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Abstract

Stereotactic radiosurgery (SRS), typically administered in a single session, is widely employed to safely, efficiently,
and effectively treat small intracranial lesions. However, for large lesions or those in close proximity to critical
structures, it can be difficult to obtain an acceptable balance of tumor control while avoiding damage to normal tis-
sue when single-fraction SRS is utilized. Treating a lesion in 2 to 5 fractions of SRS (termed “hypofractionated SRS”
[HF-SRS]) potentially provides the ability to treat a lesion with a total dose of radiation that provides both adequate
tumor control and acceptable toxicity. Indeed, studies of HF-SRS in large brain metastases, vestibular schwan-
nomas, meningiomas, and gliomas suggest that a superior balance of tumor control and toxicity is observed
compared with single-fraction SRS. Nonetheless, a great deal of effort remains to understand radiobiologic mecha-
nisms for HF-SRS driving the dose-volume response relationship for tumors and normal tissues and to utilize this
fundamental knowledge and the results of clinic studies to optimize HF-SRS. In particular, the application of HF-SRS

in the setting of immunomodulatory cancer therapies offers special challenges and opportunities.

Key words

Stereotactic radiosurgery (SRS) has established a major
role in the treatment of brain tumors based on its ability to
precisely and accurately deliver a high dose of radiation to
a target, effectively ablating all viable tumor while minimiz-
ing dose and preventing damage in surrounding normal
tissue. Initially, precise, accurate delivery of the radiation
required the use of a stereotactic headframe fixed to the
patient’s skull, and thus radiosurgical treatments were
most often delivered in a single fraction. While single-frac-
tion treatment of small lesions was both effective at con-
trolling tumors and sparing of normal tissue, the ability to
safely deliver an adequate dose in a single fraction to larger
tumors was limited at tumor diameters above 2-3 cm, as
shown in the Radiation Therapy Oncology Group (RTOG)
trial 9005." In that study of SRS delivered to either brain
metastases following whole-brain radiotherapy (WBRT) or
recurrent gliomas after partial brain irradiation, dose limits

of 24 Gy, 18 Gy, and 15 Gy were established for lesions <2,
2-3, and 3-4 cm in maximum dimension. Paradoxically,
as tumor diameter increases, tumor volume and the num-
ber of tumor cells increases dramatically, and one would
prefer to administer higher doses to the larger tumor vol-
umes to kill equivalent proportions of tumor cells. Indeed,
a study from the Cleveland Clinic found that the dose limit
imposed by increasing size resulted in much lower rates
of local control for brain metastases larger than 2 cm in
diameter.2

In contrast, “conventional” radiation therapy minimizes
damage by utilizing multiple small fractions, typically
delivered to much larger target volumes consisting of the
tumor and the surrounding tissue at risk for tumor involve-
ment or extension. Normal tissue repair between fractions
permits the administration of high total doses of radia-
tion to the tumor while maintaining acceptable toxicity in
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the surrounding normal tissue. In this setting, a course of
radiation therapy, delivered to a brain tumor with defini-
tive intent, often spans several weeks. In addition, the
early radiotherapy systems employed relocatable immo-
bilization devices that resulted in larger day-to-day vari-
ations in patient positioning than the fixed headframes.
Furthermore, high-resolution on-machine image guidance
to correct the position at the time of treatment only became
widely available in the past 10 years. This technological
advance allows for tighter, or smaller, volume expansion
to account for setup error and patient motion during the
administration of radiation therapy.34

The introduction of image-guided radiosurgery systems
offers highly accurate, precise, and reproducible patient
positioning and target localization, facilitating multifrac-
tion treatments with radiosurgical quality. Potentially, the
use of a hypofractionated (nominally 2-5 sessions) ste-
reotactic radiosurgery (HF-SRS) may provide an improved
balance of tumor control and normal tissue toxicity over
single-fraction SRS, particularly in larger tumors and those
located next to or within critical structures. This paper dis-
cusses the radiobiologic rationale underlying HF-SRS,
presents data on clinical outcomes for HF-SRS in the treat-
ment of intracranial lesions, and reviews current clinical
trials employing HF-SRS.

Radiobiologic Rationale for
Hypofractionated versus Single-
Fraction Radiosurgery

The relationship between radiation dose and tumor cell
survival may be represented by the linear quadratic model,
at least below 10 Gy per fraction.® In the linear-quadratic
model, a plot of surviving cell fraction (SCF) versus radi-
ation dose shows that the log of the SCF is initially linearly
proportional to dose (D, units Gy) with a slope of —-a (ie,
SCF = expl[-aD]). As dose increases, SCF decreases even
more rapidly, and at moderate doses, SCF depends on
dose and dose squared (ie, SCF = exp[-aD - pD?]). Tissue
response to radiation is often characterized by the o/f ratio,
which tends to be on the order of 2-3 Gy for brain tissue
and 10 Gy for many rapidly proliferating tumors. Of course,
the response to radiation is also influenced by many other
factors, including the microenvironment (eg, oxygen con-
tent) and the capacity of cells to repair, repopulate, and
redistribute in the cell cycle.?”

The concept of using multiple small fractions of radi-
ation, delivered over successive days, rather than a single
large fraction to minimize normal tissue toxicity is well
supported by preclinical data and clinical experience.’
Using the linear-quadratic model, one can calculate a bio-
logically effective dose (BED) for a particular o/f ratio (units
Gy), total dose (D), and dose/fraction (d, Gy):

BED, , =D[1+d/ (0 /p)].

Thus, the BED for a low a/f tissue will increase much
more rapidly with increasing dose per fraction than the
BED for a high a/f tissue. Consequently, one could poten-
tially exploit the difference in o/f ratio between tumor
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and normal tissue by fractionating the dose and thereby
improving the therapeutic ratio. For example, consider
the case of a tumor in a normal tissue with an o/ ratio of
10 and 2 Gy, respectively. For 16 Gy delivered in a single
fraction, the BED will be 41.6 Gy,, and 144 Gy, for tumor
and normal tissue, respectively. However, for a course of
8 fractions delivered at 5.08 Gy/fraction, BED for the nor-
mal tissue remains at 144 Gy,, but the BED for the tumor
is 61.3 Gy,,, an increase of 47%. Alternatively, treating in
5 fractions at 5.4 Gy/fraction yields the same BED for the
tumor (41.6 Gy, ), though the BED for the normal tissue
is reduced by 31% (99.9 Gy, vs 144 Gy,). Representative
isoeffect plots are presented in Fig. 1.

The shape of the dose-response curve above 10 Gy is
controversial.®'® Some argue that the linear-quadratic
model provides an adequate representation of the dose-
response relationship at high doses and that observed clin-
ical outcomes are entirely consistent with the predictions
of this model."-'3 Others assert that radiobiologic mecha-
nisms, such as profound vascular damage'*'® and antigen
expression, different from classic DNA damage, are evoked
above a threshold dose of 8-12 Gy and that the high lev-
els of tumor control observed in radiosurgery reflect this
“new radiobiology” and enhanced dose-response’316-18
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Fig. 1 Biologically effective dose (BED) isoeffect plots for dose/

fraction and number of fractions administered for (A) a/f = 2 Gy
and (B) a/p = 10 Gy calculated using the linear-quadratic (LQ)
model.’
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(see Fig. 2). If there is indeed a step change in response
above some threshold dose—and there is no fundamental
reason that this threshold should be the same for tumor
versus normal tissue—then it would seem appropriate
to design treatment plans and select dose regimens such
that the dose in the tumor always exceeds this threshold.
Conversely, the plan should be designed such that the
dose in the surrounding normal tissue rarely goes above
the threshold. In any case, an improved understand-
ing of the in vivo dose-response curves and underlying
radiobiologic mechanisms for tumors and normal tissues
(which likely differ) not only would help with rational plan
design but could open new avenues for increasing the
therapeutic ratio.

The above issue of dose-response does not include the
other critical element in assessing toxicity —the volume of
normal tissue irradiated. As discussed by Marks et al in the
QUANTEC series of papers,'2' normal tissue complica-
tions increase as the volume of tissue receiving some mini-
mum dose, and this phenomenon is observed in a wide
variety of tissues. For example, the volume of brain tissue
receiving 12 Gy or more in radiosurgery appears to be cor-
related with the risk of radionecrosis, particularly when this
volume exceeds 10-15 mL. Note, however, that this limita-
tion appears overly restrictive, as it appears that virtually
every single-fraction radiosurgery plan would exceed this
limit when large lesions were treated to accepted doses.??
While the linear-quadratic model may be employed in con-
verting doses to some uniform basis, the most relevant
method for doing so remains unclear.?® Recognizing these
limitations, the fundamental principles of SRS—highly
conformal treatment plans, minimal margin around the
target, accurate and precise target localization, minimi-
zation of position deviation, robust quality assurance—
should aid in minimizing the irradiated volume and should
always be employed.

To identify and select the optimal dose regimen that
maximizes tumor kill and minimizes normal tissue dam-
age, one should also consider time. Decreasing the time
between fractions and the total length of the treatment
course should decrease tumor cell repopulation and,
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Fig. 2 Speculative surviving cell fraction (SCF) versus single-dose
irradiation response curves for the linear-quadratic (LQ) model, in
vitro cell cultures and in vivo tumors with SCF determined by the
product of direct cell kill and indirect vascular damage.

thus, enhance the efficacy of the regimen. In particular,
this should be more beneficial in the more rapidly grow-
ing malignant tumors (eg, metastases, high-grade glio-
mas) than in the indolent benign tumors (eg, World Health
Organization grade | schwannomas and meningiomas).
However, too short an interval between treatments could
result in less complete repair of normal tissues and more
pronounced late effects. While a minimum interval of 8
hours between treatments has generally been considered
adequate to permit repair of normal tissues, the QUANTEC
analysis of daily versus twice-daily brain treatments called
this into question. Lawrence et al?® showed that hyperfrac-
tionated treatment was associated with increased radione-
crosis compared with once-daily treatment at equivalent
BED. In hypofractionated SRS, treatment may be delivered
once daily on consecutive days or as infrequently as twice
a week. In this case, the issue still revolves around the
optimum timing that permits adequate repair of normal
tissues while minimizing the adverse impact of tumor cell
repopulation.

Finally, intriguing evidence is emerging that treatment of
tumors may also release antigens, stimulating the immune
system and leading to improved local control and, per-
haps more importantly, decreased appearance of new, dis-
tant disease in the brain and body.?* While the high dose
per fraction observed in single-fraction SRS may be quite
effective at damaging the vasculature and enhancing local
control, the resulting impaired perfusion could limit trans-
port of antigens and immune cells, inhibiting the global
immunomodulatory effect of radiation.2Thus, it has been
suggested that a hypofractionated regimen could still gen-
erate antigens without impairing transport and that this
treatment strategy would produce a more robust immune
response.?4#26 Such an approach might have even greater
impact when combined with one or more of the immune
modulating drugs that have entered and profoundly
altered clinical practice, though a great deal remains to be
understood about this relationship. A more detailed dis-
cussion is beyond the scope of this paper, but practitioners
should carefully approach patients who will receive radio-
surgery in the setting of concurrent, adjuvant, or post-adju-
vant immunomodulatory therapy.

In the next section, relevant clinical trials are reviewed
to help elucidate the clinical radiobiology and lead to an
informed decision on the most appropriate regimen.

Clinical Outcomes
Brain Metastases

Brain metastases occur in approximately 20%-40% of
patients with advanced cancer and have become more
prevalent over the past decade given advancements in sys-
temic therapies for certain cancers, such as trastuzumab
for human epidermal growth factor receptor 2—-amplified
breast cancer, targeted tyrosine kinase inhibitors for epi-
dermal growth factor receptor mutated non-small cell lung
cancer, and immunotherapy for melanoma. Given these
systemic therapy advancements, not only do patients
live longer in general, providing more time to develop



brain metastases, but patients with brain metastases live
longer post treatment (due to increased survival from tar-
geted systemic drugs), thus leading to the rising preva-
lence of brain metastases. Given the longer survival of
many cancer patients with brain metastases, local control
and potential long-term toxicity of each treated lesion are
increasingly important clinical considerations that may
influence not only survival, but neurocognitive function
and quality of life.

The management of brain metastases is multifaceted
and more complicated in many ways than the management
of primary brain tumors. This is because there are a num-
ber of treatment options for brain metastases and because
brain metastases behavior and outcomes are influenced
by histology and the extent of extracranial disease as well.
Brain metastases management options include observa-
tion, surgery, systemic therapy, and radiation therapy.?’
Observation may be appropriate for patients with small,
asymptomatic brain metastases, particularly if they have a
short life expectancy.?® Neurosurgical resection of a brain
metastasis may be advised for larger, symptomatic brain
metastases, or if there are no other easily biopsied lesions
for pathologic confirmation in patients. Systemic therapy
can be considered for small, asymptomatic brain metas-
tases if the systemic therapy in consideration has some
known activity in the brain. Radiation therapy remains
the mainstay of treatment for brain metastases, delivered
either as WBRT, depending on the histology and number
of metastases, or as SRS, or possibly HF-SRS, which is the
subject of discussion here.

The use of SRS and HF-SRS, as opposed to WBRT, for
brain metastases is increasing for several reasons. One
reason is the rising incidence and prevalence of brain
metastases, which have led to a heightened experience,
more studies and publications, and, thus, justified interest
in the use of SRS. Another reason is increasing evidence
that WBRT impairs neurocognition with limited positive
impact on survival for some histologies.?%3° Finally, recent
advances in the technology and delivery of both SRS
and HF-SRS have led to wider availability and use of this
technology.

With respect to SRS and HF-SRS for brain metastases,
there are a number of physical, biologic, and clinical fac-
tors to consider. Physical considerations include the size of
the target, whether or not margin is needed and to what
extent®' (eg, none vs 1T mm, 2 mm, 3 mm, or 5 mm), the
optimal dose to both the target and surrounding normal
tissue, and treatment planning stipulations such as dose
fall-off and conformality. In addition, confidence in immo-
bilization of a patient, image guidance and verification
pretreatment, and patient motion monitoring during treat-
ment all influence treatment design and delivery. Biologic
considerations for SRS and HF-SRS include the histology
of metastases (eg, radiosensitive vs radioresistant), pos-
sible use of systemic agents that penetrate or affect the
CNS around the time of SRS, and, of course, fractionation.
For any lesion, depending on size, histology, and possible
concurrent therapies, there may be an advantage of either
a single-fraction or hypofractionated radiation schedule.
Patient-specific clinical considerations for SRS and HF-SRS
include life expectancy of a given patient, urgency of other
needed systemic treatments for the patient, and whether
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those therapies, such as chemotherapy, immunotherapy,
antibody therapies, or even antibiotics, may be delivered
concurrently. Other patient-specific clinical considerations
are inherent factors such as hypertension, diabetes, smok-
ing history, vasculitis, and other medical comorbidities
that may make a patient more susceptible to toxicity, such
as radiation necrosis,??% following SRS.

The physical, biologic, and clinical considerations for
SRS and HF-SRS are not limited to the list above, which
simply highlights the many considerations in managing
and treating a patient with brain metastases. Fortunately,
the outcome of many patients with brain metastases con-
tinues to improve, and this is due in part to the precise and
powerful tool of SRS. With this surge in the use of SRS,
more studies on outcomes following SRS have been pub-
lished recently with mounting evidence that HF-SRS is
an effective approach in terms of both local control and
reduced toxicity, particularly for larger brain metastases.

Local control following SRS is excellent, particularly
for smaller brain metastases. Unfortunately, larger brain
metastases are best managed with lower doses of SRS
necessitated by the increased volume of normal brain tis-
sue exposed to radiation associated with a larger target
volume. However, these lower doses lead to lower rates of
long-term local control of the tumor, as discussed above.
These dose-volume data for brain metastases SRS is best
exemplified by the RTOG 90-05 dose escalation study,’
which is the basis of dosing guidelines for brain metasta-
ses SRS still today. Despite this paradox of dose limitations
for larger brain metastases, single-fraction SRS remained
the standard of care for many years for larger brain metas-
tases as original SRS treatment systems utilized a fixed
frame system to immobilize patients, and that fixed frame
system was not amenable for multiple fractions.

More recently, nonfixed SRS immobilization systems
have been developed and are used routinely for SRS in
many centers worldwide now. These nonfixed immobiliza-
tion systems are effective at holding patients in a repro-
ducible, precise position that can be used for several
fractions, particularly with both on-board imaging to verify
accurate setup and patient motion monitoring systems
during radiation therapy.®* Given these advancements,
there has been more interest in treating larger brain metas-
tases with multiple fractions of SRS, or HF-SRS.There have
been numerous retrospective studies published about the
outcomes of intact and resected larger brain metastases
following HF-SRS.3448 Although retrospective analyses
have inherent selection bias and other limitations, the
data from these studies suggest improved local control of
treated lesions and perhaps decreased radiation necrosis
for larger lesions with HF-SRS in comparison to historical
controls treated with SRS.The calculated BED, (associated
with normal tissue toxicity) and BED,; (associated with
control of rapidly proliferating tumors) for typical single-
fraction SRS and HF-SRS regimens are shown in Fig. 3.
Note an improved balance of lower BED, and higher BED,
which should yield decreased toxicity and improved tumor
control for the hypofractionated versus single-fraction
schemes.

For example, a recently published Italian study*® com-
pared the results of single-fraction SRS and HF-SRS, 3 x 9
Gy, in brain metastases >2.0 cm and found a significant
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improvement in local control and less radiation necro-
sis with HF-SRS. The study included 289 patients, with
151 treated with single-fraction SRS and 138 treated with
HF-SRS. All metastases were treated with linear accelera-
tor-based SRS using the iPlan treatment planning system
(Brainlab), and there was a 2-mm or 1-mm margin expan-
sion on the gross tumor volume (GTV) to planning target
volume (clinical target volume was considered equivalent
to GTV). The single-fraction dosing SRS followed RTOG
90-05 guidelines. Patients were treated with HF-SRS over
SRS if the target volumes were close to critical struc-
tures, or if the metastases were >3 cm in size. Although
the study is retrospective, the results are encouraging,
as patients were treated in a homogeneous manner with
clear stipulations with respect to treatment approach and
the series is relatively large with excellent follow-up.The
same group published their experience using HF-SRS
to treat postoperative resection cavities of large brain
metastases.**

Benign Brain Tumors

Meningiomas and vestibular schwannomas are 2 of the
most common benign brain tumors in adults. They are
both extra-axial and have sharp margins of demarcation,
lending themselves very well to highly conformal radia-
tion therapy techniques, especially single-fraction SRS and
HF-SRS.#° Controversies exist with regard to the appropri-
ate fractionation for stereotactic radiation delivery.

Meningiomas

There are abundant data on the use of SRS for the treat-
ment of meningiomas. The most common prescribed
dose ranged from 12 to 13 Gy in a single fraction, and

an excellent local control of 90%-98% has been achieved
with toxicity rate of <10% and a median follow-up of
31-89 months. Tumors in non-skull-base locations tend
to carry a higher risk of adverse radiation reaction.’® In
a recent series of SRS for parafalcine and parasagittal
meningiomas (n = 212) from the University of Virginia,
38.2% of the patients developed progressive peritumoral
edema, with 5.2% of them having further progression of
edema. Tumor volume >10 cc and venous sinus invasion/
compression were factors predicting post-SRS edema.5'
Two large retrospective series on gamma knife-based
SRS for cavernous sinus (n = 159) and petroclival men-
ingiomas (n = 168) from the University of Pittsburgh
Medical Center (UPMC) showed long-term local control
in excess of 90% in 10 years with complication rates of
7%-8%.5253The median dose used for those 2 series was
13 Gy in a single fraction. In a recent multicenter study
of SRS for sellar/parasellar meningiomas in which 763
patients were included for analysis with a median follow-
up of 66.7 months, the 5- and 10-year progression-free
survival rates were 95% and 82%, respectively, with new
or worsening cranial nerve deficits observed in 9.6% of
patients.> The dose cutoff for optimal tumor control was
13 Gy in 1 fraction.

For patients who have meningiomas which are located
close to critical structures and/or are larger in size, situa-
tions where single-fraction SRS is perceived to carry a
higher risk of complications, HF-SRS has been utilized.
However, the data on the use of HF-SRS for meningiomas
in this setting are admittedly limited. A study from Stanford
University included 27 patients with meningiomas situated
within 2 mm of a “short segment” of the optic apparatus
and treated with HF-SRS to an average marginal dose of
20.3 Gy in 2-5 fractions.%® A local control and vision pres-
ervation rate of 94% was observed for the entire cohort of
49 patients, including those with lesions other than men-
ingiomas. Bria et al®® from UPMC treated 73 patients with
meningiomas in skull-base and non-skull-base locations
with HF-SRS to a median dose of 17.5 Gy (range, 6-27 Gy)
in 3 fractions (range, 1-5). They found a local control rate
of 95% at a median follow-up of 16.1 months. Subjective
improvement in tumor-related symptoms was observed
in 60% of the patients. Other studies have yielded similar
results.5’

SRS and HF-SRS appear to have equivalent local control
and toxicity rates.*® However, SRS series have much longer
follow-up intervals compared with HF-SRS series, whose
long-term efficacy and toxicities are less known. As most
patients with meningiomas treated with HF-SRS either
had tumors close to critical structures or larger tumors, it
is difficult to eliminate the inherent bias when comparing
SRS and HF-SRS. In general, most patients with meningi-
omas, especially those with tumors in skull-base locations,
are most suitable for SRS only when the tumor is <3 cm
diameter® and is not close to critical structures, such as
the optic apparatus. When a tumor does not meet these
criteria, HF-SRS may be a more appropriate treatment.
Of course, conventionally fractionated stereotactic radio-
therapy, typically delivered in 1.8-2.0 Gy daily fractions to a
total dose of 45 to 60 Gy, remains an option for lesions that
are very large and/or are intimately associated with critical
structures.5®



Vestibular Schwannomas

For patients who are not suitable for microsurgical treat-
ment or who refuse surgery, SRS constitutes the stand-
ard treatment for vestibular schwannoma. An early report
of 162 patients with unilateral vestibular schwannomas
treated with single-fraction SRS to an average marginal
dose of 16 Gy showed an excellent local control rate of
98%.5° However, the hearing preservation rate was only
51% and the rates of trigeminal and facial nerve injury
were 21% and 27%, respectively. Given these findings, the
prescribed dose was reduced to 12-13 Gy single-fraction
SRS at most centers, resulting in improved hearing preser-
vation and much lower rates of trigeminal and facial nerve
injury while maintaining excellent local control®' (Table 1).
Although very good local control and relatively acceptable
rates of preservation of functions of the trigeminal, facial,
and vestibulocochlear nerves have also been achieved in
patients with larger (>3-4 cm?) tumors treated with SRS, %2
in general HF-SRS is preferred in this setting. There have
been some studies examining the outcomes of patients
with larger vestibular schwannomas treated with HF-SRS.
The regimens ranged from 18-21 Gy in 3 fractions to 25
Gy in 5 fractions, resulting in similar local control, hear-
ing preservation, and preservation of trigeminal and facial
nerve functions,®-% as shown in Table 1. However, the
follow-up times are typically much shorter than those for
single-fraction SRS.

Overall, SRS is still regarded as the standard nonsurgi-
cal treatment for smaller vestibular schwannomas given its
long track record of excellent local control, the acceptable
hearing preservation rate, and the excellent trigeminal and
facial nerve preservation rates.®' Although HF-SRS appears
to yield similar outcomes to SRS, it is still unclear whether
local control will be equivalent as the HF-SRS data mature.
For patients with larger vestibular schwannomas, SRS may
still be appropriate in select cases, but HF-SRS should be
considered to decrease the risk of complications, espe-
cially in patients with tumors abutting or compressing the
brainstem.

Table 1
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Glioblastoma

For patients with newly diagnosed GBM who are young
and exhibit a good performance status, the standard
of care fractionation scheme is 60 Gy in 30 fractions.®®
However, this 6-week treatment course may place a finan-
cial, psychosocial, and logistical burden on these often
debilitated patients and their families, particularly since
median life expectancy is under 16 months from the time
of diagnosis. Consequently, a variety of clinical trials have
explored 20,7° 15,7774 10,7577 6,78 and 57° fractions for newly
diagnosed GBM. For recurrent GBM, schedules range from
180 fraction to 108 fractions.

In this section, we focus on differences in efficacy and
toxicity between single- versus multiple-fraction radiosur-
gery treatments. More complete details are found in exist-
ing review articles.8283

Newly Diagnosed GBM

Given that most GBM recurs near the initial site follow-
ing treatment, early retrospective®* and prospective single
arm® trials studied the impact of SRS combined with trad-
itional radiotherapy as a means of dose escalation.

RTOG 9305% studied a single-fraction SRS boost in
patients with newly diagnosed GBM. This trial randomized
203 patients to treatment with or without SRS preceding
standard 60 Gy external beam radiotherapy (EBRT) with
BCNU chemotherapy. No differences in overall survival or
patterns of failure were seen. Although controversy exists
about the patient selection and study design, these phase
Il data effectively ended the routine use of an SRS boost in
combination with EBRT in the pre-temozolomide era.

Late toxicity of EBRT with an SRS boost for newly diag-
nosed GBM was reported in 4% of patients on RTOG 9305%¢
and in other studies ranged from 5%% to 14%°% with SRS
and 6%?%8 to 33%% with HF-SRS. Although these and other
prospective trials studied both SRS and HF-SRS,8283 these
nonrandomized data cannot be used to compare the out-
comes of single-fraction versus hypofractionated SRS.

Comparison of single-fraction SRS and HF-SRS for vestibular schwannoma

Single-Fraction SRS HE-SRT

Prescribed dose

Biologically effective dose to the brainstem assuming o/ =2 Gy

Biologically effective dose to the tumor assuming o/ = 3 Gy

Biologically effective dose to the tumor assuming o/f = 10 Gy

Follow-up intervals

Local tumor control
Hearing preservation
Incidence of CNV deficit
Incidence of CNVII deficit

Abbreviations: CNV = cranial nerve 5; CNVII = cranial nerve 7.

12-13 Gy in 1 fraction 18-21 Gy in 3 fractions or 25 Gy in 5

fractions

84.0-97.5 Gy, 3 fraction: 72.0-94.5 Gy,
5 fractions: 87.5 Gy,
60.0-69.3 Gy, 3 fractions: 54.0-70.0 Gy,
5 fractions: 66.7 Gy,
26.4-29.9 Gy, 3 fractions: 28.8-35.7 Gy,
5 fractions: 375 Gy,
3.3-9.0y 0.5-7.3y

91%-100%
13%-71%
0-8%
0-6%

83%-100%
50%-81.5%
0-7%
0-8%
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In addition to dose escalation, a goal of many phase
1/117677.8091 and randomized trials’37%92 of hypofractionated
radiotherapy was to shorten the treatment time for patients
with limited life expectancy.®® The natural progression
of this shortening is to complete treatment in 1 to 5 frac-
tions.%09495 A retrospective report of SRS in a median of 5
fractions in newly diagnosed GBM® noted a median sur-
vival of 16 months, similar to historical controls. In a pro-
spective phase | trial of SRS for newly diagnosed GBM, 19
patients received 25-35 Gy in 5 fractions of HF-SRS.?® No
radionecrosis was seen, but there was unacceptable toxicity
on the 30 and 35 Gy arms, with no survival benefit at these
higher doses. Although not considered HF-SRS, a similar
concept was studied in 40 patients treated on a phase |l
trial of 36 Gy in 6 fractions with concurrent and adjuvant
bevacizumab and temozolomide.”® Median survival was
19 months, with 5% radionecrosis and the intriguing finding
that methylation status of O8-DNA methylguanine-methyl-
transferase (MGMT) was not significant for survival; hypof-
ractionation may overcome the negative impact of absence
of hypermethylation. However, a similar HF-SRS prospec-
tive trial of 25 to 40 Gy in 5 fractions with 5-mm margins
with concurrent and adjuvant temozolomide, presented in
abstract form, found that MGMT maintained its prognostic
significance.®® Additionally, patients with radionecrosis had
a 33-month survival compared with 11 months without.

Although these emerging data exploring dose escal-
ation through hypofractionation are promising, the con-
clusion of the 2005 evidence-based review of the American
Society for Radiation Oncology (ASTRO) on SRS for newly
diagnosed GBM—that there is insufficient evidence to
support using SRS/HF-SRS off protocol—is still relevant
today.8? Overall, there are no randomized data to compare
single-fraction SRS to 5-6 fraction regimens as a boost to
standard fractionated treatment or as primary treatment of
newly diagnosed GBM.

Recurrent GBM

The earliest reports of SRS for glioma were for recurrent
GBM.%-% Multiple small prospective® ' and retrospect-
ive8283101 studies reveal a median survival of 6-18 months
following salvage SRS. Similar outcomes are seen with
HF-SRS83:102.103 yith a 6-14 month median survival.

Radionecrosis is a concern with salvage SRS/HF-SRS
within previously irradiated brain. Existing data are
unclear whether HF-SRS has a different rate of radiation
necrosis compared with single-fraction SRS, as toxicity
reporting is not consistent between studies. Reports note
an incidence of radionecrosis of 0% to 44%,'"" while oth-
ers report reoperation rates of 31%-57%,%8'% and some
note grade 3-4 CNS toxicity, but not necessarily radi-
ation necrosis. Overall, the heterogeneity in time to sal-
vage treatment and patient and irradiation characteristics
between these trials precludes direct comparison of out-
comes to determine whether a difference exists between
SRS and HF-SRS.

These high rates of necrosis led investigators to study
the addition of bevacizumab to SRS/HF-SRS for recur-
rent GBM.80105.106 Randomized data show bevacizumab to
improve preexisting radiation necrosis.'”” Retrospective
data of SRS for recurrent GBM suggest a radionecrosis
rate of 5%8%° to 9%'% with bevacizumab compared with
19%8° to 43%'% without. Although a phase Il trial of SRS
or HF-SRS in recurrent GBM noted no hemorrhages with
bevacizumab and only a grade 3 headache as the high-
est toxicity,'%8 other trials found increased toxicity without
survival benefit with bevacizumab and hypofractionated
radiotherapy in newly diagnosed GBM.'%® Given the con-
cern for radiation necrosis with the shortened fractionation
of SRS/HF-SRS, as well as a potential benefit of bevaci-
zumab, RTOG 1205 recently completed a phase lll trial in
recurrent GBM of bevacizumab with or without 35 Gy in 10
fractions, based on retrospective data.®"

Overall, there is a suggestion that HF-SRS and bevaci-
zumab may improve radiation necrosis rates compared
with single-fraction SRS. On the other hand, the efficacy
of these regimens would also be expected to differ widely
based on the calculated BED,"° as shown inTable 2. At this
time, given the heterogeneity of patient and treatment
characteristics and lack of phase Ill data, there is insuffi-
cient evidence to support one treatment scheme over any
other.™ Given that recurrent GBM often has indistinct bor-
ders, a problem compounded by the fact that these lesions
typically appear within previously irradiated fields, novel
imaging techniques, such as the use of MR-based apparent
diffusion coefficient mapping, may prove useful in improv-
ing target delineation."?

Table2 Example planning target volumes (PTVs) and dose fractionation regimens for re-irradiation of recurrent GBM

Institution PTV
CET1 MRI volume + 5 mm
CET1 MRI volume + T mm

Memorial Sloan Kettering®®!

Duke'°

Thomas Jefferson’?
RTOG 1205

CET1 MRI volume only

Abbreviation: CE = contrast enhancing.

CET1 MRI volume + 3-8 mm

Dose Regimen BED (Gy,) BED (Gy,,)
6 Gy/day x 5 days 120 48

<2 cm*: 24 Gy once 312 81.6
2-3cm: 18 Gy once 180 50.4
3-5cm: 5 Gy/ 875 375

day x 5 days

3.5 Gy/day x 10 days 96.3 47.3

3.5 Gy/day x 10 days 96.3 47.3



Current Clinical Trials

Clinical trials of HF-SRS for brain metastases and benign
tumors registered at ClinicalTrials.gov are presented in
Table 3. To illustrate the opportunities to better define the
role of HF-SRS in the treatment of brain lesions, it is worth-
while to discuss several of these trials. For example, the
Stanford study (NCT00928226) asks the question, “What
is the maximum tolerated dose (MTD) of HF-SRS for large
brain metastases treated using a 3 fraction regimen?”
Eligible patients have 1 to 4 brain metastases, one of which
is 4.2-33.5 cm?® (equivalent to a uniform sphere 2-4 ¢cm in
diameter), intact and unresectable.The primary outcome is

Table 3 Clinical trials of HF-SRS registered with ClinicalTrials.gov

Institution

Principal

Kirkpatrick et al. Hypofractionated SRS

MTD with secondary measures of acute and late toxicity,
quality of life, local control, appearance of distant metasta-
ses in the brain and overall survival. Patients are treated on
3 consecutive days to doses of 24, 27, 30, or 33 Gy (8-11 Gy/
fraction) using a 3 + 3 dose escalation scheme. Preliminary
results have been presented in abstract form.

A randomized study from lIstituto Neurologico Carlo
Besta seeks to determine whether single-fraction SRS or
3-fraction HF-SRS is superior in terms of hearing preser-
vation for patients with acoustic neuromas. The primary
endpoint is preservation of hearing defined audiometri-
cally. Secondary endpoints are neurotoxicity (particularly
trigeminal and facial nerve damage) and tumor control.
Patients are randomized to either single-fraction SRS
(11-13 Gy) or 3-fraction HF-SRS (6-7 Gy fraction, 18-21

ClinicalTrials.gov Primary Outcome
Identifier

Investigator

Brain Metastases

Phase I/ll Study of Fractionated Stanford University Scott Soltys NCT00928226 Determine MTD of SRS given in

Stereotactic Radiosurgery toTreat 3 fractions for brain metastases

Large Brain Metastases 4.2-14.1 cm?® and 14.2-33.5 cm?®

Fractionated Stereotactic Moffitt Cancer Center Solmaz Sahebjam NCT02187822 Determine MTD of TPI 287 given

Radiotherapy (FSRT) inTreatment concurrently with FSRT to treat

of Brain Metastases brain metastases

Hypofractionated Stereotactic Emory lan Crocker NCTO01705548 Determine MTD of 5-fraction SRS

Radiosurgery inTreating Patients for brain metastases, 3-6 cm

With Large Brain Metastasis diameter

Perfexion Brain Metastasis Princess Margaret Caroline Chung NCT00805103 Determine MTD of HF-SRS for

(HF-SRT) Hospital recurrent brain metastases (at
least 1 >2 cm diameter) post WBRT

Fractionated Stereotactic NationalTaiwan Chia-ChunWang  NCT02672995 Determine MTD of 3-fraction

Radiosurgery with Concurrent University Hospital SRS + bevacizumab for brain

Bevacizumab for Brain metastases, 1.5-3.56 cm diameter

Metastases: A Phase | Dose-

escalationTrial

Frameless Fractionated MD Anderson Amit Garg NCT02798029 Incidence of failure based on

Stereotactic RadiationTherapy imaging for each lesion (up to

(FSRT) for Brain Mets Study 5 cm diameter) after 3-5 fraction
SRS

Fractionated Stereotactic University of Pittsburgh Dwight Heron NCT02054689 MTD for 3-fraction SRS for brain

Radiosurgery for Large Brain metastases, 3-5 cm diameter

Metastases

Hypofractionated Stereotactic Institut de Cancérologie Phillipe Royer NCT02913534 Overall survival of patients with

RadiationTherapy of Brain de Lorraine 1-3 brain metastases treated

Metastases: Evaluation of WBRT with HF-FSRT

Glioblastoma

Phase I/ll Study ofTemozolomide Stanford University Scott Soltys NCT01120639 Determine MTD of 5-fraction

and Hypofractionated SRS with 5 mm margins with

Radiotherapy for Newly temozolomide for newly diag-

Diagnosed Supratentorial GBM nosed GBM

Benign Histologies

Multisession SRS for Optic Istituto Neurologico Laura Fariselli NCT02594709 Visual function outcome in

Nerve Sheath Meningiomas Carlo Besta ONSM treated with 5-fraction

(ONSMsmSRS) SRS

1 versus 3 fraction SRS for Istituto Neurologico Laura Fariselli NCT02055859 Hearing preservation in patients

Patients with Neurinomas Carlo Besta

(ACOUNEU)

with acoustic neuromas rand-
omized to 1- versus 3-fraction SRS

Abbreviations: TPI 287 = a third-generation taxane; ONSM = optic nerve sheath meningiomas
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Gy total). A total of 102 patients are planned for accrual
through 2018.

Given the need to identify optimal treatment parameters
and appropriate patient populations for HF-SRS in the
treatment of large brain lesions, all eligible patients should
consider enrollment on a clinical trial.

Conclusion

Hypofractionated SRS appears to offer a superior balance of
efficacy and toxicity in patients with large tumors and tumors
located close to critical normal organs, compared with sin-
gle-fraction SRS. This benefit comes at a cost of increased
treatment fractions required. Further work is required to
identify the most appropriate applications for HF-SRS based
on tumor and patient characteristics. It would be worthwhile
to establish the optimal scheme for total dose and dose/frac-
tion in HF-SRS as a function of tumor diameter and location.
Moreover, given the rapid progress in targeted and immu-
nomodulating treatments for cancer, these outcomes with
HF-SRS need to be evaluated in the setting of concurrent
and adjuvant systemic therapies. The benefits and toxicities
of combined HF-SRS and immunomodulating therapy is
of particular interest, given the purported role of HF-SRS in
stimulating the immune response. Given the known toxicity
of high-dose, single-fraction SRS in treating large lesions,
a randomized trial of single-fraction SRS versus HF-SRS
could not be conducted with equipoise. Thus, clinical trials
to optimize HF-SRS must rely on well-constructed and well-
analyzed prospective trials of sufficient size and duration to
determine the toxicity and efficacy of HF-SRS for the treat-
ment of large and/or critically located lesions.
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