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CLINICAL INVESTIGATION Brain

NEUROCOGNITIVE FUNCTION OF PATIENTS WITH BRAIN METASTASIS WHO
RECEIVED EITHER WHOLE BRAIN RADIOTHERAPY PLUS STEREOTACTIC
RADIOSURGERY OR RADIOSURGERY ALONE
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Purpose: To determine how the omission of whole brain radiotherapy (WBRT) affects the neurocognitive function
of patients with one to four brain metastases who have been treated with stereotactic radiosurgery (SRS).
Methods and Materials: In a prospective randomized trial between WBRT+SRS and SRS alone for patients with
one to four brain metastases, we assessed the neurocognitive function using the Mini-Mental State Examination
(MMSE). Of the 132 enrolled patients, MMSE scores were available for 110.

Results: In the baseline MMSE analyses, statistically significant differences were observed for total tumor volume,
extent of tumor edema, age, and Karnofsky performance status. Of the 92 patients who underwent the follow-up
MMSE, 39 had a baseline MMSE score of =27 (17 in the WBRT+SRS group and 22 in the SRS-alone group).
Improvements of =3 points in the MMSEs of 9 WBRT+SRS patients and 11 SRS-alone patients (p = 0.85) were
observed. Of the 82 patients with a baseline MMSE score of =27 or whose baseline MMSE score was =26 but
had improved to =27 after the initial brain treatment, the 12-, 24-, and 36-month actuarial free rate of the 3-point
drop in the MMSE was 76.1%, 68.5%, and 14.7% in the WBRT+SRS group and 59.3%, 51.9%, and 51.9% in the
SRS-alone group, respectively. The average duration until deterioration was 16.5 months in the WBRT+SRS group
and 7.6 months in the SRS-alone group (p = 0.05).

Conclusion: The results of the present study have revealed that, for most brain metastatic patients, control of the
brain tumor is the most important factor for stabilizing neurocognitive function. However, the long-term adverse
effects of WBRT on neurocognitive function might not be negligible. © 2007 Elsevier Inc.

Brain metastasis, Radiosurgery, Whole brain radiotherapy, Neurocognitive function, Leukoencephalopathy.

INTRODUCTION tissue (1, 2). Beginning in the 1990s, it has become increas-
ingly used worldwide for patients with no more than a few

Whole brain radiotherapy (WBRT) has long been a mainstay brain metastases. A recent prospective randomized trial

of treatment of brain metastases. The role of WBRT is tf) con- from the Radiation Therapy Oncology Group (RTOG)
trol radiologically visualized tumors, as well as nonvisual- showed a small, but significant, improvement in the survival
ized micrometastases. Stereotactic radiosurgery (SRS) is of patients who had had up to three metastases with good
a method of delivering high doses of focal irradiation to a prognostic factors when SRS was used in conjunction with
tumor while minimizing the irradiation to the adjacent normal WBRT (2).
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However, WBRT has several adverse effects. Acute
adverse effects include nausea and headache, but they dre
generally limited in severity and duration. However, the
late adverse effects are severe, progressive, and irreversible.
They are caused by a syndrome called leukoencephalopathy,
which is a structural alteration of cerebral white matter in
which myelin suffers the most damage. Mild cases are typi-
fied by a chronic confusional state with inattention, memory
loss, and emotional dysfunction. More severe cases produce
major neurologic sequelae such as dementia, abulia, stupor,
and coma. These symptoms usually develop 6-24 months
after cranial RT. The degree of neurotoxicity resulting from
WBRT correlates with the total dose received and with the
time-dose-fractionation scheme (3). Because of the concern
about leukoencephalopathy resulting from WBRT, treatment
strategies relying on SRS alone have been increasingly used
(4--7). However, the omission of WBRT from the initial brain
management has resulted in a significant increase in brain tu-
mor recurrence (6. 7). Regine et al. (8) reported that brain
tumor recurrence could also be a cause of neurocognitive
functional deterioration.

The present study from the Japanese Radiation Oncology
Study Group Protocol 99-1 is the first prospective random-
ized trial comparing SRS alone and WBRT combined with
SRS. The details of the results have been previously pub-
lished (1). In brief, it was a multi-institutional prospective
randomized trial comparing WBRT+SRS and SRS alone
conducted in Japan between 1999 and 2003. The 132 patients
were randomized to receive WBRT+SRS (n = 65) or SRS
alone (n = 67) for brain metastases. The primary endpoint
was survival. No significant difference between the groups
was observed in survival or cause of death; however, patients
in the SRS-alone group developed brain tumor recurrences
significantly more frequently than did those in the WBRT+
SRS group. No difference in the functional observation rate
(Karnofsky performance status =70) was observed.

We also monitored neurocognitive function serially using
" the Mini-Menta! State Examination (MMSE) (8-12). We
present the results of our detailed analysis of neurocognitive
function for this trial. This is the first report to compare the
neurocognitive function of patients who underwent either
SRS alone or WBRT+SRS.

METHODS AND MATERIALS

Randomization and treatment

Eligible patients had one to four brain metastases detected on en-
hanced magnetic resonance imaging, each <3 cm, and a good sys-
temic performance status (Karnofsky performance status of =70).
A total of 132 patients were randomized to receive WBRT+SRS
(65 patients) or SRS alone (67 patients) for brain metastases. Each
patient provided written informed consent before entry into the
study. Randomization was performed at the Hokkaido University
Hospital Data Center. A permuted-blocks randomization algorithm
was used with a block size of four. A randomization sheet was cre-
ated for each institution. Before randomization, the patients were

stratified according to the following criteria: number of brain metas-

tases (single vs. two to four), extent of extracranial disease (active

vs. stable), and primary tumor site (lung vs. other). Extracranial dis-
ease was considered to be stable when the tumor had been clinically
controlled for =6 months before the detection of brain metastases.
The WBRT schedule was 30 Gy in 10 fractions within 2-2.5 weeks.
WBRT proceeded to SRS in patients assigned to the WBRT+SRS
group. The SRS dose was prescribed to the tumor margin. Metasta-
ses with a maximal diameter of =<2 cm were treéated with 22-25 Gy,
and those >2 cm were treated with 18-20 Gy. The dose was reduced
by 30% when the treatment was combined with WBRT (1).

Assessment of neurocognitive function

Neurocognitive function was assessed using the MMSE (8-12).
The MMSE is a short, standardized tool to grade cognitive function.
The examination begins with an assessment of orientation to place
and time. A maximum of 10 points can be obtained in this section.
The memory test has the subject immediately repeat the name of
three objects presented orally. The subject then subtracts 7s serially
from 100 and is subsequently asked to recall the three items previ-
ously repeated. The final section evalpates aphasia and apraxia by
testing naming, repetition, compliance with a three-step command,
comprehension of written words, writing, and copying a drawing,
for a total of 9 points in this section. The maximal score that can
be obtained for the entire MMSE is 30 points (1(~12). Physicians
administered the MMSE before or during the brain treatment, again
at 1 and 3 months after treatment and, if possible, every 3 months
thereafter. The factors included in the analyses were the number
of brain metastases on contrast-enhanced magnetic resonance imag-
ing (MRI), the total volume of brain metastases, and the degree of
brain edema on T,-weighted MRI. Brain edema was scored from
Grade 0 to 2. Patients with Grade 0 had no edema; those with Grade
1 had edema limited to less than one-half of one hemisphere, and
those with Grade 2 had edema exceeding one-half of one hemi-
sphere.

For the analysis of the post-treatment changes in the MMSE,
patients for whom no follow-up MMSEs were available were
excluded. A statistically meaningful change was defined as a three-
point change in the MMSE score (8, 12). Although this criterion
was thought to be potentially less conservative, owing to the possi-
bility of missing a ‘““meaningful” change in the MMSE score (13), it
might be a more reliable change index (8, 12). In addition, a score of
=26 was defined as abnormal (8). MRI findings regarding leuko-
encephalopathy were also assessed according to the criterion in the
National Cancer Institute Common Toxicity Criteria, version 2.0,
and correlated with the change in MMSE score (14). Tumor progres-
sion was scored when the tumor size had increased by at least 25%
using the measurement of the perpendicular diameters (1).

Statistical analysis

The MMSE score was summarized as an average. Because of
a ceiling effect and the clustering of values at 30, the data were
not normally distributed. The Wilcoxon rank sum test was used to
compare the mean values. The chi-square test was used to determine
the relationship between two categorical variables, and Fisher’s ex-
act test was used when small cell sizes were encountered in 2 x 2
contingency tables. Univariate analyses were performed using the
Kaplan-Meier method, and we used the log-rank test to compare
differences between the groups. A two-sided p value of =0.05
was considered to reflect statistical significance. All statistical anal-
yses were initially performed by a physician (H.A.) using a commer-
cial statistical software package (StatView, version 5.0J, SAS
Institute, Cary, NC), and all results were verified by a statistician
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(G.K.) using a different software package (Statistical Analysis
Systems, version 9.1, SAS Institute Japan, Tokyo, Japan).

RESULTS

Baseline MMSE

The pretreatment MMSE was available for 99 patients.
MMSE data during the treatment were obtained for 11 addi-
tional patients. Those data, from 110 (83%) of the 132
patients enrolled in the study, constituted the “‘baseline”
MMSE data and were used for the analysis (Fig. 1). The char-
acteristics of those 110 patients are listed in Table 1 by treat-
ment group. No statistically significant differences were
found between the two groups. A comparison of the
MMSE scores according to the patient characteristics is sum-
marized in Table 2. The average baseline MMSE did not
differ significantly between treatment groups (p = 0.47).
Statistically significant differences were observed in the total
tumor volume of brain metastases (<3 vs. =3 cm?), extent
of tumor edema (Grade 0-1 vs. Grade 2), age (<65 vs. =65
years), and Karnofsky performance status (70-80 vs. 90—

100). The number of brain metastases was not a significant’

factor.

Post-treatment change in MMSE

Post-treatment improvement in MMSE. Follow-up MMSEs
were given to 92 patients a median of 2.5 times (range,
1-17). The median follow-up period was 5.3 months (aver-
age, 11.0; range, 0.7-58.7). Of those 92 patients, 39 (17 in
the WBRT+SRS group and 22 in the SRS-alone group)
had a baseline MMSE score of =27. The 53 patients who
had a baseline MMSE score of 28-30 were excluded from
this analysis because an improvement of =3 points could
not be expected (ceiling effect). The mean =+ standard devia-
tion MMSE value was 24.9 + 3.3 in the WBRT+SRS group
and 25.3 + 2.1 in the SRS-alone group (p = 0.65). An im-
provement in MMSE of =3 points was observed in 20
(51%) of the 39 patients after the initial brain treatment.
No statistically significant difference was found between
the two treatment groups: 9 of 17 in the WBRT+SRS group

Volume 68, Number 5, 2007

“and 11 of 22 in the SRS-alone group (chi-square = 0.03,

p = 0.85). The improvement was observed at the mean of
6.0 + 5.9 months in the WBRT+SRS group and 3.6 + 2.8
months in the SRS-alone group (p = 0.24). Three patients
experienced a worsening of MMSE (deterioration by =3
points) without improvement. The remaining 16 patients
did not show a change of =3 points in their MMSE scores.

Post-treatment deterioration of MMSE. Included in this
analysis were patients who had a baseline MMSE score of
=27 (n = 65) and those whose baseline MMSE score was
=26 but improved to =27 (n = 17) after the initial brain treat-
ment. Because we found that some patients experience im-
provement in the MMSE after the initial brain treatment,
we used the best MMSE score minus the deteriorated
MMSE score for the change in MMSE for this analysis.
The Kaplan-Meier curves of the patients who did not have
a 3-point deterioration in the MMSE score in each treatment
group are shown in Fig. 2a. No statistically significant differ-
ence was found by log—rank test (p = 0.73). Deterioration of

- the MMSE score occurred in 14 of 36 patients in the

WBRT+SRS group and 12 of 46 in the SRS-alone group
(chi-square =1.52, p = 0.21). However, the time until the de-
terioration was marginally different between the two groups.
Deterioration was observed at an average of 13.6 months
(median, 12.0; range, 1.8-31.1) in the WBRT+SRS group
and 6.8 months (median, 6.6; range, 1.6-12.9) in the SRS-
alone group (p = 0.05). The deterioration was presumably
attributed to brain tumor recurrence in 3 and 11 patients
in the WBRT+SRS and SRS-alone groups, respectively
(p < 0.0001). The deterioration was either clinically or radio-
logically attributed to a toxic radiation event in 5 and 0 patients
in the WBRT+SRS and SRS-alone groups, respectively. The
cause was unclear in the remaining 7 patients. An additional
follow-up MMSE after the 3-point decrease was available for
10 of 26 patients. Of those 10, an improvement of =3 points
was observed in 7 (5 in the WBRT+SRS group and 2 in the
SRS-alone group). Of the 7 patient, 2 underwent salvage
brain treatment (1 with SRS and 1 with surgery). The other
5 patients received only close observation or best supportive
care, including steroid administration. Figure 2b shows the

132 Patients randomized

T

T~

65 Assigned 1 WBRT + SRS

67 Assigned to SRS alone

51 Baseline MMSE available

89 Baseline MMSE available

41 Follow-up MMSE available

51 Follow-up MMSE available

Fig. 1. Flow chart of study participants. WBRT = whole brain radiotherapy; SRS = stereotactic radiosurgery;

MMSE = Mini-Mental State Examination.
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Table 1. Baseline patient characteristics

WBRT+SRS SRS

Characteristic (n=151) (n=59) )/

Age at diagnosis (y) 0.71
Median 65 64
Range 36-78 33-81
<65y 25 (49) 31 (52)
=65y 26 (51) 28 (48)

Gender 0.37
Men 36 (71) 46 (78)
Women 15 (29) 13 (22)

Karnofsky performance status 0.22
70-80 24 (47) 21 (36)
90-100 27 (53) 38 (64)

No. of brain metastases 0.82
1 27 (53) 30 51)

2-4 24 (47) 29 (49)

Brain edema 0.63
Grade 0 13 (25) 14 (24)

Grade 1 29 (57) 38 (64)
Grade 2 9 (18) 7 (12)

Total volume of brain 0.67

metastases (cm3)
<3 23 (45) 29 (49)
=3 28 (55) 30 (51)

Primary tumor site 0.71
Lung 32 (63) 39 (66)

Other 19 (37) 20 (34)

Primary tumor status 0.54
Stable 23 (45) 30 (51)

Active 28 (55) 29 (49)

Extracranial metastases 0.40

’ Stable 35 (69) 36 (61)
Active 16 (31) 23 (39)

Table 2. Analysis of baseline MMSE score and
associated factors

14
Average (Mann-Whitney
Variable n (SD) U test)
Treatment group 0.86
WBRT+SRS 51 26.7 (3.3)
SRS alone 59 27.1 (29
Age at diagnosis (y) 0.001
<65 56 27.9 2.0)
=65 54 259 (3.7)
Gender 0.33
Men 82 26.7 (3.3)
Women 28 27.6 (2.1)
Karnofsky performance 0.0002
status
70-80 45 25.5 (3.8)
90-100 65 27.9 (1.9)
No. of brain metastases 0.29
1 57 274 (2.3)
24 53 26.4 (3.7)
Brain edema
Grade 0-1 94 27.2(2.8)
Grade 2 16 25.0(4.2)
Total volume of brain 0.01
metastases (cm°)
<3 52 27.8 (1.9)
=3 58 26.1 (3.7)
Primary tumor site 0.86
Lung 71 26.9 (3.2)
Other 39 27.0 (2.9)
Extracranial disease 0.96
Stable 23 27.6 (2.2)
_ Active 87 27.2(2.2)

Abbreviations: WBRT = whole brain radiotherapy; SRS = stereo-
tactic radiosurgery.

Data presented as number of patients, with percentages in paren-
theses, unless otherwise noted.

Kaplan-Meier curves of patients free of MMSE deterioration
when the first event in a decrease was not counted if the
MMSE showed significant recovery with additional follow-
up. The 12-, 24-, and 36-month actuarial free rate of a second
event in the 3-point decrease in the MMSE score was 76.1%
(95% confidence interval [CI], 58.7-93.5), 68.5% (95% CI,
47.3-89.7), and 14.7% (95% CI, 0-39.0) in the WBRT+SRS
group and 59.3% (95% CI, 37.5-81.1), 51.9% (95% CI,
28.6-75.2), and 51.9% (95% CI, 28.6-75.2) inthe SRS-alone
group, respectively. Although the difference was not signifi-
cant by the log-rank test (p = 0.79), the separation of the two
curves at between 12 and 24 months became wider than that
in Fig. 2a. The average duration until deterioration was 16.5
months (median, 15.8; range, 1.8-34.5) in the WBRT+SRS

- group and 7.6 months (median, 7.4; range, 1.6-12.9) in the
SRS-alone group (p = 0.05).

Figure 2c shows the actuarial rate of subjects free from
adecrease in the MMSE score to =26. An event of a decrease
to =26 was counted as an event unless the MMSE score re-
covered to =27 with additional follow-up. The 12-, 24-, and
36-month actuarial MMSE preservation rate (=27) was
78.8% (95% CI, 61.6-96.0), 78.8% (95% CI, 61.6-96.0),

Abbreviations: MMSE = Mini-Mental State Examination; SD =
standard deviation; other abbreviations as in Table 1.

and 22.5% (95% CI, 0—-49.4) in the WBRT+SRS group and
53.3% (95% CI, 32.9-73.7), 42.6% (95% CI, 17.9-67.3),
and 42.6% (95% CI, 17.9-67.3) in the SRS-alone group,
respectively (p = 0.46). The separation of the two curves at
between 12 and 24 months after treatment became more
prominent than that in Fig. 2b. This fact might indicate that
WBRT was effective at preventing the deterioration of neuro-
cognitive function resulting from brain tumor recurrence in
an early phase after treatment. However, WBRT could be
a cause of continuous deterioration of neurocognitive func-
tion in long-term survivors.

The relationship between the MRI findings of leukoence-
phalopathy using the National Cancer Institute Common
Toxicity Criteria, version 2, and clinical manifestations was
also evaluated. Abnormmal MRI-determined leukoencephal-
opathy was seen in 7 patients (Grade 1 in 2 patients, Grade
2 in 4, and Grade 3 in 1). All 7 patients were in the
WBRT+SRS group. Four of them (Grade 1 in 1 patient,
Grade 2 in 2, and Grade 3 in 1) experienced a clinically sig-
nificant decrease in the MMSE score (=3 points). The other 3
patients (Grade 1 in 1 and Grade 2 in 2) did not experience
a significant decrease in the MMSE score. Fig. 3 shows illus-
trative MRI scans of 2 patients with different clinical courses.
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Fig. 2. (a) Actuarial curves of subjects free from 3-point decrease in Mini-Mental State Examination (MMSE). (b) Actu-
arial curves of subjects free from second 3-point decrease in MMSE. (c) Actuarial rate of subjects free from decrease of
MMSE to =26. WBRT = whole brain radiotherapy; SRS = stereotactic radiosurgery.



Neurocognitive function after WBRT plus SRS or SRS alone ® H. AoyaMma et al. 1393

Fig. 3. (a) Pretreatment T,-weighted magnetic resonance imaging (MRI) study of Patient 1, who then underwent whole
brain radiotherapy (WBRT) plus stereotactic radiosurgery (SRS). (b) To-weighted MRI scan of Patient 1 at 46.6 months
after initial brain treatment. (c) Pretreatment T,-weighted MRI study of Patient 2, who then underwent WBRT plus
SRS. (d) T,-weighted MRI scan of Patient 2 at 15 months after initial brain treatment.

Patient 1 experienced Grade 3 radiologic leukoencephalop-
athy without tumor recurrence at 47 months after WBRT+
SRS (Fig. 3a, b). This patient had a baseline MMSE score
of 29 and a best score of 30 at 7 months after RT. She expe-
rienced a continuous decrease in the MMSE score after a

transient recovery, and her last MMSE score, at 47 months,
was 21. Patient 2 experienced Grade 2 radiologic leukoence-
phalopathy at 15 months after WBRT+SRS. His baseline
MMSE score was 29 and his final score, at 15 months, was
29 (Fig. 3c, d).
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DISCUSSION

The MMSE is the most frequently used and established
tool for assessing the neurocognitive function of patients
with brain tumors (7-13). The importance of MMSE in the
treatment of patients with brain metastases, as well as in those
with low-grade glioma, has been reported by Murray et al. (9)
and Brown et al. (10). Murray et al. (9) assessed the MMSE
scores of 182 patients with brain metastases who were treated
with WBRT to 30 Gy in 10 fractions among 445 patients en-
rolled in a RTOG study (RTOG 91-04), in which 30 Gy in 10
fractions was compared with accelerated hyperfractionation
of 54.4 Gy (1.6 Gy twice daily). They reported that patients
who had low MMSE score (=23) had a worse prognosis
than those with greater MMSE scores. In 88 patients who
had a baseline MMSE score of <29, 48 (54.5%) demon-
strated an improvement in the MMSE score at a follow-up
visit. Regine et al. (8) evaluated 309 patients whose
MMSE scores were available among 445 patients who
were enrolled in RTOG 91-04. They found that control of
the brain tumor had a significant impact on the maintenance
of the MMSE scores. At 3 months, the average change in
MMSE score was a decline of 0.5 for those whose brain me-
tastases were radiologically controlled compared with a
decline of 6.3 for those with uncontrolled brain metastases
(p = 0.02). One of the shortcomings of their report was that
they evaluated the change in MMSE only at 3 months after
brain treatment; therefore, the long-term effect of WBRT
was not fully investigated. In the present study, we found
some important factors that might affect a patient’s baseline
MMSE score. The number of brain metastases was not a sig-
nificant factor affecting the baseline MMSE score, but tumor
volume (=3 cm®) and degree of edema (one-half of one
hemisphere or more) were significant factors. More impor-
tantly, 51% of patients who had an MMSE score of =27 ex-
perienced significant improvement in the MMSE score at
a median of 2.7 months after treatment, regardless of which
treatment they had initially received. This finding supports
the findings reported by Murray et al. (9).

Another important finding of the present study was the
continuous decrease in MMSE score in patients who under-
went WBRT initially, although WBRT was not a cause of
neurocognitive deterioration for most brain metastatic pa-
tients. Patients who received WBRT combined with SRS
experienced a stable MMSE score for approximately 2 years
after treatment, perhaps because of the preventative effect
on brain tumor recurrence compared with SRS alone. Con-
sidering that the median survival of patients with brain metas-
tases is about 7 months, this prevention effect when WBRT is
included in the initial management is beneficial for most
brain metastatic patients. Nevertheless, the continuous dete-
rioration of neurocognitive function for long-term survivors
who underwent WBRT should not be neglected.

In addition, the MRI findings suggestive of leukoencephal-
opathy were useful only for patients who experienced severe
neurocognitive dysfunction. Most patients who had Grade
1-2 radiologic leukoencephalopathy did not show clinically
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meaningful signs of neurocognitive dysfunction as assessed
by the MMSE. This is consistent with the findings of Fuijii
et al. (15). They evaluated the white matter changes on

"MRI after WBRT in 24 patients. Although 12 patients

(50%) developed radiologic Grade 3 (large confluent areas)
or worse leukoencephalopathy, only 6 of these 12 patients
had clinical abnormalities such as dementia, depression,
and speech impairment. However, the true incidence of neu-
rocognitive deterioration is not well understood. In patients
with small cell carcinoma of the lung whose primary tumor
is in complete remission, prophylactic cranial irradiation
(PCI) using WBRT is becoming a standard treatment (16).
van de Pol et al. (17) assessed late neurologic toxicity in 7 pa-
tients who received PCI and survived =2 years. The memory
decline was insidious and started within 6 months after the
termination of therapy in 4 patients and after 2 years in 2 pa-
tients (17). Stuschke et al. (18) reported that patients treated
with PCI had higher grade white matter abnormalities than
patients who were not treated with PCI, as detected by To-
weighted MRI (p = 0.04). Grade 4 white matter abnormalities
were detected in 2 of 9 patients treated with PCI and in 0 of 4
patients not treated with PCI (18). Cull e al. (19) reported the
frequency of neurocognitive impairment in 52 patients who
received PCI and survived >2 years. They evaluated neuro-
cognitive function using four different methods: the Williams
delayed recall test, the Digit symbol, the Complex figure test,
and Trials A and B. No impairment in any of these tests was
observed in 19% of patients. Impairment was observed with
one test in 27%, two tests in 22%, three tests in 25%, and all
four tests in 7% (19). These findings indicate that WBRT
frequently accompanies neurocognitive impairment in long-
term survivors.

Although our findings are of interest, our report was not
without limitations. First, we did not monitor the use of
corticosteroids, which could potentially influence neuro-
cognitive function. Second, we used MMSE as the sole
measurement of neurocognitive function; however, the
MMSE has been criticized for having low specificity and sen-
sitivity (20). Recently, the RTOG began using a ““neurocogni-
tive battery” of several assessment tools (21-24). Mehta eral.
(21, 22) suggested that this battery is feasible for use in clin-
ical trials and could detect small changes in neurocognitive
function that the MMSE alone could not detect. Nevertheless,
we believe the present findings are valuable and that the
MMSE is still a useful tool to examine neurocognitive func-
tion in trials in which neurocognitive function is not the
primary endpoint. No established effective treatment is avail-
able for neurocognitive deterioration after WBRT. Recently,
Shaw et al. (25) reported that donepezil, a drug developed
for Alzheimer’s disease, has a positive effect on cognitive
function; however, additional investigation is necessary to
establish this drug’s potential role in relation to WBRT.

CONCLUSION

The results of the present study have revealed that the con-
trol of brain tumors is the most important factor in stabilizing
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neurocognitive function for most brain metastatic patients.
However, the long-term adverse effect on neurocognitive
function might not be negligible. Therefore, the development
of a method to identify those patients who are less likely to

10.

11.

12.

1395

experience brain tumor recurrence, as well as additional
investigation to establish an optimal schedule of WBRT
when combined with SRS, are important steps toward the
refinement of the treatment of brain metastases.
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We report an interesting finding regarding the mRNA
expression pattern of cell lines that survived 10-Gy irra-
diation. According to the linear quadratic model in a
textbook, the survival curve shows a straight line at high-
dose areas, meaning that cells are killed at a constant
rate. The model explains that there are two types of
killing: o-killing, which is a function of dose D, and B-
killing, which is a function of D> This is a kind of modi-
fied version of a hit model wherein some percentage of
cells remain intact after irradiation.

We used mouse fibrosarcoma cells (QRsP, p53 wild
type); 1 x 10" cells were exposed to 10Gy. At day 12, we
harvested 6 of about 30 colonies and established them
as QRsPIR-1 to QUsPIR-6. cDNA microarray analysis
was performed for the parental QRsP and QRsPIR-1.
The pattern was significantly different between the two,
suggesting that the cells that survived were not intact.
Rather, they had a more aggressive nature than the
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parental QRsP: matrix metalloproteinase (MMP)I13
(collagenase) and MMP3 were significantly up-regulated .
(26-fold and 23-fold, respectively). These results encour-
aged us to perform an in vivo study in which 2 x 10 cells
were injected subcutaneously into the flanks of C57BL/6
mice (five animals each). At day 28, a large tumor mass
was palpated in each of the five mice for QRSPIR-1. In
contrast, only two mice developed a tumor mass of the
parental QRsP. To form a tumor mass, degradation of
surrounding tissue (mainly collagen) must be done. Our
findings are quite revealing in this regard.

To see whether up-regulation of MMP is a rare event,
we performed cDNA analysis for QRsPIR-5 and an in
vitro 10-Gy irradiation experiment for human lung
adenocarcinoma H1299 (p53 mutant) and human lung
carcinoma A549 (p53 wild type) in a similar manner.
Interestingly, MMP13 and MMP3 were up-regulated
4.0- and 6.4-fold. respectively, for QRsPIR-5. Although
the changes were not as significant as for QRsPIR-1,
the values were still large compared to other published
DNA array data. We randomly selected IR-1 and IR-5
for array analysis. (other IR clones were left untouched
because of the high cost of each array analysis, and it
is possible that these other IR clones would have a
similar pattern if we had performed the analysis on
them.) MMP1 (collagenase) was up-regulated 4.4-fold
and 2.0-fold for H1299-1R and A549-1R, respectively.
In A549-IR, MMP7 (matrilysin) was also up-regulated
2.8-fold.

It should be emphasized that none of the MMP family
was included in the down-regulated gene lists of our four
array analyses. Recently, it has been reported that MMPs
not only play an important role in tumor invasion but
also enhance cell motility,'™ both of which are important
characteristics of malignant tumor cells. In fact, a cell
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motility assay using the Boyden chamber demonstrated
increased cell motility for IR clones (Fig. 1). Cell motility
was higher for QRsPIR-1 than for QRsPIR-5, which
implies that MMPs are associated with cell movement.

In conclusion, all of our four cDNA array analyses
showed up-regulation of MMPs. Irradiation is an effec-
tive means of cancer therapy, but it should be taken into
consideration that surviving cells acquire a more aggres-
sive nature.
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CLINICAL INVESTIGATION Liver

INTERCEPTING RADIOTHERAPY USING A REAL-TIME TUMOR-TRACKING
RADIOTHERAPY SYSTEM FOR HIGHLY SELECTED PATIENTS WITH
HEPATOCELLULAR CARCINOMA UNRESECTABLE WITH OTHER MODALITIES
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Purpose: To assess the clinical outcome of intercepting radiotherapy, in which radiotherapy is delivered only when
a tumor in motion enters a target area, using a real-time tumor-tracking radiotherapy (RTRT) system for patients
with hepatocellular carcinoma who were untreatable with other modalities because the tumors were adjacent to
crucial organs or located too deep beneath the skin surface.

" Methods and Materials: Eighteen tumors, with a mean diameter of 36 mm, were studied in 15 patients. All tumors
were treated on a hypofractionated schedule with a tight margin for setup and organ motion using a 2.0-mm fidu-
cial marker in the liver and the RTRT system. The most commeonly used dose of radiotherapy was 48 Gy in 8 frac-
tions. Sixteen lesions were treated with a BEDy, of 60 Gy or more (median, 76.8 Gy).

Results: With a mean follow-up period of 20 months (range, 3-57 months), the overall survival rate was 39% at
2 years after RTRT. The 2-year local control rate was 83% for initial RTRT but was 92% after allowance for
reirradiation using RTRT, with a Grade 3 transient gastric ulcer in 1 patient and Grade 3 transient increases of
aspartate amino transaminase in 2 patients.

Conclusions: Intercepting radiotherapy using RTRT provided effective focal high doses to liver tumors. Because
the fiducial markers for RTRT need not be implanted into the tumor itself, RTRT can be applied to hepatocellular
carcinoma in patients who are not candidates for other surgical or nonsurgical treatments. © 2007 Elsevier Inc.

Radiotherapy, Liver, Hepatocellular carcinoma, Real-time tumor-tracking radiotherapy.

INTRODUCTION

_ There are a number of nonsurgical local treatment techniques
for the ablation of hepatocellular carcinoma (HCC), including
radiofrequency ablation (RFA), percutaneous ethanol injec-
tion (PEI), and cryosurgery (1). These techniques require
direct insertion of a needle or probe into the tumor mass. How-
ever, with HCC at deep locations, such as the top of the dome,
near the inferior vena cava, or near the main portal vein, a nee-
dle or probe often cannot be inserted at the proper position.
Transarterial embolization (TAE) is applicable only when
one can identify the feeding artery, which is often difficult (2).

Radiotherapy has been a palliative treatment for patients
with unresectable advanced HCC, but conventional radio-
therapy is limited by the liver’s low tolerance to large vol-
umes of irradiation (3). Both focal radiotherapy using
narrow-beam X-ray and particle therapy are expected to be

useful for reducing radiation-induced liver damage (RILD)
(4). When the tumor is close to the gastrointestinal (GI) tract,
radiation-induced GI ulcer is a dreadful complication (5).
Moreover, it is hard to increase the dose to the HCC when
the tumor is in that position, owing to the large respiratory
movement of the liver. In particle therapy, such as proton
and carbon ion treatment, respiratory gating systems have
been used to reduce the volume of normal tissue in the irra-
diated volume. As a result, the dose to the GI tract might
be reduced in the particle therapy (6, 7).

In 1999 we began using a real-time tumor-tracking radio-
therapy (RTRT) system to increase the accuracy of the non-
surgical treatment of tumors in motion (8). This has made
intercepting radiotherapy possible for tumors in motion,
whereby the tumor is irradiated only when it enters a target
area, with a certain amount of permitted dislocation. After de-
veloping a technique to percutaneously insert a 2.0-mm gold
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fiducial marker into the liver and to confirm its localization
stability (9), we suggested that intercepting radiotherapy us-
ing RTRT can be a radical radiotherapy for primary HCC
(10). Because the fiducial marker does not need to be inserted
directly into the tumor when RTRT is used, this method is
applicable to more patients than is the case with percutaneous
focal ablation techniques, such as RFA and cryosurgery.
However, we have restricted the indication of RTRT to patients
who were not eligible for other nonsurgical treatment tech-
niques. In the present study, the outcomes of patients treated
with the RTRT technique in the last 5 years were retrospec-
tively analyzed to determine its proper indications for HCC.

METHODS AND MATERIALS

The focus of this study was on primary HCC diagnosed by dy-
namic computed tomography (CT) with the aid of serum tumor
marker, according to the noninvasive Barcelona criteria (11). Pa-
tients were candidates if they were not eligible for any other treat-
ment, such as surgery, RFA, PEl, and TAE. They were required
to be 80 years old or younger and to have a Kamofsky performance
status of 70% or more, as well as a liver function equivalent to Class
A or B in the Child classification. Patients were excluded if they had
uncontrolled ascites, obstructive jaundice, active gastroenteric
bleeding, or a tendency to bleed. Patients who had tumor thrombosis
of the portal vein or extrahepatic active metastatic disease on imag-
ing examination were also excluded.

Multidetector CT was taken with a breath hold at the end of the
expiratory phase of normal breathing. The slice thickness and inter-
val were 2 mm. Gross tumor volume (GTV) was chosen to be com-
patible with the enhanced area in the early arterial phase of dynamic
CT. Clinical target volume (CTV) was GTV plus a 5-mm margin
three-dimensionally; thus the CTV diameter was 10 mm larger
than the GTV. Planning target volume (PTV) was CTV plus
a 5-mm margin three-dimensionally in principle. Modification of the
PTV margin from 5 to 10 mm was allowed for the craniocaudal di-
rection when no critical organs, such as the duodenum, were close to
the edge of the PTV.

Dose—volume constraints were made for liver, lung, and GI tract
according to previous reports and to our own preliminary studies.
The maximum tolerable dose (MTD) to the liver adopted in this
study was 30 Gy, using a 2-Gy daily dose for total liver volume
(12). The biologic effective dose with an «/@ ratio of 2 (BED,) of
the MTD was 60 Gy. The volume of liver that could receive 40
Gy in 20 fractions was assumed to be 30% of the whole liver in
a dose—volume histogram. Alteration of dose fractionation was al-
lowed to reduce the daily dose to the GI tract. The MTD of the Gl
tract was 40 Gy in 20 fractions, or BED, of 80 Gy. Based on these
considerations, the total doses and fractionation schedules are listed
in the study protocol as guidelines (Table 1). For example, if the tu-
mor is >5 cm and the edge of the organ at risks is less than 1 cm, only
48 Gy in 8 fractions can be used. If the tumor is less than 3 cm and
the edge of the GTV is 3 cm or more distant from the organ at risks,
20 Gy in one session or some other schedule can be used. This
schema was developed to allow clinical staff members to select
schedules based on the preliminary results of dose—volume statis-
tics. Because of the insufficient data on the MTD, several dose
schedules were allowed to be chosen.

Megavoltage X-rays (6, 10 MV) from a linear accelerator with
five to seven single isocenter, non-coplanar ports were used. The
dose was prescribed at the isocenter, giving 80% of the isocentric

dose to cover PTV. A round, 2-mm gold marker was implanted
near the tumor, within 3 cm from the isocenter of the GTV in prin-
ciple. The reliability of the inserted marker as the GTV surrogate has
already been reported (9). In short, the relationship between the
gravity center of the liver and the marker was reproducible in the
sequential CT examination for more than 1 month. Two sets of fluo-
roscopic cameras in the treatment room were used for the real-time
recognition of the marker every 0.033 s during the delivery of the
therapeutic beam. The therapeutic beam was gated to irradiate the
tumor only when the marker was within 2.0 mm of the planned
coordinates in lateral, anteroposterior, and craniocaudal directions.

The patients were followed up with a physical examination, blood
collection, and either CT or magnetic resonance imaging every 3
months for 1 year and every 4—6 months thereafter by radiation
oncologists with the help of hepatologists.

The Kaplan-Meier method was used to calculate the overall sur-
vival, local control, and intrahepatic control rates, in which any new
lesions were counted as a failure. Adverse effects were scored
according to National Cancer Institute Common Toxicity Criteria
for Adverse Events, version 3.

RESULTS

From 2001 to 2004, 18 lesions of 15 patients were entered
into this study. The patients were aged 54-73 years (median,
57 years). Hepatic function before radiotherapy was classi-
fied as Child class A, B, and C in 12, 3, and O patients, respec-
tively. Five patients suffered from hepatitis B virus, 9 from
hepatitis C virus, and 1 from alcoholic hepatitis. Tumors
were located at the hepatic segments S1, S2, S6, S7, and S8
according to the Couinaud classification (13) in 3, 4, 3, 1,
and 7 patients, respectively. The tumor diameter ranged
from 15 to 52 mm (mean, 36 mm,; standard deviation, 14 mm).

The reasons for RTRT were as follows: too close to the
portal vein or inferior vena cava for other treatments, such
as RFA or PEI, in 4 patients; located at the hepatic dome
(S8) and far from other treatments in 3 patients; residual dis-
ease after other treatment in 2 patients; and coexisting illness
in 3 patients.

The prescribed doses and fractionation used in the actual
study are shown in Table 1. Various schedules were used
according to the size and position of the tumor to restrict the
dose to the critical organ. The most common dose in this
study was 48 Gy in 8 fractions. The biologic effective dose
with an /@ ratio of 10 (BED,g) was distributed from 39 to
106 Gy without consideration for cell proliferation. Seven-
teen lesions were treated with a BED,g of =50 Gy, and 16
lesions were treated with a BED,q of =60 Gy or more
(median, 76.8 Gy).

With a mean follow-up period of 20 months (range, 3-57
months), the overall survival rate was 44% (standard error
[SE] 14%) at 21 months after RTRT (Fig. !). Rates of
1- and 2-year actuarial survival after RTRT were 79% and
44%, respectively. The local control rate within the CTV
was 83% (SE 11%) at 30 months after RTRT. The intrahe-
patic control rate was 34% (SE 13%) at 10 months and
17% at 2 years after RTRT (Fig. 1). There were two local fail-
ures. One patient with a 20-mm tumor was treated with 48 Gy
in 8 fractions in 2 weeks and relapsed at 8 months from the
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Table 1. Doses and fractionations used in the intercepting radiotherapy

Tumor size (GTV) (cm) Distance from OAR (cm)f
Dose (Gy)/fraction n BED,/BED,, (Gy)* <3 3-5 >5 <1 1-3 >3
20/1 1 220/60 1 — — —_ — 1
48/4 1 336/106 — 1 — — — 1
40/4 3 240/80 1 1 1 1 2
48/8 7 192/76.8 1 5 1 4 2
40/8 2 140/60 — 2 — — 2 —
40/16 1 90/50 — 1 — — 1 —
Out of protocol 3 37/8, 30/10, 40/20+36/8 — 2 1 2 1 —

Abbreviations: GTV = gross tumor volume; OAR = organ at risk.

Tumor sizes and distances from the organ at risk of the patients treated are shown for each dose/fractionation schedule.
* Biologic equivalent dose, assuming an &/B ratio of 2 and 10 for BED; and BED, respectively.
t Minimum distance between the edge of clinical target volume and OAR.

margin of the tumor. The patient was treated by TAE after-
ward and survived for 21 months. The other patient, with
a 15-mm tumor, was treated with 20 Gy in one session and
relapsed at 10 months from the inside of the GTV. The latter
was treated again with RTRT, and the tumor was controlled
for 8 months thereafter. No other patients received transarte-
rial chemoembolization or local ablation in combination with
RTRT. In cases in which we allowed reirradiation for the re-
lapsed tumor as a part of the treatment, the local control rate
of the radiotherapy was 92% at 30 months. The 2- and 5-year
actuarial survival rates after the initial treatment for HCC
were 93% and 52%, respectively.

A symptomatic complication due to the insertion of the
fiducial marker occurred in 1 patient, who experienced
transient bile ductal bleeding and inflammation. An adverse
reaction due to radiation was seen in 2 patients. A transient
gastric ulcer in a patient with a 50-mm tumor adjacent to the
stomach was salvaged by emergency endoscopic treatment
(Grade 3 adverse effect), and the patient has been alive with
no evidence of disease at 58 months. Radiation pneumonitis
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Fig. 1. Kaplan-Meier curves of overall survival and intrahepatic
control rates for 15 patients with hepatocellular carcinoma (HCC)
and local control rate with reirradiation for 18 HCC in the 15 pa-
tients. RT = radiotherapy.

in a patient with a 45-mm tumor at the hepatic dome without
the requirement of medication (Grade 1 adverse effect) was
observed at 4 months after RTRT. No radiologic change was
found in the follow-up CT taken at 20 months after RTRT.
There were no encephalopathy and ascites in the patients
without tumor progression. Changes in transaminase levels af-
ter RTRT were available in 10 patients and are shown in Fig. 2.
Several patients experienced increased transaminase at the sub-
acute phase after RTRT transiently. There was no Grade 4 tox-
icity of liver function due to radiation, and there were two Grade
3 toxicities of transient elevation of aspartate amino transami-
nase (elevation at least 5 to 10 times the upper limit of normal).

DISCUSSION

Localized X-ray radiotherapy has been shown to achieve
excellent local control rates with lower rates of radiation-
induced liver dysfunction compared with conventional
radiotherapy (4). Park et al. (14) reported a dose-response
relationship in the local control rate of primary HCC. More
recently, Park et al. (15) reported achieving an objective tumor
response in 39 of 59 patients (66.1%), with complete response

AST
(un)

after RT (months)

Fig. 2. Changes in transaminases. Alanine amino transaminase

.(ALT) and aspartate amino transaminase (AST) levels after real-

time tumor-tracking radiotherapy (RT) in 10 patients.



Intercepting RT for HCC @ H. TaGucH! et al. 379

in 5 patients and partial response in 34 patients using localized
X-ray radiotherapy. The BED,( >50 Gy had a significantly bet-
ter response rate (complete or partial response) of 72.8% com-
pared with 46.7% with BEDg =50 Gy (p = 0.0299). The
“present study used BED,p >50 Gy in 17 of 18 lesions and
showed local control rates of 83% after initial RTRT and
92% at 30 months when we included reirradiation with
RTRT for the local relapse. Considering the smaller margin
for CTV in RTRT compared with that in radiotherapy without
a real-time tracking system, we can say that RTRT can accu-
rately treat liver tumors in motion. The dose specification
used in the present study was 80-90% at the periphery of the
PTV. More accurate dose specification should be used in future
studies.

Treatment of HCC by conventional radiotherapy is diffi-
cult owing to the adverse hepatic events that may be caused
by radiation. Furuse et al. (3) observed Grade 3 toxicity in 18
of 46 patients (39.1%) with HCC within 3 months after radio-
therapy of 50 Gy in 5 weeks, and Grade 4 toxicity in 11 of 33
patients (33.3%) thereafter, using an arrangement of two or
three coplanar beams. Yang et al. (5) found hematologic tox-
icity in 34.6% and hepatobiliary complications in 26% of 153
patients with HCC treated with radiotherapy. Dawson et al.
(16) carefully estimated the volume effect of the liver from
more than 180 patients and found that RILD was not evident
in patients with a mean liver dose of <31 Gy. They estimated
that if <25% of the normal liver is treated with radiotherapy,
then there may be no upper limit on the dose associated with
RILD (17). In their estimation, the liver doses associated with
a 5% risk of RILD for uniform irradiation of one third, two
thirds, and the whole liver were 90, 47, and 39 Gy, respec-
tively, with a daily dose of 2 Gy. This represents a much
larger tolerance in the partial irradiation of the liver compared
with whole-liver irradiation. We have seen transient eleva-
tion of serum transaminases after liver irradiation, but we
have not seen any symptomatic RILD. This absence in our
series confirms that the liver can tolerate high-dose partial
volume irradiation.

Cheng et al. (18) found that HCC patients who were hep-
atitis B virus carriers or had Child-Pugh Class B cirrhosis
presented with a significantly greater susceptibility to radia-
tion-induced liver dysfunction after three-dimensional con-
formal radiotherapy. Considering that Asian patients with
HCC usually suffered from viral hepatitis, dose distribution
for the liver is crucial to the preservation of hepatic function.

Dawson et al. (16) showed that the mean liver doses associ-
ated with a 5% risk of classic RILD for primary and meta-
static liver cancer are 28 Gy and 32 Gy, respectively, at
2 Gy per fraction. Considering the lower dose tolerance of
liver in patients with HCC, RTRT’s benefit of reducing irra-
diation to the normal liver would be more apparent for
primary HCC than for metastatic liver cancers.

It is well known that the GI tract is an important serial
organ that is at risk in liver irradiation anatomically. In the
recent literature, liver irradiation was not associated with
serious adverse GI effects. Park et al. (14) reported a 5.1%
complication rate of localized X-ray therapy for gastric or du-
odenal ulcer. Yang et al. (5) reported that out of 153 patients
with HCC treated with radiotherapy, radiation-induced ulcers
were found in the stomach (n = 9) and duodenum (n = 14),
and bleeding was found in 11 patients (7%), including 1
case of fatal bleeding. We have experienced a single case
(1 of 15; 6%) of Grade 3 but transient gastric ulcer; this
rate was equivalent to that in the previous series. Yang
et al. reported 35% hematologic toxicity and 2% pneumoni-
tis. Considering the shorter treatment time and higher daily
dose used in the present study, the equivalently low compli-
cation rate in our series may be attributable to the high-
precision radiotherapy obtained by using RTRT.

Kawashima er al. (19) reported on proton treatment for 31
patients with HCC. During a median follow-up period of 31
months (range, 16-54 months), only 1 patient experienced
recurrence of the primary tumor, and the 2-year actuarial lo-
cal progression-free rate was 96% (95% confidence interval
[CT] 88%—-100%). The actuarial overall survival rate at 2
years was 66% (95% CI 48%-~84%). Chiba et al. (6) of Tsu-
kuba University reported on 192 HCCs in 162 patients
treated with a proton beam at 72 Gy (range, 55-84 Gy)
with a follow-up period of 32 months (range, 3—133 months)
and found 86.9% local control and 23.5% overall survival at
5 years. Obviously, proton therapy is one of the best solutions
using focal radiotherapy in dose distribution. Proton therapy
using areal-time tumor-tracking system will become aradical -
treatment for HCC.

In conclusion, RTRT provided effective focal high doses
to liver tumors adjacent to the critical organs or to tumors
that are located too deep for other treatments. Because the
fiducial markers for RTRT need not be implanted into the
tumor itself, RTRT can be applied to HCC in patients who
are not candidates for other surgical or nonsurgical treatments.

REFERENCES

1. Gannon CJ, Curley SA. The role of focal liver ablation in the
treatment of unresectable primary and secondary malignant
liver tumors. Semin Radiat Oncol 2005;15:265-272.

2. Liapi E, Hong K, Georgiades CS, et al. Three-dimensional rota-
tional angiography: Introduction of an adjunctive tool for suc-
cessful transarterial chemoembolization. J Vasc Interv Radiol

2005;16:1241-1245.
3. Furuse J, Ishii H, Nagase M, er al. Adverse hepatic events

caused by radiotherapy for advanced hepatocellular carcinoma.
J Gastroenterol Hepatol 2005;20:1512-1518.

4. Hawkins MA, Dawson LA. Radiation therapy for hepatocellular
carcinoma: From palliation to cure. Cancer 2006;106:1653-1663.

5. Yang MH, Lee JH, Choi MS, et al. Gastrointestinal complica-
tions after radiation therapy in patients with hepatocellular
carcinoma. Hepatogastroenterology 2005;52:1759-1763.

6. Chiba T, Tokuuye K, Matsuzaki Y, et al. Proton beam therapy
for hepatocellular carcinoma: A retrospective review of 162 pa-

tients. Clin Cancer Res 2005;11:3799-3805.
7. Kato H, Tsujii H, Miyamoto T, et al. Results of the first pros-
pective study of carbon ion radiotherapy for hepatocellular



380

10.

11.

12.

I. J. Radiation Oncology @ Biology @ Physics

carcinoma with liver cirrhosis. Int J Radiat Oncol Biol Phys
2004;59:1468-1476.

. Shirato H, Shimizu S, Shimizu T, er al. Real-time tumor-

tracking radiotherapy. Lancer 1999;353:1331-1332.

. Kitamura K, Shirato H, Shimizu S, et al. Registration accuracy

and possible migration of internal fiducial gold marker im-
planted in prostate and liver treated with real-time tumor-
tracking radiation therapy (RTRT). Radiother Oncol 2002;62:
275-281.

Kitamura K, Shirato H, Seppenwoolde Y, et al. Tumor location,
cirrhosis, and surgical history contribute to tumor movement in
the liver, as measured during stereotactic irradiation using
a real-time tumor-tracking radiotherapy system. Int J Radiat
Oncol Biol Phys 2003;56:221-228.

Llovet JM, Bru C, Bruix J. Prognosis of hepatocellular carci-
noma: The BCLC staging classification. Semin Liver Dis
1999;19:329-338.

Emami B, Lyman J, Brown A, et al. Tolerance of normal tissue
to therapeutic irradiation. /nt J Radiat Oncol Bio Phys 1991;21:
109-122.

Volume 69, Number 2, 2007

13.

14.

15.

16.

17.

19.

Couinaud C. Le foie: Etudes anatomiques et chirurgicales.
Paris: Masson; 1957. p. 9-12.

Park HC, Seong J, Han KH, et al. Dose-response relationship in
local radiotherapy for hepatocellular carcinoma. /nt J Radiat
Oncol Biol Phys 2002;54:150-155.

Park W, Lim do H, Paik SW, er al. Local radiotherapy for pa-
tients with unresectable hepatocellular carcinoma. /nt J Radiat
Oncol Biol Phys 2005;61:1143-1150.

Dawson LA, Normolle D, Balter JM, et al. Analysis of radia-
tion-induced liver disease using the Lyman NTCP model. Ins
J Radiat Oncol Biol Phys 2002;53:810-821.

Dawson LA, Ten Haken RK. Partial volume tolerance of the
liver to radiation. Semin Radiat Oncol 2005;15:279-283.

. Cheng JC, Wu JK, Lee PC, et al. Biologic susceptibility of

hepatocellular carcinoma patients treated with radiotherapy to
radiation-induced liver disease. Int J Radiat Oncol Biol Phys
2004;60:1502-1509.

Kawashima M, Furuse J, Nishio T, et al. Phase 11 study of radio-
therapy employing proton beam for hepatocellular carcinoma.
J Clin Oncol 2005;23:1839-1846.



Int } Clin Oncol (2007) 12:8-16
DOI1 10.1007/510147-006-0633-y

@ The Japan Society of Clinical Oncology 2007

REVIEW ARTICLE

Hiroki Shirato - Shinichi Shimizu - Kei Kitamura
Rikiya Onimaru

Organ motion in image-guided radiotherapy: lessons from real-time

tumor-tracking radiotherapy

Received: October 31, 2006

Abstract External radiotherapy using imaging technology
for patient setup is often called image-guided radiotherapy
(IGRT). The most important problem to solve in IGRT is
organ motion. Four-dimensional radiotherapy (4DRT), in
which the accuracy of localization is improved — not only in
space but also in time — in comparison to 3DRT. is required
in IGRT. Real-time tumor-tracking radiotherapy (RTRT)
has been shown to be feasible for performing 4DRT with
the aid of a fiducial marker near the tumor. Lung. liver,
prostate, spinal/paraspinal, gynecological, head and neck,
esophagus, and pancreas tumors are now ready for dose
escalation studics using RTRT.

Key words Image-guided radiotherapy - Real-time tumor-
tracking radiotherapy - Gated radiotherapy - Intercepting
radiotherapy - Pursuing radiotherapy - Four-dimensional
radiotherapy

Introduction

In external radiotherapy, the precise localization of the tar-
get volume is the key issue. The development of diagnostic
imaging modalities such as computed tomography (CT) and
magnetic resonance imaging (MRI) has enabled the per-
formance of three-dimensional conformal radiotherapy
(3DCRT) and intensity-modulated radiotherapy (IMRT).
For the radiosurgery of intracranial discase, rigid fixation
of the skull has been successful in improving the registration
of the virtual space during treatment planning in relation to
the real space during the actual treatment.' For extracranial
disease, imaging technology was introduced to guide patient
setup in the treatment room.” External radiotherapy using
imaging technology for patient setup is often called image-
guided radiotherapy (I1GRT). :
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The most important problem in IGRT is organ motion.
Organ motion should be taken into account in any IGRT
for extracranial diseases. In other words, accuracy in time
as well as space is required in IGRT. Four-dimensional
radiotherapy (4DRT) is IGRT in which the localization
accuracy ~ not only in space but also in time — is improved
in comparison o that in 3DRT. By definition, 4DRT is best
performed with a sophisticated IGRT system by which the
tumor position is monitored during the delivery of the ther-
apeutic beam. Jiang® in a review, pointed out that there is
only one system which can monitor the internal position of
a tumor during irradiation: the real-time tumor-tracking
radiotherapy (RTRT) system developed at Hokkaido
University Hospital and made by Mitsubishi Electronics
(Tokyo, Japan). As there are already many reviews of
IGRT elsewhere, we concentrate in this article on a review
of RTRT.

The Japanese Society of Therapeutic Radiology and On-
cology (JASTRO) has defined RTRT as external radio-
therapy which utilizes real-time tracking technology during
the delivery of irradiation. There are two types of RTRT in
principle (Fig. 1). One is intercepting irradiation, in which
the therapeutic beam is delivered only when the tumor is
within the gating window. The other is pursuing irradiation,
in which the therapeutic beam is continuously delivered
pursuing the position of the tumor. The following review
deals with intercepting irradiation for which research start-
ed in 1996 at Hokkaido University Hospital.*

Lung

Three-dimensional (3D) treatment planning has often been
performed while patients breathe freely. with the assump-
tion that the CT images represent the average position of
the tumor. Shimizu et al.’ have investigated the impact
of respiratory movement on the frec-breathing CT images
of small lung tumors using sequential CT scanning with the
same table position. Using a preparatory free-breathing CT
scan, the patient’s couch was lixed at the position where



Fig. 1A,B. Two types of real-
time tumor-tracking radiotherapy
(RTRT). A Intercepting irradia-
tion; B pursuing irradiation

A X-ray Beam

Intercepting RT

each tumor showed its maximum diameter on the image.
For 16 tumors, over 20 sequential CT images were taken
every 2s, with a 1-s acquisition time occurring during [ree
breathing. For each tumor, the distance between the surface
of the CT table and the posterior border of the tumor was
measured, to determine whether the edge of the tumor was
sufficiently included in the planning target volume (PTV)
during normal breathing. In the sequential CT scanning, the
tumor itself was not visible in the examination slice in 21%
(75/357) of cases. There were statistically significant differ-
ences between lower-lobe tumors (39.4%: 71/180) and up-
per-lobe tumors (0%;0/89: P <0.01) and between lower-lobe
tumors and middle-lobe tumors (8.9%: 4/45; P <0.01) in the
incidence of the disappearance of the tumor from the im-
age. The mean difference between the maximum and mini-
mum distances between the surface of the CT table and
the posterior border of the tumor was 6.4mm (range. 2.1-
24.4mm). They concluded that 3D treatment planning for
lung carcinoma, without considering organ motion, would
significantly underdose many lesions, especially those in the
lower lobe. '

To achieve precise 3D conformal radiotherapy for mo-
bile tumors, a new radiotherapy system and its treatment
planning system were developed and used for clinical prac-
tice. Shirato et al.® developed a lincar accelerator synchro-
nized with a fluoroscopic RTRT system with which the 3D
coordinates of a 2.0-mm gold marker in the tumor could be
determined every 0.03s. The 3D relationships between the
marker and the tumor at different respiratory phases arc
evaluated using a CT image at each respiratory phase,
whercby the optimum phase can be sclected to synchronize
with irradiation (4D treatment planning). The linear accel-
erator is triggered to irradiate the tumor only when the
marker is located within the region of the planned co-
ordinates relative to the isocenter. The coordinates of the
marker were detected with an accuracy of 1 mm during
radiotherapy in the phantom experiment. The time delay
between recognition of the marker position and the start or
stop of megavoltage X-ray irradiation was 0.03s.

Pursuing RT

The RTRT system consists of four sets of diagnostic X-
ray television systems (two of which offer an unobstructed
view of the patient at any time), an image processor unit, a
gating control unit, and an image display unit.” The system
recognizes the position of a 2.0-mm gold marker in the hu-
man body 30 times per s, using two X-ray television systems.
The marker is inserted in or near the tumor, using image-
guided implantation. The accuracy of the system and the
additional dose due to the diagnostic X-ray were examined
in a phantom, and the geometric performance of the system
was evaluated in four patients. The phantom experiment
demonstrated that the geometric accuracy of the tumor-
tracking system was better than 1.5mm for moving targets
up to a speed of 40mm/s. The dose due to the diagnostic
X-ray monitoring ranged from 0.01% to 1% of the target
dose for a 2.0-Gy irradiation of a chest phantom. Shimizu
et al.” concluded that the RTRT system significantly im-
proved the accuracy of irradiation of targets in motion at
the expense of an acceptable amount of diagnostic X-ray
exposure.

The RTRT system was useful to analyze the movement
of an internal marker. Shimizu et al.* investigated the 3D
movement of lung tumors through an inserted internal
marker, using the RTRT system, and evaluated the efficacy
of this system in reducing the internal margin. Four paticnts
with lung cancer were analyzed. A 2.0-mm gold marker was
inserted into the tumor. The RTRT system triggered the
linear accelerator to irradiate the tumor only when the
marker was located within the predetermined “permitted
dislocation” of =1 to £3mm according to the patient’s char-
acteristics. They analyzed 10413-14893 data sets for cach
of the four patients. The range of marker movement during
normal breathing (beam-off period) was compared with
that during gated irradiation (beam-on period) by Student’s
i-test. The range of marker movement during the beam-off
period was 5.5-10.0mm in the right-left (RL) direction,
6.8-15.9mm in the craniocaudal (CC) direction, and 8.1-
14.6mm in the anteroposterior (AP) direction. The range
during the beam-on period was reduced to within 5.3mm in
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Fig. 2A,B. Four-dimensional
(4D) treatment planning, using
dynamic magnetic resonance im-
aging (MRI), for liver cancers.
This patient had a liver tumor
which had an amplitude of 3.9cm
in the craniocaudal (CC) direc-
tion and 2.3¢m in the anteropos-
terior (AP) direction on dynamic
MRI. The internal target volume
can be determined by using the
summation of sequential images
during several respiratory cycles.
(From reference 11, with
permission)

all directions in ail four patients. A significant difference
was found between the mean of the range during the beam-
off period and the mean of the range during the beam-on
period in the RL (P = 0.007), CC (P =0.025), and AP (P =
0.002) coordinates, respectively. The results of Shimizu et
al.” showed that treatment with megavoltage X-rays was
properly given when the tumor marker moved into the
“permitted dislocation” zone from the planned position.
In 2002, Seppenwoolde ct al.” performed a precise analy-
sis of the behavior of tumor motion in lung tissue to model
tumor movement, using the data of 20 patients treated with
the RTRT system at Hokkaido University Hospital. The
recorded tumor motion was analyzed in terms of the ampli-
tude and curvature of the tumor motion in three directions,
the differences in breathing fevel during treatment, hyster-
esis (the difference between the inhalation and exhalation
trajectory of the tumor), and the amplitude of tumor mo-
tion induced by cardiac motion. They confirmed that the
average amplitude of the tumor motion was greatest (12 +
2mm [SD]) in the CC direction for tumors situated in the
lower lobes and not attached to rigid structures such as
the chest wall or vertebrae. For the RL and AP directions,
tumor motion was small for both upper- and lower-lobe
tumors (2 £ 1mm). The time-averaged tumor position was
closer to the exhale position, because the tumor spent more
time in the exhalation than in the inhalation phase. The tu-
mor motion was modeled as a sinusoidal movement with
varving asymmetry. The tumor position in the exhale phase
was more stable than the tumor position in the inhale phase
during individual treatment fields. However, in many pa-
tients, shifts in the exhale tumor position were observed
intra- and interfractionally. These shifts were the result
of patient relaxation, gravity (posterior direction). setup
errors, and/or patient movement. The 3D trajectory of the
tumor showed hysteresis, which ranged from 1 to 5mm, for
10 of the 21 tumors. The extent of hysteresis and the am-
plitude of the tumor motion remained fairly constant during
the entire treatment. Changes in shape of the trajectory of

the tumor were observed between subsequent treatment
days for only 1 patient. Fourier analysis revealed that for 7
of the 21 tumors, measurable motion in the range of 1 to
4mm was caused by the cardiac beat. These tumors were
located near the heart or were attached to the aortic arch.
The motion due to the heartbeat was greatest in the RL
direction. Seppenwoolde et al.’” suggested that tumor mo-
tion due to hysteresis and heartbeat could lower treatment
efficiency in gated treatments or could lead to a geographic
miss in conventional or active-breathing controlled
treatments.

In another study using RTRT, 20 lung tumors in 18 pa-
tients were given high-dose hypofractionated focal irradia-
tion (3548 Gy in 4-8 fractions in 4-10 days) with a planning
target volume margin of Smm for the tumor."” On the
whole, 13 (65%) of the 20 tumors were successfully treated
with RTRT. Local tumor control was achieved and main-
tained for all 12 patients (13 tumors) who were treated with
RTRT, with a median follow-up of 9 months (range, 5-15
months). Localized radiation pneumonitis was found radio-
graphically in the lung volume that was irradiated with
about 20 Gy, and was without symptoms in all but 1 patient.
'The excellent initial response and low incidence of clinical
complications suggest that high-dose hypofractionated fo-
cal irradiation, using the RTRT system, could be a good
local treatment for peripheral-type lung tumors.

Liver

Four-dimensional (4D) treatment planning using dynamic
3D images was first reported by Shimizu et al.." using not
CT but magnetic resonance imaging (MRI: Fig. 2). They
investigated the 3D movement of a spherical liver tumor
during respiration with MR1, using a high-spced sequence.
A marker was placed on the surlace of the patient as a dis-
tance reference. Repetition time ('TR) was 7.7 ms, echo time



