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Object. The efficacy and safety of treatment with whole-brain radiotherapy (WBRT) or with stereotactic radio-
surgery (SRS) for multiple brain metastases (> 10) are topics of ongoing debate. This study presents detailed dosimet-
ric and biological information to investigate the possible clinical outcomes of these 2 modalities.

Methods. Five patients with multiple brain metastases (n = 11-23) underwent SRS. Whole-brain radiotherapy
plans were retrospectively designed with the same MR image set and the same structure set for each patient, using the
standard opposing lateral beams and fractionation (3 Gy x 10).

Physical radiation doses and biologically effective doses (BEDs) in WBRT and SRS were calculated for each
lesion target and for the normal brain tissues for comparison of the 2 modalities in the context of clinical efficacy and

published toxicities.

Results. The BEDs targeted to the tumor were higher in SRS than in WBRT by factors ranging from 2.4- to 3.0-

fold for the mean dose and from 3.2- to 5.3-fold for the maximum dose. In the 5 patients, mean BEDs in SRS (calcu-
lated as percentages of BEDs in WBRT) were 1.3%-34.3% for normal brain tissue, 0.7%-31.6% for the brainstem,
0.5%-5.7% for the chiasm, 0.2%—5.7% for optic nerves, and 0.6%—18.1% for the hippocampus.

Conclusions. The dose-volume metrics presented in this study were essential to understanding the safety and
efficacy of WBRT and SRS for multiple brain metastases. Whole-brain radiotherapy results in a higher incidence of
radiation-related toxicities than SRS. Even in patients with > 10 brain metastases, the normal CNS tissues receive
significantly lower doses in SRS. The mean normal brain dose in SRS correlated with the total volume of the lesions
rather than with the number of lesions treated.

(http://thejns.org/doilabs/10.3171/2014.7.GKS141229)
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patients. Treatment options for patients with brain

metastases are, in part, dependent on the number
of lesions. Recently published guidelines® recommend
whole-brain radiation therapy (WBRT) rather than ste-
reotactic radiosurgery (SRS) for patients with more than
4 lesions. However, this is an arbitrary number, and there
is little evidence—and no Level 1 evidence —to support a

T HE brain is a common site of metastases in cancer

Abbreviations used in this paper: BED = biologically effective
dose; DVH = dose-volume histogram; GKS = Gamma Knife sur-
gery; IDL = isodose line; LQ = linear-quadratic; RION = radiation-
induced optic neuropathy; SFED = single-fraction equivalent dose;
SRS = stereotactic radiosurgery; WBRT = whole-brain radiation
therapy.
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cutoff of 4 lesions rather than a higher lesion number for
SRS treatment.”** For many institutions, SRS is the pre-
ferred treatment for eligible patients with 4 or fewer brain
lesions for several reasons, including the neurocognitive
decline noted in patients that have had WBRT.?
Whole-brain radiotherapy delivers a fairly uniform ra-
diation dose to the entire brain, usually in 10 or more daily
treatments; a common prescription is 30 Gy in 10 fractions
to the brain midplane. Stereotactic radiosurgery delivers
tightly conformal doses to each target lesion in a single
fraction, with doses (typically 15 Gy or higher) prescribed
to a low (50%-70%) isodose surface, such that the center
of the lesion receives up to twice the prescription dose. A
dose delivered in a single fraction has a greater biological
efficacy than the same dose cumulated over multiple frac-
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tions. Because of the tight targeting in SRS, normal tissues
outside a treated lesion receive radiation doses that drop off
fast, so the doses the tissues receive are much lower (often
less than 50%) than the prescribed dose.

There are 2 major concerns about using SRS rather
than WBRT for treating multiple brain metastases. One
is that the presence of multiple clinically detectable me-
tastases implies the presence of occult disease that is not
addressed by the targeted dose distributions of SRS. The
second is that, while for treatments of 1 or a few lesions the
conformality of the SRS dose distribution makes this mo-
dality safe in terms of normal tissue exposure, an increase
in the number of targeted lesions may increase radiation
exposure to normal brain tissues to a level of clinical con-
cern, because of overlapping doses targeting the multiple
lesions. Tumor location and overlapping doses are major
factors, as are the number of tumors treated with SRS, con-
tributing a high dose to a critical CNS structure.

Previous studies have shown that the cumulative
dose to the normal brain is safe for SRS of > 10 brain
metastases with Gamma Knife.?>2° However, no reports
were found to address the detailed dose metrics for vari-
ous critical CNS structures in SRS of multiple brain me-
tastases. In light of the debate on the safety and efficacy
of SRS versus WBRT, it was essential to understand the
dosimetric and biological differences in these 2 treatment
modalities. Our study calculated and compared the physi-
cal and biologically effective doses (BEDs) for both treat-
ment targets and for the normal CNS tissues in patients
with > 10 brain metastases. We used 5 representative
cases to demonstrate the fundamental differences in dosi-
metric and biological outcomes between SRS and WBRT.
Some issues related to the normal tissue complications
induced by radiation dose-volume effects are raised and
are discussed in the context of the current knowledge of
the efficacy and safety of the 2 treatment modalities.

Methods

This study was approved by the Cooper Health Sys-
tem Internal Review Board. We examined the dosimetric
data of 5 patients who had undergone simultaneous treat-
ment for > 10 brain metastases at our institution. All of
the patients were treated with a Gamma Knife Perfexion
(Elekta) unit at Cooper University Hospital. The primary
disease of Patient 1 was non—small cell lung cancer; of
Patient 2, breast cancer; of Patient 3, small cell lung can-
cer; and of both Patients 4 and 5, breast cancer. Patients
1,2, and 5 had not undergone brain radiation therapy be-
fore the current Gamma Knife surgery (GKS), and both
Patients 3 and 4 had undergone WBRT before the GKS.

In all cases, lesions were distributed around every
lobe of the brain. Patient 3 had 1 lesion located in the
pons, and Patient 5 had 1 lesion abutting the pons. Table 1
lists the total number of lesions and total volume of lesions
treated with GKS, along with median tumor volumes, di-
mensions, and their ranges. Also included in Table 1 are
the prescription doses and isodose lines (IDLs) for each
patient. The prescribed doses for individual metastases
ranged from 16 Gy to 20 Gy at the 50%—-85% IDL, de-
pending on the size and location of the lesion.
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All of the targets and critical structures were delin-
eated by a neurosurgeon on the basis of the high-resolu-
tion MRI scans (that is, a voxel size of 1 mm?) during the
Gamma Knife procedure. The MRI scans, together with
all of the structures, were transferred according to Digital
Imaging and Communications in Medicine standards to
the CMS Xio planning system (Elekta), where a WBRT
treatment was planned for 30 Gy to the isocenter (at the
middle of the brain) in 10 fractions with two 6-MV op-
posing lateral photon beams. All doses were calculated
without heterogeneity corrections.

The effect of the number of delivery fractions (N) and
dose per fraction on the biological efficacy of a total dose,
D, is often described by a theoretical quantity, the BED. It
has long been observed that dose-per-fraction effects for
many tumors are different from those for normal tissues
as well as for different normal tissues and for complica-
tion endpoints. Although several models can calculate the
BED, the most widely used method is the linear-quadratic
(LQ) model.>'"" The equation for the calculation of BED
is given as follows:

BED,; = D (1 + (D/N)/(o/B)) [Eq. 1]
In particular, one may use the LQ model to calculate the
BED,,; for a chosen fractionation schedule (e.g., 30 Gy in
10 fractions) and compare it to the single-fraction equiva-
lent dose (SFED), the isoeffective dose delivered to the
same tissue in a single fraction, by solving the following
quadratic equation:

SFED (1 + SFED/(a/B)) = BED,3 [Eq. 2]

Of relevance to the following discussion, the key biologi-
cal parameter in this calculation is called a/f. The degree
to which an effect is sensitive to dose per fraction de-
pends inversely on o/f3. In our conservative comparison,
a/P is assumed to be 1 Gy for normal brain tissues with
an increased sensitivity to SRS.

Results

Figure 1 shows the dose-volume histograms (DVHs)
in both SRS and WBRT for the various critical CNS
structures for 2 of the 5 patients. Each DVH was calcu-
lated with the actual physical dose, where SRS was for a
single fraction and WBRT for a prescription of 30 Gy in
10 fractions. The brain DVH including the dose to targets
was calculated for the entire brain. The normal critical
brain structure is the entire brain volume with all delin-
eated targets subtracted. Figure 2 shows the relationships
of the mean dose delivered in SRS to normal brain tissues
with the number and the total volume of lesions. Included
in the plot of mean dose versus the total volume of lesions
is a power regression curve; extrapolation of the curve to
a total lesion volume of 50.0 cm? resulted in a mean dose
to the brain of 6.9 Gy in SRS.

Table 2 summarizes the maximum and mean physi-
cal doses delivered in the single fraction of SRS to the
lesions as well as to the critical structures for each pa-
tient. Table 3 shows the maximum and mean BEDs cal-
culated by Eq. 1 for each patient’s SRS treatment. For
SRS, different lesions received different prescriptions, but
for WBRT, the doses differed from a uniform 30 Gy by
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TABLE 1: Characteristics of the lesions and prescription doses for each patient treated with GKS*

Patient No. (range)

Characteristic 1 2 3 4 5
no. of lesions 11 13 16 20 23
total tumor vol in cm? 0.3 31.2 9.9 53 9.7
median tumor vol in cm?3 0.02 (0.006-0.05) 1.65 (0.02-10.54) 0.21(0.02-1.65) 0.11 (0.01-1.49) 0.2 (0.01-2.26
median dimension in cm 0.4 (0.3-0.6) 1.2(0.3-3.4) 1.0 (0.3-1.8) 0.6 (0.2-1.5) 0.8 (0.4-1.7)
median Rx dose in Gy 20.0 (20-20) 16.0 (15-18) 18.0 (16-20) 18.0 (15-18) 20.0 (18-20)
median max dose in Gy 30.8 (23.5-40.0) 35.7 (30.0-36.0) 36.0 (26.7-40.0) 36.0 (22.5-36.0) 40.0 (30.8-40.0)
median Rx IDL in % 65 (50-85) 50 (50-50) 50 (50-60) 50 (50-80) 50 (50-65)

* Rx = prescription.

less than 10%. Using the hypothetical uniform doses for
tumor and selected normal tissues in WBRT, the tumor
BED was higher for SRS than for WBRT: 2.4- to 3.0-fold
higher for the mean dose and 3.2- to 5.3-fold higher for
the maximum dose. For normal tissues, the mean BED in
SRS was much lower than that in WBRT for the normal
tissues, although the maximum BED for a specific normal
tissue can be higher in SRS if there are lesions nearby,
such as in the brainstem in Patients 3 and 5. In the 5 pa-
tients, the mean BEDs in SRS (calculated as percentages
of the BED in WBRT, that is, 120 Gy) were 1.3%-34.3%
for normal brain tissue, 0.7%-31.6% for the brainstem,
0.5%-5.1% for the chiasm, 0.2%-5.7% for optic nerves,
and 0.6%—18.1% for the hippocampus.

The WBRT dose distribution was quite uniform (<
10% variations in our 5 cases). If it were completely uni-
form, a prescription of 30 Gy in 10 fractions would cor-
respond to a tumor BED (assuming o/ = 10 Gy) of 39
Gy and a normal tissue BED (assuming o/ff = 1 Gy) of
120 Gy, as suggested for some CNS complications."” For
the tumor, the SFED corresponding to 30 Gy in 10 frac-
tions was approximately 15.4 Gy, while for the normal
tissue, it was approximately 10.5 Gy. The dose in an SRS
plan is highly heterogeneous, and the BED is nonlinearly
related to physical dose. The mean BED for a specified
structure in SRS is calculated by converting the physical
dose of each bin to the individual BED before averaging
the volume-weighted BED dose bins over the full DVHs.

Table 2 compares SRS maximum and mean physi-
cal doses for normal tissues of particular concern in SRS
with SFED in WBRT, all of which had a single-fraction
equivalent uniform dose of about 10.5 Gy. These tissues
included the normal brain, brainstem, hippocampus, optic
nerves, and optic chiasm. Since WBRT is widely believed
to be safe for some of these normal tissues, comparison
of SRS doses with these calculated SFEDs might help in
setting limits for SRS treatments. The mean normal brain
dose is an indicator of whether there might be a serious
problem with overlapping dose distributions in SRS.

Discussion

Improved systemic control of cancers for patients
with metastatic disease makes it likely that more of these
patients will have tumor recurrence in the CNS and that
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they will have improved survival. This makes treatment
of CNS metastatic disease an important clinical issue.
The conventional option for patients with multiple (that is,
> 4) brain metastases is WBRT, and either WBRT or SRS
is considered an option for patients with few metastatic
brain lesions. Nevertheless, dose-volume relationships
and their effects on tumor control and toxicity on normal
tissues in WBRT and SRS of > 10 brain metastases have
not been fully addressed in the literature.

Whole-brain radiotherapy produces a rather uniform
radiation dose distribution across the entire brain, provid-
ing doses to lesions and risk organs within 10% of the
prescribed dose. In comparison, SRS delivers a highly
nonuniform dose distribution in a single fraction in which
the lesions receive much higher maximum and mean dos-
es, and the critical brain structures receive much lower
doses. Single-fraction doses are known to have a larger
biological effect than equal doses delivered cumulatively
over multiple fractions. This is the reason why patients
treated with WBRT alone have a higher risk of subse-
quent local disease progression in the CNS than patients
who are treated with SRS.!

Table 4 lists the potential toxicities of WBRT and
SRS, graded on the basis of symptoms according to the
common toxicity criteria of the Cancer Therapy Evalu-
ation Program for brain injury (http://ctep.cancer.gov/re-
porting/ctc.html). As described in a recent review,'” most
of the potential toxicities are mild, moderate, or asymp-
tomatic (Grades 1 or 2), but some may need intervention
because of the risk of causing disability or even death
(Grades 3-5). According to McTyre and colleagues, more
severe radiation-induced complications are observed in
WBRT than in SRS."” The specific relationship between
radiation toxicity and radiation dose for each organ is the
subject of extensive studies. Some radiation complica-
tions are positively correlated with a low-to-medium dose
to a large volume of irradiated tissue, whereas others are
positively correlated with a high dose to a small tissue
volume. Whole-brain radiotherapy delivers a much high-
er mean dose (approximately 120 Gy of BED) to normal
CNS tissues of interest than SRS does (as shown in Table
3, mean BEDs with SRS are typically lower than 50 Gy).

The likely reason for the higher incidence of radia-
tion-induced complications in WBRT than in SRS is that
WBRT delivers a higher mean dose to the brain than SRS
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Fic. 1. Dose-volume histograms for Patients 2 and 3. Values for WBRT and SRS are plotted as solid and dashed lines, re-
spectively. The plots represent the brain (black lines) and brainstem (gray lines) (A), chiasm (B), optic nerves (right nerve black
lines and left nerve gray lines, C), and hippocampus (right black lines and left gray lines, D) from SRS in a single fraction and

from WBRT in 10 fractions.

does.”” In SRS, the normal brain tissues and the brainstem
can tolerate fairly high maximum doses to a very small tis-
sue volume around the lesions. Safe treatment that deliv-
ers a high BED to very small (< 1 cm?) volumes has been
observed in SRS of trigeminal neuralgia and spine.*? In
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animal models of the so-called “bath-and-shower” effect,
radiobiological relationships between a low mean dose to
large volumes (the “bath”) and a high dose to small sub-
volumes (the “shower”) have been demonstrated in which
the presence of a bath dose of as low as 4 Gy reduces
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Fic. 2. Plots of the mean dose in SRS to normal brain tissues relative
to the number of lesions (upper) and the total lesion volume (lower; the
curve shows a power regression with the equation y = 1.1399x%4 [y is
the mean dose and x the total volume; R? = 0.9786]).
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the tolerance of a shower dose by as much as 15 Gy.>202¢
These bath-and-shower radiobiological effects may also
be implicitly observed in many clinical paradigms; for
example, the extremely high brainstem maximum point
dose in treatments of trigeminal neuralgia may be pos-
sible in part because of the negligible bath dose.

In whole-brain treatments, the entire volumes of
brain and brainstem always receive a bath dose high
enough to potentially cause a number of toxicities even
without a shower dose. In SRS, the bath doses to the
healthy brain and adjacent critical structures are much
lower than those of WBRT. The bath-and-shower effect
may also underlie the differences in biological outcomes
between maximum dose and mean dose. Studies have re-
ported that, given similar maximum doses, the mean dose
to visual pathway structures was greater for patients with
complications than for those without.®!*!5 Interestingly,
few radiation-induced optic neuropathies (RIONs) have
been observed in WBRT, even though optic structures re-
ceive high mean doses. However, the SRS clinic has seen
a different paradigm. A literature review found that the
incidence of RIONs was negligible for maximum doses to
the optic structures below 8 Gy in a single fraction, rising
to 10% for a maximum dose of 12 Gy.'® A recent study
by Pollock et al.?! shows for 133 Gamma Knife cases of
parasellar tumors that the median volumes of optic nerve
receiving maximum doses of 8 Gy, 10 Gy, or 12 Gy are
fairly small (15.8, 1.6, or 0.1 mm?, respectively), and that
the dose falls to 4-6 Gy a few millimeters outside the
prescription IDL. The understanding of the correlation of
the risk of RION with dose-volume metrics, particularly
with the mean dose, is currently incomplete.

Our data provide a radiobiological rationale for the

TABLE 2: Maximum and mean physical doses delivered by SRS to lesions and to critical CNS structures

Patient No.

Tissue 1 2 3 4 5
max dose (Gy)
lesions* 30.9 (23.9-40.9) 34.9 (30.9-36.9) 36.9 (27.9-40.9) 32.9 (22.9-36.9) 40.9 (36.9-40.9)
normal brain 23.3 22.7 251 251 241
brainstem 2.0 6.0 201 4.0 22.9
chiasm 0.8 3.0 3.0 2.0 3.0
rt optic nerve 04 2.0 3.0 0.8 3.0
It optic nerve 0.3 2.0 3.0 2.0 3.0
rt hippocampus 2.0 7.0 5.0 3.0 6.0
It hippocampus 0.9 5.0 1.0 4.0 4.0
mean dose (Gy)
lesions* 27.3(22.8-32.7) 26.0 (21.8-34.3) 27.3(21.3-34.5) 27.0 (21.7-31.4) 29.7 (27.0-32.7)
normal brain 0.6 48 341 2.7 4.1
brainstem 0.5 3.4 4.6 1.6 2.8
chiasm 0.4 2.0 21 14 1.8
rt optic nerve 0.2 14 241 0.6 1.8
It optic nerve 0.2 14 1.7 0.7 1.5
rt hippocampus 0.5 41 2.9 14 2.6
It hippocampus 0.5 3.6 3.9 1.9 2.0

* Indicated are the means (ranges) of maximum and mean doses to the lesions.
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TABLE 3: Maximum and mean BEDs delivered by SRS to lesions and to critical CNS structures*

Patient No.
Tissue 1 2 3 4 5 SD

max BED (Gy)

lesions 126 (81-208) 157 (126-173) 173 (106-208) 141 (75-173) 208 (126-208) 31.6
normal brain 566 538 655 655 605 52.4
brainstem 6.0 417 4241 19.9 547.3 2577
chiasm 1.5 1.9 1.9 6.0 1.9 47
rt optic nerve 0.6 6.0 1.9 1.6 1.9 54
It optic nerve 0.4 6.0 1.9 6.0 11.9 4.8
rt hippocampus 6.0 55.6 29.7 1.9 4.7 20.6
It hippocampus 1.7 29.7 130.9 19.9 9.8 52.8
mean BED (Gy)

lesions 102 (75-140) 94 (69-152) 102 (67-154) 100 (69-130) 118 (99-139) 8.9
normal brain 1.6 41.2 18.9 15.0 29.5 15.0
brainstem 0.8 15.4 379 44 131 14.5
chiasm 0.6 6.3 6.8 33 5.2 25
rt optic nerve 0.3 3.5 6.8 0.9 53 2.8
It optic nerve 0.2 3.5 4.5 1.2 3.8 1.8
rt hippocampus 0.8 217 11.6 3.6 19.9 94
It hippocampus 0.7 16.5 20.2 6.0 6.2 8.1

* The BED was calculated with an a/B of 10 Gy for lesions and with an a/f of 1 Gy for the critical CNS structures. Numbers in parentheses are the range.

observations that treatment of multiple CNS metastases
with SRS is relatively safe. One of the normal tissues of
primary concern when treating multiple lesions with SRS
is the normal brain. Table 5 shows the total volumes of
normal brain receiving the specified minimum dose in
our study in comparison with those of Yamamoto et al.,?
which calculated dose volumes for 80 patients whose le-
sions ranged in number from 10 to 43. In our 5 patients,
the total dose volume to the normal brain was the sum
of separate dose volumes receiving the specified dose for
each individual target area with the corresponding target
volume subtracted. As a typical example, an individual
V12 (the brain volume receiving > 12 Gy) for a target of
3.3 cm? in volume (1.2 cm in dimension) is calculated to
be 10.5 cm? and 7.2 cm?® with and without target volume
included, respectively. Our Patient 1 experienced radia-
tion exposure of volumes of normal brain that were lower
than the volume range in the study by Yamamoto and
colleagues because this patient had a very small total le-
sion volume and higher prescription IDLs. The exposed
volumes in the other 4 patients were within the range re-
ported by Yamamoto et al.?

The Quantec brain article'* cites a study' in which
the V12 correlated with symptomatic radiation necrosis
and in which the risk of necrosis increased significantly
from 23% (V12 at 0-5 cm?®) to 54% (V12 at 1015 cm?).
The results of this study, however, appear to be outliers
relative to those reported by others, including the Radia-
tion Therapy Oncology Group protocol 90-05.2* These
studies have reported clinical outcomes in which the V12
of an individual normal brain usually ranges from a few
cubic centimeters to more than 10 cm?, but the observed
rate of radiation necrosis is only a few percent or lower.
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More studies are needed to determine the dose-volume
response of symptomatic brain necrosis, especially in the
setting of multiple spatially separated high-dose volumes.

A recent randomized controlled trial suggests that
patients treated with SRS plus WBRT are at a greater risk
of a significant decline in learning and memory function
4 months after the treatment than patients who received
SRS alone.” This radiation toxicity might be related to
the high mean dose delivered to the hippocampus in
WBRT."®22 Even with treatment of multiple metastases,
the mean hippocampal BED is much lower with SRS,
which therefore provides better neurocognitive benefits
than WBRT in these patients. Interestingly, according to
the LQ model, the mean SFED in WBRT is approximate-
ly 10 Gy, but historically, a single fraction of 10 Gy to the
whole brain caused 6.7% death within hours of treatment.?
Many factors are omitted from this simple application of
the LQ model to the whole brain, not least of which is
the concept of damage repair in the time elapsed between
conventional fractions. The brain is an organized struc-
ture made up of many cell types, including neurons and
glial cells, and vasculature and interfraction repair may
be a significant feature of some of these cells.

The LQ model, even when accounting for effects such
as damage repair and cell repopulation,>*° deviates from
in vitro and animal data for high doses per fraction.'*?
This deviation is observed in some in vitro experiments
and reaches more than 20% for the calculation of SFED
at doses greater than 10 Gy per fraction.'>!*?” However,
the LQ model is reported to describe observed effects
well for the lower normal tissue single-fraction doses in
Table 3. In addition, the effects of the large differences
in the dose distributions between WBRT (uniform) and
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TABLE 4: Summary of potential complications associated with
WBRT or SRS with grades according to the CTEP criteria*

CTEP Grade
Toxicity WBRT SRS
acute (1st days to wks)
fatigue 1 1
nausea 2 2
vomiting 2 2
cerebral edema 1,2,3 1,2,3
decreased appetite 2 NA
alopecia 2 NA
dermatitis 2 NA
encephalopathy 4 NA
cerebral herniation 5 NA
headache NA 2
early delayed (1st wks to mos)
fatigue 1 1
somnolence 3 NA
neurocognitive deficits 3 NA
neurological symptoms 3 NA
somnolence syndrome 4 NA
neurological dysfunction 4 NA
cerebral edema NA 1,2,3
late (after 90 days)
radiation necrosis 1,4 1,4
leukoencephalopathy 4 NA
neurocognitive degeneration 4 NA
moyamoya syndrome 4 NA

*

Complications were assessed according to the review by McTyre et

al.'” CTEP = Cancer Therapy Evaluation Program; NA = not available.

J. Xue et al.

SRS (very nonuniform) on complications in multifunc-
tional normal tissues, such as the brain and brainstem,
are not well understood and are beyond the scope of our
dose comparisons. The results presented in this study
underline the challenges to the understanding of the bio-
logical effects of these 2 very different but widely used
dose distributions. Of note, because of its simplicity, the
LQ model has been widely used clinically to compare the
biological effects of different fraction sizes. However, cli-
nicians should be aware of the uncertainty of the BED
and SFED calculations involving hypofractionation.

From both dosimetric and biological perspectives, it
is safe to treat patients with more than 10 brain metasta-
tases with SRS. The peripheral dose to each individual
lesion in a single fraction is suggested to be 15-22 Gy
delivered to the 50% IDL,” depending on the size and
diagnosis of a lesion (we prefer to treat radioresistant tu-
mors, such as melanoma and sarcoma to a maximum dose
of 22 Gy, while other tumors receive a maximum dose of
20 Gy). We recommend keeping the 15 Gy IDL to less
than 4 cm in diameter and the 18 Gy IDL to less than
3 cm, especially when there is the dose overlap due to
closely adjacent targets.

The number of metastases is not always the major
dosimetric concern in SRS, because both the size and the
location of a lesion may be the causes for high radiation
doses to critical brain structures. Moreover, doses or pre-
scription IDLs may have to be occasionally adjusted to
keep within the above constraints. As is evident in Fig. 2,
the mean dose that normal brain tissues would receive in
SRS correlates with the total volume of the lesions rather
than the number of lesions treated. The normal brain may
get a mean dose of about 7 Gy when the total volume of
lesions reaches 50 cm?. More clinical data are needed to
refine the regression model observed in Fig. 2.

There are a few limitations of this work. The study

TABLE 5: Volumes of normal brain receiving the specified minimum dose in SRS from this study and from the study by

Yamamoto et al.
Total Dose Vol (V) in Gy to the Normal Brain

Patient No. V2 V5 V10 V12 V15 V20
vol (cm?)
Yamamoto etal.* 1105 (410-1501) 309 (46-1247) 64 (13-282) NC 24 (2-77) 8 (0-40)

1 29.4 6.6 1.5 0.9 04 0.1

2 1227.3 474.9 1277 92.0 59.6 27.8

3 1095.2 168.9 43.0 29.8 18.0 7.6

4 760.1 110.9 26.5 18.2 10.5 3.7

5 1213.5 314 66.8 45.8 28.6 13.9
percentage of total brain vol
present study

1 25 0.6 01 0.1 0.0 0.0

2 88.3 34.2 9.2 6.6 4.3 2.0

3 68.0 10.5 2.7 1.9 11 0.5

4 54.7 8.0 1.9 1.3 0.8 0.3

5 88.6 22.7 49 3.3 21 1.0

*
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Numbers in parentheses indicate range. NC = not calculated.
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was retrospective, and the 5 cases presented were chosen
because they were the only patients with more than 10
brain metastases treated at our institution. Specific clini-
cal criteria would have to be determined for the inclu-
sion of patients in the future, particularly for prospective
studies of outcomes. Nevertheless, the dosimetric data
and the results of our analysis of the 5 cases are quite rep-
resentative of the differences between WBRT and SRS.
However, more cases with a greater variety of lesion sizes
and locations might yield additional information about
the expected range of critical organ doses. The limitation
of using the LQ model to compare the BED between con-
ventional fractionation and single fraction was discussed
here and in other studies.

Conclusions

Whole-brain radiotherapy and SRS for treatment of
multiple brain metastases significantly differ in dosimet-
ric and biological characteristics. On the basis of maxi-
mum and mean BED, SRS is expected to provide better
control of the targeted lesions and to have lower toxicity
to many critical structures, especially the hippocampus
and other normal brain tissues.

The biological analysis of this study demonstrated
that SRS improves dose delivery to the target and deliv-
ers an acceptable radiation dose to normal tissues, even
when more than 10 lesions are treated with GKS. Evi-
dence suggests that WBRT can lead to more radiation-in-
duced toxicities because of the high mean dose delivered
to the normal CNS tissues. Our calculations provided a
rationale for the potential benefit of SRS in patients with
reasonable anticipated survival. We have found that, in
SRS, the mean dose to the normal brain correlates with
the total volume of lesions rather than with the number of
lesions treated. Ultimately, prospective clinical trials are
needed to determine the efficacy and safety of SRS for
multiple brain metastases.
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