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Abstract Purpose: Homogeneous irradiation and the delivery of fractionated ra-
diotherapy using the CyberKnife are useful treatments for brain metastases.
Here we present our results of local tumor control after CyberKnife treatment.
Materials and Methods: Local tumor control was evaluated for 107 lesions in
60 patients with radiological follow-up histories longer than 1 month (range
1.1 - 36.4 months, median 6.7 months). Also, tumor shrinkage time (TST)
was assessed for 98 lesions by magnetic resonance imaging. The median and
mean tumor volumes per patient were 2.8 and 6.1 cm® (range 0.1-38.4 cm?),
respectively, at the time of the initial CyberKnife treatment. The mean mar-
ginal dose was 20.1 Gy (range 11.6-24.9 Gy, median 20.3 Gy). Forty-two cases
(70%) involved a single lesion, and 18 (30%) involved multiple lesions, rang-
ing in number from 2 to 7. Results: We found no permanent symptoms re-
sulting from radiation necrosis during the follow-up periods after CyberKnife
treatment. Actuarial local control rates were 88% and 63% at 6 months and
1 year, respectively. The median time to local failure was 5.8 months, with
a range of 3.0-21.9 months. TST analysis showed that large tumor volume
and low marginal dose were still associated with poor tumor control. CyberKnife
treatment was unable to control the tumor in 18 of 106 tumors. However, none
of the patients who underwent additional radiosurgery or other surgical pro-
cedure died of brain metastasis. Conclusion: CyberKnife treatment is a use-
ful modality which can be the first choice for treatment of brain metastasis.

Introduction

Stereotactic radiosurgery is widely used
in the treatment of brain metastases, and
has achieved better local control rates than
conventional whole-brain radiation therapy
(WBRT)."™ Recently, the CyberKnife
(Accuray, Calif., USA), developed in
1997,°"” has been used for this purpose.
It is a powerful instrument mounted on a

highly maneuverable robotic manipulator
which eliminates the need for skeletal
fixation or rigid immobilization of the tar-
get through its use of real-time image
guidance. Gamma-knife units have sever-
al limitations, including rigid target fixa-
tion and limited degrees of treatment free-
dom, which can be major drawbacks when
treating patients with multiple, large, or
non-spherical tumors. Such patients could
benefit from the use of homogeneous irra-
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diation and the delivery of fractionated
CyberKnife therapy. Here we describe the
results we have obtained with CyberKnife
radiosurgery in patients with brain metas-
tases, including assessment of local tumor
control and tumor growth patterns during
the process of tumor reduction after the
treatment.

Materials and methods

Sixty patients with metastatic brain
tumors (107 lesions) who underwent
CyberKnife radiosurgery/radiotherapy at
Kounan Saint Hill Hospital between 1997
and 2001 were included in this study.
Patient age ranged from 30 to 88 years,
with a median of 64 years. Thirty-four
patients (57%) were male and 26 (43%)
were female. The median score on the
Karnofsky performance scale (KPS) at the
time of the initial CyberKnife treatment
was 80% (range 20-100%) . Forty-two
cases (70%) involved a single lesion, and
18 (30%) involved multiple lesions, ranging
in number from 2 to 7. The average num-
ber of lesions per patient was 1.8. The
major histologic types were carcinomas
of the lung (43%), breast (28%), intestine
(8%), stomach (3%), kidney (4%), and
others (14%). The median and mean
volumes of the 107 tumors were 2.8 and
6.1 cm® (range 0.1-38.4 cm®), respective-
ly, at the time of initial CyberKnife treat-
ment. In our institution, the marginal
dose was defined as that delivered at an
isodose surface surrounding 90% of the
entire volume of each tumor. In patients
who received fractionated irradiation, the
marginal dose was recalculated by the
linear-quadratic formula using the LQ-Model
¥ and the «/B ratio was defined as 2
Gy. The mean marginal dose was 20.1 Gy
(range 11.6-24.9 Gy, median 20.3 Gy).
Single-dose radiosurgery was performed
on 74 lesions with a median tumor volume
of 1.4 cm®. Fractionated radiosurgery
was basically performed if the tumor was
located in an eloquent area of the brain,
or was large. Fractionated radiosurgery
(1.6 times per case on average) was per-
formed on 32 lesions with a median tumor
volume of 8.1 cm®.

Local tumor control was evaluated for
107 lesions with radiological follow-up
histories longer than 1 month (range
1.1 - 36.4 months, median 6.7 months).
Local recurrence of treated metastases
was defined as an increase of greater
than 25% in the contrast of images obtained
by magnetic resonance imaging (MRI), or
where neurological deterioration occurred.
Time to local failure was assessed for
each lesion, and was measured from the
date of initial CyberKnife treatment. The
times to local failure were analyzed using
the Kaplan-Meier method”, by arbitrarily
dividing categorized variables into two
groups by changing the cutoff values.
The logrank test was used to evaluate
the effects of patient characteristics and
treatment factors on these outcomes.'”
Factors affecting local tumor control were
also determined by multivariate analysis.
Parameters with p values less than or equal
to 0.40 were included in the multivariate
analysis, which used the Cox proportion-
al hazard model with the backward step-
wise method.'” Differences at p <0.05
were regarded as statistically significant.

To assess tumor growth patterns during
the process of tumor reduction after
CyberKnife treatment, we estimated tumor
shrinkage time (TST) by MRI during
follow-up in 98 lesions.'®” Tumors showing
regrowth in the follow-up period were
excluded from this analysis. We measured
the diameter of a tumor in three orthogonal
planes (a, b, and ¢) on MR images. We
used the following formula, which calcu-
lates the volume of an ellipsoid: V= (4=
abc/3) (2°. TST was calculated by modify-
ing the formula used for tumor doubling
time, as follows: TST=-t log(2) /log(V1/V
0), where V0 is the initial volume of the
tumor and V1 is the volume of the tumor
after t days. With this formula, TST be-
comes high when the tumor shrinks slow-
ly. The values for each group were com-
pared using the Mann-Whitney or Spear-
man correlation tests for independence.

Results
We found no permanent symptoms result-
ing from radiation necrosis during any of
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Table 1.

Analysis of local tumor control (106 lesions)

tumor volume (<2.99 vs >2.99 cm?®)
marginal dose (<21.9 vs >21.9 Gy)
adjuvant WBRT

lung cancer vs others

breast cancer vs others
infratentorial location

recurrent tumor

eloquent tumor

Univariate Multivariate
0.0157 0.4327
0.0281 0.1727
0.0701 0.3318
0.4072 NI

0.4417 NI

0.0203 0.2287
0.1178 0.5458
0.0629 0.5766

NI: not included, WBRT: whole-brain radiation therapy

the follow-up periods after CyberKnife
treatment. Actuarial local control rates
were 88% and 63% at 6 months and 1
year, respectively. The median time to lo-
cal failure was 5.8 months, with a range
of 3.0-21.9 months. The possible prognos-
tic factors for local tumor control were
tumor volume, marginal dose, adjuvant
WBRT, location of the primary lesion (lung
or breast cancer vs others), location of
the metastasis (infratentorial), tumor re-
currence, and tumor location in an elo-
quent area of the brain such as the mo-
tor and speech areas, or brainstem. The
results are shown in Table 1. A large tu-
mor volume (greater than 2.99 cm®), in-
fratentorial location, and a marginal dose
of radiation (21.9 Gy or less) were also

associated with poor tumor control (p<0.05)
in the Kaplan-Meier analysis (Table 1,
Figs. 1-3). However, multivariate analy-
sis by Cox proportional hazards regression
modeling showed no statistical significance
for any of these factors. Univariate anal-
ysis showed that adjuvant WBRT before
CyberKnife treatment and tumor location
in a non-eloquent brain area were associ-
ated with favorable tumor control, although
with borderline significance (p=0.0701 and
0.0629, respectively). Univariate and mul-
tivariate analyses showed that multiplicity
did not affect local tumor control.
Eighteen of 106 tumors (in 18 patients)
showed failure of local control during
the follow-up period (Table 2). The aver-
age marginal dose for the 18 tumors was

marginal dose > 21.9 Gy
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Fig. 1 The Kaplan-Meier model with long-rank test applied to each categorization
demonstrated significantly longer tumor control rates in patients a marginal dose of

greater than 21.9 Gy (p < 0.05).



o8

Yasutaka Jimi, M.D.

100
80
< 60 -
= j
€ 407
3 | tumor volume > 2.99 cms3
T‘g 50 (n=54)
3 i
0 - p=0.0157
] T T T T T T T i T T T T T ' |
0 10 20 30 40

Months after CyberKnife
Fig. 2 The Kaplan-Meier model with long-rank test applied to each categorization
demonstrated significantly longer tumor control rates in patients with a tumor vol-

ume of 2.99 cm3 or less (p < 0.05).
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Fig. 3 The Kaplan-Meier model with long-rank test applied to each categorization
demonstrated significantly longer tumor control rates in patients with supratentorial

tumors (p < 0.05).

19.5 Gy (range 11.6-24.7 Gy, median 19.9
Gy). The median and mean volumes of
the 18 tumors (responsible for the patients'
neurological disorder) were 9.07 and 4.3
cm® (range 0.2-38.4 cm®), respectively, at
the time of initial CyberKnife treatment.
Twelve  patients received  additional
radiosurgery (CyberKnife for ten tumors and
gamma knife for two) when tumor recur-
rence was diagnosed. After the second
radiosurgery, ten of these patients had

no recurrence, whereas two required addi
tional surgical treatment during the
follow-up period after the second CyberKnife
treatment. Three of 18 patients underwent
surgical treatment at the first recurrence
to relieve the symptomatic mass effect at
the site of local failure. Two of them re-
ceived CyberKnife treatment immediately
after surgery for the residual tumor, where-
as one case was proven to be radiation
necrosis by histological examination. Three
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patients who did not undergo either ad-
ditional radiosurgery or surgical treatment
died of progressive brain metastasis. Four
of 14 patients who received CyberKnife treat-
ment died of extracranial metastases oth-
er than brain metastasis. Eleven patients
were still alive after a median follow-up
period of 14.2 months (range 4.9-37.1
months) from the date of the initial
CyberKnife treatment.

In the analysis of TST, the median time
to MRI follow-up was 4.9 months, with
a range of 1.4-36.4 months. The mean
TST was 15.6 months after the initial
CyberKnife treament (from 2.1 to 46.7
months; median 13.1 months). Possible
relevant factors for TST were tumor vol-
ume, number of lesions per patient, age,
sex, marginal dose, location of primary le-
sion (lung or breast cancer vs others), and
use of adjuvant WBRT (Table 3). Among
these factors, a larger tumor volume and

lower marginal dose were significantly as-
sociated with a high TST (poor tumor con-
trol) (Figs. 4, 5).

Discussion

Regarding local tumor control using
the gamma-knife, a smaller tumor volume
has also been shown to be correlated with
better tumor control"®, except for a few
reports indicating that dose and tumor
size are not significant.” Six-month and
l-year actuarial local tumor control rates
in our series were similar to those in pre-
vious studies, i.e. 82% at 6 months”, and
48-85% at 1 year (Table 4). In our factor
analysis, we found that tumor volume af-
fected local tumor control significantly in
univariate analysis but not in multivariate
analysis. When cases showing good tu-
mor control were included in the analy-
sis, tumor volume significantly affected the
tumor shrinkage time. These results sug-

Table 2. Lesions with local control failure

Age (years) Volume Dose Second Third

Gender (cm3) (Gy) treatment treatment
1) 69, male 3.2 20.4  CyberKnife no recurrence
2) 88, male 4.3 18.8  CyberKnife no recurrence
3) 95, female 3.8 21.4  CyberKnife no recurrence
4) 56, female 1.4 24.3  CyberKnife no recurrence
5) 82, male 38.4 16.1 gamma Kbnife no recurrence
6) 51, male 26.2 16.1 gamma Knife no recurrence
7) 72, male 5.5 18.0  CyberKnife no recurrence
8) 50, female 23.5 16.1  CyberKnife no recurrence
9) 48, male 3.0 11.6  CyberKnife no recurrence
10) 50, female 0.9 21.7  CyberKnife no recurrence
11) 60, male 14.8 19.6  CyberKnife surgery (tumor)
12) 46, female 12.8 20.0  CyberKnife surgery (tumor)
13) 69, male 2.1 19.8  surgery (tumor) CyberKnife
14) 73, male 4.3 21.8  surgery (tumor) CyberKnife
15) 66, male 0.2 24.8  surgery (necrosis) no recurrence
16) 53, female 0.8 22.0 no treatment —
17) 80, male 7.0 16.9 no treatment —
18) 73, female 3.4 18.0 no treatment —
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gest that tumor volume is related to local
tumor control. A higher dose of radiation
delivered to the tumor was significantly
associated with improved local tumor con-
trol.'” Our data for tumor shrinkage time
and factor analysis also showed that low-
er irradiation doses can be associated with
poor local tumor control. Although our
initial purpose of treating patients with
the CyberKnife was to avoid radiation
injury as much as possible, the radiation
dose can be important in large tumors.
In this analysis, radiation dose was re-
duced in large tumors (cases 5, 6, and 8
in Table 2) or tumors in eloquent areas
of the brain, even if the tumor was small
(cases 9 and 17 in Table 2), which neces-
sitated repeated CyberKnife treatment.
Taking this together with the fact that
no permanent symptoms were observed to

Table. 3. Analysis of factors affecting tu-

mor shrinkage time

result from radiation necrosis during the
follow-up periods, more aggressive irradi-
ation appears to be acceptable for the
treatment of larger tumors using the
fractionated method. A recent report has
stated that surgical excision of the tumor
before radiosurgery provides better tumor
control.' Indeed, in the present series,
a single CyberKnife treatment was unable
to control 18 of 104 tumors. However,
our results suggest that even large tumors
can be treated by fractionated CyberKnife
irradiation, and that subsequent treatment
by either radiosurgery or conventional
surgery can be satisfactory for the man-
agement of recurrent tumors. Although
CyberKnife treatment is not as effective
for cystic metastases as other radiosurgery
techniques, our results suggest that frac-
tionated CyberKnife radiosurgery can be
an effective first treatment for larger sol-
id metastatic brain tumors, which can re-
sult in financial benefits associated with

tumor volume < 0.0001 shorter hospital stays.
no. of lesions 0.8492 Although our analyses did not exclude
age 0.6465 elderly patients or patients with large tumors
sex 0.1611 or higher pre-KPS scores, but only those
inal d <' 0.0001 with cystic tumors, our results for tumor
margihal dose ’ control rates are comparable or better than
lung cancer or others 0.8175 those of previous series involving
breast cancer or others 0.5207 gamma-knife treatment. While gamma-knife
adjuvant WBRT 0.6397 units have several limitations, including
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Fig. 4 Relationship between tumor volume and shrinkage time (r= 0.745, p< 0.0001)
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rigid target fixation and limited degrees
of treatment freedom, CyberKnife treatment
provides the additional advantage of avoid-
ing patient discomfort or pain caused by
repeated skeletal fixation or rigid im-
mobilization of the target. Thus, CyberKnife
treatment is a useful modality which can
be the first choice for brain metastasis,
especially in elderly patients, patients
with multiple intracranial metastases,
and possibly patients with large metastatic
lesions.
Conclusions

The CyberKnife is a useful instrument
and can be the first choice for treatment
for brain metastasis. More aggressive
irradiation can be acceptable for the treat-

ment of larger tumors using a fractionated
approach.
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