT)*"* and radiofrequency ablation (RFA)'®" are
often utilized.

Although some recent reports indicated favorable
results with 3-D conformal irradiation or proton beam
treatments,'®-%* radiotherapy has not been considered a
frontline treatment of HCC because of the toxicity
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observed in patients treated with doses to the entire liver
as low as 30-35 Gy with conventional (e.g. 2 Gy/day)
fractionation, which is usually an insufficient dose for
curative treatment of HCC.?**® However, the highest tol-
erated dose of radiation is highly dependent on the
volume of liver irradiated,”*** such that a small volume
of liver can tolerate higher doses of radiation without
serious hepatic injury. '

Hypofractionated, stereotactic radiotherapy enables
accurate delivery of high doses of radiation to a specific
lesion with a short treatment period. This technique was
initially developed for the brain, and has since been
applied to extracranial lesions. Blomgren et al. first
reported the successful use of hypofractionated, stereo-
“tactic, high-dose radiation therapy for the treatment of
extracranial malignancies, including hepatic tumors,*
and other investigators have reported similar favorable
results.”** The purpose of our study was to investigate
the efficacy and toxicity of hypofractionated, stereotac-
tic radiotherapy for the treatment of patients presenting
with HCC who had not been previously exposed to
other forms of ablation therapy.

METHODS

Patient selection

N OUR INSTITUTION, Hiroo Metropolitan General

Hospital, the first choice for treatment for a small,
solitary HCC lesion is local ablation using RFA or PEIT.
When these options are limited by technical difficulties
and the patient is inoperable or refuses surgery, we
recommend the combination therapy of transarterial
chemoembolization (TACE) and stereotactic radiother-
apy. The area just below the hepatic dome and adjacent
to the main portal vein is particularly susceptible to
complications with other local ablation therapies. Other
indications for the use of stereotactic radiotherapy
are technical difficulties with other ablation therapies,
tumors staged as Grade A or B according to the
Child-Pugh classification, and a solitary tumor distant
from the gastrointestinal tract and kidney with a tumor
volume <100 cm?®.

The study protocol was reviewed and approved by our
Institutional Review Board. Written informed consent
was obtained from all patients enrolled in the study
before they underwent the procedure.

Patient characteristics

Based on our selection criteria, we performed stereotac-
tic radiotherapy on 16 patients, including two patients
with a tumor thrombus in the portal vein, who pre-
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sented with HCC at the Hiroo Metropolitan General
Hospital, between December 2002 and September
2004. Characteristic findings with diagnostic images
such as dynamic computed tomography (CT) scans con-
firmed diagnoses. Risk factors such as HBV hepatitis,
HCV hepatitis, or nonalcoholic steatohepatitis (NASH)
were noted in all patients except one who received a
pathological diagnosis after a prior tumor resection.

Baseline patient characteristics are shown in Table 1.
There were 14 men and two women with a median age
of 69 years (range 53-78 years), including two patients
with chronic hepatitis B and 12 patients with chronic
hepatitis C. Fourteen patients were in class A and two
were in class B of the Child-Pugh classification. The
Cancer of Liver Italian Program scores were 0 in 11
patients, 1 in three patients, and 2 in two patients. HCC
lesions were located in segments 7 or 8 in nine patients,
in segment 1 in one patient, and adjacent to the main
portal vein in four patients. The median tumor volume
was 13.6 cm? (range 3.4-72 cm?). The maximum diam-
eter of the tumor was 1.9-7.0 cm.

Stereotactic radiotherapy

Prior to stereotactic radiotherapy, 14 patients underwent
TACE to obtain a synergistic local treatment effect as
well as to visualize the position of the target with non-
contrast-enhanced CT scanning. One patient refused to
undergo the procedure and another had a portal throm-
bosis that precluded its use. After the placement of a
catheter, an emulsion of 30-40 mg epirubicin in
3-4 cm® iodized lipiodol was infused into the artery
that supplied the HCC lesion. Then embolization was
induced with a small amount of gelatin sponge parti-
cles until the flow of the feeding artery was markedly
decreased.

The median time interval between TACE and stereo-
tactic radiotherapy was 13 days (range 5-40 days).
When lipiodol in the surrounding tissue obscured the
tumor, stereotactic radiotherapy was postponed until it
had been washed out. When CT showed only slight
accumulation of lipiodol in the tumor, stereotactic
radiotherapy was initiated within a few days after TACE. -

Patients were immobilized using an individually
shaped vacuum pillow. An abdominal band was used to
restrict the movement of the abdominal wall and in turn
minimize respiratory motion of the liver during CT
scanning in preparation for treatment. This abdominal
band was used for daily irradiation. After confirming by
fluoroscopy that the diaphragmatic motion was less
than 1 cm, long-scan-time CT (slow CT) was performed
at the rate of 8 s per image to visualize most of the
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Table 1 Characteristics of 16 patients undergoing hypofractionated stereotactic radiotherapy for small HCC

Patient Age Sex Child-Pugh CLIP Risk factor GIV  Tumor TACE Radiation treatment  Follow-up Status
no (years) azms—&:m score for HCC  (an®) site Total Fraction Days (days)
1 55 M A 5 0 HCV 34 S8 + 50 5 7 994 NED
2 69 F B 7 2 HCV 102 S7/8 + 20 5 7 833 IHR
3 64 M A 6 2 HCV 325 PIT - 32 8 13 842 NED
4 78 M A 5 1 HBV 18.2  S5/8 + 40 5 7 727 NED
5 70 M B 8 1 HBV 13.2 S7/8 + 40 5 7 705 NED
6 57 M A 5 0 HCV 140 S7/8 + 50 5 7 696 NED
7 71 M A 5 1 HCV 152 S§7/8 + 35 5 8 568 IHR
8 70 M A 5 0 HCV 34 S§7/8 + 35 5 7 548 NED
9 75 F A 5 0 HCV 9.0 S4 + 40 5 7 518 NED
10 58 ° M A 5 0 HCV 679 PIT + 35 5 5 502 NED
1 63 M A 6 0 HCV 4.1 S1 + 35 5 5 463 IHR
12 64 M A 5 0 - 59 S8 - 40 5 7 413 IHR
13 53 M A 6 0 HCV 157 S3 + 35 5 7 387 IHR
14 76 M A 5 0 NASH 72.0 S5/6 + 35 5 9 244 NED
15 69 M A 5 0 HCV 200 S5 + 35 7 9 489 LR
16 69 M A 5 0 HCV 35 §7 + 35 5 5 379 NED

CLIP, Cancer of the Liver Italian Program; GTV, gross tumor volume; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HBV,

hepatitis B virus; IHR, intra-hepatic recurrence; LR, local recurrence; NASH, nonalcoholic steatohepatitis; NED, no evidence of disease;
PTT, portal tumor thrombosis; TACE, transarterial chemoembolization. :

trajectory of tumor movement or internal target
volume.** A 5-mm margin was added to the internal
target volume to define the planning target volume.
When the internal target volume was less than 10 cm?,
the margin was increased to 10 mm.

At the daily radiation therapy sessions, long-scan-time
CT was performed using a CT simulator (CT port,
Toshiba Medical Systems, Tokyo, Japan) in order to
determine the isocenter for the daily treatments. The
patients were placed on a special wood board and fixed
with a customized vacuum-pillow in a manner similar
to the CT examination for the treatment planning. They
were then fixed with the vacuum-pillow on the board
and carried to the treatment couch. Patients were treated
by dynamic, conformal, 8-arc irradiation, using a mul-
tileaf collimator, planned by a radiation treatment plan-
ning system (XiO version 2.7.0; Computerized Medical
Systems, St Louis, MO, USA). X-ray beams from a 6 MV
linear accelerator (Siemens, Concord, CA, USA) were
used. The superposition dose calculation algorithm®
was used in order to obtain the dose distribution and
the target dose. )

“The treatment plans, including the dose and fraction
size, for each patient were approved by a single radia-
tion oncologist (AT). To determine the dose and frac-
tion size the target volume, the dose distribution to the
normal liver, and doses to other adjacent organs at risk

© 2007 The Japan Society of Hepatology

were considered. Patient conditions such as underlying
liver function or prominent ascites were also taken into
account. A total dose of 35-50 Gy was planned in 5-7
fractions over 5-9 days except for two patients (Table 1).
The treatment was planned to enclose the planning
target volume area by the 80% isodose-line, and 80% of
the maximum dose was defined as the prescribed dose.
The normal tissue dose constraints were that the volume
of the liver that received more than 20 Gy in 5 fractions
should not exceed 20% of the rest of the liver excluding
the gross tumor volume, more than 50% of the hemi-
lateral kidney should not receive 10 Gy in 5 fractions,
and any point dose to the duodenum, stomach or bowel
should not exceed 25 Gy in 5 fractions.

The patients were seen monthly by a hepatologist
(MT, YK, or KA) and by the radiation oncologist (AT),
and blood was collected for measurements of aspartate
and alanine aminotransferase, total bilirubin, serum
albumin, prothrombin time (%), white blood cell and
platelet counts, and hemoglobin content. Treatment
responses and local recurrences were evaluated with
dynamic CT 1 month after treatment and every
3 months thereafter. Dynamic CT scans were carried out
over the range of the diaphragmatic dome to the infe-
rior edge of the liver. Images were obtained before the
contrast enhancement and 30 s (arterial phase) and
180 s (equilibrium phase) after injection of 100 mL of
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non-ionic contrast medium into the arm vein at a rate
of 3 mL/s.

Statistical analysis

The local and intrahepatic control rates and overall sur-
vival were calculated according to the Kaplan-Meier
method. The Wilcoxon test was used to compare the
measurements of aspartate and alanine aminotrans-
ferase, total bilirubin, serum albumin, white blood cell
and platelet counts, and hemoglobin content made
before and 4, 8, 12, 24, and 48 weeks after stereotactic
radiotherapy. The analyses were carried out with the
SPSS 12 software (SPSS, Chicago, IL, USA). P < 0.05 was
considered statistically significant.

- RESULTS

Dose distributions

N 14 OF 16 patients, a total dose of 35-50 Gy was

delivered in 5-7 fractions over 5-9 days. A patient
with a portal thrombus (patient 3) was treated with a
dose of 32 Gy in 8 fractions over 13 days. The patient
who developed ascites secondary to TACE (patient 2)
received 20 Gy delivered in 5 fractions over 7 days.

Dose volume histograms (DVH) of the uninvolved
liver (liver volume other than the planning target
volume) for all patients are presented in Figure 1. The
range of mean liver doses was 4.0-15.5 Gy (median
8.6 Gy). The volumes that received more than 10 Gy in
the right kidney were 8% of the right kidney in two
patients (patients 10 and 14). In those two patients, the
mean doses to the right kidney were 2.7 Gy and 4.6 Gy,
respectively. In two patients (patients 3 and 15), the
maximum doses to the duodenum were 5.2 and 6.6 Gy,
respectively. In other patients, doses to the digestive
tracts were negligible. The normal tissue dose con-
straints we adopted prior to the start of our study were
satisfied for all patients.

Clinical characteristics, tumor response,
and survival

At the end of the mean follow-up of 612 days (median
611 days; range 244-994 days), all patients were alive.
A relapse adjacent to the planning target volume devel-
oped in one patient 489 days after the treatment. Intra-
hepatic recurrences developed outside the treated
volume in six patients without development of extra-
hepatic metastases during follow-up. All the intrahep-
atic recurrences in six patients were at least 2 cm away
from the edge of the planning target volume. When no
tumor enhancement was detected within the planning
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Figure 1 Dose volume histograms of the liver for all patients:
absolute dose (cGy) versus percentage volume of uninvolved
liver (liver volume other than the planning target volume).

target volume on enhanced dynamic CT 6 months or
more after treatment, patients were judged as having no
relapse. Eight of 16 patients had complete responses
with resolution of lipiodol accumulation. In seven other

" patients, no tumor enhancement was observed with

dynamic CT. In these cases, the lesion was judged as
stable with lipiodol accumulation inside the tumor.
Relapse-free survival and intrahepatic recurrence-free
survival are shown in Figure 2.

Figure 3 shows representative dynamic CT character-
istics before and after treatment. There was a faint early
and prolonged enhancement corresponding to the
tumor area, including the planning target volume or the
high-dose irradiated marginal area, which persisted for
several months after irradiation (Fig. 3b). However,
this enhancement was clearly distinguishable from the
tumor enhancement, which was hypodense in the equi-
librium phase compared to the surrounding tissue.

In the patient who underwent stereotactic radiother-
apy for the treatment of portal thrombus (patient 3), the
size of the tumor thrombus decreased to 20% of the
initial volume at 3 months and resolved at 6 months
after the treatment. The patient was alive without
disease progression 28 months after treatment (Fig. 4).

Although there were no significant changes of the
serum tumor markers in the median values for the entire
group, in seven patients whose serum alpha-fetoprotein
(AFP) was more than 100 ng/mL before the treatment,
the AFP level decreased after the treatment (P=0.03)
(Fig. 5). In 10 patients whose protein induced by
vitamin K absence (PIVKA-II) was more than
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Figure 2 (a) Relapse-free survival and (b) intrahepatic-

recurrence-free survival. At the end of a mean follow-up of

612 days all patients were alive.
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40 mAU/mL, it significantly decreased after the treat-
ment (P=0.007).

Treatment-related toxicity

All scheduled treatments were completed without man-
ifestations of toxicity other than mild nausea reported
by two patients. Serum albumin concentrations and
platelet counts often decreased mildly 4 weeks or more
after treatment, but they returned to pre-irradiation
levels within 24 weeks and 36 weeks, respectively. Aspar-
tate aminotransferase, alanine aminotransferase, total
bilirubin, white blood cell counts, and hemoglobin
content were not significantly changed by stereotactic
radiotherapy. The changes in alanine aminotransferase,
albumin, and platelet counts are shown in Figure 6.

The Child-Pugh classification score of patient 4
increased by 4 points (to a score of 9), resulting in a
Child-Pugh Grade B, 8 weeks after irradiation due to a
decrease in albumin and an increase in total bilirubin
concentrations and an increased prothrombin time
(Table 2). However, at 48 weeks, the score had decreased
by 4 points without any intervention and the patient
returned to Grade A. In five other patients, the
Child-Pugh score increased transiently by 1 point and
in one patient by 2 points. These scores returned to
baseline within 48 weeks after irradiation, and the
patients developed no serious treatment-related toxic
manifestations. In the remaining nine patients, the
Child-Pugh scores were unchanged or decreased after
stereotactic radiotherapy. One of these patients devel-
oped ascites after the stereotactic radiotherapy, which
resolved with medical treatment. No patient suffered
hepatic encephalopathy.

Figure 3 Computed tomography (CT) in patient 9. (a) Lipiodol pooled in the primary lesion before irradiation. The isodose
curves for 20%, 40%, 60%, and 80% of the maximum dose are indicated. (b) Arterial phase CT 74 weeks after irradiation. Lipi-
odol remains pooled and contrast enhancement is observed in the high-dose area surrounding the primary lesion. (c) Portal phase
CT 74 weeks after irradiation. Residual contrast enhancement is observed in the area surrounding the tumor. These enhancements

are post-irradiation changes.
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