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Despite the increasing use of stereotactic body radiation therapy (SBRT) and stereotactic radiation surgery (SRS) in recent years,
the biological base of these high-dose hypo-fractionated radiotherapy modalities has been elusive. Given that most human tumors
contain radioresistant hypoxic tumor cells, the radiobiological principles for the conventional multiple-fractionated radiotherapy
cannot account for the high efficacy of SBRT and SRS. Recent emerging evidence strongly indicates that SBRT and SRS not only
directly kill tumor cells, but also destroy the tumor vascular beds, thereby deteriorating intratumor microenvironment leading to
indirect tumor cell death. Furthermore, indications are that the massive release of tumor antigens from the tumor cells directly and
indirectly killed by SBRT and SRS stimulate anti-tumor immunity, thereby suppressing recurrence and metastatic tumor growth. The
reoxygenation, repair, repopulation, and redistribution, which are important components in the response of tumors to conventional
fractionated radiotherapy, play relatively little role in SBRT and SRS. The linear-quadratic model, which accounts for only direct cell
death has been suggested to overestimate the cell death by high dose per fraction irradiation. However, the model may in some
clinical cases incidentally do not overestimate total cell death because high-dose irradiation causes additional cell death through
indirect mechanisms. For the improvement of the efficacy of SBRT and SRS, further investigation is warranted to gain detailed
insights into the mechanisms underlying the SBRT and SRS.
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Introduction

An increasing number of cancer patients are treated with
stereotactic body radiation therapy (SBRT) and stereotactic
radiation surgery (SRS) in recent years [1-6]. The significant
paradigm shift from the conventional multi-fractionated
radiotherapy to hypo-fractionated SBRT and SRS has been
possible owing to the remarkable technological advances

for tumor imaging and also for radiation delivery systems.
Contrarily to such technological progress, the biological
mechanisms of SBRT and SRS have been elusive [7-11]. In this
review, we have described experimental evidence that indirect
tumor cell death due to vascular damage and ensuing immune
responses may play crucial roles in the response of tumors to
SBRT and SRS [7,8,11-15].
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Direct Tumor Cell Death Cannot Account
for the Efficacy of SBRT and SRS

In treating intracranial or extracranial disorders with SRS,
the targets are irradiated with 15-25 Gy of radiation in 1-2
fractions, and treating extracranial tumors with SBRT, tumors
are treated with 30-60 Gy of irradiation in 2-5 fractions.
It has been known that there are as many as 10°-10° cells
ina 1 g tumor implying that 8-9 log tumor cells should be
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Fig. 1. Radiation survival curve of FSall tumor cells /n vivo.
Tumors grown s.c. in the legs of C3H mice were irradiation with
5 to 30 Gy in a single dose and the number of clonogenic cells in
each tumor was determined with /n vivo-in vitro excision assay
method. The surviving cell fractions in the irradiated tumors
was obtained by normalizing the number of clonogenic cells in
irradiated tumors against that in unirradiated control tumors. It is
shown that 20 Gy and 30 Gy irradiation in a single dose decreased
the cell survival to about 102 and 107, respectively. The extension
of the survival curve shows that 90 Gy irradiation is needed to
reduce the cell survival to 10,
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eradicated to control 1 g tumors [16]. A relevant question
is whether the radiation doses used in SRS and SBRT are
sufficient to eradicate all the tumor cells in the targets. Fig. 1
shows the radiation survival curve of FSall fibrosarcoma grown
subcutaneously in the legs of C3H mice [17]. Like many other
experimental tumors and human tumors, about 20% of the
clonogenic cells in FSall tumors are hypoxic cells. The initial
rapid decrease in the cell survival corresponds to the death of
radiosensitive oxic cells, and the subsequent gradual decrease
in cell survival reflects the death of radioresistant hypoxic
cells. It is demonstrated that the irradiation with 20-30 Gy in
a single dose could kill tumor cells only by 3-4 logs and that
irradiation with doses as high as 90 Gy is needed to reduce
cell survival by 8 logs. Leith et al. [18] concluded that, if the
radiation-induced tumor cells are assumed due only to DNA
double-strands break, a single dose irradiation with doses as
large as 80-90 Gy is needed to control 3 cm diameter brain
tumors assuming 20% of the tumor cells are hypoxic cells.
This estimated radiation dose to control brain disorders are
far greater than 15-25 Gy applied in the highly effective SRS
[6]. The calculation by Brown et al. [19] using conventional
radiobiological principles also indicated that the radiation
doses used in SBRT are significantly insufficient to kill all
the clonogenic cells in 1-3 ¢cm diameter tumors, assuming
10%-20% of tumor cells are hypoxic. However, clinical SBRT
with 30-60 Gy in 2-5 fractions are highly effective to control
various tumors as larger as 5-6 cm diameters [2] (Fig. 2). It is
therefore evident that the conventional radiobiological cell
killing mechanisms that radiation directly kills tumor cells by
causing DNA double-strand breaks alone cannot account for
the highly effective SRS and SBRT [7,8,10-15]. In this respect,
recent emerging evidence strongly indicates that SBRT and SRS
are effective because, in addition to direct cell death, indirect

Fig. 2. The response of a human
hepatocarcinoma to stereotactic
body radiation therapy with 48 Gy
in 3 fractions of 16 Gy applied with
3 days intervals. (A, B) The computed
tomography scan taken 1 year and 3
months after the treatment indicates
the tumor was almost completely
eradicated (arrow). SABR, stereotactic
ablative radiotherapy; aFP, alpha-
fetoprotein.
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cell death through vascular damage occurs when tumors are

exposed to high dose hypo-fractionated irradiation [10-15].
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High Dose Hypo-fractionated Irradiation
Causes Vascular Damage in Tumors

The increasing needs for vital nutrients including oxygen in

growing tumors stimulate formation of new tumor blood
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Fig. 3. (A-F) The functional intravascular volume in 0.1-5.0 gram (g) Walker tumors in the flank of rats after 2-60 Gy irradiation in a
single exposure. The dotted lines are the vascular volume in the unirradiated control tumors of various sizes as shown in Fig. 2A. Dose
dependent decline in functional vascular volume occurred at 2-12 days after irradiation.
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vessels [20]. The newly and hastily formed capillary-like tumor
blood vessels are comprised of a single layer of endothelial
cells supported by incomplete and disorganized basement
membranes and pericytes. These newly formed tumor blood
vessels are not only structurally but also functionally abnormal
[20]. The irregularly shaped tumor endothelial cells are loosely
connected to others with wide gaps between them, which
are frequently plugged by tumor cells. The abnormal tumor
blood vessels are rather leaky probably due in part to the gaps
between endothelial cells and also due to the incomplete
support of basement membrane [21]. Although little is known
about the effects of high dose hypo-fractionated irradiation
such as SBRT or SRS on human tumor vasculatures, a wealth
of information has been accumulated on the effects of high
dose hypo-fractionated irradiation on the vasculatures of
experimental tumors. This subject has been discussed in detail
in a recent review article [15]. In the 1970s, Song and his
associates [17,22-26] conducted a series of experiments to
reveal the effects of X-irradiation on the vascular functions
in experimental rodent tumors using radioisotope methods.
In Walker tumors grown s.c. in the legs of rats, X-irradiation
with 2.5-10 Gy caused a rapid and progressive decline in
the functional vascularity, i.e., circulating blood volume,
within several hours [25]. After hitting nadir in 5-6 hours,
the functional vascularity recovered in 18-24 hours in the
tumors irradiated with 2.5 or 5.0 Gy, but not in the tumors
irradiated with 10 Gy. As shown in Fig. 3, irradiation of Walker
tumors with 5 or 10 Gy caused measurable decreases in
the functional intravascular volumes in 2 and 6 days [24].
Likewise, the functional vascular volumes of Walker tumors
2 and 12 days after irradiation with 30 or 60 Gy in a single
exposure were markedly less than that of control tumors. The
functional vascular volume in Walker tumors irradiated with
30 Gy began to recover from 15-16 days post-irradiation,
concomitantly with the regrowth of tumors. Importantly, the
extravasation of plasma protein, i.e., vascular permeability,
significantly increased in 2 hours after irradiation while the
vascular volume decreased. Emami et al. [27] also found that
the blood flow in rhabdomyosarcoma grown in the scalp of
rats declined by 40%-50% within 2 hours after irradiation
with 16.5-60.5 Gy in a single dose, but the blood flow in
the tumors irradiated with 16.5 Gy recovered by 24 hours.
Brown et al. [28] recently reported that irradiation of human
glioma xenografts in rat brain with 15 Gy caused a rapid
decrease in blood flow as measured with magnetic resonance
imaging followed by recovery in several hours. This study,
unfortunately, did not investigate whether the recovery in
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blood flow was temporal or permanent. Nevertheless, the rapid
decline in blood flow or vascularity after high dose irradiation
observed in Walker tumors of rats [25], rhabdomyosarcoma
of rats [27] and human glioma xenograft [28] is of interest.
One conceivable cause of such early declines in tumor blood
flow after irradiation is the rapid increase in extravasation of
plasma protein due to an increase in vascular permeability
[24,26], which would increase the intratumor fluid pressure
and compress the capillary-like tumor blood vessels. Garcia-
Barros et al. [29] reported that irradiation of tumors with
doses higher than 8-10 Gy rapidly caused ceramide-mediated
apoptotic death in endothelial cells, thereby leading to vascular
occlusion and tumor cell death. Park et al. [15] reported that
the endothelial cells harvested from human breast cancer were
significantly more radiosensitive than the endothelial cells
from the adjacent normal breast tissues. Solesvik et al. [30]
reported that irradiation of human melanoma xenografts with
10-15 Gy impaired 35%-45% of 5-15 pm diameter blood
vessels and 20 Gy irradiation destroyed 50% of 25 to 35 um
diameter vessels in a week (Fig. 4A). Using three-dimensional
high-frequency power Doppler ultrasound image, EI Kaffas et
al. [31] recently observed that 16 Gy irradiation reduced the
blood perfusion in human breast cancer xenografts to less
than 50% of control in 24 hours (Fig. 4B). Irradiation of human
glioblastoma xenografts grown in the brain of nude mice with
15 Gy reduced the tumor blood perfusion to 10% of control
in 2 weeks [32]. In mouse prostate tumors grown in the thigh
of mice, irradiation with 25 Gy in a single dose decreased the
tumor microvascular density over 3 weeks to nadirs of 25%
[33]. In a recent study with FSall tumors grown s.c. in C3H
mice, irradiation with 20 Gy cause a marked vascular occlusion
and increase in the expression of hypoxia-inducible factor 1-a
(HIF-1a) and vascular endothelial growth factor (VEGF), which
could be attributed to an increase in hypoxia [13]. Fig. 5 also
shows that irradiation of FSall tumors with 20 Gy markedly
reduced blood perfusion in 2 days as determined with Hoechst
33342 perfusion method. It is relevant to point out that the
blood vessels in xenografts are host origin, mouse, and thus
the radiation-induced vascular changes in xenografts may
not depict the possible vascular changes in human tumors.
Nevertheless, these numerous reports on the radiation-
induced vascular changes in tumors may be summarized as
follows: the vascular damages in tumors by 5-10 Gy in a single
exposure is relatively moderate whereas irradiation with doses
higher than 10 Gy per fraction induces severe and long-lasting
vascular occlusions. It is important to note that in contrast
to the tumor blood vessels, the blood vessels in normal tissue
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Fig. 5. Inmunohistological images of blood perfusion (blue,
Hoechst 33342), hypoxia (green, pimonidazole) and endothelial
cells (red, CD31 marker) in FSall tumors grown s.c. in the legs of
C3H mice. Tumors were irradiated with 20 Gy in a single dose and
excised 3 days later. Average + standard error of 5 tumors are
shown.

http://dx.doi.org/10.3857/r0j.2015.33.4.265

16 Gy 24 hours

Radiobiology of SBRT/SRS

Breast cancer xenografts

Control

Fig. 4. (A) Angiographs of human
melanoma xenografts in nude mice
obtained before and 1 week after
irradiation with 10 Gy in a single dose.
The necrotic areas are indicated by
arrows. Irradiation almost completely
abolished the tumor vasculatures. (B)
Three-dimensional high-frequency
power Doppler ultrasound images of
blood flow in MDA-MB-231 human
breast cancer xenografts in nude
mice. An irradiation with 16 Gy
caused drastic reduction in 24 hours.

are remarkably radioresistant. For example, the blood vessels
in the skin and muscle of rats markedly dilated and blood
flow was increased soon after irradiation with 10-60 Gy in
a single dose, and remained dilated for longer than 12 days
[23]. As mentioned above, the endothelial cells harvested from
human breast tumors were radiosensitive as compared to
the endothelial cells from the adjacent normal breast tissues.
Furthermore, contrary to the defective endothelial walls and
chaotic structure of tumor blood vessels, the normal blood
vessels consist of uninterrupted lining of endothelial cells
supported tightly by basement membranes and pericytes.
However it must be noted that endothelial cell damage by
high-dose irradiation in normal tissues often result in vascular
fibrosis months or years after radiation exposure.

Vascular Damage Causes Indirect Tumor
Cell Death

It has been known for long that vascular damage in tumors
caused by high dose irradiation induces tumor cell death. As
early as 1932, Cramer [34] reported that vascular damage
played an important role in the response of tumors to
radiotherapy. Subsequently, Lasnitzki [35] and Merwin et al.
[36] observed that irradiation of experimental tumors with
20 to 30 Gy in a single dose induced massive secondary cell
death of tumor cells by destroying tumor vasculatures. In
1970s, Clement and his associates [17,22] observed that the
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vascular damages caused by irradiation in Walker tumors
of rats or neuroblastoma of mice led to secondary tumor
cell death in 2 to 3 days. In order to better understand the
potential role of such indirect cell death caused by vascular
damage in the response of tumors to SBRT and SRS, Song and
his associates [7,8,10-13] recently investigated in detail the
kinetics of indirect cell death following high dose irradiation
in experimental tumors using the in vivo-in vitro excision
assay method. In HT-1080 human fibrosarcoma xenografts
in nu/nu mice, the cell survival 3 days after irradiation with
20 Gy in a single dose was markedly less than that observed
immediately after irradiation [11] in agreement with the
results in the studies with Walker tumors conducted some 40
years ago [17]. Fig. 6 shows the changes in the cell survival
in FSall fibrosarcoma of C3H mice in 5 days after 10-30
Gy irradiation in a single dose. The cell survival on day 0 is
that determined immediately after irradiation and thus the
decrease in survival on day O represents the cell death caused
by the direct effect of radiation. In the tumors irradiated with
10 Gy, the cell survival on days 2, 3, and 5 post-irradiation
were similar to that immediately after irradiation. On the other

Radiation Oncology Journal ROJ

hand, after irradiation with 15 Gy or 20 Gy, the cell survivals
on days 2 and 3 were markedly less than that immediately
after irradiation clearly indicating that secondary cell death
occurred in 2-3 days after irradiation. On the fifth day after
15-20 Gy irradiation, the cell survivals in some tumors were
less than that immediately after irradiation by as much as 2
logs. After irradiation with 30 Gy, the cell survival progressively
decreased so that the cell survival in many tumors on day
5 after irradiation was 3-4 logs less than that immediately
after irradiation. These recent observations together with
the previous reports unequivocally demonstrated that high
dose hypo-fractionated irradiation of tumors induces dose-
dependent indirect cell death most likely by causing vascular
destruction thereby deteriorating intratumor environment.

Indirect Tumor Cell Death Due to Immune
Response in SBRT and SRS

It has been reported that high dose hypo-fractionated
irradiation promotes anti-tumor immunity [37-40], whereas
multi-fractionated radiotherapy with a small dose per fraction
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suppresses immune competency of the host. Finkelstein et al.
[37] attributed the increase in anti-tumor responses by SBRT to
elevation of the expression of immune-modulator molecules
such as histocompatibility complex, adhesion molecules, heat
shock proteins, inflammation mediators, immunomodulating
cytokines, and death receptors on the surface of tumor cells.
Matsumura et al. [41] reported that irradiation of breast
cancers markedly enhanced the secretion of inflammatory
chemotactic factor CXCL16, which recruits anti-tumor
effector cells including CD8" T-cells. Similarly, irradiated
tumor cells induced 'danger’ signals by releasing a variety of
pro-oxidant and pro-inflammatory cytokines such as tumor
necrosis factors (TNFs) and interleukin (IL)-1. The inflammatory
cytokines facilitate the uptake of the antigens released from
tumor cells by antigen processor cells (APCs), and trigger their
maturation and migration to draining lymph nodes. Consistent
with these observations, irradiation of B16 melanoma in mice
with 15 Gy in a single dose increased the number of anti-
tumor immune cells by facilitating antigen presentation and
priming of antitumor T-cells within draining lymph nodes.
Irradiation with 15 Gy also increased the trafficking of effector
T-cells to tumors [42]. Treating tumors with 15 Gy in a single
exposure was more effective than 5 daily irradiations of 3
Gy to increase the above mentioned immune responses.
[rradiation of B16 melanoma with 20 Gy dramatically increased
T-cell priming in draining lymphoid tissues, and markedly
increased the generation of CD9" T-cells mediated immunity
against the irradiated tumors as well as distant metastases [43].
In a recent phase 1 clinical study [44], metastatic melanoma
or renal carcinoma were irradiated with SBRT (20 Gy in 1-3
fractions) and the patients were treated with high-dose IL-2,
a cytokine able to increase the generation of immune T-cells.
The frequency of proliferating CD4" T-cells and early activated
effector memory phenotypes were much higher in the patients
treated with SBRT and IL-2 as compared with that in the
patients treated with SBRT alone. In the study by Postow et al.
[45], an abscopal effect was observed after treating metastatic
melanoma with SBRT (9.5 Gy in 3 fractions) in combination
with the immune checkpoint inhibitor, ipilimumab.

It is important to point out that the secondary tumor cell
death after high dose irradiation as discussed above occurs
within 1-3 days after irradiation whereas the full development
of radiation-induced tumor-specific immunity usually takes
for 1-2 weeks. It is therefore evident that the secondary cell
death that occurs soon after tumor irradiation is not caused
by an increase in anti-tumor immune response. Furthermore,
secondary cell death occurred in 2-3 days after 20 Gy

http://dx.doi.org/10.3857/r0j.2015.33.4.265
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irradiation even in human HT-1080 sarcoma xenografts grown
in nu/nu mice despite the fact that the immune system of nu/
nu mice is considerably compromised [11]. Taken together, it
may be concluded that high dose hypo-fractionated irradiation
causes ablative cell death directly and indirectly leading to
massive release of tumor antigens, thereby elevating anti-
tumor immune response. The anti-immune response, which
is elevated 1-2 weeks after tumor irradiation, may not be
involved in secondary tumor cells death but it may inhibit
the proliferation of the surviving tumor cells leading to
suppression of recurrence and metastasis.

Indirect Cell Death Accounts for the High
Efficacy of SBRT and SRS

Fig. 7A shows the radiation survival curves of tumor cells
irradiated /n vivo demonstrating the contribution of indirect or
secondary cell death to the total tumor cell death. The initial
steep decline in the cell survival ‘a’ represents the death of
radiosensitive oxic tumor cells. As the radiation dose is further
increased, the shape of the survival curve becomes dominated
by the death of hypoxic cells characterized by a gradual decline
in cell survival. If it is assumed that hypoxic tumor cells are
killed only through conventional radiobiological principles, i.e.,
through direct damage to DNA, the cell survival will decrease
linearly with the increase in radiation dose, as indicated by the
dotted line ‘b’ However, because increasing numbers of tumor
cells would be killed as a result of vascular damage with the
increase in radiation dose, the radiation survival curve will
bend downward as indicated by 'c’ and 'd’ This implies that the
total cell death by SBRT and SRS with doses higher than about
10 Gy per fraction would be greater than the cell death shown
by 'b', which is assumed to occur when tumor cells are killed
only through conventional radiobiological mechanisms. The
remarkably high efficacy of SBRT and SRS, which cannot be
accounted for by conventional radiobiological estimation may
then be attributed to the indirect cell death caused by vascular
damage as indicated by 'c" and 'd" in Fig. 7A.

Reoxygenation, Repair, Repopulation, and
Redistribution in SBRT and SRS

The radiobiological factors which affect the efficacy of
fractionated radiotherapy are the so-called 4 Rs (reoxygenation,
repair, repopulation, and redistribution). Indications are
that the 4 Rs, which are for fractionated irradiation, are not
relevant to single dose SBRT or SRS.
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Fig. 7. (A) Hypothetical radiation survival curve of tumor cells in vivo assuming about 10% of the tumor cells are radiobiologically
hypoxic. The 'a" corresponds the radiation-induced death of oxic cells and 'b" indicates the death of hypoxic cells assuming that
radiation-induced cell death is due only to direct damage in DNA/chromosomes. The ‘¢’ and 'd' show indirect and additional cell death
due to vascular damages at high radiation doses. (B) The dotted line indicates decline in cell survival when radiation-induced cell death
is linearly related to radiation dose. Solid line is the linear-quadratic (LQ) survival curve which bends downward at high radiation dose
indicating that the LQ model overestimates cell death at high radiation doses.

1. Reoxygenation

Reoxygenation of hypoxic cells in irradiated tumors would
occur when blood flow and thus oxygen supply to tumor
cells is increased or oxygen consumption is reduced. Given
the massive vascular destruction in tumors after high dose
irradiation, it is highly unlikely that reoxygenation of hypoxic
cells would occur in the tumors within 2-3 days after
receiving high dose hypo-fractionated SBRT and SRS. However,
it is probable that oxygen consumption would drastically
diminish after massive death of tumor cells and thus the
surviving hypoxic cells may be reoxygenated. The changes
in oxygenation status in tumors following high dose hypo-
fractionated irradiation remains to be elucidated.

2. Repair

The half-time for the completion of sub-lethal radiation damage
repair in mammalian cells has been reported to be about 30
minutes [46]. Therefore, in treating tumors with SBRT or SRS
which take a considerably long irradiation time, repair of sub-
lethal damage may occur during the protracted irradiation. It
remains to be investigated how the deterioration of intratumor
environment due to vascular damage affects the repair of sub-
lethal radiation damages after high dose irradiation.

3. Repopulation
Depletion of cell population by injury, including ionizing
radiation, evokes repopulation of cells in both tumors and

272 www.e-roj.org

normal tissues. The time of outset of the compensatory
repopulation would vary depending on tissue type and radiation
dose. It is known that in fractionated radiotherapy repopulation
of tumor cells occurs 2-3 weeks after initiation of radiotherapy.
It is conceivable that repopulation of tumor cells may start
sooner in ablative SBRT and SRS than that in fractionated
radiotherapy.

4. Redistribution

In general, irradiation with moderate doses slows down the cell
cycle progression through G1 and S phases and arrests the cell
in G2 phase in a dose-dependent manner. Fractions of the cells
arrested in G2 phase may successfully complete mitosis and
progress into G1 phase or die during mitosis. After irradiation
of various cell lines with extremely high doses, i.e., 20 Gy in a
single exposure, cell cycle progression was found to be markedly
retarded and many cells died in the cycle phases in which they
were irradiated although some of the irradiated cells slowly
progressed to G2 phase and died [47]. When HL-60 cells were
irradiated with 20 Gy in a single dose, cells were indefinitely
arrested in the cell cycle phases where they were irradiated and
died [48].

Linear-Quadratic Model in SBRT and SRS

The linear-quadratic (LQ) model is useful for calculating
iso-effect doses in treating cancers with conventional

http://dx.doi.org/10.3857/r0j.2015.33.4.265
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multi-fractionated radiotherapy. This model assumes that
DNA double-strand break is responsible for the radiation-
induced clonogenic cell death and that hypoxic cells are fully
reoxygenated during the interval of fractionated irradiation. As
shown in Fig. 7B, the LQ survival curve bends downward due
to the quadratic component in the formula, and thus the LQ
model has been suggested to overestimate cell death with the
increase in radiation dose. Interestingly, despite the inherent
problem with the LQ model, some investigators reported that
the LQ model fits certain clinical outcomes of SBRT and SRS
and thus asserted that direct cell death due to DNA damage
alone is sufficient to account for the high clinical efficacy
of SBRT and SRS [9,49]. As shown in Fig. 7A, the radiation
survival curve of tumor cells in vivo also bends downward as
the radiation dose is increased above approximately 10 Gy
due to the secondary cell death caused by vascular damage.
Therefore, it is conceivable that in certain clinical situation,
the calculated cell death by the LQ formula may incidentally
does not over estimates but approximates the total cell death
by SBRT and SRS, which encompasses not only direct and but
also indirect cell deaths. Interestingly, the LQ model may even
underestimate the outcome of SBRT and SRS in situations
where indirect cell death is extensive, as is the situation shown
by curve ‘d" in Fig. 6 [50]. This implies that the LQ model works
for SBRT and SRS in certain clinical situations not because
tumor cells are killed only through a direct effect of radiation,
but rather because significant fractions of tumor cells are
indirectly killed through secondary mechanisms in addition to
direct cell death.

Conclusion

Although an increasing number of cancer patients are treated
with SBRT and SRS in recent years, the biological mechanisms
of these new modalities have been unclear. A simple
calculation based on the radiobiological principles for the
conventional multi-fractionated radiotherapy clearly suggests
that tumor cell death caused by DNA damages by direct effect
of radiation alone cannot account for the high efficacy of
SBRT and SRS. Evidence now indicates that SBRT and SRS with
doses higher than about 10 Gy per fraction induces severe
vascular damages in tumors, which then cause secondary and
additional tumor cell death. The ensuing degradation of tumor
cells would then release massive tumor-specific antigens,
thereby elevating anti-tumor immune response leading to
suppression of recurrence of tumors and metastasis. The role
of 4 Rs and the LQ model is limited in SBRT and SRS. Further
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understanding of the biological mechanisms of SBRT and SRS
would pave a way to potentiate the anti-tumor efficacy of
SBRT and SRS.
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